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S0. Open Session 
Organizers: Simon Hood, David Swayne  
 
If there was no session or workshop which matched your research interests or proposed 

paper, your submission was entered in this session category.  
 
S00. Tools and techniques for environmental modelling and software 
Organizers: David Swayne, Simon Hood 
 
This session, tools and techniques, was intended for papers of a background nature, 
whether novel uses of algorithms from spatial statistics or applications of 

supercomputers.  
 
S1. Forest fire modeling and software 
Organizer: Wenbin Cui 
 
This session will concentrate on forest fire models and the development of their 
corresponding software. The models mainly include models of forest fire occurrence, 
forest fire growth, forest fire behaviour, forest fire effect, and more importantly forest 
fire regime simulation. There are increasing interests in forest fire modeling recently. 
There exist many forest fire models in all the areas listed above but software are 
relatively few because the models are mostly research models and were not (well) 
designed for other users. Thus many users (researchers) have to develop their own 
models because the existing models are not flexible enough to meet their particular 
needs even though they might meet some of their requirements. The goal of the session 

will be not only exploring forest fire modeling but also combining forest fire modeling 
and software development.  
 
S2. Environmental fluid mechanics - theoretical, numerical and experimental 
approaches 
Organizers: C. Gualtieri, D. T. Mihailovic, N. Mole, P. A. López Jiménez 

 
Environmental Fluid Mechanics (EFM) is the scientific study of transport, dispersion and 
transformation processes in natural fluid flows on our planet Earth, from the microscale 
to the planetary scale. Stratification and turbulence are two essential ingredients of EFM. 
Stratification occurs when the density of the fluid varies spatially, as in a sea breeze 
where masses of warm and cold air lie next to each other or in an estuary where fresh 
river water flows over saline seawater. Turbulence is the term used to characterize the 
complex, seemingly random motions that continually result from instabilities in fluid 
flows. Turbulence is ubiquitous in natural fluid flows because of the large scales that 
these flows typically occupy. The processes studied by EFM greatly affect the quality of 
natural ecosystems. For this session papers reporting observational, experimental, 
numerical and theoretical investigations would be welcome. So the Session will be 
organized in two parts: Theoretical and Numerical aspects (Part 1) and Applicative, 
Software and Experimental issues (Part 2).  

 
This session could tentatively cover the following topics:  

 Diffusion, turbulent dispersion and mixing of environmental contaminants in 
natural and engineered water systems and in the atmosphere 

 Processes at the environmental interfaces in soil, atmosphere and natural waters 
 Turbulent flows 

 Nonlinear processes in environmental fluid mechanics 
 Two-phase and multiphase flows 
 Stratified flows 
 Transport of water and chemicals in the soil 
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S3. Modelling of dangerous phenomena and innovative techniques for hazard 
evaluation, mapping, and mitigation 
Organizers: Giulio Iovine, John B. Rundle, David Yuen, Abani Patra 
 

Several types of dangerous phenomena (either natural or man-made) pose serious risk 
in many parts of the world. Fundamental tasks in hazard evaluation include the 
prediction of:  

 the area influenced by the phenomenon, 
 its evolution in space and time, and  
 the understanding of the triggering mechanisms. 

This section mainly focuses on theoretical and numerical research, especially those 
supported by computer-assisted techniques of computation. Among the different 
approaches which might be taken, some mainly focus on the problem of time-sequential 
movements, by using either physical-based or empirical methods of analysis, while other 
methods attempt to predict the evolution of a given natural phenomenon. Studies 
concerning innovative methods of modelling and simulation for hazard mapping and 
prevention purposes are welcome. Contributions on new techniques of simulation and 
mapping, case studies, and novel methods of model calibration and validation, as well as 
on sensitivity analyses, are solicited. Comparative discussions on the potential, and the 
limits of different modelling approaches, are also within the scope of this session.  
 
S4. The European Environmental Information Space: news and trends 

Organizer: Kristina Voigt 
 
The continuous work in the EnviroInfo community which is mainly focussing European 
science and technologies is closely related to the topics treated in other societies like 
e.g. the iEMSs (International Environmental Modelling and Software Society), the TIES 
(The International Environmetrics Society) etc. In the past two years a major effort has 
been made to intensify the collaboration in Europe by establishing a European 
Environmental Information Space.  
 
The EU granted project ICT-ENSURE (Information and Communication Technologies - 
Environmental Sustainability Research) is the leading support action in the area "ICT for 
Environmental Sustainability Research". The main objectives are to extend the network 
of environmental sustainability research and to explore the structure and content of 
European research programmes relevant for sustainable development. Two main topics 

will be presented an information system on European research programmes and 
research projects as well as full text databases on the proceedings' volumes in the field 
of Environmental Informatics.  
 
Furthermore other European environmental modelling and informatics activities will be 
given in this session. Concerning the chemicals policy the REACH law and its 
environmetrical implications will be introduced. REACH is a new European Community 

Regulation on chemicals and their safe use (EC 1907/2006). It deals with the 
Registration, Evaluation, Authorisation and Restriction of Chemical substances. In 
addition, a software assistant to help operators in fulfilling theirs tasks concerning the 
European Emission Trading System (ETS) is presented. In a different paper the software 
Umberto I used to model a trigeneration system providing electricity, heating and 
cooling to a building, revealing important relevant structures and flows. It will be 
demonstrated in the session that theoretical environmental disciplines like models, 

information systems, and software tools are of upmost importance in the pursuit of 
sustainability. A paper on the topic of sustainable chemistry rounds up this session.  
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S5. Modeling and deciding with stakeholders 
Organizers: Alexey Voinov, Raffaele Giordano, Jaroslav Mysiak, Francois Bousquet  
 
Stakeholder engagement, collaboration, or participation, shared learning or fact-finding 

have become buzz words and hardly any environmental assessment or modeling effort 
today can be presented without some kind of reference to stakeholders and their 
involvement in the process. Stakeholder involvement became almost a "must". This is 
clearly a positive sign, however in far too many cases stakeholders are given only lip 
service and their engagement turns out to be quite formal. The linked session and 
workshop will explore the expanding field of participatory modeling and participatory 
decision analysis.  

 
We intend to contribute to the emerging theory of stakeholder involvement, come up 
with some classifications and categorization of the multiple efforts in this area, and then 
focus on various applications and case studies. In particular we will consider the various 
modeling tools and frameworks that are available and will decide what are the benefits 
that they present for participatory efforts.  
 
S6. Ecosystem services concept for environmental management 
Organizers: Ralf Seppelt, Martin Volk, Ann van Griensven 
 
How can environmental modelling support the implementation of the ecosystem services 
concept for environmental management? Towards appropriate methods for investigation, 
assessment, and implementation of ecosystem services in environmental management.  
 

Topics  

 Model based quantifying ecosystem services 
 Use of ecosystem service modelling in regional case studies for environmental 

management 
 Who is using it where? Examples for the implementation of the ecosystem 

services concept in environmental management (under stakeholder involvement)  

The ecosystem services concept enables development of policies that integrate social, 
economic, and ecological perspectives. Integrated environmental models are prone to 
support this concept as those can integrate several ecological functions, support the 
analysis of trade-offs and have been developed to a state where stakeholders can be 
involved and management solution can b derived.  

 
Thus in this session we seek for regional studies and model development, that support a 
biophysical founded assessment of ecosystem services. Thus this session will be 
interdisciplinary firstly by discussion studies focussing on abiotic (water provisioning, 
regulating, soil protection) as well biotic processes (provisioning services, crop 
production, pollination, biocontrol). We welcome project that performance those studies 
with modelling approach on different levels of complexity. Second, we seek for 

investigations that specifically analyze trade-off and off site effects. Thirdly, we 
appreciate to see how these results fed into a stakeholder process (for instance using 
multi criteria analysis and weighting of ecosystem services for assessment). We expect 
to get excellent examples of these issues to stimulate consistency and creativity of 
future ESS studies.  
 
S7. Spatial agent-based models for socio-ecological systems 

Organizers: Dawn C. Parker, Tatiana Filatova 
Co-sponsor: Aberdeen Global Land Project Nodal Office on Integration and Modelling  
 
Coupled socio-ecological systems are complex and operate on a variety of scales. Agent-
based modeling is widely used in exploring how aggregated phenomena emerge from 
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interactions of different actors and processes in micro level. This is especially important 
for modeling land use and various issues related to interactions in socio-ecological 
systems where human behavior changes the environment. Agent-based techniques allow 
modeling of these interactions and feedbacks between aggregated outcomes of 

heterogeneous human behaviors and their affects on environment in a spatially explicit 
way. This session invites papers demonstrating application of agent-based modeling to 
land use problems at different scales, socio-ecological problems, and modeling 
heterogeneous human behavior and its impacts on environment and ecosystem services. 
The range of questions this session focuses on include: coupling of socio-economic and 
biophysical models, adding a behavioral component to land use models, exploring 
different policy incentives for land managers, environmental impacts of different land 

management behaviors, finding appropriate scale of modeling human behavior and 
environmental processes in agent-based models, and building empirical agent-based 
models.  
 
S8. Integrating surface water quality models at the basin scale 
Organizers: David Swayne, Yongbo Liu, William Booty, David Lam, Isaac Wong 
 
Innovative and complex models have been developed for watershed models at field scale 
and for watersheds up to several hundred km². While some improvements have still to 
be made, the process models are increasingly accepted as reliable and realistic, if 
somewhat cumbersome in implementation and calibration.  
 
All of these problems grow with the size of the area under observation. Currently, there 
is a "space barrier" beyond which the only practical estimators are loading estimates and 

crude spreadsheet models. Transport ability of models can be a problem within a large 
basin that straddles more than a few ecozones (eg. the Lake Winnipeg Basin in North 
America).  
 
This session seeks input for the best practices for watershed modelling, when applying 
small scale models to large scale basin transport and fate calculations.  

 
S9. Modelling for Northern Environment's Sake: the models in need and the 
models in deed 
Organizers: Georgii Alexandrov, Kaz Higuchi 
 
The feature of Northern Environment is the lack of human domination. Indigenous 
population is relatively small and lives in balance with nature. This is a fragile balance, 
vulnerable to any technological intervention and climate change. Intensified development 
of the North may destroy this balance and make the indigenous population extinct. The 
purpose of this session is to identify the research lines in environmental modelling that 
may be essential for developing the knowledge that local communities will need to 
survive in a changing North.  
 
Model use in the studies of Northern Environment (including case studies, decision 

models, and guidelines for involving stakeholders in model development)  

 Environmental monitoring of the North (with respect to environmental impact 
assessments) 

 Environmental management in the North (principles and conceptual frameworks) 
 Ecological economics of indigenous lifestyle in the North 
 Scenarios of the North development  

 Scenarios of Northern climate change 
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S10. Integrated Modeling Technologies  
Organizers: Andrea Rizzoli, Gerry Laniak, Gene Whelan, Dan Ames, Noha Gaber,  
Alexey Voinov 
 

This session will use a traditional technical presentation format to provide participants an 
opportunity to learn about the state of the art and advances in the development of new 
and existing frameworks and tools for the development of integrated modeling 
applications and tools as well as applications and case studies. The session will cover the 
following:  

 Frameworks: theory and practice. In this category I expect to see reports on the 

development of new and existing frameworks for the development of integrated 
modelling applications and tools. Both theoretical and practical aspects should be 
investigated.  

 Tools: these are specific software systems (e.g. DSS, or sustainabilty assessment 
tools) made as instances of frameworks. These are not yet applications, since 
they display some generic features that make them re-usable across studies and 
applications.  

 Applications and case studies: this is the place to report on concrete real-world 
applications of integrated modelling. Some of these applications might be based 
on the frameworks and tools previously introduced, but not necessarily. Particular 
attention should be devoted to the implications of uncertainty in the integration of 
large and diverse (in the sense of domain of application) models.  

 Standards, ontologies and conventions. How to describe models, space, time, 

complexity? 

S11. Sustainability appraisal – concepts, tools and outcomes 
Organizers: Brian S. McIntosh, Keith Matthews, Stefan Sieber, Dagmar Haase 
 
Sustainability and sustainable development have stood notionally at the heart of 
environmental policy and management since the early 1990s. However they remain 
deeply contested and often difficult to operationalise concepts when it comes to using 
them as a basis for policy or management action. The basic aim of this session will be to 
provide a forum for the presentation and critical discussion of how sustainability 
appraisal is being incorporated (or failing to be incorporated) into environmental policy 
and management action through the use of models and software. To do so the 
Organizers wish to invite contributions covering the full range of issues involved from 
concepts through models and tools to policy or management outputs and outcomes. The 

Organizers are keen to see contributions covering a wide range of sustainability 
perpectives from impact minimisation through learning and change to flexibility and 
resilience.  
 
The session will be run as a traditional presentation session with accompanying 
workshop, from which the ambition is to produce a positioning paper for publication in 
Environmental Modelling and Software.  

 
S12. Environmental monitoring: methods, models, designs and criteria of 
efficiency 
Organizers: Marina G. Erechtchoukova, Peter A. Khaiter 
 
Environmental monitoring is an important starting point in environmental modeling 
process. Monitoring provides observation data which are used for model calibration, 

validation and simulation experiments in order to draw conclusions on current and future 
states of the investigated environmental resource. Since monitoring systems operate in 
a changing environment and are subject to budgetary constraints, the evaluation of the 
efficiency and improvements in data collection are urgent. The interdisciplinary nature of 
a monitoring system dictates the necessity to consider different and sometimes 
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contradicting aspects of the system during its optimization. Formal optimization 
techniques require quantification of the effectiveness of a monitoring design in order to 
weigh it versus the design cost.  
 

The session is aimed at bringing together researchers and practitioners who are 
interested in optimization and/or improvement of environmental monitoring and, 
particularly, in the development of efficiency criteria of monitoring programs, 
optimization methods and approaches to monitoring design, novice methods of 
observation data processing and application of simulation models to various aspects of 
environmental monitoring. 
 

S13. Bringing together spatial models of energy, material and water flows in 
(semi-)natural and technical systems 
Organizers: Ruediger Schaldach, Jennifer Koch 
 
The main focus of current spatially explicit land-use system models is the simulation of 
geographical patterns and their environmental impacts and/or the exploration of 
interaction between human decision making and the environment. In both cases, the 
process-based simulation of flows of energy, water and chemical elements within (semi-
)natural systems is of central importance. On the other hand, there are numerous 
simulation techniques available for energy and material flows within technical systems. 
These include event based models of logistic transport processes as well as methods 
from the field of Life Cycle Analysis, both representing (semi-)natural systems on a 
relatively aggregated level. Due to their strong linkage, there is the need for approaches 
that couple detailed models of land-use systems and technical systems. This session will 

concentrate on case studies and software solutions which aim at the integrated spatially 
explicit modeling of energy, material and water flows of both semi-natural and technical 
systems within geographical regions. Examples may include the coupling of land-use to 
logistic processes or the link between spatial traffic activities, air pollution and their 
environmental impacts.  
 

S14. Modelling the coupled social-environmental and physical systems of urban 
water 
Organizers: Vikas Kumar, D. N. Lerner, B. Harris, B. Surridge 
  
Urban water management (UWM) has changed greatly in recent decades, and is no 
longer just about water supply, sewage and flood defence. It now includes economic and 
social regeneration, river restoration, ecological habitat creation, riverside urban 
development, and the provision of amenity and recreational facilities. Despite fine 
technical work and research on urban water supply engineering and economics, it often 
seems that such work has not provided a clear unified approach for combining the 
different approaches to modelling and decision-making for social-environmental and 
physical systems of urban water. The fundamental challenge that UWM presents to 
decision makers is how to balance competing and often conflicting environmental, social 
and economic demands that are placed on catchments. A key challenge for modelling 

which seeks to support the decision makers is to represent these complex systems in 
simple yet robust ways. The integrated model should help to negotiate the complex and 
often conflicting demands associated with UWM. In recent years, many modelling 
techniques with the potential to meet these challenges have emerged, ranging from 
graphical probabilistic techniques to agent based AI techniques. Several projects have 
also taken these techniques forward to the implementation stage and engaged with 
decision makers.  
 
The aim of this session will be to present recent theoretical and applied work in the area 
of integrated modelling to support UWM. This session will seek to stimulate analysis and 
discussion around a number of important issues, including:  
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 Interfacing social and engineering models. 
 Comparing different techniques.  
 What are the issues for effective implementation?  
 Acceptance - the challenges of the transition from prototype model to real life 

application.  

S15. Integrated Assessment Modelling of Air Quality and Climate Change across 
different spatial and temporal scales 
Organizers: Stefan Reis, Tim Oxley 
 
This session is designed to attract model developers as well as stakeholders 

applying/using integrated assessment models for the design of integrated strategies to 
improve air quality and to combat climate change. Currently, a variety of integrated 
assessment models is being developed and applied for a wide range of science and policy 
questions. These operate on different spatial scales (global, regional, national and local) 
and - addressing key environmental problems with quite different temporal horizons - 
are applied to develop policy strategies for both immediate and long-term 
implementation. Environmental topics such as air pollution and climate change are in the 
focus of this session, but issues of scale are of particular relevance as well for cross-
media effects of pollution, which are often key aspects of model integration and 
integrated policy design.  
 
Papers submitted to this session should address aspects of integration in crossing spatial 
scales, dealing with issues of different time-scales and, first and foremost, demonstrate 

advanced levels of integration both from a model development and an application point 
of view. Pending the number and coverage of papers submitted, a dedicated special 
issue publication in an appropriate journal (e.g. Environmental Pollution, Environmental 
Modelling & Software) is intended.  
 
S16. Feedbacks in socio-environmental systems 
Organizers: Joerg A. Priess, Nina Schwarz, Sven Lautenbach 
 
The dynamics of socio-environmental systems are driven by exogenous forces and by 
the interaction of endogenous system components, both within the social and 
environmental realms, as well as between them. In recent years, the number of models 
and modelling frameworks explicitly representing feedbacks has increased. Thus, a 
synthesis of chances and pitfalls in including feedbacks in such models is needed. Land 
use systems are an important example of socio-environmental systems and will be used 

as the main focus of the analysis.  
 
Land use changes are on the one hand caused by a complex interaction of human and/or 
institutional land use demands and the environment which supports or limits human use 
in several aspects. On the other hand, land use changes and their effects at least partly 
influence the respective driving forces and future land-use decisions, e.g. by affecting 
the productivity of agricultural land, in- or decreasing the quality of life in (residential) 
urban areas, increasing accessibility and thereby facilitating the economic development 
of areas and so forth. Accordingly, feedback loops of (i) land use changes or (ii) changes 
of the state of the environment on the socio-economic drivers and land-use decisions are 
crucial for capturing at least some aspects of the complex socio-environmental system.  
 
For this session, we invite papers on modelling case studies that explicitly deal with land-
use related feedbacks in socio-environmental systems. Papers might cover, but are not 

restricted to, the following topics:  

 land-use change  
 farming 
 forest management 
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 urban development 
 tourism 
 coastal zone management 

Abstracts should briefly describe the research question, chosen modelling approach 
(including calibration and model coupling if applicable), implemented feedbacks with 
spatial and temporal scale, and results. This session is followed by a corresponding 
workshop which aims at synthesising results.  
 
S17. Scientific workflow tools for the environmental domain - technologies and 
applications 

Organizers: Susan Cuddy, Jean-Michel Perraud 
 
The execution of large-scale environmental modelling exercises (multiple watersheds, 
multiple models, many data sources, multi-issue, multiple reporting requirements) 
requires the development and execution of complex scientific and reporting workflows. 
These may be embedded in an integrated modelling environment - or, more usually, 
bring together suites of different tools, datasets and processes. The development of 
scientific workflow tools appears to provide a practical solution for binding disparate data 
and toolsets together within a controllable framework.  
 
This session invites papers that describe the development and use of scientific workflow 
tools for environmental modelling. Papers on all and any aspects - technical, 
governance, adoption, challenges, lessons learnt - are welcome.  

 
S18. Environmental Impacts of Natural Offshore Obstacles  
Organizers: Andrea Atzeni, Andrea Sulis 
 
A problem that must be addressed in the design of coastal structure is prediction of the 
effects of the structure's presence on the shoreline. Breakwaters simulate "nature's way" 
of using natural obstacles to protect the shoreline, and a thorough understanding of 
shoreline responses to natural obstacles outside the laboratory can give insights and 
data to prevent over-design (e.g. tombolo formation), eroding downdrift beach and other 
negative environmental impacts from single or multiple breakwaters. Environmental and 
structural effects that control the mode (erosion and accretion) and the magnitude of the 
shoreline responses in the lee of natural obstacles are not well understood at present, 
perhaps these conditions having been affected by changing marine climate over recent 
decades.  

 
This session is concerned with reporting on present knowledge of field observations, 
laboratory experiments, and numerical modeling studies of shoreline response to natural 
reefs and islands. Papers are encouraged that address topics in the following priority 
areas:  

 Field observations and scale physical modeling studies to investigate nearshore 

circulation patterns and resulting shoreline responses; 
 Development and application of theoretical models and software tools to simulate 

beach profiles evolution at various locations in the lee of obstacles. 

S19. Modeling climate change impacts: water resources and agriculture 
Organizers: Andrei Kirilenko, Xiaodong Zhang 
 
Changing climate is likely to modify hydrologic resources of agricultural areas. The direct 
effects of these modifications include loss of arable land, loss of infrastructure, changing 
soil moisture regime. These changes add to the direct effects of shifting temperature and 
precipitation pattern on agricultural production. The balance between the positive effect 
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from expanding growing season and negative effect from decreasing soil water 
availability and higher frequency of meteorological droughts will determine the local 
impacts of climate change on yields; however the societal impact can be moderated by 
the adaptations. Amplified by the land use change, the effects of hydrological regime 

modifications are especially strong in the basins of terminal lakes, which form closed 
hydrologic systems.  
 
We especially welcome presentations discussing the endorheic basins; however the 
session invites all abstracts focusing on modeling of climate change impacts on water 
resources of agricultural lands, including the following topics:  

 modification in hydrological regime,  
 impacts on the endorheic basins,  
 water quality, 
 impact on yield, 
 societal impacts and adaptations, 
 accounting for data, model and scenario uncertainty, and application of model 

ensembles.  

S20. Model development: the role of uncertainty and model diagnostics 
Organizers: Barry Croke, Hoshin Gupta, Thorsten Wagener, David Post,  
Ian Littlewood 
 
Development of models requires understanding of the processes involved and the 

uncertainties in the data used, as well as techniques for evaluating model performance. 
Uncertainty in the data masks the signature of the system being modelled, limiting the 
degree of model development when using the top-down approach (building a model 
based on the signal contained in the data). For bottom-up models, data uncertainty 
leads to an inability to distinguish between equally plausible model structures. 
Development of suitable models therefore requires a balance between complexity/detail 
in representation of processes involved and the impact of data uncertainty. In regard to 
model performance, the evaluations should emphasise where a model has difficulty (and 
why), rather than where a model does well, so that improvements in model structure 
can be pursued. This session will explore these issues, and contributions are invited 
relating to model development and diagnostics under/for 3 conditions:  

 gauged basins, 
 ungauged basins, and  
 basins under change (land cover and climate). 

S21. Intelligent and collaborative engineering of environmental knowledge: 
Software platforms, agents and semantics – a special session organized by i-
Seek, International Workshop on "Intelligent Systems for Environmental 
(Knowledge) Engineering and EcoInformatics" 
Organizers: Ioannis N. Athanasiadis, Konstantinos Kotis, Andrea-Emilio Rizzoli,  

Ferdinando Villa 
 
Models, and to a lesser extent datasets, embody sophisticated statements of 
environmental knowledge. Yet, both models and datasets rarely encode this knowledge 
in forms that are self-contained enough to be understood and used - by humans or 
machines - without the modeller's mediation. Intelligent and collaborative systems that 
exploit semantic technologies, agent-based computing or modern software engineering 
principles can provide a remedy to the above situation. This session aims to bring 
together scientists reporting on recent advances on the field, especially on the following 
topics:  
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 Knowledge representation and reasoning for environmental systems 
 Collaborative ontology engineering of environmental knowledge 
 Semantic annotation and tagging of environmental resources 
 Semantic modeling of environmental and ecological processes 

 Semantic technologies in environmental sensors networks 
 Intelligent agent systems or service oriented systems for environmental 

knowledge brokering 
 Agreement technologies for agents communication and ontology evolution in the 

environmental domain 
 Scientific workflows with rich semantics 
 Declarative modeling of environmental and ecological processes 

 Environmental markup languages and standards 
 Environmental ontologies (including epistemological and alignment issues) 
 Semantics for efficient environmental data management 
 Intelligent environmental services, tools, and applications 

S22. Interaction Design for Environmental Information Systems 
Organizers: Daryl Hepting, Steven Frysinger, Markus Wrobel 
  
Environmental informatics (or enviromatics) is a maturing subject with interdisciplinary 
roots. The application of information and communication technology (ICT) to the 
environment is emerging as one of great importance as the health of our planet gains 
priority on research agendas. Ultimately, environmental information must be put into 
people's hands so that they can make decisions. How best to involve stakeholders, so 

that they can access the information they need and put it to use in a satisfying manner, 
remains a topic of inquiry. Underlying the larger benefits of enviromatics as a tool for 
policy decisions is the architecture that enables those decision making processes. To 
maximize the value of the infrastructure, interaction design must be an integral part of 
the architectural plan. How do we best employ metaphor in educating users and 
influencing their mental models? What are the ethical concerns involved and how can 
they be addressed? This design helps the user to improve the quality of the information 
that is produced, presented, and used. Contributions are sought for a special session on 
human factors in enviromatics. We will seek to put work on interaction design and 
human computer interaction into the specific context of environmental modelling and 
software, with the goal of understanding how to draw on and apply existing knowledge 
to environmental informatics so that efforts are focused on refinement and adaptation 
instead of reinvention. Topics include, but are not limited to:  

 Usability analyses 
 Decision psychology 
 Task analyses (including, for example, decision support) 
 Validation of ICT tools 
 Human-computer interface design 
 Human performance evaluation 

S23. Second Session on Data Mining as a Tool for Environmental Scientists (S-
DMTES-2010) 
Organizers: Karina Gibert, Miquel Sanchez-Marre, Joaquim Comas,  
Ignasi Rodriguez-Roda, Antonio Ciampi, Ioannis Athanasiadis, Joaquin Izquierdo,  
 
This session is strongly linked with W-DMTES-2010, third iEMSs workshop, and aims to 
approach and to promote the interaction between the Environmental Sciences 
community to the Data Mining community and related fields, such as Artificial 
Intelligence, Statistics or other fields to discuss the contribution of Data Mining 
techniques to Knowledge Discovery in Environmental Sciences, as well as to make data 
mining techniques more accessible to environmental modellers and to give data miners 
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and developers a better idea of the needs and desires of the environmental community. 
The workshop will introduce interested parties to a range of data mining techniques and 
a selection of software packages. We also invite presentations of interesting applications 
of data mining to environmental problems. New or improved techniques or methods are 

welcome, as well as innovative applications.  
 
S24. Intelligent Environmental Decision Support Systems 
Organizers: Miquel Sànchez-Marrè, Virgínia Brilhante, Ulises Cortés, Joaquim Comas, 
Karina Gibert, Andrea Emilio Rizzoli, Ignasi Rodríguez-Roda, Rick Sojda,  
Jean Philippe Steyer, Peter Struss, Manel Poch 
 

Topics  

 Methodologies and frameworks for the development of IEDSSs  
 Integration of AI and Statistical/Mathematical Models in IEDSSs  
 Model recommendation in IEDSSs  
 Benchmarking and validation of IEDSSs 
 Relevant Applications and Case studies of IEDSSs 
 Other open issues in IEDSSs: spatial reasoning, temporal reasoning, uncertainty 

modelling and management  

The session establishes a discussion platform for Artificial Intelligence (AI) and 
Environmental researchers involved in the development of applications in the Intelligent 
Environmental Decision Support Systems (IEDSS) area. Nowadays, AI techniques such 

as Rule-based reasoning, Fuzzy models, Case-based reasoning, Qualitative reasoning, 
Artificial neural networks, Genetic algorithms and programming, Model-based reasoning, 
Bayesian networks, and Multi-agent systems provide a solid basis for construction of 
reliable and real applications. IEDSS are present in the environmental management 
process at different levels such as hazard identification, risk assessment, risk evaluation 
and intervention decision-making, but there is neither a well defined methodology or 
framework for the development of IEDSSs nor for Model integration nor for Model 
recommendation techniques nor for Benchmarking and validation of IEDSSs.  
 
Outstanding applications and case studies of IEDSSs with important contributions are 
also welcome. Other open issues can be addressed, such as the spatial reasoning, 
temporal reasoning, and uncertainty modelling and management in IEDSSs. These are 
the open challenges to be addressed by the session papers, and special emphasis will be 
given to Environment's sake issues.  

 
S25. Managing regional water resource systems under changing conditions 
Organizers: Julien Harou, Patrick Reed, Amaury Tilmant, David Rosenberg  
 
Changing social, economic, climatic, and environmental conditions continuously 
challenge our preconceptions on the availability, use and management of water 
resources. Modeling and decision support innovations are needed to promote adaptation 

and resilience within our water resources systems given the nonstationarity of future 
hydrologic extremes and human needs. Paths forward will require mixtures of innovative 
management schemes that promote flexibility in water allocations, new infrastructure, 
alternative supplies and demand management programs. This session seeks to address 
the following questions: what modeling and planning methods work best for preparing 
integrated regional water resource systems for potentially severe changes in future 
conditions? How can such planning approaches be effectively deployed in decision 

support tools? Will they be stochastic? Multi-objective? Collaborative? Hydro-economic? 
And, now that online real-time data is available to water managers, is there an 
opportunity for short-term information to connect to mid and long-term risk-based 
planning applications? This session seeks to showcase modeling applications and 
software that helps better manage regional water systems in changing conditions.  
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S26. Modelling and support tools for management and optimization of the 
integrated wastewater system 
Organizers: Peter Vanrolleghem, Joaquim Comas, Wolfgang Rauch, Xavier Flores Alsina, 

Joaquim Comas, Dirk Muschalla, Eduardo Ayesa, Hubert Colas, Ignasi Rodriguez-Roda, 
David Butler 
 
The aim of this session consists in the creation of a discussion platform for researchers 
involved in the development and application of modelling and support tools for the 
integrated management and optimization of wastewater systems. The idea is not only to 
present the last trends in mechanistic integrated modelling and system analysis (e.g. 

uncertainty and sensitivity analysis, frequentist and Bayesian inference) but also to 
incorporate new techniques/tools such as intelligent decision support systems, soft 
computing, case-based reasoning, fuzzy control, qualitative reasoning, neural networks, 
evolutionary algorithms, benchmarking, agents, etc. The session is open to new 
paradigms and technologies to support integrated wastewater management and 
optimization, including aspects related to the interaction between the different sub-
systems (sewer system, wastewater treatment and receiving media) and the elements of 
each sub-system relevant for this interaction. Thus, this session will favour contributions 
extending the classical modelling approach, going further to cover modelling and support 
tools for innovative processes and emerging technologies and multi-objective process 
optimization.  
 
S27. Linkages in Human and Environmental Health Modelling 
Organizers: Wilfred Cuff, Nick H. Ogden, Venkata R. Duvvuri 

 
Human health threats in the Developed World (such as Western equine encephalitis, 
West Nile virus and H1N1 influenza) have, as a condition for their spread, a considerable 
environmental component. Many diseases (for example tuberculosis and malaria) thrive 
in conditions typical of environmental challenges. As the environment is degraded, so is 
the state of human health where this degradation, whether in air and water quality, lack 

of sanitation or overcrowding. Human health matters to us all, and the classical 
providers are medical doctors (MDs) who are important in health care. MDs are not 
particularly well educated in software technologies; as a result software is forced to 
appreciate the nature of the medical doctor. This session will focus on the provision of 
environmental information as it affects human health, by various means, from the 
perception of the governmental health agencies and environmental health information 
providers, and the potential of human health information to assist in environmental 
model application.  
 
S28. Modelling extremes in climate variables 
Organizer: L. A. Sanabria 
 
This session will focus on mathematical tools to model extreme values in climate 
variables such rainfall, wind speed, temperature, etc. using observations or climate-

modelled data.  
 
Papers on techniques to fit extreme value distributions, point process, etc. to location-
based as well as regional (gridded) data are welcome. Also papers on application of 
extreme value analysis to practical problems in weather-related fields such as natural 
hazards, impact of extremes in agriculture, health, infrastructure, etc. are welcome.  
 
S29. Multi-scale and multi-physics modeling of environmental flows 
Organizers: Hansong Tang, Timothy Keen, Zhifeng Yang, G. Q. Chen 
 
Environmental processes are commonly inter-related and efforts to simulate them must, 
therefore, span a range of spatial and temporal scales. It is often necessary to 
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incorporate feedback mechanisms in these modeling studies as well. In order to 
accommodate these multi-scale and multi-physics (MSMP) requirements, new strategies 
in coupled/nested/adaptive modeling are emerging in numerical simulation of 
environmental flows for a range of problems. MSMP approaches, however, are 

challenging in view of complicated interactions between different physics and scale 
phenomena. This session will provide researchers with a forum to present their 
successful results as well as problems from their own research, and to discuss common 
issues and future developments. The session invites papers on MSMP strategies as well 
as applications.  
 
Topics include, but are not limited to:  

 Numerical analysis on modeling coupling  
 Numerical methods for coupling different models  
 Integrated wave, current, morphology modeling  
 Sediment transport and its interaction with current  
 Algae blooming and lake/estuary flow  
 Surface water and ground water  
 Atmosphere and ocean flow interaction  
 Wetland flow modelling 
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W1. Effects of climate change: landscape modelling, providing decision support, 
and understanding uncertainties 
Organizers: Richard S. Sojda, Thomas C. Edwards, Karina Gibert, Mark Borsuk,  
Carmel Pollino, Tony Jakeman 

 
A current dilemma facing the world is that we need interdisciplinary, multi-scale science 
to effectively cope with and adapt to the effects of climate variability and change, but 
our current diverse capabilities across the landscape make it difficult to realize this 
integrated capacity. Many agencies are involved in collecting, analyzing, and using 
climate data and services. Uncertainty associated with both climate data, itself, as well 
as the impacts of changing climate on natural resources make providing such climate 

services to resource managers a challenge. Many researchers are building and 
empirically evaluating models and decision support tools for understanding climate 
variability and change. Can advanced methodologies in computer science, such as those 
based in artificial intelligence, lend insight? The kinds of climate issues that fisheries and 
wildlife biologists, foresters, water managers, park superintendents, agricultural 
producers, and other natural resource managers are asking are diverse and wide-
ranging. Therefore, it is imperative to delineate their management decisions being 
supported as a basis for validation. 
 
We invite presentations that present scientific findings, delineate new approaches, 
review existing literature, or demonstrate active models or decision support tools. The 
intended outcome of this workshop is a jointly authored article among interested 
attendees that (1)describes the challenges of modelling the effects of climate change as 
a basis for providing decision support, (2)provides a framework for how scientists are 

currently propagating uncertainties in their decision support models and tools, and how 
they are describing those uncertainties to the end user, and (3)suggests future 
directions for effectively providing decision support tools related to climate change.  
 
W2. Linking ecologic performance measures to hydrologic models for improved 
water management 

Organizers: D. P. Loucks, Carmel Pollino, Wendy Merritt 
 
Water managers are increasingly being asked to consider and provide for environmental 
flows as they make decisions regarding water allocations to water users. This increased 
interest in environmental flows stems from the steady degradation of many streams and 
rivers as the flows have been dammed, diverted and polluted. These hydrological 
alterations have led to widespread degradation of aquatic ecosystems. During the past 
decade the increasing concern about the impact of such interventions has motivated the 
development of numerous methods for assessing environmental flow. These can be 
grouped into different categories depending on their level of detail. The result of the 
application of a flow assessment method is one or more descriptions of possible future 
flow regimes for a river, each linked to an objective which this achieves in terms of the 
condition of the aquatic ecosystem. 
  

What is the current state of practice in determining environmental flow requirements and 
implementing them? What evidence do we have that these methods work? What 
research is needed, and what institutional measures should be considered to enable their 
implementation? This workshop will address these questions and present some case 
studies of successes and failures.  
 
W3. Modeling and deciding with stakeholders 
Organizers: Alexey Voinov, Nigel W. T. Quinn, Jaroslav Mysiak, Francois Bousquet  
 
Goals: Stakeholder engagement, collaboration, or participation, shared learning or fact-
finding have become buzz words and hardly any environmental assessment or modeling 
effort today can be presented without some kind of reference to stakeholders and their 
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involvement in the process. Stakeholder involvement became almost a "must". This is 
clearly a positive sign, however in far too many cases stakeholders are given only lip 
service and their engagement turns out to be quite formal. The linked session and 
workshop will explore the expanding field of participatory modeling and participatory 

decision analysis.  
 
We intend to contribute to the emerging theory of stakeholder involvement, come up 
with some classifications and categorization of the multiple efforts in this area, and then 
focus on various applications and case studies. In particular we will consider the various 
modeling tools and frameworks that are available and will decide what are the benefits 
that they present for participatory efforts. 

  
W4. Integrating surface water quality models at the basin scale 
Organizers: David Swayne, Yongbo Liu, William Booty, David Lam, Isaac Wong 
 
Innovative and complex models have been developed for watershed models at field scale 
and for watersheds up to several hundred km². While some improvements have still to 
be made, the process models are increasingly accepted as reliable and realistic, if 
somewhat cumbersome in implementation and calibration.  
 
All of these problems grow with the size of the area under observation. Currently, there 
is a "space barrier" beyond which the only practical estimators are loading estimates and 
crude spreadsheet models. Transport ability of models can be a problem within a large 
basin that straddles more than a few ecozones (eg. the Lake Winnipeg Basin in North 
America).  

 
This workshop seeks input for the best practices for watershed modelling, when applying 
small scale models to large scale basin transport and fate calculations.  
 
W5. Modelling for Northern Environment's Sake: the models in need and the 
models in deed 

Organizers: Georgii Alexandrov, Kaz Higuchi 
 
The feature of Northern Environment is the lack of human domination. Indigenous 
population is relatively small and lives in balance with nature. This is a fragile balance, 
vulnerable to any technological intervention and climate change. Intensified development 
of the North may destroy this balance and make the indigenous population extinct. The 
purpose of this session is to identify the research lines in environmental modelling that 
may be essential for developing the knowledge that local communities will need to 
survive in a changing North.  
 
Topics: Model use in the studies of Northern Environment (including case studies, 
decision models, and guidelines for involving stakeholders in model development)  

 Environmental monitoring of the North (with respect to environmental impact 

assessments) 
 Environmental management in the North (principles and conceptual frameworks) 
 Ecological economics of indigenous lifestyle in the North 
 Scenarios of the North development  
 Scenarios of Northern climate change 

W6. The Future of Science and Technology of Integrated Modeling 

Organizers: Gerry Laniak, Gene Whelan, Noha Gaber, Alexey Voinov, Vikas Kumar,  
Craig Aumann, Nigel Quinn, Kurt Wolfe 
 
This workshop will provide participants with the opportunity to discuss advancing the 
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science and technology of integrated modeling for environmental assessment and 
decision making. Key questions for discussion include:  

 What limitations currently exist, what new problems are emerging, what new 

technologies will be available?  
 How important is re-use and interoperability of technologies?  
 What will be the role of standards, ontologies and conventions?  
 How to describe models, space, time, complexity?  
 How will the QA associated with complex interdisciplinary information flow be 

achieved?  
 How will uncertainty be conceptualized, quantified, and presented to decision 

makers?  
 What issues will require long term research?  
 How can the knowledge and products of research be more effectively (i.e., 

timely) transferred to the applied world and decision making? 

In addition, the workshop will seek to identify software and computational technology 
trends and how these may impact the development of integrated modeling.  
 
W7. Web Portal for the Community for Integrated Environmental Modeling 
Organizers: Dan Ames, Noha Gaber 
 
The USEPA has taken the lead on engaging the environmental modeling community to 
develop a community of practice to facilitate greater scientific collaboration and allow 

more efficient resources by limiting redundancies and duplication in technology 
development. The Community for Integrated Environmental Modeling was initiated 
December 2008 and focuses on multimedia and multidisciplinary integrated 
environmental modeling. The community of practice seeks to integrate and leverage the 
activities of existing organizations and communities to support and bridge these domain-
specific communities but not duplicate their efforts. The goal of the Community's 
activities is to facilitate collaboration across domains and topical communities (e.g. 
hydrology, uncertainty, air quality, etc.). This "community of communities" will work 
with the existing communities to facilitate the flow of science and technology among 
these communities for the purpose of integrating the science/technology at higher levels 
for solving highly integrative problems. The Community for Integrated Environmental 
Modeling will also go beyond providing access to models, frameworks and tools but also 
serve as an important professional networking and collaboration resource to link 
researchers, modelers and model users.  

 
The goal of this workshop is to present CIEM's collaborative web-portal to the wider 
modeling community, obtain their feedback and comments and encourage its use a key 
resource for the environmental modeling community.  
 
W8. Complexity reduction strategies for effective use of process based models 
in environmental decision making 

Organizers: Andrea Castelletti, Rodolfo Soncini-Sessa, Peter C. Young, Hoshin V. Gupta, 
Marco Ratto 
 
Computational limitations remain a major barrier to the effective and systematic use of 
large-scale, process-based simulation models in rational environmental decision-making. 
Whereas, complex models may provide clear advantages when the goal of the modelling 
exercise is to enhance our understanding of the natural processes, they introduce 

problems of model identifiability caused by over-parameterization and may not be the 
best choice for control, management and planning purposes, i.e. when any kind of 
feedback control, optimization or real-time forecasting is required. Therefore, a 
combination of techniques for complex model reduction with procedures for data 
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assimilation and learning-based control could help to bridge the gap between science 
and practical decision-making.  
 
This workshop will host discussions on the development and the application of new or 

improved approaches to effectively integrate process-based models and rational 
decision-making. The focus will be on, but not limited to, model complexity reduction 
techniques, such as dominant mode analysis, large model emulation and meta-
modelling, response surfaces, diagnostic model evaluation, model structure and 
parameter estimation, model correction and, in the case of partial differential equations, 
methods such as stochastic collocation on sparse grids. Contributions on specific 
subtopics, such as design of experiments, sparse grids, feature extraction, etc. are also 

welcome. Applications might include large water system management, integration of 
water quality and quantity in surface and/or groundwater, management of large 
distribution networks, integrated management of surface and groundwater and real-time 
forecasting of flood inundation.  
 
The discussion will be launched by a position paper that will be available in early March 
2010. The workshop will be organized in two parts, consisting of a series of standpoint 
presentations (each five-minutes long) followed by a round table discussion moderated 
by the organizers and aimed at modifying, integrating and improving the position paper, 
which will result in a new collaborative paper. Potential contributors are invited to submit 
an extended abstract (max 2 pages) of their planned communication.  
 
W9. Feedbacks in socio-environmental systems 
Organizers: Joerg A. Priess, Nina Schwarz, Sven Lautenbach 

 
The dynamics of socio-environmental systems are driven by exogenous forces and by 
the interaction of endogenous system components, both within the social and 
environmental realms, as well as between them. In recent years, the number of models 
and modelling frameworks explicitly representing feedbacks has increased. Thus, a 
synthesis of chances and pitfalls in including feedbacks in such models is needed. Land 

use systems are an important example of socio-environmental systems and will be used 
as the main focus of the analysis.  
 
Land use changes are on the one hand caused by a complex interaction of human and/or 
institutional land use demands and the environment which limits human use in several 
aspects. But on the other hand, land use changes and their effects at least partly 
influence the respective driving forces and future land-use decisions, e.g. by affecting 
the productivity of agricultural land, in- or decreasing the quality of life in (residential) 
urban areas, increasing accessibility and thereby facilitating the economic development 
of areas and so forth. Accordingly, feedback loops of (i) land use changes or (ii) changes 
of the state of the environment on the socio-economic drivers and land-use decisions are 
crucial for capturing at least some aspects of the complex socio-environmental system.  
 
The workshop will draw upon the presentations given in the corresponding session on 

land-use focused feedbacks. During the workshop, a preliminary version of a 
synthesising review paper on this topic will be discussed (to be published on the 
conference website beforehand). This review paper focuses on land-use related 
feedbacks in various socio-environmental systems and analyses  

 feedbacks that are usually tackled in such models, 
 possibly neglected, but important feedbacks 

 scales of feedbacks (temporal, spatial) 
 implementation issues (calibration, validation, model coupling, how generic is the 

implementation, effect of initial conditions, uncertainty, scaling issues) 
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Selected participants will be invited to contribute as co-authors to the synthesis paper to 
be published in a special feature of Environmental Modelling and Software (to be 
confirmed).  
 

W10. Impact Assessment (IA) for sustainable development – linking the IA 
research community with IA policy makers and practitioners 
Organizers: Jan-Erik Wien, Jacques Jansen, Onno Roosenschoon 
 
The project LIAISE (Linking Impact Assessment Instruments with Sustainability 
Expertise) is a Network of Excellence starting end 2009 and funded by the EC in the 7th 
Framework Programme. The European Commission considers Impact Assessment (IA) as 

an important instrument for realizing the key objectives of the renewed Sustainable 
Development Strategy. IA must enhance the evidence base, transparency and 
effectiveness of decision making processes. However, existing research points out that 
the full potential of Impact Assessment is not being realized. Many tools to support IA 
have been developed, but are not yet fully employed by policy makers.  
 
These missed opportunities are symptomatic of a large and deep gap between the broad 
communities of IA researchers and IA practitioners. Practitioners tend to look for tools 
that are simple, robust and transparent, while the researchers are more interested in the 
sophistication and innovative aspects of IA tools. The main purpose of LIAISE is to 
identify and exploit opportunities to bridge the gaps in a way that leads to an enhanced 
use of Impact Assessment tools in policy making. Its centerpiece will be a shared toolbox 
– simultaneously accessible and useful for policy makers as well as for the research 
community. A structured dialogue between IA researchers, practitioners and policy 

makers will be organized to develop and update the IA research agenda.  
 
The main goal of the workshop is to mobilize the international community of IA 
researchers (modelers and tool developers) and IA users towards an enhanced use of 
Impact Assessment tools in policy making. To achieve this goal requires an exchange of 
information between LIAISE and similar initiatives outside the EU. Possible topics for a 

session are:  

 Attracting IA-relevant contributions from other scientific communities to develop 
a shared vision and set of implementing steps  

 International standards and practices of IA and new internationally recognized 
benchmarks 

 A shared IA toolbox as an infrastructure that meets the demands of policy makers 

W11. W-DMTES-2010. Third Workshop on Data Mining as a tool for 
Environmental Scientists 
Organizers: Karina Gibert, Miquel Sanchez-Marre, Joaquim Comas, Ignasi Rodriguez-
Roda, Antonio Ciampi, Ioannis Athanasiadis, Joaquin Izquierdo 
 
This workshop (W-DMTES-2010, 3rd iEMSs Workshop) aims to approach and to promote 

the interaction between the Environmental Sciences community to the Data Mining 
community and related fields, such as Artificial Intelligence, Statistics or other fields to 
discuss the contribution of Data Mining techniques to Knowledge Discovery in 
Environmental Sciences, as well as to make data mining techniques more accessible to 
environmental modellers and to give data miners and developers a better idea of the 
needs and desires of the environmental community. The workshop will introduce 
interested parties to a range of data mining techniques and a selection of software 

packages. We also invite presentations of interesting applications of data mining to 
environmental problems. New or improved techniques or methods are welcome, as well 
as innovative applications.  
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W12. Breaking down disciplinary silos: what can environmental modellers in 
different domains learn from each other? 
Organizer: Barbara Robson 
 

Do modellers of terrestrial ecology use the same type of models that aquatic ecological 
modellers use? Do modellers of catchment hydrology employ the same criteria in 
evaluating model complexity as those who model estuaries and coastal systems? Do 
limnological modellers have something to learn from oceanographic modellers, and 
ocean modellers something to learn from atmospheric modellers? Do biophysical 
modellers have something to learn from economic modellers?  
 

In short, are environmental modellers employing consistent modelling frameworks, 
validation techniques, evaluation criteria and approaches to handling uncertainty across 
disciplinary boundaries? If not, are there good reasons for this? Are the differences due 
to inherent differences in the systems being modelled and the questions being asked, or 
are they down to the differences in the training and expectations of scientists in each 
field? What should we be learning from each other?  
 
The workshop will explore these issues, consider the lessons that emerge, and work 
towards a position paper for Environmental Modelling and Software.  
 
W13. Expert knowledge in landscape ecological decision support tools: Benefits 
and cautions 
Organizers: Ajith H. Perera, Lisa J. Buse, Richard S. Sojda, C. Ashton Drew,  
Chris J. Johnson 

 
Advances in remote sensing, GIS, and computing technology have made popular the 
development of decision support tools for conservation and management of terrestrial 
and aquatic landscapes. In most instances both the development and applications are 
aided by knowledge of professional experts, who impart their wisdom and insight on 
ecological patterns and processes. This contribution has remained informal in the past 

but attempts are now being made to formalize the process of eliciting and including 
expert knowledge in landscape ecological decision support tools. While the benefits that 
expert knowledge offers in this regard are many, it is necessary to ensure the same 
rigour and explicitness that would be associated with using conventional empirical input 
in developing such tools. Recent advances in science, especially in statistical methods 
are useful in this endeavour.  
 
This workshop is intended to address the use of expert knowledge in landscape 
ecological decision support systems and explore the advantages and limitations of its 
use. We invite presentations that discuss experiences, in both research and/or 
implementation that may include many steps of using expert knowledge: eliciting and 
formalizing, assessing uncertainty, validating, and incorporating expert knowledge into 
the development cycle of decision support systems. Also, we welcome demonstrations of 
models or decision support tools and literature reviews or syntheses that involve expert 

knowledge and its use in landscape ecology.  
 
The intended outcome of this workshop is a jointly authored article among interested 
attendees that (1) highlights the diversity of roles of expert knowledge in developing and 
implementing decision support tools, (2) summarizes methods employed in eliciting, 
formalizing, and incorporating expert knowledge, (3) examines the advantages and 
disadvantages of applied use of expert knowledge, (4) provides insight to the state of 
knowledge, and (5) suggests topical areas for further research related to use of expert 
knowledge in landscape ecological decision support tools.  
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W14. “S” is for “Software” – Licensing Issues, Shared Code Development, and 
Why You Should Consider Going Open Source 
Organizers: Daniel P. Ames, Alex Storey 
 

Repeat after me: “I [state your name] am not going to get rich writing environmental 
modeling software.” The sooner you and I and the rest of our community accept this 
truism, the more quickly we can advance our science by breaking down walls of software 
secrecy – be they intentionally or unintentionally emplaced – and hence fostering 
collaborations at all phases of modeling software development, testing, and use. Indeed, 
a new spirit of software “openness” has sprung forth in some of the least likely of places. 
To wit: Microsoft now sponsors a fast growing open source software development 

community portal and has released all of its key development languages as free “express 
editions” – in part to support the development of open source software. This movement 
definitely follows the long standing scientific tradition of publishing one’s research 
methods and findings in the open literature; certainly the release of source code is the 
most fundamental form of publication in the field of environmental modeling and 
software.  
 
There are many reasons why you may not be participating in the open source 
movement. For example: discomfort at the thought of other individuals viewing your 
spaghetti code, lack of a clear understanding of the different licenses available and what 
they mean, lack of time and energy to manage such an effort, or possibly delusional 
ideas about the fortune to be made from selling your latest groundwater model 
optimization code (if this last reason is yours, then be sure to review the opening mantra 
in this workshop summary).  

 
The purpose of this workshop is to address these issues through presentations and 
discussion of 1) licensing options and implications, 2) shared code development tools 
and systems, and 3) shared/open source model software development case studies. 
Participation is sought from individuals with experience and success stories related to 
this topic. Also, individuals new to open source software development, or who are afraid 

that one day their code will be sitting in a doorstop (the final resting place of so much 
good code long since forgotten in an old worn out computer) are also highly encouraged 
to join this workshop.  
 
W15. Tales of DSS adoption: How and why are DSS successful in environmental 
and related sectors? 
Organizers: Marten Stavenga, Brian S. McIntosh, Serena Chen, Tony Jakeman 
 
Concerns persist that DSS tools fail more often than succeed in being adopted by the 
intended end users. Contemporary environmental concerns including cross-border 
pollution and integrated resource management under conditions of climate change 
require larger, multi-scale, complex modeling efforts. Such concerns must be addressed 
but present significant challenges to the achievement of successful adoption of Decision 
Support Systems. This workshop will present a number of case studies of successful DSS 

adoption in environmental and related sectors, such as agriculture, fisheries, production 
and environmental health sectors. Each case study will review DSS adoption as a process 
rather than as a single event with the aim of teasing out the factors which influence 
adoption in context.  
 
The workshop will be organized based on a matrix framework using two perspectives: a) 
type of DSS application, and b) subject area / context of application. The subject 
application areas in scope will include all relevant areas of environmental sciences, 
including, but not limited to waste, environmental pollution, water management, climate 
change, environmental planning, environmental chemistry. In addition, also DSS 
applications in bordering sectors are in scope, such sectors being, but not limited to, 
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forestry, oceans and fisheries, agriculture, environmental health, sustainable production 
and consumption.  
 
What have been key factors for successful adoption of DSS in these various sectors? 

What have been pitfalls with adoption and application of DSS? What are key learnings on 
the adoption process across these various sectors? This workshop will aim to address 
these questions and issues.  
 
The goal of this workshop is to deliver key insights for DSS developers to create a 
deeper understanding what the real uses and needs are for DSSs.  
 

W16. Interoperability for Web Based Modeling 
Hosted by the Open Geospatial Consortium, Inc (OGC)  
Organizers: David Arctur, George Percivall, Phillip C. Dibner 
 
The goal of this workshop is to develop familiarity among iEMSs participants with OGC 
open standards for web services, with particular attentionto the utility of these and 
complementary standards to support improved interoperability of environmental 
modeling. The workshop will also be positioned to identify and prioritize challenges and 
issues for joint work by OGC and iEMSs members as part of the Alliance partnership 
established between these two organizations in late 2009.  
 
Background: The OGC has developed a range of OGC Web Service (OWS) standards to 
improve the ease at which location or geospatial information can be discovered, 
accessed, fused and applied to increasingly complex problems facing decision makers 

worldwide. In the past several years, OGC members have emphasized standards 
development in support of broad geosciences objectives in the areas of hydrology, 
climate change, ocean observation, geology, and environmental science. Recently, OGC 
released a family of Sensor Web Enablement standards which provide rapid and real 
time access to a range of fixed and mobile sensors, and the ability to access, integrate, 
fuse and apply sensor information for decision making in a location and temporal 

context. This coupled with the release of the OGC Web Processing Service provides a 
significant level of standards-based capability to help advance the objectives of the 
modeling community.  
 
Proposed focused work sessions and discussions  

 Overview of OGC organization and process, and OGC service implementation 

specifications as they relate to location interoperability. Emphasis on user 
community benefits being realized in environmental, ocean, climate and other 
science communities of interest.  

 Presentation of OGC standards and best practices relevant to environmental 
modeling. Discussions include emphasis on Web Processing Services, Workflow 
Management, Digital Rights management, Sensor Web Enablement and other 
standards.  

 Group Discussion. Development of issues. Opportunities and challenges 
potentially ripe for OGC / iEMSs collaboration, areas for immediate use of OGC 
standards, iEMSs use cases for potential use in future collaborative project 
activities. 

 Further discussions on potential collaboration between OGC and iEMSs.  

W17. Low-carbon industry and multi-scale input-output modeling 

Hosted by Beijing Development Area Co., Ltd. (BDA Ltd), Beijing, China  
Organizers: G. Q. Chen, B. Chen, S. Y. Zhou, H. S. Tang,  
 
As an urgent dilemma facing the human society, with all our strength we make efforts to 
reduce and mitigate greenhouse gas (GHG) emissions at distinctive industrial levels, but 
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as a whole the carbon emission is booming with rapid increase. This is due to the bottom 
end characteristics of conventional mitigation strategies necessitating intensive economic 
input at the end with massive carbon cost. The emerging trend to resolve the dilemma is 
based on the low-carbon systems engineering supported by databases and module 

packages associated with top-down and bottom-up integrated multi-scale multi-regional 
Leontief modeling.  
 
We aim to identify the systems theory, methods, technologies, business modules and 
best practices in low carbon development that could be applied to reduce GHG emissions 
for nations, regions, sectors, and industries. To achieve the goal of the carbon reductions 
as reinforced by the Copenhagen Accord, specific efforts on environmental modelling will 

be instrumental to obtain more fruitful results. This may help make corresponding 
government policies to promote the energy efficiencies and reduce carbon emission 
intensity at each level of the concerned systems, provoke financial incentives in the form 
of domestic and international investments for low carbon projects, and spur development 
of multi-scale input-output tools and deployment of new energy, environmental and 
ecological technologies to realize carbon emission reduction.  
 
The workshop will be structured but not limited to the following inter-dependent topics:  

 Low-carbon industry park 
 Low-carbon building and real estate 
 Low-carbon supply chain 
 Low-carbon logistics 

 Low-carbon evaluation and consultant 
 Multi-scale ecological input-output models 
 Multi-scale multi-regional databases for direct and embodied carbon inventory  
 Renewable and substitute energy 
 Life cycle analysis 
 Environmental accounting 
 Greenhouse emission accounting 
 Embodied energy accounting 
 Carbon footprint 
 Low-carbon wastewater treatment 
 Carbon measurement 
 Carbon capture 
 Low-carbon technologies 

This special workshop invites professionals from universities, enterprises, and 
administrative departments concerned with low-carbon projects and multi-scale input-
output methods to make effective comparisons, to present and to share new ideas, 
innovations, trends, experiences, and concerns in the environmental modeling and 
systematic simulation. We also believe the workshop for low-carbon industry and multi-
scale input-output modeling will become an important platform for the other participants 
of iEMSs 2010 to exchange knowledge, perspectives and ideas for the low-carbon 

economy and to discuss the most recent advances in simulation models and assessment 
methods from both theoretical and practical perspectives. 
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Workshop Report: W5: Modelling for Northern Environment's Sake 

Summary of the workshop W5 held at iEMSs 2010 

 

Participants: 

Georgii Alexandrov, Kaz Higuchi, Rachel A. Hirsch, Glen Lesins, James I. MacLellan 

 

The feature of Northern Environment is the lack of human domination. Indigenous popu-

lation is relatively small and lives in balance with nature. This is a fragile balance, vul-

nerable to any technological intervention and climate change. Intensified development of 

the North may destroy this balance and make the indigenous population extinct. The 

purpose of this workshop was to identify the research lines in environmental modeling 

that may be essential for developing the knowledge that helps indigenous communities 

to survive in a changing North. 

 

Social adaptation to climate change may occur over various scales. At the national scale, 

this may result in elaboration of adaptation strategies based on scientific knowledge. 

Since the available scientific knowledge is quite abstract and counterfactual, only generic 

adaptation strategies may be produced at this scale. Local institutions may develop a 

specific planned response based on the past experience of responding to extreme 

events. As to the indigenous communities, they may only accept the changes pragmati-

cally and respond involuntary. 

 

Institutional communications are essential for achieving the synergy of a nationwide ad-

aptation strategy, a locally planned response and an involuntary response of indigenous 

communities (that is, response dictated by changing environment, not by a strategic 

goal).  Understanding the indigenous usage of threatened ecosystem services is an im-

portant part of such communications. A locally planned response must address the way 

in which indigenous communities interpret their role on the land. 

 

Recent advances in agent-based modeling make it possible to support institutional com-

munications by a model simulating involuntary response of indigenous communities. De-

velopment of an “indigenous response simulator” was identified as a major research line 

in modeling for Northern environment’s sake. Not all environmental changes that seem 

economically safe from the national viewpoint are culturally acceptable for indigenous 

communities.  The ultimate purpose of the proposed inter-disciplinary effort on develop-

ing the “indigenous response simulator” is to find a scientifically sound method for bal-

ancing economic and cultural targets. 
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Papers: 

 Agent Based Modelling of Caribou Environmental Interactions in the Canadian 

Arctic  Glen Lesin 

 Modelling Governance Structures and Climate Change Policy Communications on 

Community Resilience in the Canadian Arctic  Rachel Hirsch 

 Modelling needs assessment for social adaptation to climate change in Siberia 

Georgii Alexandrov 

 The Northern Global Climate Change Adaptation Dialogue  James Maclellan 

 

 

 

Figure 1 Brainstorming map of the issues discussed at the workshop 
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Workshop Report: W12: Breaking Down Disciplinary Silos: What can 

Environmental Modellers in Different Domains Learn from Each Other? 

Summary of the workshop W12 held at iEMSs 2010 

 

Organizer: Barbara Robson 

 

Participants: Tony Jakeman, Marit Kragt, Kit Macleod (Kit.Macleod@csiro.au), John 

Norton, Mark Borsuk, Sid Pendelberry, Rebecca Lester, Francesco Falgieri, Serena Chen, 

Ejaz Quereshi, Vincent Lyne by videoconference 

 

Papers presented 

 

This workshop provided a venue to discuss cross-disciplinary learning in environmental 

modelling. The discussion component of the workshop was preceded by a contributed 

paper session on the same topic.  Several papers were presented, and are published in 

the conference proceedings.   

 

The session began with a presentation by Vincent Lyne, who drew parallels between 

ecological and socioeconomic systems, demonstrating that some of what holds for 

ecological structures and typologies is also true of socio-economic structures.  In 

developing models for one disciplinary field, we may have much to learn from the 

patterns and structures identified in another field, even if the processes and components 

involved are very different. The presentation was somewhat hampered by problems with 

the videoconferencing technology – by the time of the next iEMS symposium, the 

technology should be more trouble-free. Nonetheless, a very interesting paper is 

included in the proceedings.   

 

The second speaker was Ejaz Quereshi, who presented work on integrating biophysical 

and economic data.  The different spatial and temporal scales of biophysical data and 

economic data present a challenge for interdisciplinary work, and Dr Quereshi described 

how his group handled this challenge.  Variation in spatial and temporal scales is an 

issue common to many environmental modelling problems, with scales dictated by the 

time- and space-scales of the processes involved, the available measurement technology 

or metrics, and the questions being asked of the system. 

 

Third, Serena Chen discussed her work in combining Bayesian Network and GIS habitat 

modelling approaches. By combining two approaches to ecological modelling, Ms Chen 

and her colleagues were able to overcome some of the limitations of each approach: the 

spatial limitations of Bayesian Networks and the potential rigidity of rules-based habitat 

models.  This presentation was well received and was subsequently awarded an iEMSs 

student prize. 

 

Continuing the theme of ecological modelling in a multidisciplinary context, Rebecca 

Lester presented her work on overcoming data constraints to create meaningful 

ecological models. Dr Lester described how she was able to use poor-quality, sparse data 

from a variety of sources with mismatched time-scales to develop an ecological state 

model from which she could draw some meaningful predictions.  The state-based 

statistical modelling approach presented in Dr Lester’s paper may be applicable to other 

multidisciplinary problems where sparse and ill-matched datasets are a problem. 
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The final session speaker was Kit Macleod, who presented an overview of systems based 

modelling, and made a case for the need for better integration of whole systems and 

better communication of systems modelling. 

 

Discussion and follow-up 

 

The presentations were followed by a fruitful discussion.  The presence of Professor 

Jakeman (Editor in Chief of Environmental Modelling and Software) provided a focus for 

much of this discussion, which was, “How can Environmental Modelling and Software and 

iEMSs conferences facilitate cross-disciplinary knowledge transfer in environmental 

modelling?” 

 

Suggestions included encouraging workshop contributors and others to write plain-

language introductions to specialist topics, such as particular modelling approaches, 

issues, or disciplines.  Such introductions should be targeted at those outside the 

specialist field who are interested in learning more about it, and perhaps adopting some 

of its methods or learning to their own work. The introductions should avoid jargon, 

include glossaries where necessary, and be reviewed by researchers who are naive to 

the specialist topic as well as by disciplinary experts. These introductions could perhaps 

be published on a website associated with the journal or society, if not as a short 

communication series in EMS itself.  

 

Topics for such introductory essays might include, for example: 

 Climate and weather models 

 Hydrological models 

 Ecological models 

 Mechanistic and process-based modelling 

 Statistical modelling (and introductory essay for various types of statistical 

modelling). 

 Models for particular environments (e.g. Lakes, Estuaries and coastal waters, 

Wetlands, Floodplains, Oceanic waters, Deserts, Agriculture, Urban systems, 

Savannah and grazing land, Forests). 

 

EMS could solicit more review papers.  Postgraduate students writing literature reviews 

for their theses might be ideal authors for such reviews: as newcomers, they may more 

recognise the entrenched jargon of a field and recognise more easily which aspects of a 

topic may seem opaque to newcomers. Encouraging students to submit review papers 

may also be a way to enhance the career development of students, as good review 

papers are often highly cited.  There was some disagreement on this point, with some 

feeling that more established scientists who have watched their discipline grow and 

develop over years may be better placed to write reviews that put work in their area in a 

broad context. 

 

Some possible topics for review papers were discussed. These included “lessons learnt 

from climate modellers”, which could cover model communication, handling uncertainty 

and probability, when and how to get involved in policy and outreach, how to work 

across multiple scales, developing an interconnected modelling community, and model 

operationalisation. Some of these components might be good topics for review papers in 

their own right. 
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Journal editors could be more active in working with authors of reviews and 

commentaries to make sure the language is clear and more widely accessible. 

 

Modellers and journals should be encouraged to publish more papers with negative 

results, so that we can learn not just from successes, but also from the failures of 

others.  Such papers would provide more accessible information about the pitfalls of 

different modelling approaches, to help build an understanding of when and when not to 

use them. A thematic issue on the topic “stuff we really thought should work that 

doesn’t” might prove very instructive. 

 

More generally, reviewers should encourage manuscript authors to analyse and openly 

discuss model failures and weaknesses rather than trying to downplay and hide them. 

Such discussion should include analysis of why the failure occurred. 

 

Conference organisers could be encouraged to solicit keynote speakers from disciplines 

outside the primary skill base of the conference, to encourage cross-disciplinary 

knowledge transfer.  Such speakers should, naturally, be outstanding communicators.  

 

As workshop organiser, I’d like to thank all participants for such a positive and 

productive discussion. In coming months, I hope we will follow this up with review 

papers and action on these suggestions. 
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iEMSs 2010 Conference Student Awards 

 
Student Awards Chair: Susan Cuddy 

 

Recipients of Awards 
 

Student Affiliation Paper session and title 

Best papers 

Stefano 
Balbi 

CEEM, Department of 
Economics, University 
of Venice 

S07 – A spatial agent-based model to explore 
scenarios of adaptation to climate change in an 
alpine tourism destination 

Lyubomir 

Halachev 

School of Business 

Management, Ryerson 
University, Toronto, 
Canada 

S23 – Analysis of the economic sustainability of 

companies in the water sector 

Gert 
Everaert 

Environmental 
Toxicology and 
Aquatic Ecology, 
Ghent University, 
Belgium 

S23 – Development of data-driven models for 
the assessment of macroinvertebrates in rivers in 
Flanders 

Anna Cord Department of 
Remote Sensing, 
University of 
Wuerzburg, Germany 

S12 – Remote sensing time series for modelling 
invasive species distribution: a case study of 
Tamarix spp. in the US and Mexico 

Highly recommended 

Serena Chen Australia W12 – Bayesian network for modelling habitat 

suitability of an endangered species 

Simon Hood University of Guelph, 
Canada 

S00 – A novel model calibration technique 
through application of machine learning 
association rules  

Ioan 
Ferencik 

Dept of Civil & 
Environmental 
Engineering, Aalto 

University, Finland 

S00 – On site environmental modelling and 
monitoring: the Nordic scenario in HYDROSYS 
project 

Anas 
Altartouri 

Dept of Civil & 
Environmental 
Engineering, Aalto 
University, Finland 

S00 – Spatiotemporal modelling of the spread of 
common reed on the Finnish coast 

Monica 

Carvalho 

University of 

Zaragoza, Spain 

S4 – Modelling a simple trigeneration system: 

environmental costs 

Lewis Gill Dept of Computer 
Science, Sheffield 
University, UK 

S14 – An interactive visual decision support tool 
for sustainable urban river corridor management 

Javier 
Holguin 
Gonzalez 
(Columbia) 

Environmental 
Toxicology and 
Aquatic Ecology, 
Ghent University, 
Belgium 

S14 – Modelling the ecological impact of 
discharged urban waters upon receiving aquatic 
ecosystems. A tropical lowland river case study: 
city Cali and the Cauca river in Colombia 

Sidney 
Pendelberry  

Computing & 
Information Sciences, 
Rochester Institute of 
Technology, New York 

S11 – A taguchi-based method for assessing 
data center sustainability 

Yi-Liang Kuo School of Forestry and 

Resource 
Conservation, National 
Taiwan University 

S00 – Unexpected Side-effects of Winter 

Feeding: Learning from Mahalanobis Distances 
Factor Analysis in the case of red-crowned 
Cranes in Hokkaido, Japan 
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Process 
 

Formation of Committee 
 
Several weeks prior to the conference, a call went out to members to volunteer 
for the student Award Committee. Susan Cuddy agreed to chair the Committee. 
Fourteen members volunteered and others were co-opted during the week.   
 

Assessors 
 
Members who volunteered for the Committee were wonderfully generous and 
supportive through the week.  One hundred and sixteen assessments were 
completed. 

 
Ari Jolma 
Barbara Robson 
Giorgio Guariso 
Ilias Pechlivanidis 
Ioannis Athanasiadis 

Jim Ascough 

John Norton 
Karina Gilbert 
Kristina Voigt 
Lucio Moreira 
Mark Borsuk 

Paul Feikema 

Peter Gisbers 
Rebecca Lester 
Rick Sojda 
Susan Cuddy 
Tony Jakeman 

Vikas Kumar 
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International Sustainability Governance and 

the Science-Policy Nexus: Lessons from the 

Arctic 
 

 

Karen Kraft Sloan 

 

Climate Adaptation and Sustainability Governance Specialist 

EcoNexus 

 

 
Abstract: The presentation highlights key sustainability milestones and the role played by 

science and research to spur advances in international sustainability governance. The 

scientific community, by focusing attention on the threats of global environmental change, 

has galvanized political action required to create much needed international and domestic 

policy responses in areas related to ozone depleting substances, acid rain, endocrine 

disrupting chemicals, child environmental health, climate change, desertification and 

biodiversity loss. 

 

The International Council for Science (ICSU) is calling for a global ‘Apollo Project’, an 

unprecedented, intense and focused decade of research to address global change. “Given 

the pace and magnitude of human-induced global change, immediate actions are needed to 
avoid dangerous outcomes for people and for the planet. In this context, science needs to 

deliver useful and reliable information that will directly and effectively inform and support 

the responses and actions of decision-makers and citizens in all regions of the world.”1 

 

The Arctic has a rich history of international scientific cooperation dating back to the first 

International Polar Year of 1881. Three more International Polar Years (IPY) followed, 

including the fourth most recent polar year (IPY 2007 – 2008). The preeminent Arctic 

institution, the Arctic Council has its roots in environmental and scientific initiatives and 

the council is responsible for overseeing environmental programs originally created under 

the Arctic Environmental Protection Strategy (AEPS). The eight Arctic nations came 

together in 1989 to create the AEPS, acknowledging the responsibility of the Arctic States 

to protect and preserve the Arctic environment. Lessons learned from the Arctic to inform 
our understanding of international environmental governance and the science – policy 

nexus will be explored, including current post IPY attempts to institutionalize international 

Arctic science cooperation and to strengthen linkages between the worlds of science and 

policy in order to better prepare for global and regional challenges. 

  

                    
1 ICSU (2010). Grand Challenges in Global Sustainability Research: A Systems Approach 

to Research Priorities for the Decade. International Council for Science, Paris, p 5. 
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A Bayesian perspective on climate policy 

modeling 
 
 

Mark E. Borsuk
a,*

, Michael D. Gerst
a
, Richard B. Howarth

b
, 

 

a  Thayer School of Engineering, Dartmouth College, 8000 Cummings Hall,  

Hanover, NH 03755 
b  Environmental Studies Program, Dartmouth College, 6182 Steele Hall,  

Hanover, NH 03755 
* Corresponding author: 603-646-9944 (phone), 603-646-2277 (fax), 

mark.borsuk@dartmouth.edu 

 

 
Abstract: Bayesian decision theory requires consideration of the relative likelihoods (or 

probabilities) of all possible outcomes of decision alternatives, as well as relative 

preferences (or utilities) for these outcomes. While advancements have been made recently 

in characterizing the uncertainty in climate change and the effectiveness of alternative 

mitigation policies, there has been relatively little progress in characterizing society’s 

preferences for these uncertain climate futures.  It is clear that conclusions regarding 

socially optimal climate policy are critically dependent on the choice of social preference 

parameters (i.e. the discount rate and risk aversion coefficient).  Yet, there has been a hole 

in the modeling literature concerning the interplay of climate change uncertainty, economic 

risk, and description of social preferences.  

Previous high-profile climate economic analyses have either: (i) adopted a wholly 

prescriptive approach to characterizing social preferences (e.g. the Stern Review and the 

PAGE model), based on moral argument rather than consistency with historical 

observation, or (ii) adopted a descriptive approach to social preference description (e.g. 

Nordhaus’s DICE, Tol’s FUND) by choosing parameter values that calibrate the 

deterministic Ramsey economic growth model to average returns on investments.  The 

former approach has generally led to the conclusion that aggressive greenhouse gas 

reductions are socially optimal, while the latter has suggested much more moderate action 

on climate change.  This has led to much debate over the relative merits of prescriptive 
versus descriptive social preference description. 

Of course economic growth under climate change is not perfectly known, as assumed by 

the Ramsey model, but rather highly uncertain. Not only is such ignorance of economic risk 

logically inconsistent, but it also fails to address a basic observation of investment behavior 

– that investors demand substantially greater return on risky assets than safe assets.  

Referred to as the equity premium, this difference is a fact that the Ramsey model cannot 

explain, but has important implications for the appropriate choice of preference parameters. 

To overcome this problem, we adopt a Bayesian approach to climate risk assessment and 

social preference description.  As previously pointed out by economist Martin Weitzman, 

the near impossibility of ruling out the potential for economic disasters leads to a 

distribution on consumption growth under the Bayesian framework with relatively high 

probabilities of large losses. Such a distribution is referred to as ‘fat-tailed’, and Weitzman 

argues that society should incur any cost to avoid fat-tailed risks because they lead to 

infinite expected loss.  We propose a sensible lower bound to the utility of consumption 

losses to avoid this problematic conclusion and use a large historical data set to show fat-

tailed distributions on consumption growth can actually lead to reasonable values for 

preference parameters.  This model accounts for the equity premium and has important 

implications for climate policy evaluation. 

 
Specifically, our results suggest that the parameter values typically used for social 

preference description in climate policy models specify a society that puts too much weight 

on future consumption and is too tolerant of consumption risk.  Consequently, our model 
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identifies the comparatively low CO2 stabilization target of 450 ppm (from the range 400 to 

1000 ppm) as providing the greatest net benefit.  This result is unique in indicating that 

aggressive reductions in emissions of global warming gases are economically justified 

without appealing to a low discount rate, fat-tailed uncertainty, or a steeply convex damage 

function.  Our future research will address the issue of ambiguity aversion in addition to 

risk aversion, as the characterization of probability distributions in risk analysis is itself 

often uncertain or ambiguous. 
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Gaps and missing links in water quality and 

ecological modeling for river basin 

management 
 

 

Ann van Griensven 

 

UNESCO-IHE Water Education Institute, Department of Hydroifrormatics and 

Knowledge Management,  P.O. Box 3015, 2601 DA DELFT,  The Netherlands  

(Tel:  ++31-15-2151812, Fax: ++31-15-2122921  

E-mail: A.vanGriensven@unesco-ihe.org) 

 

 

Abstract: The Water Framework Directive requires a holistic and integrated assessment at 

river basin scale to predict the effect of programmes of measures on the ecological status of 

all waters (physical, chemical and biological). Integration of models was popular in the ‘80s 

and ‘90s. It was driven by the Integrated Urban Water Management community and led to 

new formulations of river water quality models (RWQM1) to overcome variable clashes. In 

the ‘90s, the link to hydrological models at river basin scale allowed tthe joint accounting 
for diffuse and point sources. Links have also been made to socio-economic and ecological 

models. Nevertheless, many gaps are still to be tackled: 

  

 better inclusion of natural ecosystems, eg forests, wetlands,  to account for the 

ecosystem functions and services, such as pollution removal or erosion control; 

 better integration of groundwater-surface water quality, e.g. denitrification 

processes in the groundwater; 

 improved  accounting for spatial variability of processes (i.e., composite 

modelling); 

 more generic approaches to link to other modeling paradigms, e.g. cellular 

automata, agent based models, Bayesian networks for ecological assessment;  

 standardized methods for linking models to models/models to data; 

 changed attitudes (dare to share); 

 better linking to the social world, e.g. use of web-services, knowledge systems; 

and 

 new methods to propagate uncertainty in linked models. 
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Abstract: Polycyclic Aromatic Hydrocarbons (PAHs) are compounds found in the environment
that can be harmful to humans. They are typically formed due to incomplete combustion and as
such remain after burning coal, oil, petrol, diesel, wood, household waste and so forth. Testing
laboratories routinely screen soil and water samples taken from potentially contaminated sites for
PAHs using Gas Chromatography Mass Spectrometry (GC-MS). A GC-MS device produces a
chromatogram which is processed by an analyst to determine the concentrations of PAH com-
pounds of interest. In this paper we investigate the application of data mining techniques to PAH
chromatograms in order to provide reliable prediction of compound concentrations. A workflow
engine with an easy-to-use graphical user interface is at the heart of processing the data. This
engine allows a domain expert to set up workflows that can load the data, preprocess it in parallel
in various ways and convert it into data suitable for data mining toolkits. The generated output can
then be evaluated using different data mining techniques, to determine the impact of preprocessing
steps on the performance of the generated models and for picking the best approach. Encourag-
ing results for predicting PAH compound concentrations, in terms of correlation coefficients and
root-mean-squared error are demonstrated.

Keywords: GC-MS; Data Mining; PAH; Workflows

1 INTRODUCTION

Chromatographic (often referred to ashyphenated) techniques, typically using gas or liquid chro-
matography coupled with mass spectrometry (GC-MS, LC-MS), allow an analyst to detect a vast
array of compounds in a sample. Such techniques have widespread use in environmental appli-
cations (Ṕerez-Pav́on et al. [2004], Christensen and Tomasi [2007] and Hupp et al. [2008]). For
some problems, such as detection of PAHs,spiked samples containing known compound con-
centrations are processed to establish a calibrationstandard. By knowing how much of each
compound is injected into the sample in the calibration standard it is possible to determine the re-
lationship between that amount and the amount appearing on the chromatogram. Chromatograms
of soil and water samples are processed to determine, relative to the spiked sample, how much of
each of the PAH compounds is present in the sample.

In processing a chromatogram an analyst typically uses the following methodology. They use
software to work through the data using their knowledge and experience to locate peaks that
represent potential PAH compound concentrations. Once located they ensure that the peak has
been defined correctly, adjusting it if necessary with their mouse and using a software package to
perform numeric integration to determine the area under the peak. This area is then multiplied by a
scaling factor determined from the calibration standard to determine the compound concentration.

The aim of this paper is to demonstrate that data mining techniques, namely preprocessing and
learning algorithms, can be used to augment this methodology–there are several instances in the
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literature of the use of such techniques in environmental applications (Wu et al. [2008], Chau and
Muttil [2007] and Wu and Chau [2006]). By employing supervised learning we aim to determine
the compound concentrations by learning the relationship between the calibration standard and
the sample chromatograms labelled by the analyst, and ultimately to predict the PAH compound
concentrations of unanalysed chromatograms.

The remainder of this paper is organised in the following way. Section 2 discusses PAH chro-
matograms and the type of preprocessing that is needed to turn these into data instances suitable
for supervised learning. The complexity of this step naturally suggests a flow-based approach.
This general process and the specific process adopted for the PAH chromatograms analysed in
this paper are described in Section 3. The experiments on the PAH data are described in Section 4
and results are discussed in Section 5. Conclusions and future work are presented in Section 6.

2 PAH CHROMATOGRAMS

In gas chromatography a sample is injected into a heated column–for example, a long glass capil-
lary tube. Due to the different chemical properties in the sample, the time of flight of the sample
passing through the column is different (and known) for different compounds. The time taken
by a compound to pass through the column is called the retention time, and compounds are said
to elute from the column. At the end of the column a detector, in this case a mass spectrome-
ter (mass-spec), ionises, accelerates, deflects and detects the separated ionised compounds. The
important action here is the detection of molecular fragments using their mass to charge ratio.

Thus, both units work to produce a fine-grained identification of the components of the sample.
Having a mass spectrometer after gas chromatography is essential for some samples as they may
contain compounds that have the same retention time: two or more compounds may co-elute from
the column and the mass-spec must be used to differentiate them. In this context, a chromatogram
is essentially a sequence of mass-spec scans over time. It is often viewed as a two-dimensional
plot of the total ion count of a scan against time. Figure 1 is a chromatogram from a sample
that has been spiked with the sixteen PAH compounds of interest plus calibration compounds.
These calibration compounds are spiked into all samples at known concentrations. Examples
of such calibration compounds are, Naphthalene-d8 and Pyrene-d10. They are related to the
PAH compounds of interest but not expected to be present in the soil and water samples, their
role is purely to provide calibration. The calibration standard provides two essential pieces of
information. For each PAH and calibration compound it identifies the approximate retention time
and the peak area which leads to the concentration. The mass-spec data provides an additional
source of valuable information. Each compound has a mass-spec fingerprint. These fingerprints
can be used to distinguish co-eluting compounds when the fingerprints differ.

Several transformation steps are needed in order to turn chromatograms into data instances suit-
able for supervised learning. The attribute-value representation used by learning systems is fun-
damental. Raw chromatograms do not naturally contain the same number of points both in terms
of the retention or the mass-spec dimensions. For the mass-spec dimension we simply choose the
most abundant ion for the PAH compound we are modelling. For the retention time dimension we
extract from the chromatogram a window around the expected retention time (from the calibration
chromatogram) for both the PAH and the calibration compounds of interest. We then interpolate
the data in the window into equi-distant points. Thus, each attribute is an equi-distant point in
time and each value is the ion count for the most abundant ion given by the mass-spec fingerprint.
This representation overcomes the additional problem of noise in the mass-spec dimension.

This approach highlights a more general requirement for performing and evaluating preprocessing
steps for complex noisy data. In order to accommodate this we have developed a flow-based
processing system that is flexible enough to permit experimentation around preprocessing of data.
A flow establishes a documented template for a particular application removing ambiguity from
the process.
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Figure 1: Chromatogram containing the PAH compounds of interest.The x-axis is retention time,
while the y-axis is total ion count

3 FLOW

TheFlow is a workflow engine with a graphical editor, allowing a user to express complex process
flows for transforming chromatograms into data suitable for the Machine Learning Workbench
WEKA (Witten and Frank [2005]). This enables the user to quickly establish different flows and
evaluate and compare the data that is generated at each step.

A flow is represented by a sequence of atomic actions, calledActors. Even though only1-to-1
relationships are allowed in a flow, specialcontrol actors allow the user to implement branch-
ing (1-to-n relationship) and piping (like the Unix commandtee) and build complex, directed,
acyclic graphs (DAGs). See Figure 2 for an example flow.

The Flow uses a strict type system in order to ensure that only data is being exchanged that can
be processed. If an actor produces data (output producer), then it specifies the type of data that it
produces, for example, textual data or chromatogram data structures. If an actor accepts input data
(input consumer), then it specifies as well what type of data it accepts. Before a flow is executed,
the compatibility of all inputs and outputs is checked. Only if all connections are satisfied will the
flow be run.

Each actor falls into one of the following categories. An actor that does not generate nor consume
any data is called aSingleton. These are normally used to set global system parameters. An actor
that generates data, but does not consume any is referred to as aSource. A Source is used, for
example, to retrieve chromatograms from a database. Conversely, an actor that accepts data, but
does not generate any is called aSink. These are needed for data output, for example, saving
instances to a file. Most of the data preprocessing is achieved by using aTransformer actor.

Figure 3 shows the details of the flow used for generating the data for the experiments described
in this paper. The individual steps are explained in detail below:

• The first actor, theGlobalActors singleton, allows the declaration of actors that can be
accessed from anywhere in the flow, providing a synchronized, common entry point. This
is useful for cases in which several sub-branches add their output to the same actor, for
example, aDisplay actor.
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Figure 2: Flow layout with several branches.

• Thenext actor, theGlobalChromatogramFilter, is anotherSingleton setting the filter that is
applied to chromatograms when they are loaded from the database. In this case, rounding
the mass to charge ratios to full integers.

• TheChromatogramIdSupplier actor is theSource of this flow, querying the database for all
the database IDs of the chromatograms that fullfil the specified requirements (time frame,
instrument, maximum number of IDs to be returned, etc.). These are then fed into the flow
one at a time.

• TheTee control actor is only used for informational purposes, giving feedback to the user
of what chromatogram is currently being processed by displaying a dialog containing the
IDs.

• TheChromatogramDbReader reads the actual chromatogram data associated with a certain
identifier from a database and passes it on. This actor is the firstTransformer in this flow.

• The Branch control actor passes the chromatogram on to all the sub-branches for further
processing. The processing is done in parallel to take advantage of multi-core architectures.

• TheOutlier detector and theRejector actors ensure that only chromatograms that have the
required targets (for example, the PAH compound Pyrene and its calibration compound
Pyrene-d10) are passed on. AllRejector actors feed the rejection messages into the same
Display actor labeled ”Rejection messages”, located beneath theGlobalActors singleton,
using the special purpose sinkGlobalSink.

• As the set-up of a GC-MS instrument is subject to constant change we standardize the entire
chromatogram to a reference chromatogram with theScale filter.

• TheParallel filter generates a new, artificial chromatogram based on two equi-distant win-
dows of the chromatogram. The first window is around the calibration compound peak, for
example Pyrene-d10, and the second around the target compound, for example Pyrene. For
each window, only the most abundant ion of that compound is used.

• The remaining three actors,MakeInstance, Rename andInstanceDumper turn the incoming
chromatograms into data suitable for evaluation within WEKA.
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Figure 3: Flow layout showing details of the branch processingPyrene data.

4 EXPERIMENTS

Datasets containing each of the sixteen PAH compounds were produced from the flow described
in the previous section. The compounds, their keys in future tables and the number of instances
are given in Table 1. The numbers of chromatograms per compound varies partly because of the
rejection mechanisms defined in the flow and partly because the numbers of tested compounds
are not evenly distributed. Table 2 contains the key for each algorithm used in the experiments.

Table 1: Sixteen PAH compound datasets and sizes
Key Dataset Number of Instances
(a) Acenaphthene 1023
(b) Acenaphthylene 1091
(c) Anthracene 1196
(d) Benzo[a]anthracene 1252
(e) Benzo[a]pyrene 1141
(f) Benzo[b]fluoranthene 1211
(g) Benzo[ghi]perylene 1205
(h) Benzo[k]fluoranthene 1201
(i) Chrysene 1284
(j) Dibenzo[ah]anthracene 829
(k) Fluoranthene 1435
(l) Fluorene 1121
(m) Indeno(123-cd)pyrene 1095
(n) Naphthalene 1828
(o) Phenanthrene 1625
(p) Pyrene 1586

As can be seen, a wide variety of methods was employed across different learning paradigms
ranging from simple linear methods to more sophisticated non-linear techniques. All experiments
were conducted using 10x10 cross-validation with significance testing to 5% significance via the
corrected paired t-test (Nadeau and Bengio [2001]) as used in the WEKA Experimenter. All
methods were tested for significance against Gaussian Processes (Mackay [1998]) which often
performs well across a range of application domains. The methods vary in complexity but were
all able to produce results on all datasets in reasonable time (the longest time taken for a single fold
was under one minute). None of the methods were optimised for their parameters, which could
make a significant difference to the results. The algorithms are all standard methods using default
parameters, and all available in WEKA: basic linear regression, partial least squares regression,
support vector machine regression using a radial basis function kernel (Smola and Schoelkopf
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Table 2: Key to Regression Methods used in Experiments

Key Regression Algorithm
(1) Gaussian Processes (GP)
(2) Linear Regression
(3) Partial Least Squares Regression
(4) Support Vector Machine with Radial Basis Function (RBF) kernel
(5) Model Trees (M5P)
(6) Locally Weighted Linear Regression

[1998]), locally weighted learning (Atkeson et al. [1996]) usinglinear regression to construct a
model from the fifty nearest instances to the test instance, and model trees (Wang and Witten
[1997]).

Our work in (Holmes et al. [2009]) where a similar approach was applied to the suite of com-
pounds found in petroleum, inspired a second set of experiments employing a transformation of
all data via the natural logarithm before applying each of the methods in Table 2. During testing,
exponentiation transforms the target value back once a log target prediction has been obtained.

5 RESULTS

The first pair of results in Tables 3 and 4 show the results for correlation coefficent (CC) and root-
mean-squared error (RMSE) respectively of applying the six methods to each dataset. The latter
pair of Tables 5 and 6 show CC and RMSE results for the log transformed data. In general, all
algorithms perform better using the log transformed version of the data. Concentrating analysis
on Tables 5 and 6, Gaussian Processes are clearly the superior method. The lazy learning method
coupled with linear regression is almost as good, it is only siginificantly worse forChrysene.
Generally, for both CC and RMSE the algorithms improve moving from left to right in each table.
Aside from support vector machines, where parameter tuning is crucial, the sophisticated methods
dominate the simple techniques. For the best methods, the correlation coefficients are very high

Table 3: Correlation coefficients and standard deviations for algorithms 2-6 against Gaussian
Processes

PAH (1) (2) (3) (4) (5) (6)
(a) 0.960±0.04 0.794±0.24 0.937±0.06 0.938±0.06 0.913±0.14 0.894±0.14
(b) 0.928±0.12 0.747±0.41 0.872±0.18 0.918±0.08 0.878±0.15 0.764±0.34
(c) 0.965±0.03 0.892±0.06 • 0.940±0.04 • 0.946±0.04 0.945±0.10 0.956±0.04
(d) 0.990±0.01 0.949±0.04 • 0.901±0.13 • 0.973±0.02 • 0.900±0.20 0.882±0.28
(e) 0.971±0.02 0.834±0.22 0.934±0.04 • 0.953±0.03 • 0.914±0.10 0.929±0.10
(f) 0.970±0.01 0.916±0.04 • 0.935±0.03 • 0.958±0.03 0.931±0.11 0.933±0.07
(g) 0.965±0.03 0.843±0.07 • 0.898±0.05 • 0.938±0.03 • 0.958±0.06 0.968±0.02
(h) 0.966±0.03 0.932±0.04 • 0.941±0.03 • 0.949±0.03 • 0.937±0.08 0.926±0.14
(i) 0.974±0.02 0.927±0.05 • 0.915±0.10 0.952±0.04 • 0.955±0.06 0.908±0.14
(j) 0.901±0.10 0.668±0.32 • 0.750±0.12 • 0.825±0.11 • 0.871±0.12 0.903±0.11
(k) 0.994±0.01 0.915±0.17 0.981±0.01 • 0.985±0.01 • 0.989±0.01 0.960±0.10
(l) 0.940±0.08 0.816±0.27 0.915±0.12 0.896±0.13 0.937±0.12 0.932±0.12
(m) 0.940±0.06 0.750±0.13 • 0.791±0.11 • 0.844±0.09 • 0.888±0.17 0.913±0.09
(n) 0.989±0.01 0.963±0.03 • 0.977±0.02 • 0.977±0.02 • 0.988±0.01 0.981±0.02
(o) 0.968±0.04 0.817±0.24 0.883±0.14 • 0.943±0.07 0.923±0.15 0.881±0.16
(p) 0.993±0.00 0.960±0.05 0.981±0.02 • 0.986±0.01 • 0.987±0.04 0.939±0.17

◦, • statistically significant improvement or degradation

andtheir standard deviations are typically very low. This indicates that the correlation coefficients
are consistently high. The RMSE values in Tables 4 and 6 are not as stable. In some cases the
average standard deviation is larger than the average error. However, these values are still quite
reasonable given the nature of the data. The data was obtained from an archive and it has not been
possible to guarantee that all chromatograms have received expert labelling. Some of the data
will not have been used in practise because it did not meet laboratory quality control standards.
We have to, therefore, assume a degree of class noise. In addition, in some of the samples the
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preprocessing may have failed to find a peak for the calibration standard and this would lead to
large predicted target values. Such data would be re-analysed in practise but was considered here
as we have not attempted to distinguish such cases. Given these circumstances these results are
still extremely promising.

Table 4: RMS error and standard deviations for algorithms 2-6 against Gaussian Processes

PAH (1) (2) (3) (4) (5) (6)
(a) 21.94±11.34 59.22± 65.29 28.38± 13.13◦ 25.44± 9.69 33.94± 47.67 38.89± 29.18
(b) 28.83±23.73 112.18±154.41 43.53± 28.01◦ 36.00±19.85◦ 48.04± 41.59 103.11± 197.46
(c) 23.77±10.85 52.76± 32.18◦ 31.67± 9.48 ◦ 29.47± 9.72 36.40± 87.62 26.20± 10.88
(d) 43.49±23.08 106.26± 59.04◦ 150.97±126.93◦ 70.76±32.29◦ 214.77±602.90 408.76±1056.75
(e) 73.14±22.40 227.37±277.90 117.43± 45.52◦ 98.39±30.90◦ 143.25±130.36 118.93± 110.34
(f) 143.67±50.78 266.34±119.80◦ 214.20± 63.36◦ 175.24±70.37 202.13±150.56 217.51± 127.64
(g) 57.01±24.30 129.09± 32.78◦ 104.55± 31.04◦ 81.09±25.34◦ 65.56± 31.46 62.09± 28.96
(h) 56.71±20.31 86.59± 39.78◦ 79.07± 34.80◦ 72.06±20.18◦ 79.79± 56.81 79.98± 65.84
(i) 70.34±22.61 137.96± 83.79◦ 127.64± 64.97◦ 95.83±32.22◦ 94.41± 55.26 133.37± 93.58◦

(j) 41.00±22.19 107.87± 70.51◦ 102.46± 81.97◦ 59.65±24.74◦ 47.60± 25.41 46.01± 27.85
(k) 74.66±36.92 312.26±412.80 134.99± 56.39◦ 113.40±58.93◦ 99.60± 60.37 166.12± 188.03
(l) 29.36±18.09 65.53± 61.91 49.42± 46.46 50.12±21.36◦ 40.52± 53.71 55.66± 86.57
(m) 68.94±25.80 278.29±247.79◦ 144.67± 57.39◦ 121.77±42.83◦ 106.52±106.04 87.18± 43.28
(n) 55.63±20.54 104.55± 33.95◦ 80.81± 25.65◦ 80.53±28.97◦ 57.81± 27.27 83.24± 62.67
(o) 71.68±39.42 434.51±997.05 156.90±113.58◦ 101.15±54.52◦ 127.19±174.41 169.66± 165.44
(p) 64.24±21.54 142.44± 74.80◦ 98.39± 37.10◦ 87.26±31.31◦ 74.96± 89.22 166.26± 335.95

◦, • statistically significant improvement or degradation

Table 5: Correlation coefficients and standard deviations for log transform data for all algorithms
against Gaussian Processes

PAH (1) (2) (3) (4) (5) (6)
(a) 0.971±0.04 0.957±0.04 0.946±0.04 0.973±0.03 0.972±0.04 0.945±0.07
(b) 0.980±0.02 0.947±0.05 • 0.971±0.03 0.978±0.03 0.970±0.04 0.938±0.09
(c) 0.986±0.01 0.963±0.03 • 0.976±0.02 • 0.976±0.02 • 0.982±0.02 0.979±0.02
(d) 0.996±0.00 0.988±0.01 • 0.989±0.01 • 0.994±0.00 0.993±0.01 0.995±0.01
(e) 0.932±0.16 0.970±0.02 0.972±0.01 0.971±0.02 0.973±0.02 0.865±0.24
(f) 0.978±0.01 0.970±0.02 • 0.967±0.02 • 0.967±0.02 • 0.967±0.02 • 0.970±0.02
(g) 0.989±0.01 0.984±0.01 0.988±0.01 0.987±0.01 0.988±0.01 0.987±0.01
(h) 0.975±0.01 0.969±0.02 0.969±0.02 0.971±0.01 0.973±0.01 0.957±0.03
(i) 0.981±0.01 0.977±0.02 0.978±0.01 0.978±0.02 0.981±0.01 0.969±0.02 •

(j) 0.931±0.08 0.938±0.04 0.924±0.05 0.925±0.07 0.933±0.07 0.951±0.03
(k) 0.997±0.00 0.986±0.01 • 0.985±0.01 • 0.995±0.00 • 0.994±0.00 • 0.995±0.01
(l) 0.988±0.01 0.968±0.03 • 0.966±0.04 0.982±0.02 0.966±0.05 0.964±0.04
(m) 0.965±0.03 0.951±0.04 0.943±0.06 0.949±0.06 0.960±0.04 0.939±0.07
(n) 0.996±0.00 0.986±0.02 0.990±0.01 • 0.993±0.01 0.997±0.00 0.995±0.00
(o) 0.969±0.04 0.925±0.11 0.969±0.04 0.971±0.04 0.959±0.05 0.919±0.14
(p) 0.995±0.00 0.991±0.01 • 0.990±0.01 0.993±0.00 0.994±0.00 0.995±0.00

◦, • statistically significant improvement or degradation

6 CONCLUSIONS AND FUTURE WORK

This paper has presented a data mining approach to the problem of predicting polycyclic aromatic
hydrocarbon concentrations in soil and water samples. Results show that a data mining approach is
feasible and well within experimental error bounds currently practised by trained analysts. While
some of the compounds were predicted more reliably than others, none of the algorithms’ param-
eters were tuned to produce optimal performance. For support vector machines this is particularly
important. Ensemble learning is another option in terms of extracting performance from the base
methods described here. The other major consideration is whether or not there exists another
transformation of the data that provides better performance than the natural logarithm.

It will be important to tackle more challenging tasks in the future. While we have presented
promising results from a cross-validation study, it is essential that the application is assessed
operationally alongside the current methodology. Correlation coefficient and root mean squared
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Table 6: RMS error and standard deviations for log transform data for all algorithms against
Gaussian Processes

PAH (1) (2) (3) (4) (5) (6)
(a) 16.85± 12.93 22.45± 10.21 29.31±15.92◦ 20.76±13.37 17.98±12.63 24.21± 15.50
(b) 18.78± 11.44 35.60± 25.05◦ 24.93±13.89 18.94± 9.18 21.74±14.30 35.58± 34.93
(c) 14.98± 6.47 27.59± 13.75◦ 21.45± 7.47 ◦ 18.85± 7.84 ◦ 16.40± 6.75 18.02± 9.20
(d) 29.36± 13.25 53.95± 24.38◦ 54.95±29.27◦ 34.26±15.69 35.39±20.00 31.88± 15.92
(e) 107.58±138.41 84.70± 26.51 88.28±27.46 76.38±31.60 75.17±28.05 196.70±303.10
(f) 125.67± 49.24 145.54± 58.11◦ 152.15±63.64◦ 151.10±65.23◦ 154.83±62.26◦ 147.69± 68.05
(g) 32.31± 16.63 42.74± 17.05◦ 36.97±13.92 39.46±15.93 34.62±14.83 35.96± 16.07
(h) 50.72± 13.76 56.66± 19.87 59.74±18.72 53.90±15.95 52.63±17.14 74.64± 45.38
(i) 62.32± 22.00 69.57± 28.49 73.54±25.26◦ 66.56±25.66 62.62±23.76 87.30± 36.00◦

(j) 35.35± 20.72 35.99± 16.07 44.99±30.11 37.87±21.71 38.54±25.30 36.39± 22.34
(k) 57.18± 28.37 121.81± 70.06◦ 135.20±81.49◦ 74.71±36.89◦ 84.61±41.58◦ 75.34± 48.76
(l) 15.49± 6.86 26.61± 13.47◦ 28.29±15.43◦ 18.03± 8.16 22.29±15.52 25.54± 14.14◦

(m) 54.67± 26.43 65.00± 33.23 67.59±35.23 62.99±32.96 58.03±30.10 80.78± 56.72
(n) 36.82± 18.05 68.53± 37.72◦ 62.79±27.81◦ 47.23±21.62 30.39±12.33 40.90± 26.44
(o) 71.82± 39.34 212.02±341.78 81.67±34.06 62.24±42.04 86.28±44.47 153.72±420.51
(p) 53.02± 21.32 82.74± 36.08◦ 83.30±41.14◦ 62.49±23.63◦ 61.00±24.61 57.59± 25.83

◦, • statistically significant improvement or degradation

error do provide useful feedback on the error of a prediction, from an operational perspective
confidence intervals associated with a prediction would be extremely useful.
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Abstract: An undeniable and urgent need for environmental protection and preservation 
has been raised in the last few years. Undoubtedly, great environmental damage has 
occurred lately which has resulted in the deterioration of the human quality of life. Hardly 
does a year go by, without the occurrence of extreme environmental damages, especially in 
forests due to wild fire expansion. Forests have been wiped out of the map, because of 
inevitable fire incidents which incinerate every fauna and flora and even human lives in 
their path. In this paper we suggest an application platform for developing a Fire Sensing 
Management System based on WSNs and further discuss decision support that can be based 
on such a platform and application software. The use of such a system can assist the 
appropriate authorities detect a forest fire incident in the very beginning and assess the 
relative severity of simultaneous forest fire incidents in order to decide how to best exploit 
availabe resources. Wireless Sensor Networks (WSNs) play a fundamental role in the 
implementation, being the in-situ detection mechanism. The Management and Decision 
Support System does the collection of network data, the depiction of temperature values on 
platforms such as Google maps, and the assessment of the relative severity of simultaneous 
fire fronts using forest fire simulation. It can also send real-time alarm messages, so that 
immediate action is undertaken by the crisis management authorities. 

 
Keywords: WSN; sensor;  fire; crisis; Fire Sensing Management System. 
 
 
1. INTRODUCTION 

 
   During the last few years, Wireless Sensor Networks’ technologies have evolved rapidly. 
In the meantime, environmental preservation has become an urgent issue, as mankind has 
experienced many environmental disasters (forests fires, planet overheating, air-water 
pollution, e.t.c). Recently, due to the availability of low cost and low power WSNs, many 
goals set by researchers have been achieved in the field of environmental protection by the 
aid of WSNs.     
   Much work has been done in treating the threat of forest fire efficiently. According to a 
suggested method, a wireless system comprising three sensor networks and webcams is used 
in the forests for fire early prediction -Hartung et al [2006]. Another research group has 
proposed a web based system that gathers data from WSN and produces fire risk indices for 
the areas being under monitoring - Byungrak et al [2006]. An idea for data collection 
through WSN and neural network analysis of this data has also been investigated. Its aim is 
to detect forest fire through the development of weather indices - Yu et al [2005]. 
   In this paper we propose a platform that gathers data from large scale, high-density 
wireless sensor networks, depicts them on an open spatial data representation platform, such 
as Google maps, and produces fire alarm messages. This data can either be real world data 
gathered directly from the environment through a WSN, or simulation data acquired from 
the output of a WSN simulation tool. In the latter case, more tools such as forest fire 
simulators can become part of the system. Especially for fire incidents, the data collected is 
temperature values sampled by temperature sensors. It can also be just alarming data by 
itself, as just a single transmission can be considered an alarm. In any case, it is essential to 
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use one or two such sensors on every sensor board to enhance reliability. Adding more 
sensors on a sensing board increases considerably the cost. However, very large areas can 
be covered by populated WSNs by using such sensors at a dense spatial distribution. As an 
indication, 400-800 sensors may be required to cover one square kilometer by deploying a 
sensor every 30-50 meters. Both star and grid network topologies can be used by the 
proposed platform; the way they function is explained in detail in the sequel. The star 
topology can also be regarded as a cellular WSN. The advantage of such deployments is 
that forest real time monitoring is possible (for every x-y coordinates of any project and for 
any x-y coordinates as a starting point). The network status can be depicted on Google maps 
and the alarms may be visual, audio, mobile call, sms, or any other action that can be 
triggered by an alarm event. Furthermore, in this paper we discuss the platform construction 
and functionality, the topologies used, their special characteristics, the simulation 
procedure, some results of our experiment and a few conclusions reached. 
 
 
2. THE PLATFORM 
 
   The platform (see Figure 1) is based on open source software. It consists of a web server 
(i.e. Apache), a MySQL database system and PHP scripts for the dynamic part of the web 
pages. A database stores the coordinates of the sensors' location, the sensors’ IDs and the 
temperature measurements for each sensor, along with a timestamp that each value is 
collected. The temperature values of every sensor located in (x,y) coordinates can be 
depicted on dynamic real time Google Map web pages. At this point, it must be stressed out 
that a prerequisite theoretical scenario of sensors’ location should exist. The system 
proposed needs the sensors’ exact coordinates and IDs as input. The definition of the 
sensors’ location / coordinates is another interesting project by itself, which is not examined 
in this paper. As shown in figure 1, data is collected through the Wireless Sensor Network. 
The collection method is discussed in the following section. Then an IP gateway receives 
data from the radio channel and routes it through the Internet to a central management and 
communication server. 

   As mentioned before, data may 
also be acquired locally (i.e in 
the lab), using a forest fire 
simulation software application, 
along with a WSN simulator; 
such a setup is useful for 
evaluation and design purposes 
prior to implementing any real 
system. Whatever the source, 
data is then entered to the 
database and depicted on a 
geographical information 
platform. Google Maps API has 
been selected as the open 
presentation platform in our 
case. The polling frequency of 
the database ranges from one to 
three minutes depending on the 
particular situation. 
 

                 Figure 1. Platform block diagram 
 
 
3. FUNCTIONALITY - TOPOLOGIES 
 
   First and foremost, the system authenticates the user. Then, the user should determine the 
operation mode for the system. The possible choices offered are: real time forest monitoring 
and simulation, which has been discussed. In either case, the user should choose the kind of 
the WSN topologies that will be formed and their special attributes, according to the 
sensors’ positioning requirements. Grid and star topologies are both supported by the 
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current version of the system. The user should provide the number of sensors used, the 
average distance between them if the grid topology is selected, or the radius R for the star 
topology. In any case, to classify the system as 'large scale', the distance or the radius should 
be between 30 and 50m. In this way, a very dense spatial distribution of sensors is achieved. 
For a typical forest of about 20 sq.km more than 10.000 sensors may be required to achieve 
the aforementioned density. The nodes, through which the network status will be reported to 
the central management location of the network, are called base stations or gateways. In the 
case that the used topology is a star, the gateways are located in the center of a circle with a 
radius R. When the topology selected is a grid, the gateway(s) usually are at the perimeter 
of the grid. Moreover, if star topology is constructed the user should have in mind that 6 
sensors can be placed on the six vertices of a normal hexagon formed in the gateway range 
circle. In our simulation, we formed both a simple grid and a simple star. As soon as the 
gateway starting point (x,y) is provided, a script runs and estimates the (x,y) values for all 
the involved points, in accordance to the user scenario. These coordinates are stored in a 
database, with respect to the sensor_ID field. The advantage of such a method in forest fire 
sensing, is that one can gather very high-density in-situ temperature and humidity values. As 
a result, we can have a view of different environmental conditions as far as real time 
environment monitoring is concerned; we are also able to estimate the probability of the 
natural eruption of a forest fire. Whatever the eruption cause is, sensors at this high spatial 
density allow the fire to be detected very early, before 15-25 meters of forest is burned.  
   The topologies supported and the features of the sensors should form a redundant network 
just in case of sensor or channel failure. In star topology, redundancy is achieved by putting 
gateways at a higher than theoretically needed density. For example, if the receiver range is 
300 m, theoretically gateways can be put at a distance of 600 m to each other. By reducing 
this distance to 400-500 m, we put many sensors in range of more than one gateways, and 
thus redundancy is achieved. In that sense, node’s data may able to be routed through more 
than one gateways if needed, as the alarming sensor node may be in range of two or even 
three cells.  
   In the case of a grid network, redundancy criteria are fulfilled by using more than one 
gateways for each network segment. In earlier work, we have implemented a pilot small 
scale grid sensor network consisting of 60 sensors - Vescoukis et al [2007]. Nevertheless, 
grid topology is not suggested for implementation in real time environmental monitoring. 
The great weakness of such a topology is the segment routing collapse due to a probable 
failure of a node. In that case, not only will the data of the failing node not be routed to the 
following ones, but all the data of the previous nodes will get lost as well. In general, grid 
topology is failure prone because of the fact that segment routing is node dependent and the 
network re-organization process may be slower than the evolution of a real fire. In the 
meantime, redundancy costs much more than it does in star topologies due to geometry 
reasons. As a result, multihop topologies are not suggested for implementation in real time 
monitoring systems, but only for simulation and study purposes.  
    In spite of the topology used, cost is a factor that needs to be seriously regarded. As the 
redundancy level increases, the higher the cost of the equipment becomes. Likewise, a high 
budget support to a WSN project may ensure as more as possible a reliable and efficient 
network.  
 
 
3.1      Simulation 
 
   Considering the simulation issue, the whole procedure becomes a server side application. 
Its aim is to produce as much reliable results as possible, before actually deploying the real 
time environmental monitoring network. In our first approach, a popular simulation 
software for Wireless Sensor Networks has been used. In our experiment we used TOSSIM 
- Levis et al [2003] as it was the default simulator for TinyOS; with TOSSIM experiencing 
many points of inconvenience. In the sequel, we switched to simulators such as OMNet++  -
Xian et al [2008], Castalia -Pham et al [2007] and Shawn - Fekete et al [2007], which have 
been proven to be more user-friendly. Then, the input of the simulator, referred also as the 
simulator scenario file, becomes updated with user entries. Javascript for input evaluation, 
php for input collection and shell programming for execution are used for this purpose. The 
simulation produces a text file as an output (i.e. execution.txt). Therefore, this output file is 
parsed (through shell programming, awk e.t.c.) so that sensors’ IDs and their temperature 
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values are extracted. This data can be disposed in a text file to allow for further analysis 
(see figure 2). 

 

NODE=`echo "$line" | awk '{print $1}' | cut -d ")" -f 0-1 |  
cut -c2-50` 

VALUE=`echo "$line" | awk '{print $2}' | cut -d "." -f 0-1`  
  echo "$NODE,$VALUE" >> $LOC/final.dat 
  echo "$NODE" >> $LOC/final-node.dat 
  echo "$VALUE" >> $LOC/final-value.dat 
………………………………………………………………… 
$query = "UPDATE mesurement SET value = '$contents2[$i]' WHERE node_id = '$contents1[$i]'"; 
………………………………………………………………… 
for ($i = 1; $i <= 5; $i++) { 
   $sql = "SELECT value,x_co,y_co FROM star  
               where node_id='$i'"; 
   if ($value > 50){ echo "var label_$i = new  
               ELabel(new GLatLng($y_co, $x_co),  
                \"$value\", \"style2\");"; } 

Figure 2. Three core code parts of data collection and depiction. 
 
As a next step, the information of this file can be entered in the database in order to update 
the temperature value field with respect to the sensor_ID one, which is unique for the 
certain (x,y) coordinates. The simulation and the temperature sampling can be invoked by a 
cron script, so that values can change every 1-2 minutes. Then an HTML page (including 
javascript, php and the Google Map API –polylines, markers, e.t.c.-) is loaded and refreshed 
every minute. In figure 2, three characteristic parts of the total code are shown and represent 
the core of all the above steps. 
   Furthermore, a special way of value depiction is followed for very high and alarm  
temperatures, as shown in figure 3. 
 

An alert threshold indicating high 
temperatures is set to 50 oC and 
an alarm one to 55 oC. In that 
case, the measurement value 
becomes larger in font size and it 
gets red. 
   Additional code is inserted 
here, so that this event can be 
reported by e-mail, sms or even 
by a telephone call e.t.c. In 
general, just an sms can be a 
signal and a trigger by itself for 
many consequent alarms and 
actions. 

   Figure 3.  Instance of the F.S.M.S.– star topology 
 
 
3.2      Real Time Forest Fire Monitoring and Decision Support 
 
   This system has a great value in monitoring the evolution of forest fires in real time, in 
order to provide decision support to authorities in charge of managing forest fire incidents. 
Prior to discussing how this is done, a few important requirements during a forest fire crisis 
of the decision makers will be presented. First, it is important that the real fire area be 
known at any time. Estimations based on human observations can be unreliable and totally 
misleading both in under and over-estimating the situation. Second, the authorities need to 
know how fast a fire evolves in order to best decide what to do. Knowing how large an area 
in fire is, this is a direct indication of the damage done, which, however, can only be 
considered as an implicit measure of the fire's potential to create even more damage. Other 
factors come into this estimation, such as the vegetation type and density, the topography, 
and of course the meteorological conditions. In this context, even if the topography is 
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known, spatial data for the vegetation may not be available, and the same stands for on-site 
meteorological data. Third, and perhaps most important, is the authorities' requirement to 
relatively evaluate the potential of one or more simultaneous forest fire incidents, so as to 
support their decisions on resource deployment and thus achieve minimal damage. Back in 
2007, about 4 major, large scale forest fires where simultaneously developing in southern 
Greece and the relative assessment of the potential of each one, could be a valuable asset in 
reducing the extend of the catastrophy. 

The proposed system can be of great assistance to the authorities as a decision support tool 
in order to evaluate the potential of one or more simultaneous forest fire fronts, provided 
that few conditions which will be discussed in the sequel are met. This is achieved by 
receiving and processing all the alarm messages that are sent by all deployed WSNs as fires 
are evolving and sensors are destroyed. Processing this data can give us metrics of the real 
fire front speed in any direction, as well as measurements of the areas that are destroyed in 
given time intervals. Processing the time series of these measurements gives us the trends of 
the fire to become more or less powerful, which is another important indication of the 
severity of a forest fire. 

In figure 4 development of two simultaneous fire incidents is shown at 30-minute intervals. 
Both areas are covered by a 30-meter grid WSN which provides real-time alarm messages 
which are used to indicate the fire front borders at the specified time intervals. Even if no 
real time meteorological data, topography, or vegetation data is available, the processing of 
the WSN messages alone, that indicate the order in which sensors are burnt, can give us 
indications on the relative severity of the two fronts, and support authorities in their 
decisions.  

 
Figure 4. Evolution of two fires that destroy about the same area after 120'. 

 

Table 1 

time (min) 30 60 90 120 
(left side) total area 20.000 48.759 87.039 126.378 

last step 20.000 28.759 38.280 39.339 
area/min (total) 666,67 812,65 967,10 1.053,15 

area/min (last step) 666,67 479,32 425,33 327,83 
     

(right side) area 800 12.000 57.600 121.280 
last step 800 11.200 45.600 63.680 

area/min (total) 26,67 200,00 640,00 1.010,67 
area/min (last step) 26,67 186,67 506,67 530,67 

 

1824



In table 1, the areas destroyed by the hypothetical fires of Figure 4, along with the fire 
evolution speed are shown. It is clear that although the fire on the left of figure 4 is bigger 
and burns a larger area than the one on the right, the latter is much more powerful, as the 
speed at which it evolves ("area/min(last step)") is raising. Note that this assessment is made 
possible by processing only data sent by the WSN and does not rely on any other kind of 
spatial data, meteo data, or measurements. 

 

4. RESULTS 
 
   The system presented in this paper is an integrated system based on WSNs, targeted to 
wild fire detection and evolution monitoring in order to provide decision support to the 
authorities involved in forest fire management by providing indexes that relate to fire 
evolution for all the simultaneous fire fronts. It can contribute to forest fire crisis 
management as far as fire containment, detection and evolution monitoring is concerned. 
We have already participated in the real world  implementation of such a system for the 
prefecture of Messinia a 3000 sq.km area, located about 200 km WSW of Athens. A 
screenshot of the real system implemented is shown in Figure 5. Apart from forest fire 
monitoring, value-added services such as vehicle routing excluding fire areas, are also 
implemented. 
 
   Apart from this, by changing or adding just a single sensor device to each network node 
we can have a plethora of useful applications. For example, we can add sensors of either 
relative humidity, radiation, air or smoke on the sensor board and have different results by 
using the same network. The suggested platform is designed to contribute to early diagnosis 
and prevention in general, of a probable fire incident in forests, as well as in any research 
that requires dense environmental measurements. 

 
    Figure 5.  Forest fire detection, monitoring and vehicle routing in the Messinia case. 
 
 
By having an early alarm, even if the sensor gets damaged, the alarm value will be 
propagated through the network and a sequence of urgent actions and reactions will take 
place. The reliability of the procedure depends on the accuracy of the temperature values 
sampled by the sensor and the method used internally in the sensor to produce the alarm; 
both issues fall out of the scope of this paper. This approach is regarded as being quite 
beneficial because the alarm comes totally from the environment, without human 
interference or estimations that are error prone. In addition, if new generation sensors are 
used the alarm message sent is very much reliable. It also uses low power sensors so that the 
power consumption is at least low if not null and the system is easier to be maintained 
and survive for long. Another key reliability concern is that of the WAN that will be used 
to transfer alarm messages to the operations center, which is also out of the scope of this 
paper; it is, however one very important factor that may put quite expensive to implement 
communications requirements, depending on the specifics of each case. Another possibility 
for forest fire detection is by the use of cameras, though widely publicized, is beyond the 
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scope of this paper, as cameras are power consuming, optical fire detection is not as 
reliable, and need more complicated installation facilities. The presented F.S.M.S. offers 
flexibility and it also supports simulation for result evaluation. Its additional advantage is 
that even if the fire has burst out, the sensors can indicate the speed and direction of the fire 
evolution; this information can the be used to guide the fire fighters to the burning area from 
the safer possible point. Also, considering the fact that the gateway(s) will still be 
functional, sensors provide a precise spatial indication of the fire which can be more useful 
for fire-fighting airplanes than smoke alone.  
 
   Moreover, the fact that measurements can be gathered for a long time leads to a data 
warehouse formation with respect to time, co-ordinates, administrative area, e.t.c. As a 
result, this data can be analyzed by data mining tools (i.e. Weka) so that calculations, 
estimations and conclusions can be made. These conclusions should contribute to future 
forest fire forecast and prediction for various places, that experience similar natural 
phenomena or circumstances at different times. Needless to say this applies only to 
naturally-igniting wild fires. For example, areas that happen to have a temperature and 
humidity maturement profile close to the one of areas that they already have a fire record, 
can be taken into serious consideration as possible points of fire emergence and expansion. 
 
 
5. DISCUSSION 
 
   Sensor positioning in a real forest is a very critical concern of solutions as the one 
presented here. Lack of metrics and optimal positioning algorithms, leave no choice but to 
empirically try to position sensors "as close as possible" to the desired topology, but in no 
way optimally. We are currently working in proposing metrics for evaluating alternative 
approximations of a desired topology. It is also important to determine the optimal height 
where each sensor is placed, as this is an affective factor to the radio range. By placing a 
sensor a little high in the forest, we expect better radio range; in any case, the topology and 
DTM of each particular area needs to be considered prior to deciding on the optimal height 
for sensor positioning. Another effective factor to the results produced is the spatial 
density. The spatial density has a great impact on the signal attenuation of the sensor and 
along with the different behavior of the tree canopy in different conditions, is another issue 
that needs further investigation to ensure reliable communications in real-life environments. 
 
   Another factor that should be taken into serious consideration is the sensors’ cost. The 
area to be covered is usually large and there is a great need for accurate simulation results at 
the first place as well as for low sensor costs. The latter is open to question, as there is a 
variety of sensor boards, sensors and sensor gateways in the market, with scalable 
operations and cost. Current sensor boards cost ranges from some 80 to more than 200 
USD, which alone is a prohibiting factor for large scale deployments. So, a question to be 
posed here is “Does the ideal sensor exist?”. It seems that there is no low cost sensor 
suitable for the application that offers the functionality discussed in this paper, yet.  
 
   Even if we assume that all the above requirements are totally fulfilled and that the 
simulation results are accurate and realistic, still painstaking tests have to be undertaken for 
real time monitoring, so that the System becomes as fully reliable as possible. In general the 
Fire Sensing Management System proposed here is accurate, reliable but still needs to be 
tested on various situations for further evaluation, which is not easy to do, provided that 
experimentation cannot be easily done with actual fires. The point here is that the reliability 
of such a system except from the characteristics of the systems itself, also depends on 
external factors such as the reliability of the WAN used to convey alarms from sensors to 
the operations center. Redundancy, alternative networks, new technologies such as WiMAX 
need to be considered. 
 
   As a decision support system, it is important to emphasize that this is a new approach, 
especially when used with many, large-scale deployments of WSNs at large administrative 
areas. Authorities, when more than one forest fires are in evolution at the same time, often 
need to decide where to assign the limited resources they have available. To do that, they 
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can always rely on empirical assessments by locals. However, if such a tool as the one 
presented here could also be available, it would undoubtedly be of some use. 
 
   Such a system can be easily extended in terms of S/W and H/W. More WSNs can be 
added adhering a star topology and the base station of every one of them can communicate 
one level higher with the gateway in order to enlarge the space under monitoring. The 
gateway has at least one IP network interface as well as a wireless one, in order to 
communicate with the base stations of the stars/cells. In the case of a grid topology, though 
not suggested for real time monitoring, more grids can be added or more sensors can be 
added to a grid array. The software extension does not constitute a problem. New arrays can 
be added in the grid topologies and new clones of stars to the star topologies. Many aspects 
of the above still need to be worked out but as forest fire prevention becomes more 
important over time, we can only be optimistic about the things to come. 
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Abstract: Due to the complexity and cross-disciplinary nature of environmental and 

climate change related systems, collaborative modelling and cross-disciplinary knowledge 

sharing is unavoidable. Environmental impact modelling encompasses graphical and 

numerical representations, synergizes conceptual frameworks with quantitative annotation 

and computation. As a consequence, a collaborative knowledge sharing and acquisition 

platform is in dire need to support system analysis and holistic decision making in such a 

setting. This paper proposes modelling environmental impacts using a goal and causal 

relation integrated approach. In particular, top-level goals of stakeholders are modeled and 

refined into concrete parameters and causal relationships. To facilitate collaborative 

conceptual modelling and model reuse, the paper also provides a set of formalized 

modelling supports and a six-step collaborative modelling process. At the end of the paper, 

a running example modelling the relationships between the electronic vehicle market share 

and the regional GHG emissions is used to illustrate the proposed collaborative conceptual 

modelling approach. 

 

Keywords: Collaborative Conceptual Modelling; Causal Loop Diagram; Goal-Oriented 

Modelling; Cross-Disciplinary Modelling 

 

 

1. INTRODUCTION 

 

Nowadays, more and more enterprises and individuals begin to pay attention to the negative 

environmental impacts they have caused. Many of them tend to use models to understand 

the environmental outcome of their behavior and actions. People use different conceptual 

models to explain and analyze knowledge in various domains. Complicated social-

environmental interactive systems usually cross several disciplines and are hard to model.  

Therefore, building cross-disciplinary models for understanding the correlations between 

different factors requires conceptual model integration and cross reference in various 

domains. To achieve cross-disciplinary model integration and collaborative modelling, 

there are two major challenges to tackle: One is the lack of integrated knowledge modelling 

language, and the other is the lack of a group model building and refinement process. 

 

In this paper, we extend and combine the causal loop diagram in system dynamics 

modelling with the goal-oriented modelling in system requirements engineering as our 

basic integrated knowledge modelling language. In social and environmental science, 

system dynamics modelling is used to understand the behavior of complex systems over 

time [Forrester 1961]. Some of the cross-disciplinary models such as some energy-

economy-climate models, e.g. [Fiddaman 1997], [C-Roads 2009], are built using this 

method. To illustrate the causal relationships and the feedback loops between the changes 

of variables, causal loop diagram is introduced as a major conceptual modelling method in 

system dynamics modelling [Sterman 2000]. Although the diagram is capable of explaining 
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the interactions between factors on the detail level, it usually cannot provide a clear holistic 

view of the target system. On the other hand, in system requirements engineering, goal-

oriented modelling is a commonly used top-down approach to explain the system under 

development [Lamsweerde 2001]. The goals used to describe the systems cover different 

types of concerns, and could be decomposed into sub-goals which represent the sub-

systems of the original system. Therefore, goal-oriented modelling could help the user to 

obtain a top-down holistic view of the target system. Based on the integrated knowledge 

modelling language, we also provide three kinds of basic cross-disciplinary collaborative 

modelling support and a six-step group modelling process. At the end of the paper, a 

modelling example of the relationship between electric vehicle market share and regional 

GHG emissions is given to illustrate the proposed cross-disciplinary collaborative 

modelling method. 

 

In the following sections: Section 2 describes the basic data structure and operations for 

causal relation conceptual models and model repository. Section 3 discusses the modelling 

supports provided by the proposed approach. Section 4 introduces a collaborative 

modelling process with a running example. Section 5 discusses related work and 

summarizes the paper. 

 

 

2. GOAL AND CAUSAL RELATION INTEGRATED CONCEPTUAL MODEL 

 

In this section, we first introduce a causal loop diagram structure used to represent the 

qualitative conceptual models. Beyond this causal conceptual model structure, a 

hierarchical domain goal refinement structure, called Domain-Model Tree, will be 

introduced for storing and indexing domain modelling knowledge. Finally, a goal driven 

Domain-Model Tree customization using the formal modelling task description will be 

discussed. 

 

 

2.1 Conceptual Model Representation: Causal Loop Diagram 

 

To build a model repository and to share ideas easily, it is important for the modellers to 

agree on a common vocabulary. In our approach, we use a wiki based system to manage the 

variables used in modelling.  

 

As the variables being defined, a unified modelling language is needed to express the 

conceptual models. In order to focus on the holistic system behaviour and to make model 

integration easier, we adopt the basic concepts in Causal Loop Diagram (shown at the right 

side of Figure 1) as the basic notation to represent the feedback relationships between 

variables in the System Dynamic Modelling practices. It can also be translated into stock 

and flow diagram for further quantitative modelling. 

 

Figure 1. Causal Conceptual Model Structure 

Figure 1 shows the basic data structure used to express the causal conceptual models in the 

system. The Variables type Name and ID attributes for identification, and Doc attribute is 

the wiki entry for the explanation of variables. The Links refers to the causal relationships 

between the variables in the model: the “From” and “To” attributes represents the starting 
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and ending of the causal relationship Variable; the Sign attributes could take the value of 

“+”, “-”, “?”, representing the “From” Variable’s impact towards the “To” Variable while 

change; and finally, hasDelay is a Boolean attribute explaining whether the change in the 

“From” Variable reflect in the “To” Variable simultaneously or there is a delay involved. 

The Model type is defined by the set of Variables, the set of Links that used in the model. 

And to make the model traceable, we also introduce the Modellers and Update Date 

attribute to the Model type. 

 

 

2.2 Goal-Based Model Repository Structure and Customization 

 

Figure 2. Domain-Model Tree Data Structure 

To build the model repository, we use a hierarchical domain goal refinement structure: 

Domain-Model Tree (DMT), to manage the models. As Figure 2 shows, the models are 

being categorized according to their modelling goal and stored in the tree nodes of the 

DMT structure. The tree node of DMT stores not only the models addressing that problem 

and goal domain, but also a set of Variables within that domain. The global DMT structure 

will be maintained by appointed domain experts. 

 

With the support of this global DMT, the modelling team could select a subset of problem 

domains in the DMT to form the system boundary for the model under development. To 

assist this selection operation, the system offers a DMT customization support based on 

their formal described Model Task. 

 

The customization of the DMT involves three steps: 

1. The system forms initial Model Fragments using the information offered by Model 

Task: Input, Output and Important Variables will be treated as Variables, while the 

Important Causal Relations will be translated into Links in the newly formed model. 
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2. The system searches for the Relevant Node Set in the DMT Tree. The relevant nodes 

are the DMT tree nodes that share Variables in common with the initial Model 

Fragments. 

3. Modelling team then makes modifications to the Relevant Node Set search result to 

form the system boundary for modelling. The customized DMT structure can be built 

using the selected DMT tree nodes. 

 

The implementation of finding Relevant Node Set can be done with a backtracking search 

for DMT. Because the parent tree node’s Variable Set includes all the Variables in sub-

nodes’ Variable Set, the system could search the Tree Nodes from the root recursively: if 

the current tree node is relevant, then check its instant child nodes; if the current tree node 

is not relevant then stop checking its descendent Nodes and go back to its parent node. 

 

 

3. COLLABORATIVE MODELLING SUPPORT 

 

Based on the model constructed above, we introduce the basic collaborative modelling 

support: namely Model Comparison, Model Merging & Completion and Model 

Decomposition. 

 

 

3.1 Model Comparison 

 

Model Comparison is used to compare the similarity between two models. To achieve this 

goal, we define two kinds of similarity measurements for conceptual models: Concept 

Similarity Rate (CSR) is used to explain the Variable similarity of the two conceptual 

models; while the Causal Relation Similarity Rate (CRSR) is used to explain the Links' 

similarity of the models. 

 

 

Figure 3. Comparison of Causal Models 

Figure 3 shows an example of the model comparison. If we compare two causal models on 

the same subject, e.g. Model B in the lower left corner to the Model A in the upper left 

corner, we could identify that there are three Variables and two Links in common. Since 

there are three out of the four Model A Variables and two out of the three Model A Links 

overlapped, the CSR is 75% and CRSR is 66.7%. 

 



 

∩ 

 

∩ 





∩≠ 
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3.2 Model Merging and Completion 

 

Figure 4. Cumulative Model Merging and Completion Process 

As Figure 4 shows, based on the constructed model fragments, selected domain tree node of 

the model and the expected model scale, the Model Merging and Completion support 

provides three kinds of modelling facilitations for the user to merge, connect and extend the 

model. 

 

3.2.1 Simple Model Merging 

 

The idea of the simple model merging is rather straight forward, it integrates the given 

model fragments by merging the Variable Set and the Link Set of the fragments. Using this 

simple model merging operation, we have also defined Mental Model for modeller which 

can be defined as the overall integrated model of all the models that the modeller has built, 

and the Domain model for DMT tree nodes representing the integrated model of all the 

models in that tree node and its descendent tree nodes. The implementation of such support 

can be done using a simple enumerative algorithm. 

 

 

3.2.2 Connecting Model Fragments 

 

Figure 5 Connection Path Between Two Model Fragments 



 

 ∪∈

 ∪∈
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Another facility for model merging and completion is to connect the disconnected model 

fragments.  As Figure 5 shows, a connection path between Car Sales and Annual Emission 

makes the two unconnected model fragments connected. Because the maximum expected 

size of the integrated model is defined, connecting model fragments means to find the 

connection paths linking the different fragments within the length limit.  

 

The software implementations for finding connection paths can be done with two steps: 

1. Use Flood Fill Algorithm to identify the separate fragments in the Model Fragments. 

2. For each Variable in the fragments, use a Depth First traverse to search for at most 

Connection Path Length Upper Limit steps. If the starting and ending Variables of the 

search don’t belong to the same model fragment, then a new connection path is found. 

 

After all the candidate connection paths being found by the system, the modellers can make 

their choices to accept a set of paths that makes the fragments connected, and at the same 

time, making the model more expressive. If the modellers would like to find the path set 

with the minimum total length that makes the model fragments connected, the system could 

use the Minimum Spanning Tree Algorithm to find the path set for them. 

 

3.2.3 Extending Models 

      

Figure 7. Finding Extension Causal Relationships and Feedback Loop Completion 

The last kind of facilitation for Model Merging and Completion is model extension. It helps 

the modellers to extend the selected model fragments. As Figure 7 shows, there are two 

kinds of typical model extension: identifying the additional causal relationships for a single 

Variable, and completing the feedback loops in the model. To searching for the candidate 

extension feedback loops, we use a path in the model as the search criteria. In this case, 

finding the feedback loop means finding another path that could link end to end with the 

searching path and form a loop. 
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Finding extension link set can be implemented by using an enumerative algorithm to check 

the To attribute of all the Links inside Domain Model(Node A)’s Link Set. While to find 

the extension feedback loop for a search path could be done by using a Deep First Search to 

search Domain Model(Node A)’s Link Set for Paths from Variable B to Variable A. 

 

 

3.3 Model Decomposition 

 

Figure 8. Model Decomposition Example 

 

 

 

 

 

 

 

 

 

 

 

As Figure 8 shows, Model decomposition supports the modellers to break a large model 

into smaller pieces according to the Customized DMT structure. Given Model m and DMT 

Node A in the Domain-Model Tree, the system could identify the variables in Model m that 

belong to the Variable Set of Node A. By combining these variables and the links linking to 

these variables in Model m, a sub-model could be elicited from Model m for the domain 

represented by Node A. With further modification and documentation, the elicited sub-

model could become a standalone model to be added to the DMT. The implementation of 

this could be done by simply enumerate the variables in Node A and the links in Model m. 

 

 

4. COLLABORATIVE MODELLING CASE STUDY 

 

Most of the existing collaborative modelling solutions in system dynamics focus on the 

sociological aspect rather than the computational aspect. In order to facilitate group 

modelling for non-expert modellers, and to index and reuse existing conceptual models as 

effective as possible, we propose a six-step-process for the collaborative conceptual 

modelling based on the scripts for System Dynamics Group Model Building [Luna-Reyes 

et al. 2006] [Richardson et al. 1994]. Throughout this six-step-process, the collaborative 

modelling support introduced in Section 3 can be applied to assist the modelling team to 

complete the modelling task. A collaborative modelling example is given in this section to 

illustrate this process.  

 

 

4.1 Set Modelling Task 

 

In this case study, the modelling task is to build a conceptual model to analyze the potential 

impact of Electric Vehicle’s (EV) market share on the regional CO2 emissions to the 



∈∧ 
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atmosphere in China. After a round of brain storming and knowledge elicitation with the 

stakeholders the initial model task can be described in the following format. 

 

 
 

To support the group modelling, we also need a Domain-Model Tree. The Sample DMC 

Tree used in this case study (shown in Figure 2) covers important variables and model 

fragments adapted from the Climate-Economy model FREE [Fiddaman 1997], Economy 

and Business models from the Business Dynamics [Sterman 2000] and Environment and 

Technology Models from Modelling the Environment [Ford 1999]. 

 

 

4.2  Determine System Boundary 

 

 

Figure 9. Determine System Boundary 

After setting the modelling task, the modelling team could work together to determine the 

system boundary for the model under development. Using the formal description of 

modelling task and the DMT customization introduced in Section 2, the system can identify 

the relevant domains in the DMT. At first, Variable “EV in Use”, “Total Vehicle Sales”, 

“CO2 Emission to Atmosphere” are identified belonging to Transportation, Market and 

GHG Emission sub-domains respectively, and Variable “Electricity Consumption”, “Coal 

Consumption” and “Oil Consumption” are Variables belonging to Energy sub-domain. As 

the team member decided to add “EV Sales”, “EV Market Share” and “CV Market Share” 

to the Variable Set of the Market sub-domain, the sub-domains and model fragments 

belonging to each sub-domain can be identified, shown as Figure 9. 

 

 

4.3 Team Work Assignment and Reviewer Recommendation 

 

With the system boundary being identified, the system could then assist the modelling team 

in distributing the team work and recommending appropriate model reviewers to the team. 

For every leaf node and node that requires model merging in the Customized DMT, system 

would use the Concept Similarity Rate (CSR) and Causal Relationship Similarity Rate 

(CRSR) defined in Part 3.1 to make suggestions for appropriate modeler and reviewer.  



 

 →

→

→

→

→

→
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Figure 10. Team Work Assignment and Reviewer Recommendations 

The process has three steps shown as follows: 

1. System compares the Team Members’ Mental Model (defined in 3.2.1) with the tree 

node’s Domain Model (defined in 3.2.1), the team members with top three CSRs will 

be suggested to take over the modelling work for that domain. 

2. For the consulting team of experts, system compares the experts’ Mental Model with 

the newly built model fragments, the experts with the top three CSR and lower CRSR 

will be suggested to be the reviewer of the model fragments of the node’s domain. 

3.  The modelling team could then assign the work and choose the reviewer according to 

the system suggestions. Detailed modelling goals for each domain and the Expected 

Model Scale (defined in 3.2.2) should also be made clear. 

 

Figure 10 shows the team work assignment and reviewer recommendation results after user 

confirmation for the modelling case. 

 

 

4.4 Building Conceptual Model in Single Domain 

 

 

Figure 11. Model Extension Example 

As the modelling work being assigned to the team members, the modellers build the 

conceptual model in their own domain. In this step, the Model Extension support 

introduced in Section 3 could be applied to help the modellers finish the modelling task in 

their assigned domain. As the left part of Figure 11 shows, when the modeller A deals with 

the GHG Emission domain, he chooses the Variable “CO2 Emissions to Atmosphere” to 

find the possible extended causal relations to that Variable. According to the models 

contained in the domain tree node, three candidate causal relations are recommended. The 

modeller then chooses two out of the three relations according to the context. Similarly, the 

right hand side of Figure 11 shows how the modeller deals with the Market domain, using 

the feedback loop completion support to find the candidate path to close the EV sales 

feedback. With this kind of support, the modeller could cumulatively build up the 

conceptual model for the problem in their assigned domain, and when necessary they could 

ask the model reviewer assigned to that domain to help review the model. 
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4.5 Bottom-Up Model Merging 

 

Figure 12. Bottom-Up Model Merging Example 

After the modelling team finishes the models in each single domain, the team could then 

use the model merging support introduced in Section 3.2 to integrate the models. To merge 

the model more effectively, the team could use the bottom up method to merge the models, 

from the Customized DMT leaf nodes all the way up to the root. In this case study, the 

modellers should first merge the Energy and GHG Emission model fragments, and then 

integrated the merged model with the Market and Transportation model fragments. Figure 

12 shows how the system could assist the modellers to merge the Energy and GHG 

Emission model fragments. The expected maximum scale for the merged model is set at 10 

Variables and 20 Links. So as the modellers use the model connection support introduced 

in Section 3.2, the system automatically identifies four candidate paths linking the two 

fragments within the model scope. The modellers could choose the appropriate paths to 

accept and make future adjustment and extensions to the merged model. 

 

 

4.6 Model Decomposition & Explanation 

 
Figure 13. Model Decomposition Example 

After the model is completed and evaluated, the modelling team could then use the Model 

Decomposition support introduced in Section 3.3 to decompose the model according to the 

Customized DMT structure. Take the tree node Transportation as an example, the 

modellers use the model decomposition support to the finished model, and the Variables in 

orange colour in Figure 13 are the ones belong to the tree node Transportation’s domain. 

After identifying the domain variables, the system selects a sub set of Variables and Links 

from the original model according to the Model Decomposition support mentioned in 

Section 3.3. With some further modification and additional documentations made by the 

modellers, the selected part of the model can become a new standalone model to be added 

to the Model Set of DMT’s Transportation tree node. 

 

 

5. CONCLUSION & DISCUSSION 

 

In this paper, we propose a goal and causal relation integrated approach to model the cross-

disciplinary target system’s overall environmental impact. The approach extends and 

combines causal loop diagram in system dynamics modelling and goal-oriented modelling 

Energy GHG Emission 
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in system requirements engineering. This combine use is introduced to represent the 

correlations between various environmental and non-environmental entities and between 

different sub-systems. By defining and formalizing the three basic collaborative modelling 

supports, a six-step collaborative modelling process is proposed to facilitate cross-

disciplinary modelling and model reuse. Finally, a collaborative conceptual model building 

example is introduced to illustrate the modelling process. 

 

The major focus of our research is to provide a collaborative modelling platform based on 

the reconciliation of existing conceptual models. This platform could help people to 

understand the target cross-disciplinary system by modelling rather than to estimate the 

exact impact of the target system. Comparing with the existing cross-disciplinary ontology-

based knowledge modelling approaches such as the indirectly-driven knowledge modelling 

approach [Pennington et al. 2008] and ontology-driven model linking approach [Rizzoli et 

al. 2008], our approach pays more attention to the collaborative modelling based on the 

reconciliation of existing conceptual models, rather than knowledge elicitation for building 

new ontology or integration of existing quantitative models. On the other hand, in contrast 

to the existing system dynamics group model building approaches, such as [Akkermans 

1997], [Andersena 1997] and [Richardson 1995], the paper extends the team collaborative 

working scripts and processes in system dynamics modelling and provides a possible 

collaborative model building and management solution on the tool implementation level. 

 

The long term goal of our research is to provide a wiki-style open modelling platform for 

people to share their modelling knowledge and to learn about the complicated environment 

related systems. However, in the short term, there are two specific goals to achieve to 

improve the proposed modelling approach: First is to put the semantic relations between 

variables (such as is-a and a-kind-of relations) into consideration. In this way, the meaning 

of the variables could become more explicit, and the model reuse would become more 

effective. The other short term goal is to extend the model description language to comply 

with the MIF standard in system dynamics [Myrtveit 1995], and to support stock and flow 

diagram in system dynamics modelling [Sterman 2000] for further quantitative modelling.  
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Abstract: The management of Urban Wastewater Systems (UWS) is a critical and difficult pro-
cess. Handling polluted water in UWS requires planning and decision making regarding sectors
such as environmental, energetic, industrial, etc. In order to represent all the significant concepts,
a powerful and flexible formalism is needed. Nowadays, there are solid approaches based on non-
monotonic reasoning which can capture dynamic domains such UWS. In this paper, we present
an implementation of a real UWS in the action language Causal Calculator (CCalc-C+) which
displays all the singularities of such domain and within which complex queries can be performed.
The nonmonotonic causal theory, upon which is based CCalc, allows us to represent some charac-
teristics of UWS such as nondeterministic actions and indirect effects of actions. We will capture
the situations and the transitions of the UWS domain and represent them in the form of a finite
state machine. CCalc allows us to perform queries regarding; the effects of actions, action plan-
ning to reach a certain state and path finding. The resultant work can be used in actual UWS to
aid at the decision making process, simplifying the reasoning about actions and allowing a close
representation of the real state of UWS.

Keywords: Wastewater management, Reasoning about actions, Nonmonotonic causal logic.

1 INTRODUCTION

Decision-making and planning in environmental context is a delicate and crucial task. The amount
of data that defines the state of entities such as Urban Wastewater Systems (UWS) can be ex-
tremely large and technical, and the repercussions of the decisions taken huge. To aid in the
process of planning and taking decisions it is necessary to create a formal representation of all the
elements involved, a model. In order to help modelize the situation of a realistic dynamic domain
such as the one of the UWS, a special formalism is needed.
The inherent characteristics of UWS, such as nondeterministic actions, indirect effects and concur-
rency of events, requires a flexible and powerful logic formalism. In this context, nonmonotonic
causal theories introduced by McCain and Turner [1997] can be useful and effective, as proved
by Akman et al. [2004] and Lifschitz et al. [2000]. By using the implementation of this approach
to action’s effects description called the Causal Calculator (CCalc) we can represent and query
real-life domains.

Following the syntax of CCalc presented by Giunchiglia et al. [2004] we propose an implemen-
tation of a Wastewater Treatment Plant (WWTP) and some of its internal key elements. We will
represent the situations of a WWTP in the form of an automaton which will recreate the states a
WWTP may be in. Traveling through that automaton will be the same as traveling through the
states of the domain, following the happening events and the effects those actions may cause on
the world. Those elements will be implemented by the use of fluents and actions. Once having
the WWTP realistically represented we will then be able to propose a series of queries to be per-
formed on that implementation which can aid at the daily management of the WWTP. Concretely,
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we will see three different types of queries: a) queries to simulate future scenarios, b) queries to
learn how we got to the current state and c) queries to know how to optimally get to a certain
situation.

The rest of the paper is divided as follows: In §2, a brief introduction to the background logic and
the syntax of CCalc is presented in order to facilitate the understanding of the solution proposed.
In §3 we present and modelize a particular case. A first generic analysis of it is done which
will serve as preamble of §4. In §4 the final implementation is described, its main elements are
explained and an example of a performed query and its interpretation is discussed. In §5 we
present our conclusions and future work.

2 BACKGROUND

WWTPs and their activities are very complex. The performed actions taken may not always have
the same result, there are important side effects and time is a key and active element in every pro-
cess, as WWTPs deal mostly with pollutive wastewaters. To faithfully represent such a domain, a
logic formalism which can handle concurrency, nondeterminism and temporariness is necessary.
Nonmonotonic causal logic, by assuming a particular version of the principle of universal cau-
sation (PUC), Everything that is true has a cause, uses a simple mathematical syntax, has
great expressiveness and is able to represent all those necessary concepts. The particularity of the
PUC used is that in it, a fact can be its own cause. CCalc is an implementation of the aforesaid
approach and defines the domain mainly by the use of fluents and actions.
Fluents tell us the truth value of a fact in a given moment and altogether define the current sit-
uation. Fluents may have inertial functions to define their behavior, so that, once their value is
established, and as long as no action changes it, their value follows a certain pattern.
On the other hand, actions define the events happening in our domain that change our world, that
is, the value of fluents. Actions can be exogenous, i.e. they may be triggered without a cause
inside our domain, e.g. by external human interaction.

This kind of approach to formalize biological domains (i.e. by the use of actions and fluents)
has been used before, as proposed by Dworschak et al. [2008], Nieves et al. [2009] and Nieves
et al. [2010], but using different approaches as Situation Calculus, Event Calculus and action
languages such as A and CTAID. While all of them are based on the fluents and actions paradigm
in order to represent dynamic domains, Situation Calculus, Event Calculus and A do not
have some interesting and complex features such as nondeterminism. This features will be very
useful when trying to put the solution to work in a real application. CTAID does allow most of
CCalc’s features, but the semantic simplicity provided by the causal logic defined behind C+ is
lost in CTAID, which is an extended version of actions languages A and C in the direction of C+.

CCalc most distinguishing element in front of these other methods are the causal rules (except
CTAID, which contains an adapted version called allowance rules). Causal rules can define the
effects and preconditions of every action, the relationships between fluents and even the domain
constraints, stating which situations are not possible and in which states certain actions cannot
happen. In CCalc, and following the PUC, everything that does not have a cause is false. Therefore
causal laws must state everything that is caused and how.
In order to understand the technical issues of the rest of this paper, a simplified introduction to
some of the more usual causal rules syntax of CCalc will be presented below. A complete and
deep explanation of nonmonotonic causal theory and CCalc can be found in Giunchiglia et al.
[2004]. The causal laws of CCalc work with formulae. Formulae have a domain which contains
all its possible values and can be of two main kinds: fluent formulae, representing fluents of the
domain, and action formulae, representing actions performed on the domain.

In CCalc a boolean formula F with the domain {TRUE, FALSE}:

• Is caused when another formula G is executed if: caused F if G
If F does not require of another formula (G = TRUE): caused F
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• Is caused after another formula G is executed if: caused F after G
• Cannot be caused after another formula G is executed if: constraint ¬F after G

If F can never be caused: constraint ¬F
• Is a fluent constant which cannot change through time: rigid F
• Is a fluent constant which keeps its value unless a causal law changes it: inertial F

If this is not specified for a certain fluent, its value for every state will have to be explicitly
stated or considered unknown.
• Is true unless a specific causal law states otherwise: default F
• Is true unless a specific causal law states otherwise after another formula G is executed if:

G may cause F
• Is an action constant which can be true or false without direct interaction within the domain:

exogenous F
If an action is not defined as exogenous, in order to execute it we will need a causal rule
to justify it (because of the PUC). An action can be defined as exogenous and have causal
rules controlling its behavior in certain situations, which in those cases will override the
exogenous, by default, behavior.

This generic and simplified view of some of the causal laws of CCalc is enough to understand
the expressiveness power and utility of CCalc applied to the domain of UWS. These are the basic
ones and will be enough to represent our use case. However, CCalc provides some more kind of
laws.

3 USE CASE

In our attempt to formalize the behavior of a WWTP, and due to the lack of expert knowledge on
the matter, we will work with a simplified interpretation of a WWTP similar to the one presented
by Gimeno et al. [1997] and by Nieves et al. [2009]. The most important elements will be repre-
sented, and the effects of actions may not be completely accurate. The variables involved will be
quantized to simplify the solution and for efficiency reasons. Due to CCalc’s way of grounding
variables and calculating arithmetic expressions, the use of large numeric intervals in the domain
of variables is not advisable. That point is further explained in §5.
In our use case most of the problems of formalizing dynamic domains will be present (such as
nondeterminism and concurrency), and modifying it so it becomes a faithful representation of a
complete WWTP (through expert knowledge) should not be complicated. It is as follows.

In order to achieve the required outflow water quality, the WWTP processing of water includes
four main stages through which all arriving water must pass. On the first one, the entry, the water is
accepted or rejected into the WWTP. From the entry, the water reaches the second stage, the settler,
where the solid substances are separated from the rest. The formed sludge from those substances
can be removed by purging the settler. After the settler, the water arrives at the bioreactor which
contains micro-organisms that help clean the water. These micro-organism must be kept alive by
regulating the oxygen level on the bioreactor. That can be achieved by oxygenating the water of
the bioreactor. After the bioreactor the water is finally send to the last stage, what we will call the
exit. In the exit the solid substances are separated from the water again (as in the settler). After
that, the clean water can be expelled to the environment or, if it is detected that the water is not
clean enough, sent back to the settler to start the whole process again.

From the previously explained use case, we have extracted a number of fluents and actions which
represent the whole domain. We will show here a simplified version of them, as showing them in
CCalc syntax would only make its understanding more difficult.

Fluents:
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plant load: Total water load of the
WWTP.

plant situation: Current situation of the plant
(normal, emergency,...)

entry dirt: Dirt level of the water entering
the WWTP.

entry load: Water load at the entrance of the
WWTP.

settler load: Water load of the settler. settler sludge: Amount of sludge in the settler.
settler dirt: Dirt level of the water in the
settler.

bioreactor load: Water load of the bioreactor.

bioreactor oxygen: Oxygen level of the
bioreactor.

bioreactor dirt: Dirt level of the water in the
bioreactor.

exit load: Water load of the exit. exit sludge: Amount of sludge in the exit.
exit dirt: Dirt level of the water in the
exit.

environment: Current situation of the environ-
ment (normal, emergency,...).

Actions:
water arrival: Water arrives to the
WWTP.

entry accept(X): Arrived water is accepted into
the WWTP.

entry bypass: Arriving water is rejected
into the WWTP.

settler purge: Purge the settler of sludge.

settler pass: Pass water from the settler
to the bioreactor.

bioreactor oxygenate: Increase the oxygen level
of the water in the bioreactor.

bioreactor pass: Pass water from the
bioreactor to the exit.

exit purge: Purge the exit of sludge.

exit discharge: Return water to the envi-
ronment.

exit recharge: Reload water to the settler.

Once we have those fluents and actions specified in CCalc we need to define the set of causal rules
that will dictate their behavior. Concretely, we will implement rules that determine:

• The concurrent execution of actions: Which actions can and which cannot be executed con-
currently and under which circumstances. By default we will set the scenario as concurrent,
and the incompatible actions will be stated explicitly.
• The water flow through the WWTP stages: How certain actions affect the water load of the

stages and the restrictions of these actions.
• The pollution management: Dictate the pollution level, how it changes with the income of

new water and the reduction achieved by the actions available in the four treatment phases.
• The state of the WWTP as a whole: How the plant situation depends on its internal stages

situation.
• The state of the environment: Set the effects of the WWTP decisions on the environment

situation.

4 IMPLEMENTATION

In order to implement correctly what was analyzed in the previous section we need to understand
how CCalc works. First of all, it is required to study the fluents and actions and obtain a list of
the different data types we will have to work with. In order to simplify our solution we have
decided to use a same categories to express similar concepts. The amount of water, dirt level,
sludge amount and oxygen level, will all have the domain: {low, medium, high}. For the plant
situation we have defined two of the main problems of WWTP ({bulking, foaming}) and two
generic states ({normal, alarm}). Two possible situations will be defined for the environment,
normal and emergency, in case a polluted discharge is made.

:- sorts
plant situation; state; environment.
:- objects
normal, bulking, foaming, alarm :: plant situation;
low, medium, high :: state;
normal, emergency :: environment.
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Once having the types of data and the objects within them we need to study the kind of fluents and
actions we will use. In CCalc the most common fluent type is inertialFluent. This kind
of fluent can have any possible initial value (within its domain) and if no action states otherwise
(through a causal rule) it will keep its value along the timeline (hence the inertial). Most of
our fluents will be of this kind, as they will be specified by actions and keep their value by through
time by default. We will define as well two statically determined fluents. This kind of fluent is not
affected by any action directly and its value depends solely on other fluent values. This will be the
case of plant load and plant situation, which depend on the value of the internal stage
fluents. As actions change these fluents, the statically determined fluents will change as well. That
can be seen as indirect effects of those actions.

plant load :: simpleFluent(state);
plant situation :: simpleFluent(plant situation);
entry dirt :: inertialFluent(state);
entry load :: inertialFluent;
settler load :: inertialFluent(state);
settler sludge :: inertialFluent(state);
settler dirt :: inertialFluent(state);
bioreactor load :: inertialFluent(state);
bioreactor oxygen :: inertialFluent(state);
bioreactor dirt :: inertialFluent(state);
exit load :: inertialFluent(state);
exit sludge :: inertialFluent(state);
exit dirt :: inertialFluent(state);
environment :: inertialFluent(environment);

Actions in CCalc are usually defined as exogenousAction. This definition states that the
action is not triggered within the domain, that is, for any given moment the action may happen
without any explicit reason inside our domain. All of our actions will be of that kind.

water arrival :: exogenousAction;
entry accept :: exogenousAction;
entry bypass :: exogenousAction;
settler purge :: exogenousAction;
settler pass :: exogenousAction;
bioreactor oxygenate :: exogenousAction;
bioreactor pass :: exogenousAction;
exit purge :: exogenousAction;
exit discharge :: exogenousAction;
exit recharge :: exogenousAction.

Regarding causal rules, and considering the implicit rules generated by the definitions of flu-
ents as inertial (for example, if settler load is high, it will keep being high as long
as no explicit causal rule changes it) and actions as exogenous (for example, the action
water arrival can be executed at any moment, without warning or cause), we will only have
to implement causal rules for the next purposes:

• To state the effects of an action on a fluent. This rules may have preconditions for the effect
to take place. For example:
When a discharge is done, if the water load at the exit was medium, the resultant water load
will be low.
exit discharge causes exit load=low if exit load=medium
• To state the nondeterministic effects of an action on a fluent. This rules may as well have

preconditions to be executed. For example:
Accepting very dirty water into the settler may increase the sludge level of it to high.
entry accept may cause settler sludge=high if
entry dirt=high
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The may cause rules generate as many equiprobable states as necessary to represent all
the nondeterministic effects of the rule. If a deterministic causal rule specifies on the same
fact, the nondeterministic effects are discarded and only the deterministic effect is taken
into account.
• To regulate the concurrent execution of actions. CCalc allows concurrency of actions unless

otherwise stated (several actions happening concurrently in the same time step). By default
we allow concurrency, and to control the exceptions we will define non executability rules.
These rules will not allow the current execution of two actions that in our domain cannot
happen at the same time. In the same way, they will not allow the execution of an action in
a situation where the action cannot happen. For example:
The bioreactor cannot pass water to the exit if it is oxygenating.
nonexecutable bioreactor pass if bioreactor oxygenate
And:
The WWTP cannot accept more water if the first stage water load is high.
nonexecutable entry accept if settler load=high
• To define the static relationship between two fluents. We will use these fluent static rules to

link the value of a set of fluents to the value of another set. For example:
The WWTP has a foaming problem if the bioreactor level is low and the dirt in the bioreac-
tor water is high.
caused plant situation=foaming if bioreactor oxygen=low,
bioreactor dirt=high

Due to the lack of space we will not display the whole code here, but we consider that the previous
examples are sufficient representative. The complete source can be found in the URL: http:
//www.lsi.upc.edu/∼dariog/soft/wwtp.pl
Finally, once we have our domain implemented, we can define queries on it. There are three main
kinds of queries in CCalc:

• Queries to study the effect of one or more events on the domain. For example: Which will
be the future results, for the environment and the WWTP, of accepting very dirty water into
the WWTP?
• Queries to find out the possible paths which will lead to a given situation. For example:

Which are the possible events that lead to the current situation in which the WWTP had a
bulking problem?
• Planning queries to find the shortest list of actions needed to achieve a certain objective.

For example: Which set of actions must be executed in order to achieve a normal situation
in the WWTP without damaging the river quality?

Next, we will see the execution of a query and the results of it. We start in a situation (defined
by the time stamp 0:) where both the environment and the plant are in a normal situation, where
we have dirt and load in both bioreactor and exit, and where a new load of fairly dirty water has
arrived. In our goal state (defined in maxstep :) both the environment and the treatment plant
are in normal situation and the dirt level of the bioreactor and the exit is low. We want to reach
that state in a maximum of three time steps (defined by maxstep :: 3). We define as well a new
arrival of water after one step and a discharge into the river after two steps.

:- query
label::1;
maxstep::3;
maxstep: environment=normal, plant situation=normal,
bioreactor dirt=low, exit dirt=low;
0: environment=normal; 0: plant situation=normal;
0: entry dirt=medium; 0: settler load=low;
0: settler sludge=medium; 0: settler dirt=low;
0: bioreactor load=high; 0: bioreactor oxygen=high;
0: bioreactor dirt=high; 0: exit load=high;
0: exit sludge=medium; 0: exit dirt=high;
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0: entry load;
1: water arrival;
2: entry dirt=medium;
2: exit discharge.

This query returns a list of 49 possible sequences of events which fulfill all the requirements
set (as we allowed concurrency in the scenario, several actions are performed at each time step).
If we analyze carefully these possible worlds we will realize that such a large number of solutions
is the effect of the nondeterminism of certain actions. In fact there is only two possible solutions.
From the sequences obtained, all of them contained the same actions at time 0: entry accept
and exit purge. After the execution of these two actions, in the second time step, the actions
performed must be: settler purge, exit purge and water arrival (specified by us
in the query). Afterwards, in the third and last step: entry bypass and exit discharge
(specified by us in the query). The action settler purge done in the second step appears
sometimes in the third step, indicating that the action must be performed but it can be done in the
second or the third step, which represents the two possible solutions.
After analyzing both solutions, we have the list of sequential actions that must be performed. In
this scenario, and to achieve the objectives set, we would recommend purging the exit two times
to decrease the sludge amount to a minimum and at the end make an entry bypass. Otherwise one
of the requirements set in the query would be violated.

5 CONCLUSIONS

After performing several queries, analyzing the results obtained and how these results could con-
tribute to the management of a WWTP, we reached the conclusion that CCalc is a good choice
when formalizing and querying complex dynamic domains, as the one of the UWS. CCalc’s
simple and common decomposition of the domain in actions and fluents, together with the ex-
pressiveness power of the nonmonotonic causal logic, provides a relatively simple and realistic
representation of the internal work of a WWTP.
The simple mathematical syntax of CCalc facilitated a plain implementation of nondeterministic
actions, indirect effects of actions and inertial behavior of fluents. As expected, the incorpora-
tion of those particular elements generated interesting results in the formalization and later testing
of the model. Implementation of indirect effects was easily resolved by the use of statically de-
termined fluents, which provided the means to rapidly check complex properties. The inertial
declaration of fluents behavior, one of the most important properties of CCalc, is a very elegant
solution to one of the biggest problems of dynamic domains modeling: The frame problem, which
was defined by McCarthy and Hayes [1987].
Probably the most enriching feature regarding the final performance of the model is the non-
determinism of actions. Defining and querying a domain which contains this property offered
interesting consequences. To start with, nondeterministic actions caused a notable increase of
the solutions obtained to most queries, as seen in §3. The apparent repetition of solutions is a
necessity when trying to obtain all the possible scenarios which contains uncertain effects of ac-
tions. Only a user provided refining of the query parameters, stating unambiguously the effects
of nondeterministic actions, could produce a reduced and yet valid set of answers. This feature
could bring along new possibilities for CCalc to aid at the management of WWTPs, as the agents
involved could perform different queries assuming the best or the worst possible scenario, based
on a basic unbounded query.

The most significant limitation of CCalc we encountered was the way it deals with numeric ele-
ments. As CCalc grounds each rule with all possible instances of the numeric variables defined
and calculates arithmetic expressions logically, the use of large numeric ranges may affect its ef-
ficiency notoriously. To deal with this problem we chose to quantize all the potentially numerical
variables and used comparison operators instead of arithmetic, which entailed a simplified but
very efficient version of the domain.

In conclusion, our tests and experience with CCalc proved it to be a practical and powerful tool
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for implementing dynamic domains. It can be very useful in the task of aidding at the decision
making, planning and path finding process of realistic scenarios as long as its peculiarities are
understood and taken into account.

5.1 Future work

The large set of answers given to most queries involving nondeterministic actions arouses an
interesting possibility, the post-process of the solution set. A software in charge of analyzing and
displaying the results obtained to uncertain queries could get to be a very useful and elaborated
tool, taking into account the number of possible outcomes, their historic likelihood and their
probability to happen. To apply the latter idea, modifications on the semantic of CCalc would be
necessary, as CCalc’s nondeterministic causal rules do not allow probability setting.
Considering CCalc use of mathematical elements, and in order to obtain a more realistic domain,
the fluents and causal rules could be quantified to a certain degree, testing this way CCalc’s balance
between expressiveness and efficiency.
Finally, it would be interesting to see, knowing that the domain of the UWS is strictly ruled by
several normative sets, the implementation of norms in CCalc and its inclusion and interaction
with the rest of the domain model.
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Abstract: Semantic mediation based on ontologies has been proposed as a method to 
achieve integration in multi-disciplinary and multi-scale integrated assessment tools. In the 
development of an integrated assessment tool, SEAMLESS-IF, agricultural models, data 
sources, scenarios and indicators had to be integrated in one conceptual schema, providing 
the shared definition of concepts and their relationships. This paper describes the different 
methods used in the semantic mediation of the various cases (i.e. models, data sources, 
scenarios and indicators) in SEAMLESS-IF. By contrasting the methods, this paper argues 
that the method used for semantic mediation has to be flexibly adapted to the case and the 
researchers involved. Common aspects in the semantic mediation are i. the organization in 
several prototypes, which where gradually improved, ii. a collaborative approach to discuss 
ontology content between domain experts and knowledge engineers and iii. the editing of 
the ontology itself was done by a knowledge engineer and not by a whole community of 
researchers. To succeed in building coherent and comprehensive ontologies, these common 
aspects (i.e. prototypes, collaborative approach, ontology editing) need to be adapted to the 
case (i.e. researchers, available information, mediation question). 
 
Keywords: ontology, models, data sources, indicator, collaborative 
 
 
1. Introduction 
 
Semantic mediation has been proposed as a method to achieve integration in multi-
disciplinary and multi-scale integrated assessment tools (Rizzoli, et al., 2008, Villa, et al., 
2009). Such integrated assessment tools are often based on linked quantitative models into 
model chains. Through semantic mediation an agreed conceptual schema can be built 
between researchers for linking their models and the model interfaces are enriched with 
meaningful metadata on their behaviour (Villa, et al., 2009). In this case, the agreed 
conceptual schema serves as an additional knowledge layer enriching the original models 
and model chains and does not necessarily require the enrichment of the models themselves 
with tags or ontological constructs. Semantic mediation is a crucial challenge for any 
integrated modelling project (Jakobsen and McLaughlin, 2004, Bracken and Oughton, 
2006, Scholten, 2008), as it is provides consistent and transparent building blocks in 
definitions and terms required for the methodological and technical linking of models, data 
sources and indicators. Models from different disciplines have a different representation of 
data, space and time, and linking them implies that the outputs of one model have to be 
matched to the inputs of another model, while the modellers and their models should have a 
common understanding of the space and time, in which they operate. 
Usually semantic mediation is based on ontology, which is a specification of a 
conceptualization for a system (Gruber, 1993). An ontology consists of concepts and their 
relationships (Antoniou and van Harmelen, 2004). Other options for building a joint 
conceptual schema are ad-hoc variable mappings, mathematical formalism (Hinkel, 2008) 
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and concept maps (Novak and Cañas, 2006). This paper focuses on the use of ontologies 
for semantic integration and model linking, since i. ontologies are in machine readable 
format, i.e. as the Web Ontology Language (McGuinness and Van Harmelen, 2004), ii. 
ontologies are based on first order logic, upon which a computer can reason, iii. the 
developed ontologies are a separate product, that are independent of the models on, which 
they are originally based and that can be used in developing new models and iv. both 
modellers and non-modellers can contribute to the ontology development. 
The SEAMLESS Integrated Framework (IF) is an integrated assessment tool for 
agricultural systems, in which agricultural and environmental policies are assessed on 
several dimensions of sustainability (Van Ittersum, et al., 2008). SEAMLESS-IF has a 
chain of linked agricultural models at its core in the tradition of Integrated Assessment and 
Modelling. In the development of the SEAMLESS-IF, agricultural models, data sources, 
scenarios and indicators had to be integrated in one conceptual schema, providing the 
shared definition of concepts and their relationships. Ontologies were used as a method to 
capture this shared definition, and these ontologies had to be build from scratch through 
semantic mediation. 
 
Shared conceptual schemas for SEAMLESS-IF were developed for data (Janssen, et al., 
2009a), scenarios (Janssen, et al., 2009b), models (Athanasiadis, et al., 2009, Janssen, et 
al., In review) and indicators (Thérond, et al., 2009), which demonstrate that it is possible 
to develop meaningful ontologies from a scientific content point of view. To build these 
shared conceptual schemas different methods were used for each case (i.e. models, data 
sources, scenarios and indicators). This paper describes, compares and reflects on these 
different methods used in the semantic mediation in SEAMLESS-IF, and aims to 
investigate how semantic mediation in a research project can best occur or be organized. 
Among others, this paper argues that the method used for semantic mediation has to be 
flexibly adapted to the case (i.e. models, data sources, scenarios and indicators) and the 
researchers involved. This paper focuses on the process of semantic mediation and not on 
annotating the models, data sources, scenarios or indicators with ontology constructs or 
tags. 
The next section provides background information to SEAMLESS and the use of 
ontologies in SEAMLESS. The third section ‘Results’ describes the process of ontology 
mediation used for each of the cases (i.e. models, data sources, scenarios and indicators). 
The fourth section ‘Discussion’ compares the different methods for ontology development 
and finally, in the section ‘Conclusions and recommendations’ lessons learned are 
described relevant to other efforts of semantic mediation of agri-environmental tools, 
models and data sources. 
 
 
2. METHODS 
 
2.1 Ontologies and SEAMLESS-IF 
 
In the development of SEAMLESS-IF ontologies were used to achieve semantic agreement 
between a group of researchers on the shared scientific content. The integration for 
SEAMLESS-IF covered five hierarchical systems levels (e.g. field, farm, region, country 
and continental) linking different types of models (i.e. simulation, optimization, partial 
equilibrium and upscaling) for the calculation of impacts on European agricultural systems 
through indicators. The integration of SEAMLESS-IF involves a large team of about 
hundred scientists from agronomy, economics, landscape ecology, information technology 
and environmental sciences. 
A desired outcome of the integration effort is a common ontology, i.e. ontology, which is 
shared by all domains to-be-integrated and serves as a knowledge-level specification of the 
joint conceptualization of SEAMLESS-IF. Each scientist can refer to and should adhere to 
the semantics of the concepts in the common ontology, including restrictions on the 
concepts and relationships between the concepts. As an example of an ontology, the 
concept crop has different meanings across models (Fig. 1). In a crop growth simulation 
model (Van Ittersum and Donatelli, 2003) a crop refers typically to a variety that is grown 
somewhere, e.g. potatoes grown in the North of Europe are quite different from potatoes 
grown in the South of Europe. In contrast, in a market model (Britz, et al., 2007) a crop 
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typically refers to a group of similar crops throughout a large zone, for example wheat 
refers both durum wheat and soft wheat and then mostly to the grain as produced by 
growing wheat. 
 

ProductProduct
ProductTypeProductType

CropCrop

Name

HarvestIndexHarvestIndex

Produces

NameName IsProducedBy

 

Figure 1. a part of an ontology showing two concepts (in ovals; Crop and Product), 
their relationships (uni-directional arrows; relationship as Crop Produces Product and 

relationship as Product is-produced-by Crop) and their data-properties (Name for 
Concept Crop and Product, Producttype only for Concept Product and HarvestIndex 

only for concept Crop). 
 
A set of granular ontologies was developed for the SEAMLESS project according to the 
example provided in Figure 1 (Athanasiadis, et al., 2009). These eleven granular ontologies 
comprise 303 concepts, 303 object properties and 1069 data type properties and are 
available on http://ontologies.seamless-if.org. The ontologies were used directly in the 
development of SEAMLESS-IF, as source code could be generated for the application 
layer in the Java programming language and for the persistence layer in the Standary Query 
Language (SQL) (Athanasiadis, et al., 2007). The ontologies functioned as the upper 
knowledge level specification of the domain and changes in the ontology directly 
influenced the source code (i.e. relational database and classes for model development) 
used for development of SEAMLESS-IF (Figure 2). 
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Figure 2. Process of ontology mediation (left side) and ontology use (right side). 
 
2.2 Ontology mediation 
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To achieve ontological commitment, i.e. the agreement by multiple parties to adhere to a 
common ontology when these parties do not have the same experiences and theories, 
Holsapple and Joshi (2002) suggest several methods of ontology mediation. In the 
inspirational method one developer sets up the ontology as required for the application and 
bases this on his own view and creativity. The inductive method means examining relevant 
cases from the domain to extract the ontology. In the deductive method general principles 
are declared, from which a specific domain ontology can be deduced. The synthetic method 
derives a domain ontology by coupling existing independent ontologies. In this coupling of 
ontologies, links need to be defined and aspects of the coupled ontology might need to be 
developed. For developing a shared ontology, the most suitable method seems a 
collaborative approach. A collaborative approach is based on ‘development as a joint effort 
reflecting experiences and viewpoints of persons who intentionally cooperate to produce it’ 
and it thus requires a consensus-building mechanism (Holsapple and Joshi, 2002).’ A 
collaborative approach has two advantages. The first advantage is researchers from 
different disciplines are diverse in their contributions, which reduces the chance of blind 
spots and which has more chances of getting a wide acceptance (Holsapple and Joshi, 
2002). As a second advantage, it can incorporate approaches other than the collaborative 
approach (e.g. inductive, inspirational, deductive approaches) as required for development 
of parts of the ontology. A promising method, that confirms the methods as described by 
Holsapple and Joshi (2002) is METHONTOLOGY (Fernandez, et al., 1997), that builds on 
iterations and a strong specification phase and lacks the collaborative aspect important in 
our case. 
 
3. RESULTS 
 
This section explains the methods in semantic mediation used for the project as whole (3.1 
Task force) and for the different cases (i.e. models, data, scenarios and indicators) relevant 
to the development of an integrated assessment tool. 
 
3.1 Task force 
 
Overall a collaborative approach was used to ontology mediation in a dedicated task force 
as part of the larger research project (e.g. SEAMLESS with 30 institutes and 120 
scientists). For this collaborative process of ontology development, no useful off-the-shelf 
methodology was found, that could handle all the different cases relevant for the project. 
Therefore the task force was formed, which consisted of a small group of knowledge 
engineers (3-4 members) and of domain experts (12-15 members), which were involved 
upon request, from different parts of the project. The task force started with the drafting of 
a work plan, in which the role and the mission of the task force were formalized. This work 
plan was crucial to build a shared vision between participants and clearly define the desired 
products of the task force. The desired products were one or a set of ontologies to act as a 
joint conceptual schema for data, models, indicators and scenarios. 
The membership of the task force was on a voluntary basis, which had the advantage that 
participants were motivated to participate and that more participants could easily join the 
task force, after initial promising actions of the task force generated interest. Disadvantages 
were that there was considerable time needed to involve participants and that there was a 
high turn-over rate of participants as many participants left the group due to other priorities 
on top of participants changing jobs. About half of the domain experts and one of the 
knowledge engineers left the group. The domain experts were replaced within the task 
force. The task force worked in an iterative process of developing prototypes and a final 
version. At the end of each iteration, a version of the ontology was delivered. The setting 
up of each prototype started with planning of the activities for that prototype and the 
interactions required. 
 
3.2 Models 
 
For the ontologies of the models, adaptations were made to the collaborative approach 
according to the models involved. For one model, i.e. the bio-economic farm model, which 
followed an architecture close to the SEAMLESS-IF architecture, the ontology was largely 
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built through an inductive approach of examining model inputs, outputs and equations. 
This inductive approach was supplemented with extensive discussions of the resulting 
ontologies between one domain scientist, one computer scientist and one knowledge 
engineer. In this case, one of the modellers developing the model had affinity with the 
development of the ontology, and could be engaged in an intensive process with the 
knowledge engineers. For the other models and for the model chain, workshops were 
organised with relevant domain members to develop parts of the ontology. These models 
were relatively more distant from the SEAMLESS-IF architecture, and followed their own 
architecture. Still the modellers could be engaged in the process of ontology mediation 
through workshops. A useful exercise during one of these workshops was to compare the 
different ways of capturing relationships between concepts and concepts themselves in 
different modelling paradigms (i.e. mathematical programming, object oriented 
programming, procedural programming) used for the models and framework. This exercise 
gave participants an example of the use of an ontology and the complexity involved in 
making an ontology across modelling paradigms.  
 
3.3 Data 
 
For the development of the integrated database, the collaborative approach was arranged in 
long iterations resulting in prototypes of the database. The collaborative approach was 
carried out mainly by the three knowledge engineers, as one of them could act as a domain 
expert for the domain. This participant consulted a small group of domain scientists when 
required. An important step in validating the ontology in each iteration was to insert the 
data in the database schema derived from the ontology, as then it could be checked whether 
the data fitted the schema of the database. The data relevant for the integrated database was 
comprehensive and consisted of some large data sets, which meant that developing the 
database schema and filling it with data was a laborious process. This process required a 
meticulous way of working to ensure the integrity, consistency and completeness of the 
data. 
 
3.4 Indicators 
 
Once the ontology for models and data were defined and clarified, the ontology for 
indicators was clarified. In SEAMLESS indicators were primarily based on model outputs, 
and could only be clarified when the models and their ontology were clear. This implied 
that there was relatively less time to develop an elaborate and advanced ontology for 
indicators (Table 1). The ontology for indicators was developed during the last two 
prototypes, with many smaller iterations occurring especially during the final prototype 
development. Two one-day workshops were organised, in which relevant scientists were 
brought together with knowledge engineers to develop the ontology-content. After the 
workshops the agreed ontology had to be revised, as one scientist not participating in the 
workshop gave his view and ideas. This incident demonstrates the importance of getting 
the right balance of participants in the workshop. 
 

Table 1. A summary of some key characteristics in ontology mediation used for the 
different parts of models, data, indicators and scenarios. (* Lead time here refers to 
the time between start and finish of the activity, in which one does not work full time 

on this activity) 
Case Method Lead time* Number of 

researchers 
involved 

Prototypes and 
iterations 

Models Collaborative, 
parts inductive 
and deductive 

2.5 years 10 3 prototypes 

Data Collaborative, 
with parts 
inductive 

2.5 years 3 3 prototypes with 
iterations 

Indicators Collaborative 6 months 7 2 prototypes with 
several iterations 

Scenarios Collaborative 6 months 19 1 prototype with 
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10 iterations 

 
The background of the domain scientists working on indicators was a different from the 
background of domain scientists working on models and data. The domain scientists 
working on indicators were much less used to think in terms of schemas for variables, 
parameters and data. During the workshops the scientists had to get used to thinking along 
these lines and clearly formulating their ideas on relationships between concepts. 
 
3.5 Scenarios 
 
To define an ontology for scenarios a large group of scientists was involved in comparison 
to the other ontology mediation efforts (Table 1), because the definition of scenarios 
affected many parts and members of the project (i.e. scientists working on models, data, 
applications, participatory processes.). The ontology was developed in only one prototype 
and involved ten rapid iterations, in which scientists jointly edited a word-document, 
containing a verbal description of the ontology (Janssen, et al., 2009b). The document 
started with a set of instructions and only very precise formulations were allowed in the 
document. The role of the knowledge engineers was to ask questions and pro-actively 
discuss confusing statements from the participants to reach consensus and a detailed 
description of relevant concepts and relationships. The ten iterations ended with a final 
version, which was approved by the management board of the project. After this approval, 
the ontology content was disseminated to the scientist in the rest of the project (Janssen, et 
al., 2009b). 
 
 
4 DISCUSSION 
 
4.1 Dialects and metaphors 
 
During the collaborative method of ontology mediation, different types of confusion on the 
meaning of concepts and terms (Wien, et al., 2009) have been experienced due to dialects 
and methaphors. Dialects (Wear, 1999, Bracken and Oughton, 2006) are the specialized 
languages used by each of the disciplines. One consequence of dialects is that the same 
concept is used with different meanings. Another consequence of dialects is that different 
concepts might be used, which have the same meaning. Metaphors are abstract notions 
used within a context or discipline to illuminate an argument, develop thinking in a new 
direction or refer to the unknown and these metaphors might become so entrenched that 
they seem true or real (Wear, 1999, Bracken and Oughton, 2006). An example of a 
metaphor is the concept scenario. Another example are the concepts exogenous and 
endogenous in models from economics versus parameter and variable in biophysical 
models. In the collaborative approach, one other type of confusion was experienced both 
with dialects and metaphors. The type of confusion concerns relationships between 
concepts, that are understood in a different way across or even within disciplines. An 
example is the complex relationships between outlooks, policies and technology 
innovations, relevant to the scenario case. 
 
Dialects are easiest to solve, because a different understanding of concepts is relatively 
easy to identify. Metaphors require time and effort, as meaning of a concept is vague and 
abstract or many meanings exist due to the large number of participants involved. 
Clarifying metaphors entails defining new concepts and relationships, and researchers 
might not be willing to give up the relative freedom of the vagueness. These metaphors 
typically occur if researchers are not sure about something or need a container term to hide 
poorly defined concepts. Confusion on relationships is the most challenging to identify, 
because the differences in understanding only become apparent through detailed discussion 
or inspection of data sources when there is already agreement on the meaning of concepts. 
 
4.2 Process organization 
 
Common aspects in the semantic mediation of models, data, indicators and scenarios were 
that i. it was organized in several prototypes, which where gradually improved; ii. a 
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collaborative approach was used to discuss ontology content between domain experts and 
knowledge engineers and iii. the editing of the ontology itself was done by a knowledge 
engineer and not by a whole community of researchers. First, the organization in prototypes 
helped to organize and test the ontology during development. It helped to gradually 
improve the ontology content, and to review versions of the ontology before finalizing 
them as a product. Second, only the knowledge engineers edited the ontology in a 
dedicated ontology editor, which was on the one hand necessary as ontology files tend to 
easily get corrupted when relationships are not correctly set. On the other hand, it was 
useful as scientists could focus on reaching agreement and a shared understanding. With 
agreement and a shared understanding, editing the ontology in an ontology editor was a 
minor task. Third, logically knowledge engineers cannot build an ontology on their own by 
just discussing with domain scientists individually or studying their materials. Having 
domain scientist work and discuss collaboratively on the ontology content was crucial to 
build a shared understanding, i.e. domain scientists learned from each other by finding out 
what was meant with concepts and relationships across domains. The knowledge engineers 
had to facilitate this process and proactively engage domain scientists, when required. 
Flexibility to adjust the process of ontology mediation to its participants, content and 
project planning was crucial to achieve functional ontologies. As can be seen from Table 1, 
models, data, indicators and scenarios each required different ontology mediation methods 
(i.e. collaborative, inductive, deductive) and had different lead times and number of 
scientists involved. For models and data, a lot of quantitative information is often around, 
allowing easily for an inductive approach, supplemented with a collaborative approach to 
build agreement across models or data sets. For scenarios and indicators, many different 
and often conflicting views existed in the project on their meaning and a collaborative 
approach was crucial to find out what each of the views implied. Once clarified, these 
ontologies could stay rather small and focused, while the ontologies for the models and 
data increased in size and complexity with each prototype. For these ontologies, critical 
review was crucial to maintain an overview and deprecate overly complex or unnecessary 
parts. Adopting the collaborative method of ontology mediation to the integration problem 
might limit the possibilities of using or developing computerized tools. Also, editing or 
creating the ontology itself is an easy task compared to reaching agreement between 
multiple scientists involved. Wiki-like tools to facilitate the discussions between scientists 
might be much more useful than advanced ontology editors to build the ontology itself. 
Arguably our usage of the ontology in the software development of databases, models and 
the integrated assessment tool could restrain the possibilities of using automated tools to 
construct the ontology, as the ontology needs to have a specific set-up to be usable in 
development. 
 
5 CONCLUSIONS AND RECOMMENDATIONS 
 
From our experiences in semantically annotating an integrated assessment tool for 
agricultural assessments, we learned that the method can be based on general principles 
(i.e. prototyping, collaborative approach and separation between knowledge engineers and 
domain experts). To succeed in building coherent and comprehensive ontologies, these 
general principles need to be adapted to the case (i.e. researchers, available information, 
mediation question). With flexible methods to semantic mediation, ontologies have proven 
to be a suitable technology to define the integrated conceptual schema of an integrated 
assessment tool. An important advantage was that all scientists involved could contribute to 
the ontology development, and not just developers or modellers. A shared understanding 
was built in a large group of scientists, which helped them to work together in an 
interdisciplinary way. 
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Abstract: Research e-infrastructures are considered to have generic and thematic parts. 
The generic part provides high-speed networks, grid (large-scale distributed computing) 
and database systems (digital repositories and data transfer systems) applicable to all 
research communities irrespective of discipline. Thematic parts are specific deployments of 
e-infrastructures to support diverse virtual research communities. The needs of a virtual 
community of multidisciplinary environmental researchers are yet to be investigated. We 
envisage and argue for an e-infrastructure that will enable environmental researchers to 
develop environmental models and software entirely out of existing components through 
loose coupling of diverse digital resources based on the service-oriented architecture. We 
discuss four specific aspects for consideration for a future e-infrastructure: 1) provision of 
digital resources (data, models & tools) as web services, 2) dealing with stateless and non-
transactional nature of web services using workflow management systems, 3) enabling web 
service discovery, composition and orchestration through semantic registries, and 4) 
creating synergy with existing grid infrastructures. 
 
Keywords: e-infrastructure, virtual research communities, multidisciplinary environmental 
research, service oriented architecture.   
 
 
1. INTRODUCTION 

 
Europe is making major efforts in developing research e-infrastructures as “a new 
environment for academic and industrial research in which 'virtual communities' share, 
federate and exploit the collective power of European scientific facilities” [EC 2009]. The 
European Strategy Forum on Research Infrastructures (ESFRI) roadmap identifies four 
major components of e-infrastructures: communication networks, distributed grid 
infrastructures, high performance computing facilities and digital repositories [EC 2008, p. 
84]. The first two are considered to be generic applicable to all research communities 
irrespective of discipline. The last two are considered to be thematic, i.e. specific 
deployments of e-infrastructure to support various virtual research communities.  
 
Several scientific communities are making their own thematic roadmaps identifying the 
needs of their discipline [EC 2008, p. 9]. Within the environmental science domain e-
infrastructures for specific thematic areas such as climate change or biodiversity are being 
implemented. These includes, for instance, satellite and ground based networks of 
measurement and monitoring stations, but also large scale analytical and modelling tools 
[EC 2008].  The needs of multidisciplinary environmental researchers with respect to 
providing easy access to digital resources and providing easy mechanisms for combining 
these digital resources into useful environmental models and software are yet to be 
outlined.  
 
Multidisciplinary environmental research brings together researchers from diverse 
disciplines that include technical, social, economic, political and legal aspects. Such 
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researcher teams use a variety of data and tools [Kassahun et al. 2008]. We argue that 
multidisciplinary environmental researchers have, due to extreme data and method 
heterogeneity, a pressing need to an e-infrastructure that facilitates the creation of  
environmental software systems through service discovery and loose coupling of various 
digital resources.  
 
The current state-of-the-art information technology (IT) for coupling of diverse digital 
resources is based on the Service-Oriented Architecture (SOA) concept. In short, the SOA 
architecture consists of service providers who offer digital resources as web services and 
advertise their web services using a centralised service broker hosted by a third party. The 
broker, who holds key information about service providers and their web services, offers 
service clients a ‘yellow pages’ like service – an easy interface and mechanism to search 
and discover web services. Service clients find appropriate web services from the broker 
and ‘couple’ them together to create new software applications. 
 
SOA can be considered as an architecture or a blueprint for creating e-infrastructures. To 
realize an e-infrastructure using the SOA concept, the component parts of the architecture 
should be made available and ‘interoperable’. Specifically, three things are required: (a) 
digital resources are converted to web services, (b) a centralized service registry and broker 
is made available, and (c) frameworks and tools that support the process of putting web 
services together to create new software applications are made available. 
 
This paper summarizes the current state-of-the-art, and outlines how a future environmental 
modelling and software e-infrastructure for multidisciplinary environmental research can 
be realized. The remaining part of the paper is organised as follows: In section 2 we discuss 
the current state-of-the-art in deploying e-infrastructure for multidisciplinary environmental 
research. In section 3, we describe briefly the SOA concept, in section 4, we propose an e-
infrastructure based on loose coupling and the SOA paradigm. We propose a number of 
additional features to the SOA architecture. We make concluding remarks in section 5. 
 
2. CURRENT STATE-OF-THE-ART 
 
In the past decades, more powerful computing systems were deployed and more complex 
environmental systems were investigated, leading to more complex software 
implementations of models. To deal with complexity, researchers and engineers decompose 
complex problems into smaller problems for which software components can be found or 
developed. In fact, in environmental science researchers have long been preoccupied with 
disciplinary approaches that allows them to solve pieces of larger problems from specific 
disciplinary perspectives. Thus, a variety of appropriate software components are already 
available. To address complex, multidisciplinary problems, the idea is to “link” or “couple 
together” these components into a complex system that deals with the overall problem. 
Over the years, more and more mature methods of interfacing and coupling diverse types of 
components (including databases, simulation models and user interaction systems) have 
been developed [Rizzoli et al. 1998; Argent 2004; Gregersen et al. 2007; van Ittersum et al. 
2008]. However, most of these methods were made for stand-alone software 
implementations, which operate on a single machine and are meant for a single user. The 
key element for a collaborative research e-infrastructure is virtualization. In such a setting 
environmental information is treated as a common and scarce asset that needs to be shared 
among peers [Athanasiadis 2007].  
 
Eventually, environmental information is required to become a virtual resource, and within 
the environmental research community a number of, albeit uncoordinated, attempts offer 
parts and pieces of such an e-infrastructure. Specifically, we identify three types of 
components in a service-oriented e-infrastructure, that are already available: (a) digital 
resources available to environmental researchers, (b) meta-repositories and service brokers, 
and (c) frameworks and support tools for coupling of digital resources. We describe each of 
these briefly below.  
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2.1 Digital resources 
 
Digital resources, such as data that come from monitoring facilities, have long been the 
primary focus in deploying research e-infrastructures. The climate data archive of the 
Intergovernmental Panel on Climate Change (http://www.ipcc-data.org/), Global 
Environment Outlook data portal of the United Nations (UN) Environment Programme, 
FAOSTAT (faostat.fao.org), UN data (http://data.un.org) and many national and 
institutional data archives are good examples. Until now, the main aim has been to make 
data easily accessible, irrespective of their geographical location. Recent techniques and 
new e-infrastructures in environmental monitoring have made it possible to acquire 
tremendous amounts of data.  
 
Increasingly, environmental researchers want to build more comprehensive and complex 
models, often composed of existing simulation models, whereby the simulation output of 
one model is an input for another model. Thus, when data is presented to end users or used 
as input to a simulation model, that doesn’t necessarily mean that raw (input) data is used; 
it can also be processed data or an output from another simulation model. In complex 
models, composed of many simulation models, the dependency among models can be very 
tight and cyclic. For instance, simulation model A may require intermediate values of 
simulation model B. That requires that the two models have to be executed in tandem.  
 
In addition, nearly all data will undergo some form of processing before it is useful or 
meaningful to end users or other researchers. For instance, some users may need data at 
regional level or at national level, while others need only summary data and still others 
require data to be presented to them as graphs or charts. Thus, what is an input data for one 
is for the other an output of a complex simulation or data processing. The distinction 
between the various data sources, be it raw data, outputs from simulation models or data 
processing software tools can at times be very vague. We thus refer to them collectively as 
digital resources.  
 
Researchers within the environmental research community identify often three types of 
digital resources: data, simulation models and data processing and visualisation tools. Data 
is the necessary ‘raw material’. Simulation models and data processing/visualisation tools 
are what give meaning to data.  
 
The current state-of-the-art with respect to access to data can best be described as ad-hoc. 
The most common methods of sharing data is apparently either using websites or sending 
them via e-mail on request. Data is often offered in various formats – spread sheets, 
database files, text files, etc. There is in general little information as to its quality and as to 
where and how data is archived. And when data is being publicly accessible it is often not 
easy to extract relevant information as shown in a recent study [Casagrandi and Guariso 
2009].  
 
The situation with respect to access to simulation models is generally better than that of 
data. Simulation models are often documented using scientific articles and, recently, 
journals such as Environmental Modelling and Simulation have “software availability” 
sections [Casagrandi and Guariso 2009]. Like data, simulation models are mostly made 
available on the web as downloadable software packages. However, configuring and using 
them remains a challenge.  
 
The third type of digital resources are tools used for processing or visualisation of data. 
Geographical information systems provide with good examples. Another recent and more 
promising generic visualisation tool is “ManyEyes” [Viegas et al. 2007]. ManyEyes is a 
data visualization platform offering a wide array of data representations possibilities.   
  
2.2 Meta repositories  
 
Access to digital resources is facilitated by storing them in digital repositories. Meta 
repositories, on the other hand, aim at solving the problem of how to find digital resources 
and are seen as an important component of any e-infrastructure. However, the terms 
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repository and meta-repository are used with diverse and interchangeable meanings. Many 
efforts that aim to providing scientific data by putting them in repositories also provide 
meta data facility that enables search and discovery of data. Here a repository means a 
storage of digital resources and meta-repository means a repository that contains only meta-
data about digital resources that are stored or located elsewhere.  
 
Meta repositories are yellow pages like catalogues that help seekers to find digital 
resources and providers to advertise themselves and their digital resources. In an ideal 
situation, like in yellow pages, providers of digital resources publish meta-information 
about themselves and their digital resources on a centralized and well recognized meta-
repository. Within the environmental research community the state-of-the-art with respect 
to the provision of meta-repositories can be described as ad-hoc. That is for instance the 
case with UN stat, UN data and many national and institutional (meta) repositories. Within 
the broader IT community, state-of-the-art in providing meta-registries is based on the 
Universal Description Discovery and Integration (UDDI) specification. UDDI provides a 
uniform way to describe services and facilitates their discovery.  
 
2.3 Coupling of digital resources 
 
An ever growing demand of authorities for a more realistic models upon which they aim to 
improve their decisions has led researchers to find ways of combining data, simulation 
models and tools into a complex but more realistic models. Increased computational 
possibilities have also made it possible that this ambitions goal can finally be addressed.  
 
Within the environmental research community a significant breakthrough was the 
development of software frameworks for the integration and linking of environmental 
models such as the Open Modelling Interface (OpenMI) specification [Gregersen et al. 
2007], the Object Modelling System [Kralisch et al. 2005], the Common Component 
Architecture [Bui et al. 2008], and others. For instance, OpenMI makes it easy to couple 
models in the hydrological domain and is gaining more and more acceptance within the 
environmental research community.   
 
3. THE SOA PARADIGM 
 
A widely accepted technique for building large, flexible and loosely coupled systems is 
Service Oriented Architecture (SOA). SOA is typically used as an integration mechanism. 
It enables software developers to integrate pieces of software or software functionalities 
across heterogeneous technological platforms; it enables also integration of software across 
organizational boundaries. SOA is also viewed as a means of leveraging existing 
investments in data and software development [Arsanjani et al. 2003; Srinivasan and 
Treadwell 2005]. In addition, SOA enables a modular approach to software development.  
 

 
Figure 1. The SOA paradigm 

 
The SOA paradigm provides a blueprint on how to compose easily a new application from 
existing ones – called web services. SOA is based on distinguishing three distinct roles of 
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software developers and software tools: client applications (application composers), 
registries or meta repositories (brokers), and web services (web service providers). Service 
providers offer services; a service broker holds information about services, and service 
clients browse & find web services using service brokers. Figure 1 depicts how that works.  
 
The SOA approach involves a set of specifications, the most important specifications are 
SOAP, WSDL and UDDI. The SOAP (Simple Object Access Protocol) specification 
provides a standardized way to send and receive messages over the web between the client 
application and web services. The WSDL (Web Service Description Language) 
specification provides a standardized way of describing what a web service is capable of, 
including required inputs and produced outputs. The UDDI specification provides a 
standardized way of  prescribing how to use a service registry that holds information about 
service providers and their web services [Curbera et al. 2002]. 
 
To realize an e-infrastructure based on the SOA paradigm, a number of factors should be 
considered. Firstly, the SOA principle requires that digital resources should be made 
available as web services. This means existing resources (data, models, and tools) should 
be ‘converted’ to web services. Since web services have a uniform standard interface they 
will enable all digital resources to be accessed in the same standard way. Secondly, the web 
services research is moving towards stateless services, where Representational State 
Transfer (REST) principles apply [Fielding 2000]. However, almost all non-trivial software 
systems need to preserve state and transaction information. The statelessness of web 
services should, thus, be addressed, by using a middleware that preserves state information. 
Lastly, e-infrastructures are mostly associated with grid computing, and quite a huge 
investment has already been made to build grid technologies and infrastructures [EGI_DS 
2009]. A service oriented e-infrastructure could complement existing grid infrastructures 
by enabling applications that run on grid platforms to be accessible as web services. 
 
SOA is an area of study within software engineering and it mainly concerns software 
developers. Researcher teams often build software tools out of necessity for isolated and 
specific purposes. However, the capacity for modelling complex systems is often beyond 
the resource capacity of independent research teams. Therefore, the SOA paradigm is being 
proposed to enable the reuse of existing pieces of software systems with the environmental 
research community. If complex systems have to be built they can better be built by reusing 
the works of many others.  
 
4. AN E-INFRASTRUCTURE FOR ENVIROMENTAL RESEARCH 
 
We envisage that future e-infrastructures will be based on software frameworks that will 
enable researchers to easily and quickly create environmental software applications entirely 
out of existing components. Researchers without software programming expertise will be 
able to “drag and drop” icons on screen that represent digital resources and “link” them 
together to create the desired environmental information or decision support system. There 
will be no need to ‘download’ data, models nor software libraries. To ‘compose’ new 
environmental applications from existing digital resources no software code will have to be 
written. The software applications created will be pieces of configuration files and 
workflow scripts that run in a software framework. 
 
For such frameworks to be realized, an e-infrastructure is required that consists of a wide 
selection of web services, repositories with rich semantic annotations of web services, 
workflow middleware’s that preserve status and transaction information, and mechanisms 
for linking to existing grid e-infrastructures.  
 
4.1 Providing environmental digital resources as web services 
 
The first step in building an e-infrastructure based on SOA is to provide digital resources as 
web services. New digital resources can be designed to become available as web services. 
Converting existing software or databases to web services is in most cases not a 
straightforward matter; thus, a systematic approach is required. In literature we find two 
approaches. In the first approach existing resources are converted to web services 
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manually. Zhang and Yang (2004) identify three methods to convert existing resources to 
web services, based on the extent to which existing software (sometimes referred to as 
legacy software) is going to be opened up and modified. They are white-box, black-box and 
mixed methods. A white-box method refers to redesigning or modifying of existing 
software source code. This method requires often a substantial effort and a good 
knowledge of the existing system. The main advantage of a white-box method is that the 
resulting new system will be well suited to the new purpose. A black-box process leaves 
the original software intact and uses “adapters” which are web services whose sole role is 
to pass messages to and from the existing system. This is sometimes the only option, when 
original source code is not available, or the existing system is too complex and costly to 
modify. The third way is a mixed method, in which, a partial redesign and implementation 
of the existing system is required.  
 
As the manual approach is quite expensive, a second approach that aims at simplifying and 
automating the process is proposed. Towards simplification drives the adoption of widely 
used interfaces, such as relational database SQL (Structured Query Language) commands, 
as demonstrated by Amazon’s Relational Database Service (RDS) 
(http://aws.amazon.com/rds/) and GIS (Geographic Information System) visualization 
services. Towards automation drives the adoption of rich semantic annotations of the 
interfaces of existing applications. Semantic annotations of the interfaces enables the 
generation of software source code for wrapping existing models as demonstrated in 
Athanasiadis and Janssen [2008]. Semantic techniques are also effective methods of 
creating new web services by composition from existing web services [Sirin et al. 2002; 
Rao and Su 2005]. Figure 2 summarizes these approaches. 
 

 
Figure 2. Manual and (semi-) automatic methods of converting existing digital resources 
into web services.  
 
4.2 Semantic annotations  
 
The second important component of building the future e-infrastructure based on the SOA-
paradigm consists of documenting and cataloging of web services in a semantically rich 
manner. In SOA, web services and their respective publishers are documented according to 
two specifications, WSDL and UDDI. A WSDL document specifies the interfaces of web 
services, while a UDDI document specifies information required for cataloguing of web 
services [Overhage and Thomas 2009]. While publishing meta-information to SOA 
registries can easily be automated, and indeed is often automated, finding the right web 
service is essentially a manual activity. The client application developer (application 
composer) should do the search and make the judgement if the web services found are the 
right ones for the purpose. Once the developer decided that a web service has been found  
then its WSDL document is used to generate source code that can be used in the client 
application.  
 
The idea of semantic annotation is a key part of the creation of the visionary semantic web. 
The semantic web vision is to define and link information on the web in such a way that 
computers can deduce meaning and use the information autonomously. A richer 
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documentation using semantic annotations of web services means advanced service 
discovery, orchestration and composition will be a possibility.  
 
The preferred method of creating semantic annotations is using ontologies. Ontologies have 
been used to model declaratively the interfaces of components and sometimes the actual 
logics from which software code is generated in anatomised process [Athanasiadis and 
Janssen 2008; Rizzoli et al. 2008]. Standard specifications such as UDDI can also be seen 
as a means of semantic annotation.  For instance, Overhage and Thomas [2009] proposed a 
number of improvements to UDDI specification to enhance the description of web services 
and their providers thereby to improve web service discovery and configuration.  
 
The problem of using specifications as a mechanism for semantic annotation is that both 
the creation and improvement processes of specifications are very slow and tedious. 
Ontologies on the other hand can be developed relatively quickly and have an added 
advantage of being verifiable or provable. An important advantage of specifications is that 
specifications, especially those related to the semantic web, are well recognized and at the 
same time organized at different abstraction levels for reuse. Many ontologies, on the other 
hand, lack wide spread recognition and are less frequently reused. An approach often used 
to promote reuse is to organise ontologies based on layers, from generic to specific. For 
instance, Scholten [2008] proposes an ontological layer structure for three areas relevant 
for multidisciplinary environmental research, which include: ontologies for problems and 
their object systems, ontologies for processes including modelling, and ontologies for 
models and other problem-solving artefacts.  
    

 
Figure 3. Ontologies that can be used to semantically annotate web services and their 
interfaces organized in layers of reusability.  
 
Various ontologies can be used to semantically annotate SOA specifications. The aim of 
semantic annotation is to enable environmental researchers describe the desired 
environmental software as a series of interrelated tasks which then can be mapped to 
suitable web services. To achieve this, various SOA documents (i.e. SOAP, WSDL and 
UDDI documents) associated with web services need to be semantically annotated. To 
organise and reuse ontologies that can be used inside SOA specifications we propose a 
class of ontologies organised in layers as shown in Figure 3. Layer 0 consists of basic 
concepts used in any ontology. Layer 1 contains generic ontologies relevant to any 
software framework, such as measurement units ontology or quality ontology codifying the 
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ISO ISO/IEC 9126 quality model. Layer 2 consists of domain ontologies of a given domain 
of application, in our case the environmental domain, such as ontologies for modelling 
processes. The last layer – layer 3 – consists of specific extensions relevant for each 
specification used in the SOA architecture such as those recommended extensions by 
Overhage and Thomas [2009]. 
 
4.3 Workflow management 
 
Web services are stateless and ways have to be found to preserve state information between 
invocations. The current approach to solve this problem is using workflow management 
systems. Currently there are two approaches to workflow management: Scientific 
Workflows and Business Process Modelling (BPM). Though both scientific workflows and 
business process modelling approaches aim at modelling and execution of workflows, both 
have evolved along different paths. Comparative studies show that the main reasons for 
these different approaches are the data intensive nature and the need for experimentation in 
scientific workflows, while the focus in business processes lies in supporting various users 
with differing roles [Barga and Gannon 2007; Ludäscher et al. 2009; Yildiz et al. 2009]. 
The need for supporting various users with differing roles is indeed vital in 
multidisciplinary research because different researchers with diverse expertise and roles are 
involved. An example of this last is the Modelling Support Tool (MoST) developed to 
support multidisciplinary modelling [Scholten et al. 2007]. However, MoST supports only 
manual activities and there are no facilities for web service invocation or automation of 
tasks. Recently there are promising efforts in using broadly accepted standards for business 
process modelling such as BPEL (Business Process Execution Language) for scientific 
workflows [Candela et al. 2007; Clementi et al. 2008]. An advantage of adopting BPM 
standards is the widespread support from the software industry to the standards, and as a 
consequence the availability of industrial strength software implementations [Barker and 
van Hemert 2008]. Using BPM for scientific workflows approach is not without 
shortcomings as outlined by Ludäscher et al. [2009]. These shortcomings are more critical 
for research in which computational experiments are conducted and few human 
interventions are required. We believe that in large multidisciplinary research the stated 
shortcoming are less critical or even not shortcomings at all. We agree, however, with 
Ludäscher et al. that further research for “cross-fertilization” of the two approaches is 
beneficial.  
 
4.4 Link to grid e-infrastructures  
 
An SOA based e-infrastructure is in principle complementary to a grid based e-
infrastructure. While an SOA-approach solves the problems of the service client (whether it 
is for accessing data or computing facility) by making remote access to software possible, a 
grid-approach solves performance problems service providers may have by enabling them 
to run their applications on multiple computers. Combining both approaches (i.e. by 
making grid-based applications accessible as web services) will result in a synergy that is 
important, especially when high performance computation is required by some web 
services. Good examples in which SOA is used as ‘top layer’ for the purpose of combining 
distributed services while the grid approach is used as a ‘lower layer’ for the purpose of 
sharing computational resources are the CYCLOPS [Mazzetti et al. 2009] and DILIGENT 
[Candela et al. 2007] software systems.  
 
5. CONCLUSION 
 
In this paper, we have reviewed fragmentary developments in e-infrastructure technology 
for multidisciplinary environmental research. Though our review is not comprehensive, it 
shows the need for a systematic approach. We envisage an e-infrastructure that will enable 
multidisciplinary teams to compose environmental software applications, whether they are 
models, information systems or decision support systems, from existing digital resources 
(data and software) using the SOA architecture. We identify four areas where work is still 
required. The first is providing digital resources as web services using different 
approaches, from re-designing existing software to automated conversion of existing 
resources to web services. The second is semantic annotations of web services to enable 
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service discovery as well as the creation of new web services through automated 
composition of web services. We propose augmenting existing SOA specifications with 
ontologies and a layered approach to organising various ontologies to promote the reuse of 
existing ontologies. The third area of focus is on managing state information since a 
number of interdependent web services are used in an application. We propose the adaption 
of widely accepted standards for business process management that focuses on supporting 
diverse users in a workflow. Finally, any future e-infrastructure based on the SOA 
paradigm need to exploit the already existing grid infrastructures. This last is particularly 
necessary since many large scale environmental models may need to run on grid e-
infrastructures for performance reasons. These grid-based software applications need to be 
made available as web services in order to create the synergy of high performance of grid 
infrastructures with loose coupling and easy access of web services. 
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Abstract:  Information systems supporting the delivery of conservation technical 

assistance by the United States Department of Agriculture (USDA) to agricultural 

producers on working lands have become increasingly complex over the past 25 years. 

They are constrained by inconsistent coordination of domain knowledge across databases, 

business applications, science models, and other repositories. The extent to which they 

interoperate is due to implicit understanding of core concepts across business interests. 

Domain knowledge has been embedded in policy and technical documents for more than 

60 years, and with the advent of computing systems, some transformed into metadata of 

entity-relationship models and data dictionaries. However, these metadata usually are not 

transparent outside the particular business interests involved. A core conservation ontology 

and knowledge base (COKB) has been developed to work towards resolving these 

limitations.  The COKB establishes core domain classes and their relationships for area of 

interest, assessment unit, management unit, response unit, management effect, 

conservation practice, management system, land use, land cover, management period, and 

management operation.  It provides the foundation for a conservation delivery 

streamlining initiative. 
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1.  INTRODUCTION 

 

USDA delivers conservation programs legislated by Congress by providing technical and 

financial assistance to cooperating land owners and operators.  Conservation assistance 

facilitates actions taken to sustain natural resources on agricultural working lands in the 

country.  The planning and application of conservation addresses soil, water, plant, 

animal, air, and energy resource concerns, and also is influenced by social, economic, and 

cultural considerations.  The programs are delivered using a conservation planning and 

application process that involves resource inventory, analysis of problems and 

opportunities, formulation and analysis of alternatives, application of a selected 

alternative, followed by monitoring, adjustment, and maintenance of the applied solution 

[USDA-NRCS 2006].  The data and information associated with the process are managed 

in a conservation plan developed and maintained with the land owner or operator.   

Currently there are more than 1 million active conservation plans covering more than 120 

million hectares, managed in a central database that has been upgraded through our life 

cycles since 1988.  To improve system efficiency, streamline business processes, integrate 

new natural resource science, and effectively assimilate knowledge from a variety of 

formats, this paper describes a Conservation Ontology and Knowledge Base (COKB).  The 

COKB underpins the data architecture of the USDA Natural Resources Conservation 
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Service (NRCS) Conservation Delivery Streamlining Initiative called CDSI [USDA-NRCS 

2009a].  The initiative revamps the conservation delivery business model, with an 

emphasis on expanding and improving science-based technical assistance. 

 

 

2.  MATERIALS AND METHODS 

 

Core conservation planning and application domain concepts are found in the USDA-

NRCS National Planning Procedures Handbook [USDA-NRCS 2006] and technical guide 

policy [USDA-NRCS 2007].  Domain concepts also are expressed in entity-relationship 

models, data dictionaries, and database schemas for business application databases, such 

as the National Conservation Planning (NCP) database and the electronic Field Office 

Technical Guide (eFOTG).  These sources were leveraged to create the domain classes and 

properties of the COKB.   The classes and properties then were compared with concepts, 

parameters, and data definitions of agro-environmental models having priority to support 

conservation program delivery:  (1) SWAT - Soil and Water Assessment Tool [Neitsch et 

al 2005]; (2) APEX - Agricultural Policy/Environmental Extender [Williams et al 2008]; 

(3) RUSLE2 - Revised Universal Soil Loss Equation [USDA-ARS 2008]; (4) AgES-

Watershed [Ascough et al 2009]; (5) WEPS - Wind Erosion Prediction System [Wagner et 

al 1996]; (6) PRMS - Precipitation and Runoff Modeling System [Markstrom et al 2008], 

(7) SPUR2 - Simulation and Production of Rangelands [Baker and Hanson 2002], and (8) 

CENTURY carbon [Parton et al 2001].  These models collectively form a science 

foundation for the conservation planning and application process, and their integrated use 

requires the application of common core domain concepts.  Although these models have 

been developed for different purposes at different times, common threads were evident, 

and the task involved adjusting COKB classes and properties to reconcile differences.  The 

core domain concepts were entered into Protégé 4.0.2 and rendered in Web Ontology 

Language (OWL) / Resource Description Framework (RDF) format.  The concepts were 

established as classes (subclasses), properties, and individuals.  Some classes contain few 

individuals and therefore are maintained in OWL/RDF format.  Other classes contain 

many to millions of individuals and reside in relational databases.   

 

 

3.  CORE CONSERVATION DOMAIN CLASSES 

 

The following domain classes have been established to support CDSI and the integration 

of science model services.  They are listed in alphabetical order, and within each section 

their relationships to other classes (bold font) is described.  Figure 1 displays the core 

COKB classes and their relationships. 

 

 

3.1  Area of Interest (AOI) 

 

Definition: a geographical area encompassing the areas to be analyzed by the 

conservationist.   An AOI is a bounding box, a rectangular or irregular polygon.   With a 

business software application, the user zooms to an area on a digital map, delineates and 

sets the AOI.  One or more assessment areas are found within an AOI.  An AOI can 

overlap with one or more other AOIs.  Although AOI may seem merely a convenience for 

geospatial software applications, it conveys business meaning: the area containing the 

entire resource problem space to be analyzed.  None of the 8 models specifically include 

AOI as a geospatial entity.  APEX contains the concept of a study containing areas called 

sites for resource analysis.  Sites contain subareas, which correspond to the management 

unit domain described below.   Geospatial interfaces to some models involve zooming to 

an area on a map where the analysis will be performed, and the COKB standardizes the 

concept across models.  AOI and the classes Assessment Area, Management Unit, and 

Response Unit defined later are polygons, and in that context the terms “area” and “unit” 

are synonymous.  Further standardizing terms in the COKB will occur in subsequent 

versions. 
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Figure 1.  Conservation Ontology and Knowledge Base (COKB) core classes and their 

relationships. 

 

 

3.2  Assessment Area 

 

Definition:  a geographical area inventoried and analyzed for the effects of management 

on one or more resource concerns.  An assessment area is a polygon, for example  a farm, 

part of a farm, a watershed, or a river basin.  A farm split into two separate areas 

corresponds to two assessment areas.  One of the first inventory steps is to identify one or 

more resource concerns for an assessment area.  Another step involves delineating one or 

more management units within the assessment area.  Various model terms are 

synonymous with assessment unit:  site in APEX; basin or watershed in SWAT, AgES-

Watershed (WS), PRMS, and SPUR2; and ranch in SPUR2.   These models route water 

and pollutants through an area synonymous with assessment area.  The RUSLE2, WEPS, 

and CENTURY models do not contain routing and therefore do not employ the assessment 

unit concept.  However, model users usually apply output from these models to areas of 

land that aggregate to an area synonymous with assessment area.  For example, the user 

may use RUSLE2 to estimate erosion rates in each of the fields of a farm, where the farm 

is the assessment area. 
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3.3  Conservation Practice 

 

Definition: a physical structure (e.g. dam, terrace, well), vegetative measure (e.g. filter 

strip, cover crop), or set of management operations (e.g. residue management, pesticide 

management) that imparts a beneficial effect on one or more resource concerns.  The 

number of nationally approved conservation practices [USDA-NRCS 2009b] has 

fluctuated between 150-175 through the years, maintained by NRCS national and state 

technical committees .  Each practice conforms to a standard, and contains design criteria, 

specifications, and an expected life.   All of the models except PRMS require land 

management inputs to calculate their outputs.  Although most inputs are associated with 

management operations described below, some are found in the conservation practice 

domain.  For example, APEX must know the depth and drainage rate from a subsurface 

drainage practice applied to a management unit.  This data must be mapped to the 

appropriate model input file. 

 

 

3.4  Land Cover 

 

Definition: the biophysical cover on a management unit during a management period.   

Land cover parameters are required by the models that calculate biomass affecting 

infiltration, runoff, forage production, and other outputs.  Land cover includes cultivated 

crops, seeded pasture, and natural plant communities.  It also could include bare ground, 

asphalt, or other non-vegetative cover.  APEX, SWAT, AgES-WS, and WEPS have 

adapted plant growth model components from the Erosion Productivity Index Calculator 

(EPIC) model [Williams et al 1984].  RUSLE2 applies other equations to adjust vegetative 

production to estimate canopy and residue effects on erosion.  APEX uses RUSLE2 

equations to estimate erosion and sedimentation, and APEX plant growth computations 

provide input to RUSLE2 calculation of canopy and residue effects.   The plant growth 

components of SPUR2 and CENTURY are different from the others, conceptually rooted 

in ecosystem modeling.  PRMS does not have a plant growth submodel, but requires plant 

cover type and density data for calculations that estimate effects on interception, 

infiltration, and runoff.  Land cover will contain at least two, and probably three, domain 

subclasses in the short run to accommodate the requirements of the 8 models.  The Unified 

Plant Growth Model (UPGM) attempts to reconcile and integrate the crop (EPIC-based) 

and rangeland (ecosystem-based) approaches, including an expanded plant/crop database 

[McMaster et al 2005]. 

 

 

3.5  Land Use 

 

USDA designates 15 land uses for conservation planning and application [USDA-NRCS 

2006]: Crop, Forest, Grazed Forest, Grazed Range, Hay, Headquarters, Mined, Native or 

Naturalized Pasture, Natural Area, Pasture, Recreation, Urban, Water, Watershed 

Protection, and Wildlife.  Land use is associated with a management period of a 

management unit.  

 

 

3.6  Management Effect 

 

Definition: the effect of a management system applied by the land manager on a resource 

concern.  Management effects of conservation systems are called conservation effects.  

The difference between a conservation effect and its corresponding benchmark condition 

effect (see section 3.9) is termed the conservation impact.  All 8 models calculate 

management effects corresponding to resource concerns.  For example, RUSLE2 calculates 

the effect of a management system on the sheet/rill erosion resource concern.  Available 

models collectively do not estimate effects for all resource concerns (Table 1), leading to 

1871



J.Carlson et al. / A Conservation Ontology and Knowledge Base to Support Delivery of Technical Assistance to 
Agricultural Producers in the United States 

 
alternative methods.  NRCS maintains conservation practice physical effects (CPPE) 

matrices, which scores effects of conservation practices on resource concerns reflecting the 

judgment of conservation experts in the region.   

Table 1.  Resource concerns addressed in the delivery of USDA conservation technical 

assistance and models that calculate effects of management on these concerns. 

 

Resource Concern Applicable Models 

Soil Erosion  

Sheet/Rill, Wind, Irrigation RUSLE2, WEPS, APEX, SWAT, AgES-WS 

Gully  

Streambank, Shoreline  

Roadbank, Construction Site RUSLE2 

Soil Quality  

Organic Matter Depletion APEX, SWAT, CENTURY 

Organic Matter Oxidation APEX, SWAT, CENTURY 

Salinity / Contaminants APEX 

Nutrient Cycling APEX, SWAT, CENTURY 

Compaction  

Water Quantity  

Excess Water APEX, SWAT, AgES-WS, PRMS, SPUR2 

Insufficient Water APEX, SWAT, AgES-WS, PRMS, SPUR2 

Inefficient Use APEX, SWAT, AgES-WS, SPUR2 

Water Quality  

Sediment APEX, SWAT, AgES-WS, RUSLE2 

Nutrients APEX, SWAT, AgES-WS 

Pesticides APEX, SWAT 

Pathogens APEX, SWAT 

Salinity APEX 

Air Quality  

Airborne Soil Particulates WEPS, APEX 

Greenhouse gases and ozone  

Chemical Spray Drift  

Odors  

Plants  

Quantity, Diversity, Health, Vigor APEX, SWAT, AgES-WS, SPUR2 

Declining Populations 

(Threatened/Endangered) 

 

Animal  

Domestic Livestock – Food, Cover, Water SPUR2, APEX 

Terrestrial Wildlife – Food, Connectivity, 

Cover, Water 

SPUR2 

Aquatic Wildlife – Structure, Food, 

Water, Temperature 

 

Declining Populations 

(Threatened/Endangered) 

 

Energy  

Conservation APEX 

 

 

3.7  Management Operation 

 

Definition: an operation during a management period, such as tillage, fertilizer 

application, irrigation, pesticide application, planting, harvesting, and grazing.  

Management operations contain detailed data important as inputs to most models.  The 

CDSI effort involves developing a Land Management Operation Database (LMOD), which 

standardizes management operation definitions and attributes.  Moving forward, model 

developers are expected to use LMOD directly, but this will require a transition period 
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during which LMOD data are translated to model specific management operations.  

LMOD leverages definitions and terms from the 8 models, starting with RUSLE2 crop 

management zone records and the management operations of the multi-resource concern 

models APEX and SWAT. 

 

3.8  Management Period 

 

Definition:  the period of time during which a set of management operations is applied.   

The period corresponds to producing and harvesting a crop, grazing livestock, etc.  A 

management period is part of a management system.  A management period is associated 

with one land use and one land cover.  For example, a management system may consist 

of a corn and soybean crop rotation.  The system can be divided into two management 

periods, one associated with growing the corn crop (land cover), and the other with 

growing the soybean crop.  All models except PRMS embody the concept of management 

period, where management changes through the simulation period.  The eight models run 

through daily time steps, and the periods during which the different land covers are 

managed must be known.  PRMS currently sets land cover type and density constant 

through the simulation. 

 

 

3.9  Management System 

 

Definition: the management operations, conservation practices, and other measures 

applied on management units.  A management system containing one or more 

conservation practices is called a conservation system.  A management system has a 

status:  active or non-active.  An active management system is the one being applied by the 

land manager.  A non-active system can be an alternative developed for the land 

manager’s consideration, or a system that was active in the past.  The COKB considers 

active and non-active systems to be subclasses of management system.  If the land 

manager considers adopting a new management system, the existing active system 

becomes the benchmark condition.  When a new alternative system is chosen, it becomes 

the active system, and the previous system is moved to non-active status, to the non-active 

subclass.  A management system has one land use; one or more management periods; 

and may have one or more planned or applied conservation practices.  Management 

system related data are fundamentally important inputs to all models, except PRMS.  

Model user data entry can be a time consuming process, and selecting from a database of 

pre-developed management systems is a viable option to reduce this burden.   

 

 

3.10  Management Unit 

 

Definition: an area of land designated having the same resource concerns and 

management.  A management unit can be congruent with the boundary of a field, the 

outside boundary of a set of fields, the boundary of a hydrologic unit, or other 

configuration that meets the definition.  Management units within an assessment area 

cannot overlap.  All 8 models contain the concept of management unit.  At the farm/field 

scale, a management unit may span ownership boundaries as long as it is operated the 

same by the same land manager.  For data management reasons, conservationists usually 

attempt to make management units as large as possible without sacrificing technical 

integrity and usability for the land manager.  At the watershed/basin scale, a management 

unit is congruent with a response unit.  Land use and management are assumed to apply 

to the entire response unit.   

 

 

3.11  Resource Concern 

 

Definition:  an expected degradation of the soil, water, air, plant, or animal resource base 

or energy efficiency to an extent that the sustainability or intended use of the resource is 

impaired.  USDA has maintained a nationally approved list of resource concerns in the 
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NRCS Technical Guide [USDA-NRCS 2007] for many years.  CDSI currently is revising 

the list of resource concerns, similar to the list shown in Table 1.  One or more resource 

concerns are associated with an assessment area.   A management unit and associated 

response units inherit the set of resource concerns from the assessment area.  Model 

services (or other methods) are engaged to calculate a management effect for each 

resource concern.  

 

 

3.12  Response Unit 

 

Definition:  an area of land to which one or more management effects are applied.  At the 

farm/field scale, the response unit often is congruent with the management unit, but 

sometimes the management unit is large or physiographically complex and will contain 

more than one response unit.  However, a response unit cannot contain more than one 

management unit.  At the watershed/basin scale, the response unit is a relatively large 

physiographic area not associated with farms and fields.  Land use and management is 

generalized for the response unit and in all cases the response unit is congruent with the 

management unit.  Response unit corresponds to the following model entities:  APEX 

subarea, SWAT sub-basin, AgES-WS hydrologic response unit, PRMS hydrologic 

response unit, WEPS region, SPUR2 sub-basin (watershed scale), and SPUR2 grazing unit 

(farm/ranch scale).  RUSLE2 soil loss is calculated along a transect, which often 

represents a user-defined area synonymous with response unit.  CENTURY output also is 

associated with a user-defined response unit. 

 

 

4.  DISCUSSION 

 

The COKB provides a significant part of the foundation for the CDSI data architecture, 

providing a bridge to agro-ecosystem models containing functionality to quantify the effect 

of management on resource concerns.  In the short term, these models are being mostly 

deployed as “black box” services, but in the longer term, they will be re-factored as 

automated services corresponding to specific resource concerns.  In the short term, CDSI 

business application data entry will be translated to data files understood by “black box” 

model services.  In the longer term, the re-factored model services will respond to business 

applications through the COKB in a more integrated manner.  CDSI spans business 

domains beyond those of the COKB.  Therefore the COKB is expected to be one of a 

family of ontologies and knowledge bases addressing the entire scope of conservation 

technical and financial assistance.  The ontology provides the conceptual basis for CDSI 

logical and subsequent physical data models, as well as a quality gate to maintain 

conceptual consistency across business applications.  The knowledge base contains or links 

to information not represented in databases, available to CDSI business applications. 

 

Creating the COKB is somewhat similar to the SEAMLESS effort in Europe leveraging 

semantic tools to build a relational database system and model chains for integrated agro-

environmental assessment [Athanasiadis et al 2009].  SEAMLESS is focused on 

integrating existing models and data stores into an integrated assessment system, whereas 

CDSI is focused on creating a new business model and must deal with transition of legacy 

system to the new model.  In either case, expressing domain concepts in ontologies can 

facilitate synchronization and interoperability across organization information systems 

now and in the future.  The CDSI model bases, as existing models are re-factored to 

science component services, also will standardize to leverage the controlled vocabularies 

of the CUAHSI Hydrologic Information System [Piasecki 2008] and to the extent feasible 

other accepted sources (http://aims.fao.org/website/Domain-Ontologies/sub).  

 

To fully establish the knowledge base of COKB requires connecting to the NCP and other 

large conservation databases and information sources.  This will occur as the CDSI data 

architecture is completed.  The ontology currently resides at http://oms.javagforge.org.  

This paper describes the first version of COKB, but frequent updates are expected as the 
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CDSI effort matures, and subsequent versions will be mediated through a formal change 

control process that includes opportunity for external review and comment. 
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Abstract: In this paper, we argue that integrated modeling is about integrating disciplinary 
discourses reflecting various points of view on a given system rather than only setting up a 
very complex model from the start, or putting together independently designed models . In 
our approach, we propose an integrated modeling environment, based on ontologies, to 
represent and articulate the various points of view. Accordingly the proposed framework, 
called MIMOSA, is based on two components: 1) a declarative component based on 
ontologies to describe the concepts, the modeled system using the described concepts, and 
its dynamics using an extensible set of formalisms, 2) an executive component based on 
DEVS (Discrete EVent System), used to map the declarative component into. Additionally, 
we describe the architecture to initialize and to observe the simulation. The originality lies 
in the way we are using ontologies and declarative modeling to design the model, the use of 
DEVS, as well as in supporting the whole process within a software platform. The 
approach is illustrated with a socio-ecological model for assessing the sustainability of 
community-based regulations in Madagascar. 
 
Keywords: complex system modeling, ontology, discrete-event simulation, conceptual 
model, modeling platform, simulation platform, multi-modeling.   
 
1. INTRODUCTION 
 
The first question is: what do we mean by modeling? Minsky [1965] provides a very broad 
but accurate definition: "A is a model of B for X if manipulating A allows to answer the 
questions of X on B". In our case1 A is any formal structure (set of differential equations, 
computer programs, etc.) that represents the aspects of B that are necessary and sufficient 
for answering a question of X by only manipulating A. If A represents aspects of B, 
therefore A is a form of knowledge representation in the semantic sense.  
The second question is: what do we mean by integrated modeling? Taking for granted that 
the question mainly arises for complex systems, a possible answer is to create a 
sophisticated model still retaining and articulating all the relevant aspects of B. But 
designing A directly from what we know about B appears as a challenge. This challenge 
can be overcome by building distinct models Ai of parts of B and then by plugging them 
together (object-oriented or multi-agent models appear as being the extreme of this idea). 
This multi-modeling approach raises the issues of merging multiple formalisms and of data 
compatibility among the models Ai. However the multi-modeling approach is more than a 
technical problem. It primarily is a multi-disciplinary problem where the question is the 
elicitation of the concepts used by the various disciplines (and even within a discipline 
from various points of view), their mutual understanding and, in fine, their articulation (if 
not theoretically incompatible).  
It exists a number of modeling and simulation platforms that allow sophisticated modeling 
like Swarm (Minar [1996]), Repast (Collier [2002]) or, more specifically, SME (Costanza 
et al. [2004]). Others provide the functionalities for combining models, inclusively written 
with heterogeneous formalisms or programming languages, like HLA (Kuhl et al. [1999]), 
platforms based on DEVS (Zeigler et al. [2000]) or, more specifically, OpenMI (Moore et 
al. [2005]). Finally some platforms provide easy (graphical) ways to specify the behaviors 

                                                 
1 This definition also entails the living models used by the biologists, e.g. the laboratory mouse. 
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like Repast Symphony, Stella (Richmond [2001]) or Atom3 (de Lara & Vangheluwe 
[2002]) using meta modeling. The later platforms illustrate what (Villa et al. [2009]) call 
declarative modeling. In the same reference, declarative modeling is opposed to semantic 
modeling where the formalization of the domain discourse is central. In most approaches 
the formalization of the domain discourse is made using ontologies (Gruber [1993]). 
However, few platforms actually propose to support knowledge-driven modeling by 
starting from ontologies, by using these ontologies to describe concrete systems, possibly 
combining various points of view, and finally by generating the simulation model (i.e. the 
mathematical or programming structure). The objective of this paper is to propose such a 
framework, called Mimosa, using ontologies for the system structure, declarative modeling 
for the dynamics, and using DEVS as the target formalism. 
The next section shall describe the overall framework including 1) the declarative 
component to represent the concepts, the dynamics, and their instanciation to describe the 
system, 2) the executive component to run the simulations, 3) the mapping between these 
two components, and finally 4) the initialization and the monitoring of the simulation. 
Then, we shortly present an application illustrating the framework possibilities before we 
conclude and present a number of perspectives.  
 
2. THE MIMOSA FRAMEWORK 
 
The MIMOSA framework includes two components. The declarative component is 
concerned with knowledge representation and therefore provides tools to describe what one 
knows about the system under study. It is called the declarative component because it is 
assumed to be endowed with a denotational semantics over the modeled system. The 
executive component is a formal structure endowed with an operational semantics that 
defines how the simulation is produced. A mapping between the declarative and the 
executive components is defined. 
 
2.1 The declarative component 
 
The declarative component is aimed at representing the knowledge we have about the 
modeled system and its dynamics. As argued in the introduction, we consider that modeling 
a system is beforehand a knowledge representation process. Consequently, it is not enough 
to describe a particular system, we have to also describe the concepts or categories we are 
using to describe the modeled system. We use the ontologies for knwoldege representation. 
According to Tom Gruber at Stanford University (Gruber [1993]), an ontology in the 
context of computer science is "a description of the concepts and relationships that can 
exist for an agent or a community of agents." The ontologies are based on descriptive 
logics where there is a distinction between the  terminological box (or T-Box) and the 
assertion box (or A-Box). 
The T-Box recursively defines new categories from a set of primitive categories using set 
theoretic operators (complementation, union and intersection) as well as semantic 
relationships called roles. The roles correspond to the relationships and attributes, an 
attribute being a relationship with a primitive category. The recursive definitions build the 
taxonomy of categories. The A-Box describes a particular system as a set of linked 
individuals as instances of the categories and the roles defined in the T-Box. A standard 
textual language based on XML exists for representing ontologies (OWL [2004]), but there 
is no agreed upon graphical representations. In Mimosa, we have chosen to use a simplified 
UML-like class diagram (Bommel and Müller [2007]). In the following, we shall call the 
T-Box the conceptual model (named T) and the A-Box the concrete model (named A). A 
conceptual model T is a tuple <PC,C,D,R> where PC is the set of primitive category 
names, C is the set of the non primitive category names, D defines each element of C from 
other categories of PC  C, R are tuples of RoleName×C×C defining the semantic 
relations. A tuple of R between an element of C and an element of PC is called an attribute. 
A concrete model A is a tuple <I,L> where I is a set of individuals instances of PC  C, 
and L are tuples of RoleName×I×I. 
In figure 1, the conceptual model for the stupid model (Railsback et al. [2006]) is 
graphically represented on the left and its corresponding concrete model is represented on 
the right. In the conceptual model, the category "Space" is described as a structured set of 
"Cell"s with a neighborhood relationship. The category "BugPopulation" is described as an 
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unstructured set of "Bug"s. The category "BugPosition" defines a mapping between the 
population of bugs and the space of cells. In the concrete model, we only have three 
individuals: an instance of "BugPopulation", an instance of "Space" and an instance of the 
position relationship. 
The use of ontologies was already suggested to formalize the modeling process itself like in 
the FEARLUS project (Pignotti [2005]), to annotate existing simulation components and to 
build a catalog of simulation formalisms and component types like in DeMO (Miller and 
Baramidze [2005], called semantic annotation in Villa & al. [2009]),  or to type the events 
exchanged among simulation components (Rizzoli & al. [2008], called semantic mediation 
in Villa & al. [2009]). However, it has been rarely proposed directly to specify simulation 
models. 
 

  
Figure 1. The stupid model with its conceptual and concrete version. 

 
The obvious limitation of ontologies is their inability to specify dynamics. In fact, it would 
be possible to provide ontologies for the various formalisms (differential equations, 
automata, petri nets, state charts, rule-based systems, etc.) and to use it to instantiate 
concrete process descriptions as it is made in AToM3 (de Lara & Vangheluwe [2002]). 
Villa & al. [2009] propose to use the ontologies by adding the causal relationships to 
describe the dynamics. However, it is very heavy or not fully integrated with the ontology 
of the system structure. 
We decided to directly associate to each category the chosen formalism and the associated 
declarative process specification. As an example, we can associate to the BugPopulation a 
population growth dynamics using a difference equation (pop(t+1) = 
pop(t)*popGrowthRate), to the Bug a food search strategy and to the Cell a food growth 
equation. We have chosen to associate the concrete processes to the categories because we 
consider that the process is homogeneous for each category in a model. Although the 
parameters can be different for each individual and the processes and the formalisms can be 
completely heterogeneous among the various categories. 
We finally come up with the declarative structure DS being a tuple <T,A,D>, where T is 
the conceptual model made of categories and taxonomic and semantic relationships, A is 
the concrete model made of linked individuals as instances of the categories and the 
semantic relationships, and D is a mapping of the categories of T (C(T)) into the pairs 
<fi,pi> (where fi is a formalism name and pi a process specification of which form depends 
on fi). Therefore, we assume, the existence of a set F of formalism names with for each fi an 
associated set of possible process specifications P(fi). 
 
2.2 The executive component 
 
The executive component is based on coupled DEVS models (see Ziegler [2000]) with 
some extensions as described by Müller [2009] together with the associated operational 
semantics. The operational semantics is based on discrete-event system simulation. A 
DEVS model is a tree structure of which leaves are atomic DEVS models and the root and 
intermediate nodes are coupled DEVS models. 
Structurally, an atomic DEVS model, we shall call an entity, is a box with input and output 
ports. A coupled DEVS model is such a box that contains a set of DEVS models with 
interconnected ports that include the input/output ports of the enclosing box (see figure 2). 
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Figure 2. DEVS models: (a) atomic, (b) coupled. 

 
Operationally, an atomic DEVS model is defined by a tuple: 

<X,Y,S, ext,int,con, ext,int,str> 
where X is the set of input events, Y is the set of output events, S is the set of (possibly 
continuous) states, ext the transition function in response to incoming external events (ext: 
SxXb -> S), int the transition function in response to the internal event (int: S -> S), con the 
confluent function when both incoming external events and the internal event happen at the 
same time, ext the function producing the outgoing external events, int the function 
scheduling an internal event after a given duration, str the function producing structural 
changes. There are some slight changes in the definition with respect to the standard one: 
 We make the distinction between the structural description (the entities) and the 

process specification (the operational DEVS model); 
 It is allowed to receive and produce sets of events as in //-DEVS in order to manage 

simultaneity; 
 int is another name for the time advance function usually called ta; 
 str produces events of which effects are to change the DEVS structure 

(creation/deletion of DEVS models and connection changes). This functions allows to 
describe dynamical systems with dynamical structures. 

Semantically, ext defines the reaction to incoming events. If nothing happens for a given 
time (int), events are issued (ext), an internal transition is made (int) and the structure is 
possibly changed (str). The operational semantics of a coupled DEVS model is recursively 
defined on the operational semantics of its components. In practice, the hierarchical 
structure is flattened defining a DEVS-bus where the atomic DEVS models are plugged 
and interconnected.  
We finally come up with the executive structure as a tuple <E, L, P>, where E is a set of 
entities, L is made of tuples <ei,outij,ek,inkl> where ei and ek are entities and outij and inkl are 
their output and input port respectively, P associates to each element ei of E its operational 
DEVS structure <X,Y,S, ext,int,con, ext,int,str>. 
 
2.3 Mapping the declarative structure into the executive structure 
 
The mapping from the descriptive structure into the executive model consists in mapping 
the annotated ontology <T, A, D> in the executive structure <E,L,P>. For the time being, 
it is defined as follows: 
 Each individual ai of I(A) is mapped onto an entity ei in E; 
 Each link between two individuals of A: <ri,aj,ak> is mapped onto a tuple < ej, ri,ek,in 

> in L, where ri is an output port of ej and in is the default input port for all the entities; 
 For each individual ai in A, if it is an instance of the category cj in C, then the 

operational DEVS structure <X,Y,S, ext,int,con, ext,int,str> is derived from the 
specification D(cj) and attached to ei. 

Of course, the way the operational structure is derived depends on the formalism in which 
the dynamics is expressed. If the formalism is DEVS itself, the derivation is one to one. 
Otherwise, it must exist for each available formalism: 
 Either a way to transform directly the process expressed in this formalism into the 

corresponding operational structure (compilation); 
 Or an already defined operational structure parameterized by the process description 

(interpretation). 
For example, for the differential equation formalism, it is enough to define int as the 
integration step, int as performing the integration, ext getting the variable values the 
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equation depends on and ext issuing the newly computed variable values. It has been 
shown that any formalism can be mapped into DEVS allowing a multi-formalism approach 
to modeling (Zeigler [2000]). 
Currently, we only consider the interpretation of the process specifications. The following 
formalisms are currently implemented: direct scripting of the DEVS functions using 
Python, Java, Scheme, etc., markov processes and state chart diagrams. More can be added 
when needed through a plugin architecture. 
 
2.4 Initializing and observing 
 
The executive component only partially defines the initial state of the simulation (the 
entities and their interconnections). It remains to define the initial state of each entity. By 
default, the initial state is generated from the attributes of the corresponding individuals 
and their values. However any source of information to set the initial state could be 
considered: files, databases, geographical maps, generators of various sorts (for example 
generators of random graphs). To achieve this, we introduce the possibility to annotate the 
individuals with initialization methods (see figure 3 where they appear as pseudo UML 
stereotypes of the corresponding individuals). The set of available initialization methods 
can also be extended through a plugin mechanism. 
Last but not least, the executive component must be monitored to understand the system 
dynamics and answer the question. Two strategies are possible for observing the evolution 
of the simulation state: 1) the active strategy consists in having each entity signaling its 
state changes, 2) the passive strategy consists in having each entity providing information 
on its state only on demand. 
The first strategy is systematic but very time consuming. The second strategy requires to 
separate the definitions of the sampling policy from the executive model execution. In 
MIMOSA, we provide the two possibilities: 1) for the active strategy, it is possible to 
associate to each process a set of probes to be issued at each state change. We added an 
additional output function probe to the operational DEVS structure called after each 
transition, 2) for the passive strategy, a pair of functions has been added to the operational 
DEVS structure in order to request and to get information on an entity state: log and log. 
Therefore, any entity can monitor the state of another entity with any strategy (fixed time 
steps, when some events occur, etc.). 
These observations have to be output in a certain way: visualized, saved in files, databases 
or maps, or directed to other programs. We, therefore, provide an extendable set of output 
components to which the probes can be directed (see figure 3). 
 

 
Figure 3. The concrete model with the initialization and output specifications. 

 
Finally, the parameters of the initialization method as well as the components of the 
visualization output can be grouped into a control panel specification that is used to 
generate the simulation control panel like in NetLogo or Stella (figure 4). 
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Figure 4. From the specification of the control panel (left) to the control panel of 

simulation (right). 
 
3. AN APPLICATION 
 
As an illustration, we shall present the architecture of a real-life application of the Mimosa 
platform: MIRANA a socio-ecological model for assessing the sustainability of 
community-based regulations in Madagascar. The Malagasy local communities managing 
forest resources have difficulties in assessing the impacts of the management plans they 
decide upon. To help them, we have designed an integrated model with the ecological 
processes, the various norms (zoning, quota, etc.) and the resulting inhabitants behavior in 
order to explore the impacts of scenarios. 
In MIRANA, the conceptual model is made of the set of ontologies (about 150 categories 
in total) describing 1) the actors of the system (households, community, etc.) provided with 
needs (food, money, etc.) and objectives (conservation, production, etc.), 2) the resources 
they are acting on (lands, animal and vegetal species, etc.), 3) the actions carried out by the 
actors on the objects (hunting, cultivating, etc.), and 4) the various norms regulating the 
actions. Figure 5 shows the ontology structure. For the dynamics, the actors are provided 
with planning mechanisms and the resources are provided with spontaneous processes 
(fertility dynamics, growth of biomass, etc.) as difference equations. In figure 5 the 
stereotypes under the concept names denote the used formalisms. 
The concrete model (figure 6) contains essentially the territory of the local communities, 
the households and the administrative structures. The structure of the actual landscape and 
the placement of the households and species in the landscape are generated from a database 
that describes the site. The configuration of a particular site with a given set of activities, 
ecological dynamics parameters, objectives and regulations is made using GIS and excel 
files loaded into a database to generate the simulation model through initialization methods 
(as stereotypes of the instances). 
The question is about the sustainability of the management plan in ecological, social and 
economical terms. Therefore the simulation produces indicators directly related to the 
sustainability issue. They are visualized and stored in the database through a set of output 
components. 
For the time being, only the surfaces of the habitats, the surface of cleared land, the soil 
fertility and the satisfaction rate of rice need are computed, and some sensitivity analysis 
are made by launching the Mirana model in batch mode using MatLab. 
 
4. CONCLUSION AND PERSPECTIVES 
 
We have presented a modeling and simulation framework, called MIMOSA, in which we 
are seriously considering knowledge-driven modelling in its broader sense. The ontologies 
are used for knowledge representation about the system structure, with the concepts that we 
need to describe the system (the conceptual model), and the instantiation of these concepts 
to model a particular system-(the concrete model). Because modeling is also about 
describing the dynamics of the system, we propose to attach the description of the various 
processes as <formalism, specification> pairs to the relevant concepts. For simulation, the 
target formalism and architecture DEVS has been chosen and a way to map the discourse 
onto the target architecture is presented. Additionally, we described an extensible 
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architecture to add new formalisms, initialization methods and output components 
(visualization, data storage). Finally, we shortly described a full fledge application to 
illustrate the possibilities of the proposed framework. An unexpected outcome of using 
Mimosa is the possibility with the conceptual model to actually describe a class of systems 
and, in doing this, to pave the way towards hierarchies of more or less generic and/or 
reusable models. An expected outcome of using Mimosa is the elicitation of the concepts 
used by various disciplines, opening the possibility to support not only multi-modeling but, 
more importantly, multi-disciplinary modeling. 
 

 
Figure 5. The list of ontologies on the left with a view of the actor ontology. 

 

 
Figure 6. The concrete model with its instances (rectangles) and its outputs (elipses). 

 
The perspectives are numerous. At the multi-disciplinary modeling level, a tool like 
Mimosa needs a methodology to actually design these conceptual models in interaction 
with a multiplicity of experts and even stakeholders. At the architectural level, we 
mentioned the possibility to also use the ontologies as meta-models to describe the process 
formalisms themselves. It is planned to actually add this possibility to Mimosa using the 
results of Atom3 (de Lara & Vangheluwe [2002]). In the same vein, we are using more and 
more ontologies to also describe the actions and the events that, in fine, are exchanged 
among the DEVS entities. Therefore, semantic mediation as mentioned in Villa & al. 
[2009] is also possible. The related perspective is to make the mapping from the declarative 
structure into the executive structure more sophisticated in order to actually translate these 

1883



J.-P.. Müller / A framework for integrated modelling: from ontologies to models 

event descriptions as event data types at the simulation level. Currently, the initialization 
methods are only used to specify the initial state of each entity but not parts of the coupled 
DEVS structure. An obvious perspective is to be able to generate sub-networks from the 
specifications (for the example, the complete cellular automaton structure) before running 
the simulation.  
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Abstract: Web applications are increasingly applied to provide access to the complex field of 
climate change related information. We review a sample of 32 applications that utilize maps in 
the context of web enabled access to climate change information in order to examine if the 
emergence of UI conventions across applications can be observed. 

Keywords: HCI, usability, consistency, web, maps, climate change 
 
 
1.  INTRODUCTION AND APPROACH 
 
For the evolving field of climate change impacts and adaptation there is evident need for 
facilitating access to related knowledge for a broad audience with different levels of expertise 
and information demands. Web technologies are increasingly being utilized to fulfill this 
demand, leading to a constantly growing variety of online platforms providing access to climate 
change related information. However, due to their inherent complexity, all aspects of climate 
change driven processes can hardly be covered by a single application. Rather, relevant 
scientific content may well be dispersed across several information platforms, each confronting 
the user with a proprietary user interface. It is known from Human-Computer Interaction (HCI) 
that conventions in designing user interfaces (UI) can facilitate the usage of interactive systems. 
Similarly, UI conventions for accessing climate change information could contribute to 
facilitated interaction across several information platforms that deal with various aspects of this 
complex field. A lack of such conventions, on the other hand, would indicate the need for 
usability improvements. This paper reviews a sample of existing web enabled climate change 
information applications to investigate if emerging conventions towards consistent user 
interfaces can be observed. The focus has been laid on applications that utilize maps to aid users 
in handling the complexity of climate change information. 

Complying with conventions in designing web sites can reduce users’ learning efforts and 
increase familiarity [Krug 2006]. In this sense the notion of conventions relates closely to the 
concept of consistency (for benefits and limits of consistency relating to the usability of user 
interfaces see, e.g., [Grudin 1989], [Nielsen 1989], [Kellogg 1989], [Chimera and Shneiderman 
1993], [Shneiderman 1998], [Pyla et al. 2006]). For the given purpose we investigated whether 
consistency concerning a set of tasks could be observed across the selected applications. 
Consistency across applications can be described as external consistency, as opposed to the 
internal consistency of a system or to its metaphorical consistency to real world features [Grudin 
1989]. If the same actions of the user have the same effect independent of the context, we can 
talk of action-effect consistency; if similar goals or tasks require similar sets of actions, task-
action consistency is given [Monk 2000]. 

We selected a sample (which is not meant to be comprehensive) of 32 web enabled applications 
that utilize maps to provide access to information in the context of climate change (table 1). 
Since it is not uncommon that organizations offer more than one application, e.g., to give access 
to different data or to offer different functionality, we included several applications provided by 
the same supplier and via the same portal (e.g., IPCC-1..4, IRI-1..4 or CW-1..3). We selected 
applications presenting one or both of the following aspects:  
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Table 1. Included applications 

#  Acronym Application / URL 

1 AdAt 
Adaptation Atlas 
http://www.adaptationatlas.org/index.cfm 

2 ADC-1  
ADAM Digital Compendium: Macro-economic-analysis - Direct impacts by sector 
http://adam-digital-compendium.pik-potsdam.de/macro-economic-analysis/direct-impacts-
1/impacts-by-sector/ 

3 ADC-2 
ADAM Digital Compendium II - Maps for drought and heatwave risks to crops 
http://adam-digital-compendium.pik-potsdam.de/risk-damage-maps/crop-risk-maps/crop-risk-maps-
adaptation/ 

4 AOC 
Act on Copenhagen: The impact of a global temperature rise of 4°C 
http://www.actoncopenhagen.decc.gov.uk/content/en/embeds/flash/4-degrees-large-map-final 

5 CCR 
Center for Climatic Research: IPCC Results 
http://ccr.aos.wisc.edu/model/visualization/ipcc/ 

6 CHM 
Global Warming: Early Warning Signs (Climatehotmap) 
http://www.climatehotmap.org/index.html  

7 CW-1 
The Climate Wizard 
http://www.climatewizard.org/ 

8 CW-2 
The Climate Wizard - Future Climate Models 
http://www.climatewizard.org/tnc/FutureClimateModels.html 

9 CW-3 
The Climate Wizard - Global Climate Change 
http://www.climatewizard.org/tnc/ClimateChange.html 

10 GLO 
Globalis – an interactive world map 
http://globalis.gvu.unu.edu/ 

11 IPCC-1 
IPCC Data Distribution Centre Visualisation 
http://www.ipcc-data.org/maps/  

12 IPCC-2 
Observed fields and GCM anomalies 
http://www.ipcc-data.org/java/visualisation.html 

13 IPCC-3 
Observed Regional time Series Anomalies 
http://www.ipcc-data.org/java/time_series.html 

14 IPCC-4 
SRES GCM change fields (IPCC 2001) 
http://www.ipcc-data.org/cgi-bin/ddcvis/gcmcf 

15 IRI-1 
IRI Indonesia Rainfall Analysis Tool 
http://iridl.ldeo.columbia.edu/maproom/.Fire/.Regional/.Indonesia/.Dekadal_Rainfall.html 

16 IRI-2 
IRI World Bank Climate Change Data Portal GHCN Station Temperature & Precipitation 
Variability Tool 
http://iridl.ldeo.columbia.edu/maproom/.Global/.World_Bank/.Climate_Variability/ 

17 IRI-3 
IRI Brazil Nordeste Climate Monitoring Map Room 
http://iridl.ldeo.columbia.edu/maproom/.Regional/.S_America/.NE_Brazil/ 

18 IRI-4 
IRI local monthly climatology of precipitation and temperature 
http://iridl.ldeo.columbia.edu/maproom/.Global/.Climatologies/Select_a_Point/ 

19 
NASA-
CTM  

NASA JPL ClimateTimeMachine 
http://climate.nasa.gov/ClimateTimeMachine/climateTimeMachine.cfm 

20 
NASA-
EO 

NASA Earth Observatory 
http://earthobservatory.nasa.gov/GlobalMaps/ 

21 NEO 
NEO - NASA Earth Observatorions 
http://neo.sci.gsfc.nasa.gov/Search.html 

22 NGeo 
National geographic: Global Warming Effects Map 
http://environment.nationalgeographic.com/global-warming/gw-impacts-interactive/ 

23 NPR 
NPR: Climate connections: a global journey 
http://www.npr.org/news/specials/climate/interactive/ 

24 PCIC 
PCIC Regional Analysis Tool 
http://www.pacificclimate.org/tools/select 

25 PIK-TE 
PIK - Potential Anthropogenic Tipping Elements in the Earth System  
http://www.pik-potsdam.de/infodesk/tipping-points/index_html?set_language=en 

26 ROL 
Rising ocean levels 
http://risingoceanlevels.com/ 

27 SERV 
Servir 
http://www.servir.net/en/america-latina-caribe  

28 UNEP 
UNEP Geodata portal 
http://geodata.grid.unep.ch/results.php 

29 WB-1 
Worldbank Climate Change Data Portal 
http://sdwebx.worldbank.org/climateportal/ 

30 WB-2 
Worldbank Climate Change Data Portal - GIS map 
http://sdwebx.worldbank.org/climateportal/home.cfm?page=gismap 

31 WeAD 
WeADAPT 3.0 KnowledgeBase browser 
http://www.weadapt.org/placemarks/#/ 

32 ZDF 
ZDF Folgen des Klimawandels (in German) 
http://www.zdf.de/ZDFmediathek/#/beitrag/interaktiv/222172/Folgen-des-Klimawandels 
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(i) Utilization of maps to display the spatial distribution of climate change related 
variables. Variables might as well relate directly to past, present or future climate (e.g., 
temperature), to impacts (e.g., crop risk) or to socio-economic information of interest 
in the context of climate change (e.g., population density). 22 applications in the 
selected sample utilize maps in this way. 

(ii) Utilization of maps to allow user-definable selection of a spatial reference for which 
additional information can be accessed. The degree of freedom in selecting spatial 
references can be different, e.g., allowing the selection of grid cells or being based on a 
set of clickable icons. The sample contains 20 applications that can be attributed to this 
group. 

We first give a rough outline of the sample concerning the climate change related content made 
available (sec. 2). In the subsequent sections we review the sample with respect to access to 
information on an application’s intended audience and objectives (sec. 3) and give an overview 
on twelve observed examples for external inconsistency (sec. 4). We conclude with a discussion 
of the results obtained (sec. 5).  
 
 
2.  CLIMATE CHANGE RELATED CONTENT OF THE SAMPLE  
 
Within the sample two domains can be broadly distinguished concerning the content made 
available. The first includes applications that provide access to climate variables only, like 
observed or projected temperature or precipitation data (e.g., IPCC-1..4, CCR). The second 
domain, which constitutes a slight majority in the sample, comprises applications that - solely or 
in addition to climate data - provide climate change related information such as on impacts or 
adaptation options (e.g., ADC-2, WeAD, WB-1, WB-2). A closer look reveals that content is 
offered in different combinations, including observed climate only (e.g., IRI-1), projected 
climate only (e.g., IPCC-4), and projected as well as observed climate (e.g., IPCC-1, CW-1). 
Other combinations include information on climate as well as on impacts (e.g., WB-2), or on 
impacts as well as on adaptation (e.g., AdAt).  

The majority of those applications in the sample that focus on climate data apply 30 year 
averages (e.g., the baseline period of 1961-1990) to determine the values of climatic variables, 
as is recommended for climate change science [Carter et al. 2001]. We also found applications 
that additionally provide 10year (IPCC-2) or 20 year periods (IPCC-1), one example uses a 50 
year base line (CW-1), another bases on 20 year periods (CCR). Temporal aggregations made 
available differ between applications (cf., e.g., CW-1, WB-2, IPCC-1, CCR) and can include 
annual, monthly and/or seasonal averages. The spatial coverage in the majority of the sample 
applications is global (e.g., IPCC-1..4, CW-1..3, ZDF, NASA-CTM), however, there are also 
several examples that restrict the spatial extent (e.g., IRI-1, IRI-3, IRI-4, ADC-1, ADC-2, ROL).  

Scenarios are a central concept in projecting future climate change, e.g., by running Global 
Circulation Models (GCM) [Randall et al. 2007] for a set of SRES emission scenarios 
[Nakicenovic and Swart 2000]. While some applications in the sample (e.g., IPCC-1, PCIC, 
CW-1) allow the user to explicitly choose from a variety of IPCC AR41 GCM runs for a choice 
of SRES emissions scenarios, others restrict the user to one SRES scenario (e.g., to A1B in 
CCR). Other applications provide impact projections for a specific increase in temperature, e.g., 
a +2°C scenario (ADC-2) or a +4°C scenario (AOC), yet another example from the sample 
offers the user to choose between five different severity levels of sea level rise (ROL). 
  
 
3.  STATEMENTS ON INTENDED USERS AND USAGE  
 
Gaining rapid access to information on intended audience and objectives can form an important 
step for first-time users in deciding whether an application deserves further exploration. Keeping 
this in mind, we examined the sample looking for statements on intended users and objectives. 
We did not perform an in-depth search but rather tried to identify information within limited 

                                                           
1 The sample also contained examples for access to former IPCC model runs (e.g., IPCC-1). 
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time, assuming that a typical user might proceed in a similar way. This means that some 
information might not have been perceived or interpreted as intended by application suppliers. 
Note also that there is a potential bias due to the fact that the sample includes several 
applications provided by the same supplier via the same portal. In these cases observed 
statements typically refer rather to the portal as a whole than to single applications provided 
there. However, the examination reveals that users can not expect consistent support in 
identifying intended users and usage across applications. According to observed existence or 
absence of information regarding target user groups and objectives, three different groups of 
application were distinguished (table 2).  

Table 2. Grouping according to observed statements on intended users and on objectives 

 Users Objectives Applications 
I  yes yes AdAt, IPCC-1..4, PCIC, SERV, WB-1, WB-2 

II  no yes ADC-1, ADC-2, CCR, CW-1..3, GLO, IRI-1..4, NASA-EO, NEO, WeAD 
III  no no AOC, CHM, NASA-CTM, NGeo, NPR, PIK-TE, ROL, UNEP, ZDF 

Table 3. Assignment of observed terms within group I to user group categories  

User group category Terms (examples) Applications 
policy makers / governments policy makers AdAt, WB-1, WB-2 

governmental organizations IPCC-1..4 
national, regional and local governments AdAt 
government PCIC 
national governments SERV 

researchers / academia climate change researchers IPCC-1..4 
educators IPCC-1..4 
researchers AdAt, PCIC 
universities SERV 

unassigned development practitioners WB-1, WB-2 
project team members WB-1, WB-2 
general public IPCC-1..4 
businesses AdAt 
donors AdAt 
industry PCIC 
private sector SERV 
NGOs IPCC-1..4, SERV  

The first group (I) gathers applications where both information on target users and objectives 
could be found. E.g., applications from the IPCC Data Distribution Centre (IPCC-1..4) and from 
the World Bank Climate Change Portal (WB-1, WB-2) have been attributed to this group. The 
IPCC Data Distribution Centre states to have been “designed primarily for climate change 
researchers” but also for “educators, governmental and non-governmental organizations, and the 
general public” (http://www.ipcc-data.org/index.html). Similarly the World Bank Climate 
Change Portal refers to “policy makers and development practitioners” as main audiences 
(http://sdwebx.worldbank.org/climateportal/). In addition to information on intended users, 
statements on the objectives could also be derived. E.g., the stated objective of the IPCC Data 
Distribution Centre is to “facilitate the timely distribution of a consistent set of up-to-date 
scenarios of changes in climate and related environmental and socio-economic factors for use in 
climate impacts assessments” (http://www.ipcc-data.org/ddc_about.html), and the World Bank 
Climate Change Data Portal aims to provide “quick and readily accessible climate and climate-
related data” (http://sdwebx.worldbank.org/climateportal/).  

The second group (II) gathers applications where a broad definition on objectives was found but 
no information on intended users was detected. Examples for this group are applications from 
the International Research Institute for Climate and Society (IRI-1..4) where to “enhance 
society's ability to understand, anticipate and manage climate risk in order to improve human 
welfare” is stated to be the objective (http://portal.iri.columbia.edu/portal/server.pt). Another 
example is an application provided by the Center for Climatic Research (CCR) which aims at 
“promoting public understanding of climate-related issues, including global change” 
(http://ccr.aos.wisc.edu/about/).  
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Finally, the third group (III) is composed by applications which seem to state neither user groups 
nor objectives addressed. 

Subsequently, we further investigated the first group of applications (the ones that provided 
information on intended users) for categories of users addressed. We perceived the existence of 
two major categories of stated users, ‘policy makers / governments’ and ‘researchers / academia’ 
(table 3). In fact, all applications of group I are present in the category ‘policy makers / 
governments’ and only two applications (WB-1, WB-2) have not been included also in the 
category ‘researchers / academia’.  

Note that these two categories were derived by aggregation and rephrasing of statements. For 
example, we gathered terms like ‘researchers’, ‘universities’ or ‘educators’ under a common 
category named ‘researchers / academia’. A similar strategy was applied in the case of the 
category ‘policy makers / governments’ to subsume terms such as ‘policy makers’ or ‘national, 
regional and local governments’. There were other intended users mentioned across 
applications, nevertheless, due to their heterogeneity, we could not formulate a clear category for 
their inclusion (see category ‘unassigned’ in table 3). To further elaborate these categories, a 
larger set of applications should be investigated. 
 
 
4.  OBSERVED EXAMPLES FOR EXTERNAL INCONSISTENCY  
 
4.1  Users can not expect a consistent approach to specify content for maps. 

The majority of the reviewed applications strive to integrate controls for content selection and 
the resulting map display into a user interface on a single web page. One example uses a 
separate web page for the selection of a variable and subsequently directs the user to a different 
page with the according map application, where temporal references can be selected (UNEP). 
Another example offers a multi-step wizard to pre-filter content to be displayed (AdAt). It is 
common for the observed applications to enable content selection based on familiar UI widgets 
(e.g., drop downs) that give an overview over selectable parameters and avoid syntactic input 
errors. Yet we could not observe a common approach in attributing subtasks - e.g., variable 
selection - to specific UI widgets. In the reviewed applications variable selection is offered as 
well via radio buttons (CW-1), checkboxes (WB-2), drop downs (IPCC-2), or lists (IPCC-1). 
Similarly, temporal references are specified using different widgets in different applications, 
e.g., together with selecting a variable using checkboxes (WB-2), together with selecting a 
variable using radio buttons (AdAt), using a combination of radio buttons and drop downs (e.g., 
CW-1), based on lists (IPCC-1) or on a set of drop downs (IPCC-2).  
 
 
4.2  Users can not expect consistent positioning of content selection widgets. 

Only two of the observed applications arrange controls for selecting content inside a map, either 
for the selection of a variable (WB-2) or of a different spatial context (NASA-CTM). It is fairly 
common to group the controls around the map, but the user should not expect to find controls at 
the same location across different applications. Basically there are four options for positioning 
controls around a map: above the map (A), below the map (B), to the left of the map (L) or to 
the right of the map (R). Within the sample we found various patterns in arranging controls 
around a map, including A; A+B; A+L; A+L+R; A+L; B+L; B+R; L; R. Similarly, UI widgets 
for subtasks are provided at different positions. E.g., variable selection is offered as well above 
the map (CW-1), to the right of the map (AdAt) or below the map (IPCC-1).  
 
 
4.3  Users can not expect consistent labeling of content selection widgets. 

The labeling of widgets applied for content selection was not found to be consistent over the 
reviewed applications. Observed strategies of attaching labels to widgets used for defining a 
temporal reference include ‘time period’ (CW-1), ‘time’ (IPCC-1), ‘period’ (IPCC-2), ‘time 
slice’ + ‘season’ (IPCC-4), ‘define years’ (UNEP), ‘time slice’ + ‘time of year’ (PCIC), ‘time’ + 
‘season’ (CCR), or omitting such a label (GLO). Similarly, examples of strategies of attaching 
labels to the controls for selecting a variable include ‘Climate Data’ (WB-2), ‘Measurement’ 
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(CW-1), ‘Field’ (IPCC-1), ‘Variable’ (IPCC-2), ‘Datasets’ (NEO), or omitting such a label 
(IPCC-3). 
 
 
4.4  Users can not expect a consistent strategy concerning immediate map update. 

We could not observe a prevalent approach concerning the update of maps after applying a 
change in the parameters defining the content to be displayed. While several applications 
provide direct update (e.g., WB-2, CW-1, NEO, AdAt, IPCC-1, ZDF, AOC, ROL), others 
require a separate button to be pressed before a change is applied to the map (IPCC-2, IPCC-4, 
GLO, PCIC). Thus, users have to be aware whether an immediate update in the display is not 
occurring, e.g., due to a performance related delay, or because an explicit update request is 
required. The sample contains as well examples that support the user in this respect by providing 
related feedback (GLO), and others that do not (e.g., IPCC-2).  
 
 
4.5  Users can not expect consistent access to and positioning of color legends.  

Color legends, typically indispensable to interpret visualizations, are in most of the observed 
applications displayed automatically. However, one application in the sample requires the 
legend to be activated by the user first (WB-2), and in another it is available only after selecting 
a different tab rider in the control section (AdAt). A great variety can be found concerning the 
positioning of color legends. Depending on the application, color legends can be found inside 
the map, either on the left (WB-1, ROL), on the right (WB-2, ADC-1, ADC-2) or at the bottom 
(IPCC-2), as well as to the left of the map (ZDF), to the right of the map (CW-2, UNEP, NASA-
EO) or below the map (IPCC-1, NEO, IRI-1, AOC).  
 
 
4.6  Users can not expect consistent access to text depicting current map content. 

The applications in the sample do not show a consistent approach on whether and where a short 
description depicting the content of the currently displayed map is provided. One approach 
observed is to completely omit additional text; the content of the visualization is then depicted 
solely by the selection status of the control widgets (IPCC-2, IRI-1, AdAt). One application uses 
a tabbed approach, allowing to access either the controls for content selection or the color 
legend; as a result the user can not view both parts of the required information at the same time 
(AdAt). Another approach found is to provide a subset of the text depicting the content within 
the color legend, so that required information is distributed over legend and parameter controls 
(WB-2). Finally, if explanatory text is provided, it is positioned differently in different 
applications: above the map (IPCC-4, UNEP, PCIC, AOC), below the map (NASA-EO, NEO, 
GLO, ADC-2), to the left of the map (CW-1, CW-3), as well as to the right of the map (CW-2, 
ZDF). 
 
 
4.7  Users can not expect consistent zooming strategies.  

Three different strategies towards zooming could be observed within our sample, namely (i) no 
support of zooming; (ii) zooming functionality by selecting from a set of maps for different 
spatial subsets, e.g., continents; and (iii) free zooming allowing a user-definable part of the 
current map to be displayed in greater detail. These strategies are not attributed to specific 
utilizations of maps. Instead, we found applications without support for zooming to be used as 
well for displaying the spatial distribution of data values (e.g., IPCC-2), for selecting spatial 
references to access time series (IPCC-3) or to provide access to additional information via 
clickable icons (PIK-TE). Similarly, support of free zooming is used as well with maps that 
display the spatial distribution of data values (IPCC-1, CW-1, CW-2, CW-3, WB-2), with maps 
used for time series selection (WB-1, IRI-2), and with maps providing clickable icons (CW-1, 
AOC, SERV, WeAD). Several examples in the sample adhere to strategy (ii) by providing a 
limited set of maps for predefined spatial subsets (e.g.,  PCIC, GLO, CHM, NPR, ZDF, NASA-
CTM). 
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4.8  Users can not expect consistent interaction metaphors for free zooming.  

Those applications that provide free zooming utilize a variety of interaction metaphors to this 
end, including scrolling the mouse wheel, dragging a slider, double-clicking a location in the 
map, or dragging a rubber band to specify a rectangular area on the map. Free text entry in 
coordinate boxes can be found as alternative or supplement to using a rubber band. In the 
considered applications, several different combinations of these zooming related interactions 
have been observed, including (i) double-click (WB-2); (ii) double-click + mouse wheel + slider 
(CW-1); (iii) double-click + mouse wheel + slider + rubber band + free coordinate entry (IPCC-
1); (iv) double-click + rubber band (UNEP); (v) mouse wheel (WeAD); (vi) slider (AOC). 
 
 
4.9  Users can not expect consistent spatial feedback.  

Suited spatial feedback can aid the user in fulfilling tasks like zooming or selecting a spatial 
reference. Yet only a few of the considered applications provide direct feedback on the latitude 
(lat) and longitude (lon) coordinates relating to the current position of the mouse cursor over a 
map (cf. WB-1, WB-2, IPCC-1, CW-1). Even within this small group the coordinates are 
displayed at different locations: below the bottom right map corner (WB-1), in the bottom right 
corner of the map (WB-2, IPCC-1) or in the left bottom corner of the map (CW-1). The 
sequence of the displayed coordinates differs as well and is displayed either (from left to right) 
as lat / lon (WB-1, WB-2, CW-1) or as lon / lat (IPCC-1). Labels are used to indicate the 
coordinates in two of these applications (WB-1, CW-1) and omitted in the other two (IPCC-1, 
WB-2). Only one of the applications in the sample provides direct feedback on the name of the 
country at the mouse cursor position on the map (ADC-1), while different strategies are 
followed in displaying country names and country borders on the map. Some applications use 
semantic zoom to display country names and country borders after a certain zoom level is 
reached (e.g., WB-1, WB-2, CW-1, CW-2, WeAD). Other display only country borders (IRI-2, 
ADC-2, NASA-CTM) or only borders between land and sea (e.g., IPCC-1, IPCC-4, NGeo). A 
last group neither displays borders or country names on the map (cf. IPCC-2, NPR, AOC). 
 
 
4.10  Users can not expect a consistent approach in accessing time series plots.  

Only a subset of the considered applications support access to plots of geo referenced time 
series. Spatial references taken into account vary between applications and include grid cells 
(e.g., IPCC-3), stations (IRI-2) or administrative units like countries (GLO, CW-1) or districts 
(IRI-1). The spatial reference is selected either by clicking on the map to define a location (WB-
1, IRI-1..4) or by defining a rectangular area by dragging a rubber band or typing coordinates 
(IPCC-3). One example displays a time series plot if the user has parameterized the map to show 
historical data and additionally selects to zoom to a country using a drop down (CW-1).  
 
 
4.11  Users can not expect consistent configuring and display of time series plots.  

Some applications in the sample provide plots of predefined time series that apparently can not 
be further parameterized (e.g., CW-1, IRI-3). Another example provides controls to specify a 
variable and a temporal reference after a location has been selected by clicking the map. The 
controls are made available below the map; the parameters have to be entered again after a new 
location is selected (WB-1). Another application provides controls to configure variable and 
temporal reference above the map; the user can change these parameters subsequently and press 
an update button to obtain a new plot, the location selection is preserved (IPCC-3). Yet another 
application provides controls to select different time series plots for a currently selected location 
within the popup that is used to display the time series plots (GLO). Finally, different strategies 
are applied in displaying a currently selected plot. Approaches cover the display of a small 
enlargeable plot inside the main GUI (CW-1), the use of popups (e.g., WB-1, IPCC-3, GLO), 
the display of plots below the map on the same web page (IRI-2) or by switching from the web 
page holding the map to a different web page displaying the time series plots (IRI-3). 
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4.12  Users can not expect a consistent usage of clickable icons. 
12 of the considered applications use maps to provide the spatial context for clickable icons to 
access geo-referenced information. Depending on the application, this approach is used to give 
access to information on observed or projected impacts (CW-1, ADC-1, PIK-TE, CHM, AOC), 
on adaptation projects (WeAD, AdAt), on hazards like volcano alerts, earthquakes or fires 
(SERV), as well as to climate change related information (short texts or videos) from 
broadcasting companies (NPR, ZDF). Different types of icons are used in different applications, 
including small circles filled in different colors (PIK-TE, WeAD, AdAt, ZDF, NGeo), ring 
shaped icons (AOC) and pictograms (e.g., CW-1, CHM, SERV). In some of the applications a 
short additional text is displayed beneath the icons (WeAD, NGeo), and some use animated 
icons (NGeo, ZDF). Different strategies are applied to depict the meaning of the icons, ranging 
from apparently omitting explanations (CW-1), displaying a legend permanently below the map 
(PIK-TE) or providing a legend on demand inside the map (SERV), to explanations on a 
different web page (CHM). Another approach observed is to display the icon symbols on 
labeled widgets that are used to control the display. Such controls are used for different 
functionality, e.g., for enabling / disabling the display of all icons (CW-1) or of icons related to a 
specific theme (AOC), for highlighting icons related to a specific theme (ZDF, NGeo), or for 
zooming the map to a specific icon’s location and displaying the according information 
(WeAD). All 12 applications provide direct feedback to indicate whether the mouse cursor is 
over a clickable icon. Again, different strategies can be observed, e.g., the use of tooltips (ADC-
1, PIK-TE, ZDF, AdAt), changing the icon color (AOC), or changing the size of icon and 
related text (WeAD, NGeo). Almost all applications change the cursor symbol if being over a 
clickable icon; one application directly opens a popup when the cursor is moved over an icon 
(CW-1). The display of the selected information in a popup is common for most of the 
considered applications that use clickable icons. Observed exceptions are to trigger a page scroll 
to a related text section below the map (PIK-TE) or to hide the map and show the selected 
information instead (ZDF). 
 
 
5.  CONCLUSIONS  
 
Our sample confirmed the impression that accessible climate change related content differs 
across applications. Additionally it showed that several applications seem to be considerably shy 
in indicating which users are addressed and which usage is intended. Thus it is likely that users 
will have to access more than one application in order to fulfill given informational needs. 
Typically, applications will have to be explored in some depth by the user to decide whether 
provided content and functionality meet these needs. Yet it showed that users, in order to do so, 
can not rely on consistency of user interfaces across applications. 

Instead, the examination of our sample revealed a remarkably high level of external 
inconsistency even for fairly simple and common tasks like zooming a map or selecting the 
content to be displayed. External inconsistencies do not only occur across applications from 
different suppliers, but also show across different applications provided by the same 
organization. The observed facets of inconsistency relate on the one hand to action-effect 
inconsistencies - scrolling the mouse wheel might trigger map zooming in one application and a 
page scroll in another; double-clicking a map might result in map zooming in some applications, 
while it may lead to the selection of a location in others. On the other hand, observed external 
inconsistency can be attributed to task-action inconsistencies, i.e. different applications require 
the user to perform different actions in order to perform tasks like zooming, selecting content to 
be displayed on a map, or updating the map display. 

Given the observed level of external inconsistency between applications we have to conclude a 
clear lack of conventions in the design of user interfaces to access information in the context of 
climate change. Although it was not the aim of this paper to examine the degree of how much 
this lack actually adds, e.g., to the workload and learning efforts of a user, we nevertheless 
would clearly judge the observed degree of user interface heterogeneity as being far from ideal. 
It is likely to induce annoying and tedious little errors when trying to fulfill common tasks using 
different applications, and to limit transfer of training. As a consequence users are forced to 
invest time on understanding and dealing with interaction specifics of applications, as well as on 
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discovering whether a functionality is supported or not; instead this time could be better spent on 
exploring content and on satisfying actual information needs.  

The observed lack in external consistency might be regarded as natural consequence of “local 
optimization” [Grudin 1989], resulting from autonomous development of applications by a 
variety of organizations. Content heterogeneity, which was not evaluated within this paper, is 
likely to add further and potentially more severe dimensions of inconsistency, e.g., relating to 
differences or redundancies in thematic aspects covered, as well as in levels of detail, structure, 
concepts, wording etc. Current developments like the decision to work towards a common 
framework for Climate Services (http://www.wmo.int/pages/mediacentre/press_releases/ 
pr_861_en.html) might provide a useful step forward in this respect.  

It remains an open question to what extend the observed level of external inconsistency actually 
influences, e.g., user performance, rate of errors and satisfaction. To this end further research 
will have to examine, e.g., who is actually using specific applications in the context of climate 
change information, what high level aims users are addressing, which combinations of 
applications are likely to be used intermittently, as well as the frequency of use of applications to 
distinguish between the need for ease of learning and for ease of use. Not least, given the central 
role of maps in this context, it should be explored to what extent the still evolving field of 
research concerning HCI and GIS (see, e.g., [Haklay and Zafiri 2008]) can contribute. User 
interfaces constitute one important dimension in the overall goal of improving access to 
information on climate change, and we should constantly take care that usability issues do not 
get into the way of the users addressed.  
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Abstract: Software engineering for Integrated Assessment needs to address the fact that systems and 
models developed are increasingly used in participatory settings. Applying old principles of inside-out 
design and development using waterfall model based processes is no longer sufficient. New software 
engineering insights based on interaction design and iterative, agile processes for the development help 
in building systems from a more outside-in perspective. Based on two case studies from large European 
projects on integrated assessment this switch from applying old to applying new principles will be 
described, and its effects discussed. Elements were taken from interaction design: personas, story 
boards, mock-ups, focus groups and focus tasks. These were mixed with an iterative and incremental 
development process, using agile elements such as: daily stand-ups, user stories, planning games, Test 
Driven Development and continuous integration. The resulting process was used for the development 
of the two systems (SIAT and SEAMLESS-IF) for integrated assessment, giving them a more user-
oriented focus than what would have resulted from following the old principles. 
 
Keywords: agile software development, interaction design, integrated assessment 

1. INTRODUCTION 
Policy makers are confronted with complex, socially relevant problems. When handling these 
problems, there is a general tendency to increase participation of citizens and other stakeholders. In this 
way policy makers want to improve the quality of their policies and obtain a broader support for, and 
understanding of the proposed policy measures. In this new governance concept, the policy making 
process is the product of complex interactions between governmental and non-governmental 
organizations, each seeking to influence the collectively binding decisions that have consequences for 
their interest. Policymaking is more and more a process of cooperation and participation in which the 
policy maker becomes a facilitator of the process (Wien, et al. 2010). 

1.1. Integrated Assessment 
To account for this new governance, policy measures need to be assessed in an integrated context. Such 
an Integrated Assessment (IA) can be defined as an interdisciplinary process of combining, interpreting 
and communicating knowledge from diverse scientific disciplines in such a way that the whole cause-
effect chain of a problem can be evaluated from a synoptic perspective with two characteristics: (i) it 
should have added value compared to a single disciplinary assessment; and (ii) it should provide useful 
information to policy or decision makers. Thus IA is an iterative participatory process that links 
knowledge (science) and action (policy) regarding complex global change issues such as acidification 
and climate change (Van der Sluijs 2002). This puts it very close to the upcoming fields of scenario 
analysis and sustainability science (Swart, Raskin and Robinson 2004). 
 

 

Figure 1: Integrated Assessment and policy development (Van der Sluijs 2002) 
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It is important to note that Integrated Assessment is understood as a process and not as a method. 
Where it once used to revolve around scenario development and Integrated Assessment Models (IAM) 
for the technical analytical part, it is now recognized to be a broader participatory assessment process 
with IAMs being one of the usable tools. IAMs are computer simulation models in which knowledge 
from many different disciplines is combined in an analytical computational framework to analyze the 
problem at hand in an integrated fashion. They are used for several purposes, such as scenario analysis 
and the (ex-ante) evaluation of the environmental, economic and social consequences of different 
policy strategies. The role of IAMs in the IA process has been closely linked to the policy development 
process. In the agenda-setting and pre-negotiation phases of this process they are helpful to bring 
together experts from a multitude of scientific disciplines to arrive at an integrated view on the problem 
and possible solutions. In the negotiations and post-agreement phases the build up of know-how and 
the trust required to develop effective policies becomes more important and implies a growing need for 
the integration of social science research, and in particular of participatory techniques. This is required 
to provide knowledge about stakeholders and their ways of opinion forming, and also to provide 
opportunities for including the knowledge of stakeholders and their judgments about controversial 
issues in policy making (Van der Sluijs 2002). This is the field of Participatory Integrated Assessment 
(PIA) were computer models should serve as catalysts supporting the discussion, providing new 
information and insights, but not dominate the discussion, because the main intention in participatory 
IA is not to test software systems, but to launch a learning process and to elicit views and values of the 
participants (Dahinden, et al. 2000).  

1.2. Sustainability Software Development 
With the growing interest in sustainability science, scenario analysis and the development of 
participatory integrated assessment, comes the need to look at the software tools available for them and 
the process used to build them. As a result from the shift from IAM to PIA software tools are being 
given higher capability for analysis targeted at non-domain experts, which also makes them better 
suited for use in PIA workshops. However, as multi-disciplinary and crosscutting this science is, the 
field of Computer Science and the Software Engineering discipline are either not included at all or 
regarded as utilitarian or operational. The expressed need for participatory approaches to get 
stakeholders involved is rarely extended to the software development process used to build the tools. 
To improve this e.g. a Computer Science department should make sure to be included already in the 
project proposal writing stage, should better promote its work and development processes, and should 
separate clearly contributing to projects from the general IT business (like office automation and server 
maintenance). 
 
The software development process of Integrated Assessment (IA) tools will in particular be the focus 
of this publication. Software systems that support the end-user in combining and interpreting 
knowledge from diverse scientific disciplines in order to improve understanding of natural and socio-
economic systems have over the last decades evolved, starting from Geographical Information Systems 
(GIS) into Environmental Information Systems (EIS) and Environmental Decision Support Systems 
(EDSS). These systems however have mostly an inside-out focus (GIS Software Engineers built them 
for GIS Professionals) and are constructed using traditional software development methodologies (e.g. 
the waterfall approach), if any at all (Argent 2004). In inside-out developed systems typically the 
scientists or model experts develop her or his models and tools, while, in contrast, in outside-in 
software development the non-domain experts decides on the software requirements. 
 
Considering the four typical building blocks found in these systems: Models, GIS, DSS and Data 
Management (Denzer 2005), the focus currently is still basically on getting the individual blocks to 
work properly and to get them integrated. Available valuable project resources have to be spent on 
achieving sub-optimal in-project integrations, resulting in solutions that are difficult to re-use. 
 

 

Figure 2: The four EDSS core building blocks (Denzer 2005) 
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Lately a lot of potentially useful technologies are falling into place that could simplify the construction 
of the system core (the four major building blocks) and allow more time for a focus shift to outside-in 
oriented development. Considering the EIDSS building blocks for example technologies and standards 
like from the Open Geospatial Consortium (OGC) (http://www.opengeospatial.org/) for geographical 
data exchange, OpenMI (http://www.openmi.org/) for model linking, and Ontology and Web Services 
for componentized solutions with generic access to semantically rich data, could drive new types of 
user interfaces to be built. Steps like those outlined by (Jakeman, Letcher and Norton 2006) should 
help in making models more accessible. When the back-end of the system is easier to construct more 
resources are available for building the user interface(s) that actually work for the end-user and are 
more than a technical front-end that can only be operated by scientists and developers. 
 
The next step could be that these information systems turn into real tools for Integrated Assessment and 
Sustainability Science, which can be operated (to a limited extent) by teams of end-users and help in 
participatory settings. 

2. SOFTWARE DEVELOPMENT PROCESS 
Software engineering is the application of a systematic, disciplined and quantifiable approach to the 
development, operation and maintenance of software, and the study of these approaches. Or in other 
words: the application of engineering to software. The term software engineering first appeared in the 
1968 NATO Software Engineering Conference and was meant to provoke thought regarding the 
“software crisis” (the difficulty of writing correct, understandable and verifiable computer programs) at 
that time. Since then it has continued as a profession and field of study dedicated to designing, 
implementing, and improving software that is of higher quality, more affordable, maintainable and 
quicker to built. Since the field is still relatively young compared to other fields of engineering, there is 
still much debate around what software engineering actually is, and whether it conforms to the classical 
definition of engineering or not. 
 
A software development process is a structure imposed on the development of a software product. 
There are several models for such processes, each describing approaches to a variety of tasks or 
activities that take place during the process. The overall goal is to find repeatable, predictable processes 
that improve productivity and quality. Project management techniques are typically part of the process. 
Of the existing models each one has its advantages and disadvantages, and usually it is up to the 
development team to adopt the most appropriate one for the project. Sometimes a combination of 
elements from several models may be the best suited. Among the most common models are: 
 

- Waterfall: In the strict approach after each development phase (requirements analysis, 
conceptual modelling, functional design, technical design, implementation, testing) has 
finished it is signed-off and the work proceeds with the next phase. Reviews may occur before 
transitioning to the next phase, which allows for the possibility of changes (maybe through a 
formal change control process). However, going back phases typically is very expensive and 
therefore discouraged. 

- Spiral: A risk-oriented development model that breaks a software project up into mini 
projects. Each mini project addresses one or more major risks, which can refer to poorly 
understood requirements, poorly understood architecture, potential performance problems, 
and so on. After the major risks have all been addressed the spiral model terminates as a 
waterfall lifecycle model would (McConnell 1996). 

- Iterative and incremental: Types of development models that prescribe the construction of 
initially small but ever larger portions of a software project to help all those involved to 
uncover important issues early before problems or faulty assumptions can lead to disaster. A 
functional version of the software is built at the start of the project but with a very limited 
feature set. New functionality is then added in an incremental way and in several development 
iterations. The early versions of the software typically help in communicating with the 
customer and getting clearer requirements. 

- Agile: Models based on iterative development but advocating a lighter and more people-
centric viewpoint than traditional approaches. Customer feedback driven by regular tests and 
releases of the evolving software, rather than planning, is used as the primary control 
mechanism. Examples of agile lifecycle models are: Extreme Programming (XP) (Beck 
2000), Rational Unified Process (RUP), and Scrum. The term agile software development was 
coined in the year 2001 when the Agile Manifesto (www.agilemanifesto.org) was formulated. 
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Agile software development refers to the last type of models. Using iterative development requirements 
and solutions evolve through collaboration between self-organizing and cross-functional teams. In 
contrast to the waterfall method, which is very process-oriented, agile methods focus on people 
(participation, collaboration) and solutions (working software). A set of engineering best practices (e.g. 
unit testing, test driven development, continuous integration) is used to allow for rapid delivery of 
high-quality software, and a business approach (planning game, story cards) that aligns development 
with customer needs and organizational goals. 
 
The work of Patton (2002) and Haikara (2007), for example, shows ways of incorporating elements of 
Usage-Centered (interaction) Design (Constantine and Lockwood 2002) into the agile software 
development process. Instead of having to do it as a big upfront design task, which would conflict with 
the agile approach. 

3. CASE STUDIES 
In this section our experiences will be presented from applying elements of agile software development 
and of Usage Centered Design to two large-scale European research projects on IA. The first is the 
SENSOR project (www.sensor-ip.eu) and the second is the SEAMLESS project (www.seamless-
ip.org). While these projects where large (over 30 contributing partner organizations each), ran for four 
years and produced lots of scientific output we will here only focus on the developed software tools. 

3.1. Developed Systems 
SENSOR developed a web application called SIAT (Sustainability Impact Assessment Tool, 
http://siat.cgi-systems.nl/SiatGUI/) for estimating the possible consequences of different policy 
assumptions on multi-functional land use and its sustainability within different images of the future 
(Verweij, et al. In Press). A model chain is used to derive from the drivers the impacts expressed as 
land-use changes. Combined with constant-factor maps (containing parameters which are expected to 
be constant throughout the modelling) they result in social, economic and environmental indicators. 
Land use functions are then used to assess regional sustainability limits for these indicators (Pérez-
Soba, et al. 2008). As the modelling chain used to calculate possible land-use changes is complex and 
time consuming, meta-models were derived from its results (Sieber, et al. 2008) for use in SIAT. 
 
SEAMLESS developed an integrated framework (SEAMLESS-IF, http://www.seamless-
if.org:8080/gromit/wallace/index.html) for ex-ante integrated assessment of agro-environmental 
policies and agro-technological innovations in the European Union (EU). This framework provides 
analytical capacity to assess sustainability of agricultural systems in the EU and contributions of the 
EU’s agricultural systems to sustainable development at large, including some effects on the entire 
production chain and other land uses (e.g. nature). It is designed to compare policy alternatives, in 
interaction with agro-technological options, for a defined time-horizon. These time-horizons are 
defined by the policy questions at hand (Van Ittersum, et al. 2008). The framework provides a software 
infrastructure for component-based modelling and allows the re-use of model components for scale and 
disciplinary integration and their inclusion in model chains for the computation of indicators. A web 
application targeted at two user groups, policy experts and integrative modellers, provides access to the 
system. 

3.2. Development Process 
Both projects started using a waterfall model like development approach. This was to be expected since 
the original Description of Work (DOW) of the projects had to comply with the strict EU guidelines 
that expected a standard division of the work in clear project milestones (18, 24, 36 months etc.) and 
steps understood by project managers like “requirements gathering”, “conceptual domain modelling”, 
and so on. About the first year typically was used to achieve a shared vision between all organizations 
about each partner’s scientific contribution. The forced development of a first software prototype based 
on a very limited set of clear requirements was needed to provoke adequate feedback on the conceptual 
domain model, the expected feature set, and in general to give direction to the software development. 

3.3. Outside-in Development 
Any software system and its architecture can be viewed from multiple perspectives. This in fact is 
needed for its design and implementation, where owner, architect and builder all look at the same 
system from a different point of view (Zachman 1987). Even within each of those points of view, e.g. 
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that of the architect, there is more then a single perspective to consider. According to Perry and Wolf 
(1992) the distinction between processing, data and connections views is rather important. Naturally all 
these views are intertwined. However looking at the design and construction of a software system for 
Integrated Assessment two broad overall approaches can be distinguished, the inside-out and the 
outside-in way of thinking (Kessler and Sweitzer 2008). Like in our cases the systems tend to be 
studied and built as part of (large) research projects where the chosen approach is mostly inside-out, 
which emphasizes the construction of the building blocks and the linking of them, and perhaps the 
development or re-use of a framework to support it. In the end a mostly rather technical looking 
(graphical) user interface is added to it (Knapen, Verweij and Wien 2009). To no surprise models and 
systems constructed this way are not very suited for use in PIA, e.g. for focus group discussions 
(Dahinden, et al. 2000). For that it is very important to keep the user in mind when developing, which 
means taking a more outside-in perspective during the design and implementation of the software. Tell-
tailing would be a greater focus on the graphical user interface (its design, content and functionality) of 
the system, probably being built first at least as mock-ups, and its usefulness studied with the intended 
users (or stakeholders). Many of them likely only care to a limited level about the intricate internal 
machinery of connected interdisciplinary models and other components that make up the system, as 
long as it is easy to operate and delivers useful results at the right moment, timely for the policy 
decision taking process. 

3.4. Personas 
Both SIAT and SEAMLESS-IF were designed and developed as a response to a research call from the 
Directorate General (DG) Research of the European Commission (EC). Frequent interactions with DG 
Research were needed to shape the requirements. Interactions with various other DGs of the EC were 
also initiated to engage with foreseen users of the systems, in particular DG Agriculture, DG 
Environment and DG Economics and Finances. SEAMLESS organized User Forum meetings twice a 
year and smaller meetings in between upon request. In general it was difficult to get in touch with real 
users of the system and personas (Haikara 2007) were used instead. Initially SEAMLESS distinguished 
six classes of users, i.e. coders, linkers, runners, providers, viewers and players, with distinct 
requirements. While these classes determined requirements for the development of the framework, for 
the development of the graphical user interfaces they have been merged into three groups of users, i.e. 
the policy expert, the integrative modeler and the domain specific modeler. These were the focal roles 
(Patton 2002). The policy experts are engaged in the pre-modeling and post-modeling phases to define 
scenarios and indicators and are mainly interested in the results of the IA. The integrative modelers set-
up integrated assessments with SEAMLESS-IF, implement and run model chains, and work in tight 
interaction with the policy expert and other integrative modelers. The domain specific modelers are 
experts of the individual model components and their code or data, and eventually were considered to 
not need a specific user interface for the system but rather be allowed to work with the tools they 
already knew. Based on the remaining two focal roles in the end two graphical user interfaces were 
made available as part of the web application. A system of user accounts, roles and permissions was 
implemented (Poch, et al. 2003) to decide which functionality to show and make available to the 
person at the computer, and to some extend also the look and feel of the graphical user interface. 
 

 

Figure 3: SEAMLESS Policy expert user interface 
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An important aspect of this system was the ability for integrative modelers to create visualizations of 
calculated data (scenario outcomes) as maps, graphs, spider diagrams, etc. Policy experts in contrast 
were only allowed to view these prepared visualizations. This way the integrated modeler could make 
sure that the policy expert was looking at a well-balanced set of indicators and results, and not (only) 
focus in on a specific item of interest. An indicator framework (Alkan Olsson, et al. 2009) was 
implemented into the system to help the user to make a balanced selection. 

3.5. Agile Development 
Recognizing the vagueness of the requirements and the unpredictable outcome of a large-scale 
exploratory scientific undertaking with changing and evolving insights both projects abandoned the 
waterfall model for development and switched to an agile model. Metaphorically this can be seen as 
switching from a building construction approach to a gardening approach (Hunt and Thomas 1999). 
When working agile options can be (relatively quickly) tried and cultivated when they look promising, 
or discarded when they do not work. This more organic approach embraces change (Beck 2000) where 
in construction change is usually expensive and to be avoided after the initial design phase. 
Development iterations were chosen to be about 4 weeks, which is a bit longer than typically 
recommended (2-3 weeks). However this was needed to provide enough time to get feedback from the 
large group of international research partners and end-user representatives.  
 
Another aspect of agile development that was adopted was the use of user stories (Cohn 2004), 
comparable to task cases described by Patton (2002). Simplified, a user story is a conversation 
description by a user (stakeholder) of a task that needs to be fulfilled by (or rather with) the system. 
Besides documenting the expected feature set, they are used for priority planning, implementation 
scheduling and as a reminder for developers to talk to the users about the stories topic when it is about 
to be implemented. User stories are written on cards, or in our case in very simple PowerPoint slides. 
In a planning game the cards are sorted based on priority by the users and the effort needed from the 
developers. This is done before the iteration starts. A set of stories is then selected from the top that 
matches the available resources (time, capacity). Unit testing, Test Driven Development and 
continuous integration were used to assure a level of software quality during the development. Sadly 
enough this rarely gets enough attention in a science project. 
 

 

Figure 4: User story slide from the SENSOR project 

Online tools like e.g. a WIKI, audio and video conferencing, and messaging were used on a regular 
(often day-by-day) bases to facilitate software development by multiple, geographically distributed 
partners. For example a Skype-based daily stand-up was introduced. Besides this development 
workshops (“hackathlons”) were organized when though useful or required. End users were invited to 
join in at the stand-up meetings, allowed to listen only during the first 15 minutes when the developers 
discussed what they had done, what they planned to do that day and what major hurdles they faced. 
After that there was room (each day) for end users to ask questions for clarification, but not to change 
the order of the user stories. This only could be done after the iteration (of 4 weeks). At or near the end 
of the iteration a version of the system was deployed as web application and made available to a larger 
group of end users for providing feedback. Resulting comments were discussed and included in the 
stack of user stories. 
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3.6. Interaction Design 
SENSOR took the course of actually using an interaction designer upfront (although she was not 
allowed to spend the half year of work she requested on it), while in SEAMLESS this work was done 
by properly skilled software developers. A graphical designer was contracted for both projects. Also 
both projects used storyboards, low-fidelity (PowerPoint slides) and high fidelity (Adobe Flash) mock-
ups to sketch and test graphical user interface designs before actually implementing them. These 
proved to be very helpful. Work on storyboards and low-fidelity mock-ups was done during workgroup 
sessions at the regular project conference meetings, and open to everyone interested. Typically this 
meant only a small group (15 or less) of participants, but they were keen to contribute and also actively 
engaged in follow-ups. From these meetings usually a stack of flip-over posters, whiteboard pictures, 
post-its and other materials were taken home by the developers to work with. This material was used to 
create high fidelity mock-ups that were discussed by audio/video conferencing and e-mail. When 
agreed upon, the design could then be implemented for the next release of the software. These steps 
were made part of the user stories and the development cycles. 
 

 

Figure 5: SIAT low-fidelity mock-up 

4. DISCUSSION AND CONCLUSION 
Driven by the emerging need to make systems for Integrated Assessment better suited for use in 
participatory settings and a desire to use good software engineering principles and actually deliver 
systems that can be used by end-users and re-used by developers the work done in the case studies 
described illustrates how elements of interaction design and agile software development methodologies 
can be used in IA research projects. Both products, SIAT and SEAMLESS-IF live on after the projects 
have ended. Developing them in close interaction with end-users and stakeholders definitely helped in 
creating usable systems with possibilities and limitations that were better understood. The Test Driven 
Development (TDD) approach resulted in more maintainable software, but unfortunately still with 
many parts marked as To Do’s or shortcuts. Apparently this is more acceptable to scientists.   
 
Agile development and matching project management strategies should get a better place in scientific 
research proposals. This would avoid the costly and time consuming transition from waterfall to 
iterative approaches, including communication needed between partners to get a shared view. As 
observed, implementing a first prototype of the system is usually needed to get relevant feedback from 
end-users. Advancing in short iterations with visible and testable deliveries of the software, and quickly 
acting on comments, helps keeping users motivated and involved in the development cycle until the 
final product. However as long as the real end-users are hard to find and get involved into the agile 
development process, building a good user interface will remain a challenge.  
 
With the progress of technology and available open standards there is an opportunity to take a more 
outside-in focus that should help in making IA systems (including EIS and EDSS) more accessible and 
usable as tools for sustainability science. 
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Abstract: Brazilian psiculture has been increasing about 30% per year, having as main 
factors its profitability and source of quality protein. Its strong interaction with water 
resources and its interference on the biodiversity turns it both potentially exposed to, as 
well as, source of negative environmental impacts, requiring the adoption of less impactant 
management practices. The producer needs information on these practices and computer 
tools that allow access to them in a single repository could motivate the fast incorporation 
of these activities to the property. Despite of African origin, the tilapiculture is nowadays 
present at a large part of Brazilian territory, under pressure for greater product quality and 
sustainable practices. Embrapa Environment has identified Good Practices of Management 
(GPM) for tilapia that can be immediately used by producer, from his observation on the 
property. Aquisys Computer System was developed in PHP, HTML and MySQL computer 
languages and made use of Apache server in order to make information available, via 
dynamic Web access,  for the diagnosis of these assessment, as well as, economic, 
production, management and water quality indicators. The present work presents the 
Aquisys tools for tilapiculture on Brazilian environment. 

Keywords: environment ; aquiculture ; management ; Brazil ; informatics. 
 
 
1. INTRODUCTION 
 
      Brazilian psiculture has been increasing about 30% per year, having as main 
factors its profitability and source of quality protein [Beerli & Logato, 2009]. The native 
fish farming has great importance in the context of the national scene, but the tilapia 
(Oreochromis sp) has been the biggest fish of economic importance.  

Of African origin, tilapia is the second most produced fish in the world, mainly 
due to its delicious meat, less fishbone and high fertility, as well as, resistance to diseases, 
overcrowding, high water fertilization and adverse conditions to the environment.   Despite 
that, the main difficulty for fish farmers remains uniform fish size and standards required 
by the market, which will only be resolved by useful proposals of feed and environment 
management [Beerli & Logato, 2009].  
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Favored by the extensive amount of impounded water, excellent weather and by 
the availability of the first results provided by research, the tilapiculture is present in the 
great part of the Brazilian territory, which has been suffering with the pressures for high 
quality products and for adoption of less impactful environmental practices. Among the 
negative impacts could be mentioned the use of natural resources, pollution, interferences 
on different biodiversity levels, as well as, its direct interface with the multiple-use-
resource essential for life quality, like the water [Tiago, 2007]. Due to that, the 
dissemination of good management practices for aquiculture has become an instrument 
allied to the sustainability of production systems. This is a farming system represented by a 
pre-specified set of requirements and standard practices, which is also known as code of 
conduct or protocol, to be carried out by farmers in the management and production system. 
It has a free membership to the producers and has focused on product and environmental 
qualities, which are expected to be achieved by the adoption of guidelines for the 
productive activities toward the environmental sustainability of the production system.  

Recently, computer science integrated with communication and information 
technologies have been applied to environmental science and agriculture, creating a new 
area of knowledge called Environmatics. Its main purpose is to provide computer systems 
that enable knowledge and guidance for decision makers to protect the environment. 

The fish producers are important decision makers when considered as managers of 
their properties. The main environmental impacts caused by the activities in the property 
could be quickly identified, as well as mitigated, if the necessary information could also be 
available in a single environment of easy access and content in appropriate language. Thus, 
the fish producers could be favored with applications of environmatics for daily monitoring 
of their production system.  

Brazilian Agricultural Research Corporation - EMBRAPA has as mission to 
provide feasible solutions for the sustainable development of Brazilian agribusiness through 
knowledge and technology generation and transfer. The corporation is linked to the 
Brazilian Ministry of Agriculture, Livestock and Food Supply (MAPA) and counts with 40 
research centers spread over Brazilian territory. Embrapa Environment is one of its 
thematic research centers, which has as one of its activities to evaluate, develop, adapt, and 
manage practices to maintain the aquaculture increasing productivity without 
environmental degradation. In this sense, the “Management and Environmental 
Management of Aquiculture” Project of Embrapa Environment, which is part of 
“Aquabrasil” network Project, has been identifying Good Practices of Management 
(GPM´s) for tilapia, which are based on farm observation and could be immediately 
adopted by producers. This project also proposed to provide a system to turn quickly 
available for producers a set of tools for assessment and calculation of economic, 
production, management and water quality indicators which support the GPM´s adoption.  

Thus, the present work presents the Aquisys Computer System, an Environmatic 
system developed to turn available the dynamic access, via Web, for the diagnosis of 
tilapiculture on Brazilian environment. 
 
 
2. MATERIAL AND METHODS  
 

Aquisys system was developed taking into account the Brazilian aquiculture 
producer demands, with emphasis for tilapiculture. Thereby, the main users of the system 
will be also the Brazilian producers. 

The tools available on the Aquisys system were identified from surveys conducted 
in the referral of questions and technical information requested by Brazilian farmers in field 
days provided by the project "Management and Environmental Management of 
Aquaculture" of Embrapa Environment, as well as the support service of Embrapa 
Environment  via the Internet.  

From those first identified demands, issues were prioritized.  These were related 
to: good management practices of tilapia on the fish property, such as water quality, feed 
quantity, fast-checking to the identification of environmental impacts on the property (soil, 
waste, natural resources conservation, among others), as well as economical indicators.  
Therefore, also identified were practices that allow producers to carry out assessment and 
diagnoses by their visual observation, by using water quality kits of low cost, as well as, by 

1903



conducting common samples held on the farm. Thus, the information required by the 
Aquisys tools to perform the assessment depends on the user’s choice. Among them, one 
could choose: development stage of fish, temperature, percentage of gross protein in feed, 
average weight of fish in the fishpond, behavioral aspects of fish in the fishpond, pH, water 
transparency, dissolved oxygen content, the diversity of benthic populations, physical 
property, treatment/destination of waste on the farm, storage/use of chemicals products, 
fishpond, use of equipment, among others.  

The technical information which support the tool’s content were provided by 
aquiculture technical literature, as well as, by field work and experience of Embrapa 
Environment expert researchers in aquiculture, and from meetings held with producers 
[Berli & Logato, 2009; Seixas et al, 2009a,b; Nunes, 2007; Tiago, 2007; Pavanelli et al., 
202; Casaca & Tomazeli Junior , 2001; Boijink & Brandão, 2001; Kubtza, 2001; Valenti et 
al, 2000; Ostrenski & Boeger, 1998; Karr, 1991]. 

Regarding the water quality assessment, it was considered that the need for 
expeditious water quality testing provided by some widely used kits, as well as, for 
identification of the presence or absence of benthic populations and their community 
diversity [Karr, 1991] by photographic images provided by the project. 

Water and fish feed management information were organized on Freemind 
[Kumar, 2005] format and presented by Seixas et al. [2009a]. Freemind is a mind-mapping 
software, licensed under GNU- GPL General Public License, which was written in Java. 
The software enables to elaborate a mind map, which is a tool for organize and integrate 
knowledge used to provide information to one or more users on topics presented in a tree 
diagram.   

For the farm productivity indicators, it made available tools for estimates of 
biomass gain and feed conversion rate in both samples and on the end of cultivation. It was 
also used methods of polynomial regression analysis, according to Dorn [1981], in order to 
enable Aquisys system to provide the fish feed quantity necessary taking into account the 
average weight of fishes and the local temperature, which was based on technical 
information provided by Ostrenski & Boeger [1998]. Details of those regressions were 
presented by Seixas et al [2009b]. 

The diseases indicators based on the evaluation of changes in the physical 
behavioral of the fishes (swimming, for example) considered information available on the 
technical literature [Nunes, 2007; Pavanelli et al., 2002; Boijink & Brandão, 2001; Kubtza, 
2001; among others]. 

The Aquisys system environment makes available for user access all 
questionnaires. The questionnaires were developed in Hypertext Markup Language - 
HTML [World Wide Web Consortium (W3C), 1989], which is an open source. HTML 
provides structural, presentational and hypertext markup elements.  This computer language 
provides the development of hypertext for use in sites of dynamic access via the Internet.  

The further processing of information in order to provide assessment or diagnoses 
focused on good management practices, as well as, calculations were carried out using 
Hypertext Preprocessor Language – PHP [The PHP Group, 2009]. The PHP is an open 
source; PHP License v3.01 - BSD-style license which does not have the "copyleft" 
restrictions associated with GPL. Which makes available  calculus, logical operators uses, 
and other facilities provided by languages as C, Fortran, Pascal and others, and also allows 
the integration with HTML, making available to web developers to write dynamically 
generate pages. A more detailed economic evaluation of tilapia cultivation was also 
considered in the Aquisys system, which was promoted by the inclusion of a database 
developed using MySQL[2009]. MySQL is a GNU-GPL (General Public License) which 
provides a database management system (DBMS) that uses the Structured Query Language 
(SQL). It is of worldwide use due to its easy integration with the PHP language and 
portability. Thus, to enable the necessary calculation of production costs, Aquisys made use 
of technical information provided by Casaca & Tomazeli Junior [2001]. This information 
provided by producers will be also stored in MySQL database with no user identification in 
order to enable the analysis of production costs average prevailing in the country and 
identification of gaps for research and policy development for tilapia in the country. The  
process of environmental licensing for aquaculture is also provided in Aquisys, as well as 
information about the definitions of environmental licensing, aquaculture licensing, 
granting of hydric resources and about sustainable aquiculture [Brasil.MPA, 2009; 
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Brasil.MMA, 2009; Brasil.MD, 2009; MMA.IBAMA, 2009; São Paulo.DAEE, 2009; 
Valenti et al, 2000, among others]. 

The incorporation of these latter tools were identified in a technical meeting of the 
first results of development of Aquisys, which was presented during the evaluation 
workshop of the Aquabrasil network project held in Jaguariúna municipality, São Paulo 
State Brazil, in July 2009, where researchers members of the network, as well as, sponsors, 
technical assessors and representatives of aquiculture productive chain were present.  

Apache 2, version 2.2.11, was used as Aquisys system web server. Apache 2 [The 
Apache Software Foundation, 2009] is open source software, which operates in a wide 
variety of operating systems like Microsoft windows, Linus, Solaris, Unix, Mac Os X, 
GNU and others, as well as, serve both static content and dynamic Web pages on the World 
Wide Web. 

 
 

3. RESULTS  
 

Aquisys system was developed in PHP, HTML and MySQL languages and runs in 
Apache server version 2.2.11, which turned available 13 computer tools to evaluate the 
Good Management Practices for tilapiculture in Brazil.  

The software was developed to be accessed via the internet by Brazilian producers, 
without costs associated, in order to promote the rapid transfer of the best practices of 
tilapiculture´s management. Making available the best practices and easy-to-use techniques, 
the producers could rapidly adopt them, promoting the environmental quality of the place 
where the production is conducted.  

The Aquisys framework is presented at Figure 1, where the gray colored areas 
represent the tools still under development. 

The system allows dynamic access for expeditious diagnoses of good management 
practices of tilapia on farm, based on indicators of production, management and quality of 
natural resources of the property. Information about the environment licensing stages, as 
well as the respective government institutions responsible for, is also available in the 
system.   

Aquisys promotes identification of best management practices for tilapia from 
visual observations and use of methods commonly used in property and others with low 
costs associated.  For that, it makes available a fast-checking diagnoses making use of 
visual observation, which demands information about vegetation, predominant soil color, 
main source of water, fishpond depth, dike slope, fate of wastes generated by activities 
around the fish-pound, fish pound color water in the most pluvious months, transparence of 
fish-pound water, aerator uses and chemical product uses and their storage in the property 
(Figure 2).  

A quick GPM assessment was also available making use of tilapias development 
phase, gross protein percentage in the fish-feed, fish-pound transparence, fish-pound 
temperature, oxygen dissolved and water pH.  

The system also allows estimates of the amount of fish feed required depending on 
the average weight of fishes and the local temperature, as well as, the quantities of chemical 
fertilizers (urea, calcium nitrate, sodium nitrate, ammonium nitrate, ammonium sulfate, 
super phosphate, among others), considering their quantities use and the fish-pound area.  

The diseases indicators based on the evaluation of changes in the physical behavioral 
of the fishes considering the fish swimming, changes in the dietary pattern, breath on the 
surface of the pond, equilibrium, vitality, presence of parasites, among others, which permit 
indicatives that varies from the correction of the concentration of dissolved oxygen until 
possible presence of body ectoparasites, bacterial diseases, bleeding, among others. 

When considering the water quality assessment based on kits of color indicators 
and electronic measurer, was demanded information of temperature, pH, Dissolved oxygen, 
total phosphate, quantities of orthophosphate, turbidity, chloride, iron, among others.  

Benthic population for water quality indicators considers the presence of 
Mollusca, Hirudinea, Odonata, Chironomidae, among others (Figure 3). 

To evaluate production costs it considered price information, cultivation 
operational costs, implantation costs, fish production costs and overhead costs. This 
information enables the calculus of technical and economical indicators. 
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Brazilian government agencies related to the process of environmental licensing 
for aquaculture are also provided in Aquisys, which also enables their respective sites in 
case of need for more information or contacts. Aquisys also provided information about the 
definitions of environmental licensing, aquiculture licensing, granting of hydric resources 
and about sustainable aquiculture (Figure 4). 

Aquisys also provides estimation of production costs for producers. Thereby, users 
need to answer questions about the fish production costs (fertilizer uses, equipments, 
productivity, feed, manpower, transport, overhead costs, and others) (Figure 5). The 
answers are recorded in a MySQL database in order to present the technical-economical 
indicators.  

The screens of the program and its diagnoses and results are presented in the 
Portuguese language, due to the fact that the software was developed for Brazilian 
producers. 

Aquisys system is still under validation process by researchers and producers of 
tilapia.  

 
 
 

 
 

 
 

Figure 1. Aquisys system Framework. 
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Figure 2. Aquisys´questionnaire available for the fast-diagnosis of Good 
Practices of Management by user’s visual observation.  

 
 

 
 
Figure 3. Aquisys´questionnaire available for the user’s visual identification of 

benthonic population, whose the presence, or absence, in the property will 
be afterward associated with the environmental impact on its water quality. 
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Figure 4. Aquisys´ information resulting from user’s demand for environmental 

licensing process. The system enables information about related law and 
procedure 

 
 

 
 
Figure 5. Some questions about fish production (prices, feed costs, fertilization costs, 

manager salary, and others) in the fish-farming presented to user in order 
to provide technical-economical indicators . 

 
 
4. CONCLUSION 
 

Aquisys enables the dynamic access and expeditious diagnoses of good 
management practices for tilapia, based on indicators of production, management and 
quality of natural resources of the property. Their use encourages the producer to identify 
best management practices of tilapia from visual observations and use of methods 
commonly used in property and other low cost. The development of computational tools 
provided to organize the existing knowledge available in Brazil to access, but scattered in 
various sources about the cultivation of tilapia for the needs of good management practices 
in order to minimize the negative environmental impacts. 

1908



 
 
5. REFERENCES 
 
MySQL - The World´s most popular open source database, http://www.mysql.com/ . 

(Accessed on  April, 2009).  
World Wide Web Consortium (W3C), http://www.w3.org/standards/webdesign/htmlcss 

1989. (Accessed on May, 2009) 
Beerli, E.L., and P.V.R. Logato, Peixes de Importância para a Piscicultura Brasileira, s.l, 

s.d,. 36pp.,  http://www.editora.ufla.br/BolExtensao/pdfBE/bol_65.pdf  (Accessed on 
June 2009). 

Boijink, C.L., and D.A. Brandão, Alterações histológicas e comportamentais provocadas 
pela inoculação de suspensão bacteriana (Aeromas hyphila) em juvenis de jundiá 
(Rhamdia kelen), Ciência Rural, 31 (4), 234-241, 2001. 

Brasil_MD - Ministério da Defesa. Marinha do Brasil, http://www.mar.mil.br/ (Accessed 
on August, 2009). 

Brasil_MMA- Ministério do Meio Ambiente, http://www.mma.gov.br/sitio/en/ (Accessed 
on August, 2009). 

Brasil.MMA_Ibama- Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais 
Renováveis, http://www.ibama.gov.br/  (Accessed on August, 2009). 

Brasil_MPA- Ministério da Pesca e da Aqüicultura, 
http://www.presidencia.gov.br/estrutura_presidencia/seap/  (Accessed on December, 
2009). 

Casaca, J.M., and O. Tomazelli Junior, Planilla para Cálculos de Custos de Produção de 
Peixes. Epagri, 38 pp., Florianópolis, 2001. (Epagri. Documentos, 206). 

Dorn, W. S., Cálculo Numérico com Estudos de Casos em Fortran IV, Campus, Ed. da 
Universidade  

  de São Paulo, 568pp., 1981.  
Karr, J.R., K.D. Fausch, P. L. Angermeier, P.R.Yant, and I. J. Schlosser, Assessing 

Biological Integrity in Running Waters - A Method and its Rationale. Illinois Natural 
History Survey, Champaign, 1986. (Special Publication, 5). 

Kubtza, M.M.L., Streptococus versus tilápia: é preciso se antecipar aos problemas, 
Panorama da Aquicultura, 11 (66), 33-36, 2001. 

Kumar, S., Freemind: Open Source Mind-Mapping Software - User guide (version 8.0). 
65p., 2005. 

Nunes, B.G. Enfermidades dos Peixes, Universidade Castelo Branco, 39pp., Rio de Janeiro, 
2007. (Monografia -  Curso de Pós-graduação Lato Sensu do curso Higiene e Inspeção de 
Produtos de Origem animal). 

Ostrenski, A., and W. Boeger. Piscicultura: Fundamentos e Técnicas de Manejo, Guaíba 
Agropecuária, 211 pp., Porto Alegre, 1998. 

Pavanelli, G.C., J.C. Eiras, and R.M. Takemoto, Doenças de Peixes: Profilaxia, Diagnostico 
e Tratamento, Editora UEM, Maringá, 305pp., 2002. 

São Paulo. DAEE. Departamento de Águas e Energia. http://www.daee.sp.gov.br/cgi-
bin/principal.exe/index (Accessed on May, 2009). 

Seixas, A. F. R.,  M.C.P.Y.  Pessoa, M. E. Losekann, J.F. Queiroz, and D.A.Bosso, 
  Ferramentas computacionais de apoio às boas práticas de manejo de tilápia, paper 
presented at   3rd Congresso Interinstitucional de Iniciação Científica (CIIC), Campinas 
Brazil, August 6-7 2009a 

Seixas, A. F. R.,  M.C.P.Y.  Pessoa, M. E. Losekann, J.F. Queiroz, and D.A.Bosso,       
Sistema Especialista como  ferramenta de apoio às Boas Práticas de manejo de Tilapia,  
Revista Agrogeoambiental,  1 (3), 130-133, 2009b. 

 The Apache Software Foundation. Apache.  HTTP server Project, 
http://httpd.apache.org/ABOUT_APACHE.html  (Accessed on January,  2009). 

The PHP Group, http://www.php.net/  (Accessed on May, 2009). 
Tiago, G. G., Aqüicultura, Meio Ambiente e Legislação, Gláucio Gonçalves Tiago (editor), 

201pp., São Paulo, 2007. 
Valenti, W. C., C.R. Poli,  J.A. Pereira, and J.R. Borghetti, Aqüicultura no Brasil: Bases 

para o Desenvolvimento Sustentável, CNPq e MCT, 399pp., Brasília, 2000. 

1909



International Environmental Modelling and Software Society (iEMSs)
2010 International Congress on Environmental Modelling and Software

Modelling for Environment’s Sake, Fifth Biennial Meeting, Ottawa, Canada
David A. Swayne, Wanhong Yang, A. A. Voinov, A. Rizzoli, T. Filatova (Eds.)

http://www.iemss.org/iemss2010/index.php?n=Main.Proceedings

Design and Development of S.O.L.E. Software

Daryl H. Hepting a

aDepartment of Computer Science
University of Regina

Regina, Saskatchewan
S4S 0A2, CANADA

Abstract: The acronym SOLE (Sustainable Organic Local Ethical) has been applied to food, for
which it signifies the highest standard. In an age when sustainability has become critically im-
portant in so many human endeavours, this paper examines the question of whether SOLE can be
meaningfully used to signify software of the highest standard. This paper examines how it might
be possible to think of software as sustainable, organic, local, and ethical. Should environmental
software, in particular, strive for this high standard? Design and development of SOLE software
are also considered.

Keywords: sustainability; ethics; software development

1 INTRODUCTION

The S.O.L.E. (Sustainable Organic Local Ethical) acronym was coined as a means to articulate a
higher standard for food. Food production must be sustainable, if we are to meet the needs of a
growing global population. In 1987, the Brundtland Commission defined sustainability (S) as that
which “meets the needs of the present without compromising the ability of future generations to
meet their own needs.” Reliance on petroleum-based inputs for food production is not sustainable
in this era of “peak oil.” Organic (O), or ecological, production is preferred over industrial, or
intensive, production. Mindful of the impact of transportation of over large distances, food should
be produced for local consumption (L). Finally, it is also important to consider the ethical (E)
treatment of farmers and farm workers - which has been expressed in campaigns such as fair
trade [Hira and Ferrie, 2006]. These concepts are intertwined, and together they provide a fuller
definition of sustainability, as well as a prescription for moving towards it.

For food production, S.O.L.E. may embody the ecological approaches to agriculture which “seek
not so much to increase output or yield as to identify and moderate production processes that are
optimal within a set of geographical and historical constraints” [Lyson, 2005]. There are ecolog-
ical approaches to software, as well. For example, ecological interface design [Vicente, 2002]
seeks to “encourage the use of skill- and rule-based behaviour (to save on scarce cognitive re-
sources) while providing support for otherwise more effortful and error-prone knowledge-based
behaviour (to cope with unfamiliar and unanticipated situations requiring adaptive problem solv-
ing).” In both cases, the optimal focuses on people in their local context.

Does S.O.L.E. apply to production or use, process or end-product? Some may choose S.O.L.E.
food because of its freshness [Svenfelta and Carlsson-Kanyamab, 2010], but that does not devalue
the other properties of the food. Similarly, if one chooses S.O.L.E. software because of its ease of
use, the methods of software design and development are still important. Can something produced
in a S.O.L.E.-ful way be used for ends which are not? Collins et al. [1994] talks about the 1988
downing of an Iranian airline. Could combat control system software, like that involved in this
tragic inciden, ever be considered as S.O.L.E. software?
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Not all software is created equal, just like one egg may not be just like any other. The process,
the lifecycle, is important. A usable software interface cannot be created just before the product
is delivered, nor can vitamins be added to food as an afterthought.

S.O.L.E. does not exist in a vacuum: just as food must be sold, so too must software consider
economics [Boehm and Sullivan, 2000] and the concept of value. Yet food and software are not
directly comparable. Food is material whereas software is not. Food production is dependent on
location: oranges cannot be cultivated everywhere, although modern food distribution systems
seek to hide this fact. Software production is not dependent on location per se, but locality is
important.

Biodiversity in food crop varieties is being sacrificed for the convenience of mass production.
Cultural differences, embodied in localized processes, can be lost in a rush to standardization.
Conventional and organic agriculture distribute knowledge differently: the former moves informa-
tion towards input suppliers latter moves information towards the farmers Morgan and Murdoch
[2000], which can help to repair cultural losses.

S.O.L.E. is complimentary to McDonough and Braungart’s [2002] concept of the triple top line.
In contrast to Elkington’s [1999] triple bottom line which strives for eco-efficiency in order to
minimize harm, the triple top line seeks eco-effectiveness in order to maximize benefit. That
which is not sustainable, organic, local, nor ethical should only be tolerated until replacements
with those properties emerge.

The rest of this paper is organized as follows. Section 2 discusses how the adjectives sustainable,
organic, local, and ethical may be applied to software. Section 3 discusses how these ideas can be
applied to design. Section 4 discussed how these ideas can be applied to development. Section 5
presents these ideas in the context of other relevant statements about software.

2 S.O.L.E. SOFTWARE

In terms of software, practitioners can look to the ACM/IEEE-CS Software Engineering Code of
Ethics and Professional Practice1 for guidance about what should be created and how to achieve
it [Gotterbarn and Miller, 2009]. It contains the following 8 principles:

1. PUBLIC - Software engineers shall act consistently with the public interest.

2. CLIENT AND EMPLOYER - Software engineers shall act in a manner that is in the best
interests of their client and employer consistent with the public interest.

3. PRODUCT - Software engineers shall ensure that their products and related modifications
meet the highest professional standards possible.

4. JUDGMENT - Software engineers shall maintain integrity and independence in their pro-
fessional judgment.

5. MANAGEMENT - Software engineering managers and leaders shall subscribe to and pro-
mote an ethical approach to the management of software development and maintenance.

6. PROFESSION - Software engineers shall advance the integrity and reputation of the pro-
fession consistent with the public interest.

7. COLLEAGUES - Software engineers shall be fair to and supportive of their colleagues.

8. SELF - Software engineers shall participate in lifelong learning regarding the practice of
their profession and shall promote an ethical approach to the practice of the profession.

1http://www.acm.org/about/se-code
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Public interest is of paramount importance in this code, yet it may not be so easy to discern in
practical situations. It is hard to imagine an issue of greater public interest than addressing the
challenges of a world with 9 billion inhabitants [Dearden et al., 2010].

It is difficult to infer how the code should be manifested in software design and development.
Business ethics education has benefitted from the use of exemplars [DeVries, 1986]. Yet, Gi-
acalone and Thompson [2006] point out that it is not enough to teach ethics if it is done within a
framework that discourages ethical behaviour. In Computer Science, a class on ethics has become
a necessary part of the curriculum, but are ethics supported throughout the program with an ap-
propriate worldview? Consider the example of blippy.com, which ”is a fun and easy way to see
and discuss what everyone is buying” 2. Since its inception and through the recent incident where
credit card numbers of subscribers became available via internet search 3, the discussion of ethics
around such an enterprise has been absent. Computer Science students may still cling to the idea
that ethics is optional: if they do not belong to the ACM or the IEEE, they do not need to be bound
by ethical standards.

Even without reference to the ACM/IEEE-CS Software Engineering Code of Ethics and Profes-
sional Practice, it is clear that it is possible to think of software in terms of ethics. However,
sustainable, organic, and local equally applicable when describing software. Each of them are
explored further here. The concepts are intertwined.

2.1 Sustainable software

Sustainable software might support unsustainable behaviours. If the software in question is “free”,
Chopra and Dexter [2009] point out that the Free Software Definition does not prescribe the uses
of software. The Free Software Definition encompasses four freedoms:

0. The freedom to run the program, for any purpose.

1. The freedom to study how the program works, and adapt it to your needs . Access to the
source code is a precondition for this.

2. The freedom to redistribute copies so you can help your neighbour.

3. The freedom to improve the program, and release your improvements to the public, so that
the whole community benefits. Access to the source code is a precondition for this.

In one sense, sustainable software is maintainable software [Aggarwal et al., 2002]. More gen-
erally, we might consider 4 spheres of sustainability: environmental, economic, social and polit-
ical [Maxim et al., 2009]. Liu et al. [2008] describe how the need for the effective integration
of science and decision-making is ubiquitous in environmental management. Software that does
not meet the needs of its users, by making information available in an effective and actionable
way, is not sustainable. Sustainability science and engineering [Mihelcic et al., 2003; Komiyama
and Takeuchi, 2006] will rely more and more on software. Software used to support sustainable
behaviours is certainly important, and this software should be sustainable. But in keeping with
the Free Software Definition, sustainable software need not be used in service of sustainability.
For many years, computer science has downplayed the importance of power management but this
is beginning to change [Ranganathan, 2010].

2.2 Organic software

The internet browser Firefox4 is billed as 100% organic software:

2http://blippy.com
3http://mashable.com/2010/04/23/blippy-credit-card-numbers/
4http://www.mozilla.com/firefox
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What is organic software?

As software companies go, we’re a little unusual. We use the term organic software
to sum up the various ways we’re different from the other guys:

Our most well-known product, Firefox, is created by an international movement of
thousands, only a small percentage of whom are actual employees.

Were motivated by our mission of promoting openness, innovation and opportunity
on the web rather than business concerns like profits or the price of our stock (guess
what: we dont even have stock).

And as a non-profit, public benefit organization, we define success in terms of build-
ing communities and enriching peoples lives. We believe in the power and potential
of the Internet and want to see it thrive for everyone, everywhere.

We may also talk about Organic Computing [Würtz, 2010], which holds that “it is scientifically
fruitful to interpret complex systems of interacting processes as computational systems and to
study them as such.”

To follow on the mozilla definition, organic software is grown from the grassroots, bottom up
rather than top down. The term ’ecology’ also appears in this discussion [Healy and Schussman,
2003]. Therefore, it may also be local.

2.3 Local software

Software is written for users, who may have local knowledge. The preservation of that local
knowledge, through appropriate software supports, is vitally important. The processes of interna-
tionalization and localization require more effort than simple language changes.

2.4 Ethical software

The key focus of the ACM/IEEE-CS code of ethics and professional practice for software engi-
neers is the public good. Information is a good whose value increases with sharing [Kubiszewski
et al., 2010]. This concept is well-aligned with the Free Software Definition. Yet software may
also facilitate ethical behaviour, as in the case of information transparency [Turilli and Floridi,
2009].

Collins et al. [1994] discuss obligations of 4 stakeholder groups in terms of software construction
and use: provider, buyer, user, and the penumbra (those affected by the software’s use). To the
penumbra, all other groups are obliged to safeguard against harm and reduce risks. To the user (for
example), the software buyer must be prudent about automation. To return to the airliner tragedy,
S.O.L.E. software would have minimized the risk of such a serious error and not automated so
much of the workflow that the user was not certain about the exact nature of the threat that was
faced.

The imprudent use of automation is seen more abstractly in the case of food: because more food
is provided to the consumer without need of extensive preparation, that knowledge for users is
diminished.

3 DESIGN

The ACM/IEEE-CS code contains the following detailed statement: “3.03. Identify, define and
address ethical, economic, cultural, legal and environmental issues related to work projects.” This,
and others, may be much easier said than done. Economic, legal, and environmental issues re-
late to the sustainable property; cultural issues may relate to organic and local properties; and
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ethical relates to the ethical property. Participatory design that is culturally sensitive may be em-
ployed [Bidwell and Winschiers-Theophilus, 2010; Winschiers-Theophilus, 2010; Winschiers and
Paterson, 2004], but is enough consideration paid to the standardization of processes that would
be imposed? Although one might like to think about designing solutions that are localized, there
is pressure to create solutions that can be mass produced and widely distributed with minimal
customization, perhaps in the name of ‘best practices’ [Wagner et al., 2006].

4 DEVELOPMENT

Herman Daly [1997] talks about development in terms of refinement and not just growth. Is it
possible to think of software development in the same way? Whereas it has been commonplace
to get bigger and better servers to handle increased loads, relatively little effort has been spent
developing algorithms and systems that use more power-aware approaches and that augment,
rather than automate away, the human’s contributions. McConnell [2004] provides an important
foundation for various strategies for dealing with inevitable change within software. Yet, he does
not deal with the important elements of openness and freedom that are important to S.O.L.E.
software.

As a more inclusive model for development, we may consider Fischer’s Seed-Evolve-Reseed
(SER) approach which attempts to value input from community members while balancing a con-
sistent product [Fischer, 2005].

5 DISCUSSION

The ACM/IEEE-CS Code of Ethics and the Free Software Definition both provide direction in
terms of what software should be, and how it should be produced. Perhaps a more effective means
of communicating elements of practice is to use cases involving real software. Just as with food,
there are likely very few ways to reach the highest standard.

”Web Search for a Planet” [Barroso et al., 2003] describes google’s pragmatic approach to effi-
ciency. Can we work towards ’software development for a planet’?

There is the opportunity, within software development, to enable a higher standard of ethical
behaviour. A recommendation following the theft of e-mails from East Anglia CRU called for
greater transparency. S.O.L.E. software can meet this call, for example: sustainable software is
designed for change so that it can be updated easily and it empowers its users to understand the
information they receive; organic software is developed methodically from the bottom up; local
software provides appropriate localized information, in the appropriate ways; and ethical software
makes the information and computational processes transparent.

Why might environmental software be held to a higher standard? Returning to Collins et
al. [1994], consider the size of the penumbra cast by environmental software: it includes all in-
habitants of the planet. Towards the penumbra, the software developer is obliged to be open about
the software development process and the limits of correctness; the software buyer is obliged to
be open about the software capabilities and limitations; and the user is obliged to conscientious in
reducing risks to the public and encourage reasonable expectations about the software capabilities
and limitations.

S.O.L.E. can be appropriately applied to software. It may be an effective shorthand for describing
desired outcomes of software design and development.
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Abstract: Bruce Sterling defines spimes, in part, as extensively rich streams of data and infor-
mation about things. From a theoretical viewpoint, the concept of spimes is indeed interesting,
with seemingly endless possibilities for enriching our knowledge about the things all around us.
In terms of our everyday decision-making activities, spimes could have significant influence on
our behaviours, empowering us to make more informed choices. No where is this more true than
in topics relating to sustainability, especially in how sustainability relates to the selection of the
food that we eat. With vast amounts of information available, the issue of selecting good food can
be difficult and more adequate support is needed. This paper proposes a framework for design
by discussing a model of social interaction which encourages, engages, and motivates consumer
participation, enabling consumers to share experiences and bridge knowledge barriers. By de-
veloping a framework for community support in such respects, we ensure information quality,
transparency, and potentially provide more effective consumer support accordingly. Thus, we
have a greater chance of choosing better food selections, specifically those from the perspective
of integrating more sustainable choices in our everyday food selections.

Keywords: Food; Decision support, Knowledge collaboration; Visualization; Interaction design

1 INTRODUCTION

Imagine you are planning a trip to your local grocery market to purchase food items for the coming
week. Having recently become more conscious of the type of food products you purchase, you are
most interested in finding good food items, those specifically high in quality, with excellent health
related benefits, produced locally (or as local as possible), and within your budgetary constraints.
Using your laptop you connect to an online community repository which provides a listing of
various food items available in grocery markets close to your residence as contributed by other
shoppers in your community. The repository comes complete with consumer compiled product
ratings and other consumer contributed informational qualities relevant to your food selections and
shopping preferences. The online system enables you to hone in on your preferences, allowing
you to analytically and visually compare selected food items. Finding items of interest and their
location of purchase you set out to the appropriate local grocery market.

While browsing the market, you find other items of interest. Wishing to compare these selections
with potential alternatives you utilize your mobile phone to capture product serial codes/labels.
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Having the ability to upload product data to the community repository, you do such and are able
to make visual comparisons. Analytically comparing your selections using supplied visualization
tools, you make your choices and continue onwards. Once back in your residence you decide
to evaluate your recent selections. Using your tablet computing device and available scanning
tool, you scan your receipt and upload it to the community repository. Noticing that a few of
your selections are not listed in the repository, you submit the items as you feel other consumers
may also benefit knowing about your selected items. Once complete, you are able to score your
shopping experience, rating selections and visualizing potential alternatives if applicable. As
well, you are able to gather recipe ideas for items purchased. Finding a recipe among the many
displayed you begin preparing selected items for cooking.

The above scenario describes a situation where consumers, local or otherwise, support each other
in their shopping tasks. In today’s consumer-oriented society, having support such as that de-
scribed may greatly aid in our abilities to make better product choices. By designing such a
community, one that is built and maintained by consumers for consumers, we provide a unique
platform for learning and knowledge sharing where otherwise consumers would be left on their
own. Similar collaborative tools exist in other contexts, for example Wikipedia, where millions of
users from all around the globe connect voluntarily to develop an online repository of information
and knowledge about everything, democratizing knowledge, making it available and accessible to
all [Hoisl et al., 2007; Davenport, 2007; Wohner and Peters, 2009]. These kinds of crowdsourc-
ing [Huberman, 2008] activities and models of interaction design have increasingly become more
popular and relevant in current society.

1.1 Democratizing Food Knowledge Through Online Collaboration

Food, specifically what constitutes good food, has been an area of consumer interest of late. From
eating more healthy to fostering a better relationship with our food, current consumer attitudes
towards developing a more well-rounded understanding of our food choices has begun to increase
[Eertmans et al., 2005]. However, there remains a mystique around what truly constitutes good
food choices. Information is vast and deciphering quality knowledge from the quantity has be-
come a difficult and complex task [Eertmans et al., 2005]. Michael Pollan [Pollan, 2008], a highly
respected author on the subject, states that although the activity appears difficult and complex, it
is, however, intrinsically simple:

Eat food, not too much, mostly plants.

One might read Pollan’s above quotation and think, sure, sounds easy enough! However, there
is still complexity surrounding the activity of choosing good food, specifically in terms of our
everyday experiences while shopping in local markets filled with overly processed choices as well
as supposedly good food choices in disguise.

For example, one may purchase a tomato, which by Pollan’s advice could be considered a good
food item. However, there could be other informational qualities of the tomato that is also critical
to the concept of what could constitute a good tomato. These informational qualities could include
whether or not pesticides were used on the tomato crop, or if any kind of chemical or dye was
used to make the appearance of the tomato more pleasing or to give it a longer shelf life, among
others. The activity of choosing good food now becomes much more complex indeed. Thus, the
question of how we can be successful in finding quality food, good food with which we can get
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Figure 1: Illustration of a potential apple spime.

excited about and which ensures the vitality of our health, environment, and social well-being is
yet to be addressed in its entirety.

We believe that to be successful in such respects, community support is needed. Pollan’s book:
Food Rules [Pollan; 2009], which provides an excellent guide on the subject, is a testament to this
very fact as many of the food rules he describes were developed by modern everyday consumers
and derived from lore passed down through generations. Pollan provides an excellent starting
point to begin constructing a framework for designing support. The research described here builds
from what he has initiated by describing an online model of social shopping [Kim et al. 2009;
Grange and Benbasat, 2010] that deals specifically with food. What we propose is a model for
designing social shopping systems that will allow for satisfying consumer interactions [Rosson
and Carroll, 2002] by enabling consumers to voluntarily participate and become more engaged in
the democratization of food spimes.

2 SOCIAL SHOPPING USING FOOD Spimes

2.1 Food Spimes

Bruce Sterling [Sterling, 2005] describes the concept of spimes as:

Manufactured objects whose informational support is so overwhelmingly extensive
and rich that they are regarded as material instantiations of an immaterial system.

Adapting this concept to food, we consider an apple, which would reside in the subset of good
food items according to Pollan’s food rules. An apple spime could include: health-related qualities
(in comparison with other apples, fruit, or products), type (gala, spartan, etc.), seasonality, where
it was produced and processed (locally or otherwise) or manufactured (canned, juice), price (and
location of the market with the most effective price), among others (see Figure 1). Furthermore,
an apple spime could include knowledge on how to eat the apple; how to prepare it in recipes,
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Figure 2: Illustration of ProductWiki. Consumers can rate products, contributing to the average
consumer product rating (upper left), provide consumer defined product pros/cons (and collec-
tively rate the pros/cons accordingly), tag products for future purchase, as well as contribute to
consumer product reviews.

which would be highly beneficial to consumers as simply purchasing good apples is not enough,
we must know what to do with them.

2.2 Social Shopping Tools and Food Spimes

Research into social shopping systems has been gaining interest through recent years [Leitner and
Grechenig 2009; Kang and Park, 2009; Kim et al., 2009; Grange and Benbasat, 2010]. Popular
examples of social shopping communities include Gas Buddy (http://gasbuddy.com/),
where online consumers meet to discuss current regional gas prices, Kaboodle (http://www.
kaboodle.com/), where online consumers connect to shop, share, and recommend products
of all kinds, and ProductWiki (http://www.productwiki.com/), similar to Kaboodle,
where consumers can rate, review, and recommend products accordingly, among many others
(See Figure 2 for a screen capture of ProductWiki). All of these systems engage consumers in
sharing their experiences, democratizing consumer knowledge and providing added support for
our shopping activities and goals.

For the research described here, we are most interested in constructing social shopping models
that enable consumer interaction with food spimes. For this task we look at how social shopping
systems could provide consumers with the needed support to conduct their own food spime re-
search. Contributed food spimes would have a degree of accuracy, transparency, applicability, and
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Figure 3: Model of the triple top line design according to McDonough and Braungart. All three
sub-fractals, i.e. Ecology (environment), Equity, and Economy, when equal in benefit lead to
optimal sustainability (centre of the fractal).

quality as they would be based on actual consumer knowledge and experiences, not solely made
up of what is made available by producers, e.g. usually just being nutritional information provided
on food labels. With some moderation to ensure reliability and quality of the food spimes [Dalip
et al., 2009], the consumer benefits of such a community could be substantial.

3 FOOD SPIMES FROM THE TRIPLE TOP LINE

With respect towards a framework for design, we were inspired from the model of the triple top
line, as described by [McDonough and Braungart, 2002] (illustrated in Figure 3).

Triple top line design considers the informational quality of an item from three primary dimen-
sions: environmental sustainability, social equity, and economic benefit. Adapting the triple top
line to the visualization of food spimes, we can observe food products in relation to the three di-
mensions of the model (Figure 4). Considering again the example of an apple spime, when seen
from the perspective of triple top line, some of the apple’s spime could include:

1. Ecology: food miles, the distance the apple travelled from the producer (factory or farm) to
the consumer’s residence

2. Economic: price, related to the cost of producing, purchasing, and consuming the apple

3. Social Equity: producer background, labour treatment, fair trade, such as whether the
apple was produced by a local farmer or imported from a large-scale manufacturing facility
and the producers compensation for production

3.1 Designing a Model for Interaction

Figure 5 illustrates our proposed model of design. We envision a cloud-based model, enabling
very high connectivity options for user interaction. Whether consumers are in their local grocery
market browsing food selections and wanting to compare alternatives, or in the comfort of their
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Figure 4: Visualizing an apple from the perspective of the triple top line. We observe that this
particular apple falls at the centre point of ecology and equity and is furthest from economy.
This may suggest that the apple might have a higher price of production or consumption, but its
environmental and social equity-related qualities are more equal, i.e. it may be an organic apple
produced by a local farmer of a small farm (minimal production and market impact/applicability).

residences and wanting to engage in writing product ratings or contributing to product informa-
tion, they’ll be able to so through all available mediums of interaction.

We envision the system to enable consumers to scan their shopping receipts using open source
optical character recognition (OCR) software, picking and choosing the products on their receipt
that they wish to contribute to the repository. It is important to make note that we acknowledge
privacy issues attached to such an activity and plan to incorporate a design that enables consumers
to have the option to select which products on their receipt they wish to contribute. After prod-
ucts are selected for entry, product data already entered into the food spime repository will be
immediately seen, providing an option for consumers to add or modify contributions accordingly,
contributing to the growth and maintenance of the food spime repository.

With respect to maintenance and moderation, initially a select number of individuals will be re-
sponsible for ensuring the integrity of the contributed food spimes. Over time, we envision that
a verified trusted community member designation will be established that will allow additional
community members to obtain moderation status/ability. This is envisioned to add to aspects of
community information and knowledge ownership, further enabling the democratization of food
spimes. This feature will create an environment that will best engage community members to
contribute and share information, knowledge, and experiences while also ensuring a high degree
of transparency, food information/knowledge quality, and trust.

In addition to OCR scanning capability/functionality, we envision consumers to have the ability
to use their mobile/tablet device to digitally capture product serial codes or labels for entry and
interaction with the food spime repository in a similar fashion. Over time we also envision the
development of a food spime item tag which would provide another visual indicator of quality as
well as provide an additional method to scan, capture, and interact with food spimes accordingly.

Visualization of the food spimes will initially be framed around the three dimensions of the triple
top line using highly interactive displays (developed individually for each type of device based
on the capabilities and functionalities possible, i.e. tablet devices have smaller screens and may
have touch screen capability not present in a desktop environment - interfaces will be designed to
support such aspects of interaction). Options to add and incorporate additional dimensions will
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Figure 5: Proposed model of design. Consumers can interact with other consumers (online and
offline) and collaborate in defining and developing food spimes using their preferred, or available
mode of interaction.

be integrated into the design of the model to account for other dimensions of consumer interest as
the community and repository grows. Some of these other dimensions may not fall directly within
those of the triple top line. For example, some community members may wish to explore and
interact with the psychological factors of their food choices, i.e. brand context, image, perception,
etc., [Bell and Marshall, 2003]. Thus, as the system develops incrementally the visualization
and interaction space will become more rich in context, aligning the tool to community needs
and preferences while enhancing aspects of design to further aid in our evolving decision-making
tasks and processes.

4 CONCLUSION

This paper discussed research in designing online collaborative systems for visualizing food
spimes. Specific to our research is the concept of social shopping and spimes and how they
relate to the visualization of consumer food selections; how we can select and discuss good food
and contribute our experiences accordingly. Although selecting good food may be as simple as
Michael Pollan suggests, Eat food, not too much, mostly plants, the fact remains that we do need
support in order to keep engaged as the problem tends to be more complex. We believe that by
constructing open, collaboratively constructed online communities for social shopping activities
in such regards, we enable consumers to become more knowledgeable through their interactions
with others. Thus, we envision our model to democratize food knowledge, enabling us to poten-
tially make more healthy, environmentally friendly, and socially acceptable food selections based
on our collaboration and participatory online interactions with others.
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Abstract: The rational distribution of water in a water supply network (WSN) is a complex prob-
lem, especially for systems of large scale. Its complexity is continually increasing from the point
of view of technical management. The division of WSN into hydraulic zones is a partition of the
supply network into subsystems with controlled inputs and outputs, building smaller independent
networks. This solution is a strategic option used in many cities worldwide to control and oper-
ate their systems seeking to improve the WSN management, working with each part as a whole.
Looking for leaks, detecting water distribution anomalies or carrying out rehabilitation plans, are
instances of the aspects that can be technically improved by this reduction of the inspection area.
For these reasons, it is important to design the hydraulic zones structure in some optimal way.
In this paper, we propose a semi-supervised learning to approach it. To do it we add the differ-
ent supply constraints to the adjacency matrix of the graph and then gathering the reality of the
hydraulic zones in a single matrix. The next step splits the network, applying to it a spectral clus-
tering algorithm. This methodology offers an adequate solution to the hydraulic zones paradigm
through clusters that allow the conditions for the zones to become small quasi-independent water
supply networks.

Keywords: Kernel methods; clustering; graph partitioning; decision support systems; water sup-
ply.

1 INTRODUCTION

Current management strategies, used by companies, hinge on the need of accurately capturing
derived infrastructure data sets. Real water distribution systems may consist of thousands of con-
sumption nodes interconnected by also thousands of lines and the necessary elements to feed the
network. Most of the times these networks are not the outcome of a single process of design.
They are the consequence of years of history giving anarchic response to continually rising new
demands. As a result, their layouts lack a clear structure from a topological point of view. Con-
sequently, as other complex systems, water supply networks demand deeper hydraulic knowledge
to operate and to carry out tasks of maintenance, guaranteeing the quantity and the regularity of
the supply to the final costumer. The division of a network into District Metered Areas (DMA1)
follows a divide and conquer strategy that splits the large highly interconnected distribution net-
work into smaller sub–networks. These smaller networks are virtually independent and are fed by
a prefixed number of sources. This independence can be physically enforced in a number of ways.
For instance, by closing valves in existing pipes, by sectioning existing pipes or by introducing
new pipes that redistribute the flow.

1In this paper we will also refer to DMAs as hydraulic zones.
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To achieve such a relevant network division, it is necessary to take into account a number of char-
acteristics guaranteeing the correct layout and dimension of the hydraulic zones. Since this divi-
sion splits the WSN, simulations of the mathematical model with EPANET by Rossman [2000]
or any other hydraulic analysis tool, is required to obtain a good and valid design compatible with
the original network purpose. In other words, the division of the network involves some reduction
of the water pressure and, consequently, a sufficient number of simulations to guarantee a mini-
mum service pressure at all demand nodes of each hydraulic zone must be performed. In addition,
personnel qualification is crucial for better exploiting the network under the new scenario of the
network being divided into DMAs. Water only enters to supply a DMA through one or a reduced
number of sources. As a result, even a small breakdown or a slightly wrong maneuver at a control
point can leave without water the whole sector. It is thus necessary to design by-passes at the
control points and to look for alternatives to prevent such eventualities.

From a classical perspective, the division of a water supply network into DMAs is used with
the target of leak control like Covas and Ramos [1999], since it helps maintaining a permanent
pressure control system. This is de main reason for IWA [2007] to recommend a DMA size
between 500 to 3000 service connections (Hunaidi and Brothers [2007]). Nevertheless, this target
has become more ambitious recently, and AVSA [2009] incorporated new actions such as: carry
out audits to know the hydraulic efficiency, characterize the demand curve, detect frauds or diverse
errors of measurement, reduce maintenance costs...

Following the proposed line of considering a DMAs as virtually autonomous networks, that is to
say, scaled WSNs endowed with their own facilities to be handled, a complete management of
each hydraulic zone of the WSN can be better developed. Also, a new approach to the operation
and control of the whole network can be obtained. As a result, the target may be changed, allowing
weighting global and local needs. This paper aims to be a contribution to this goal by proposing a
technique that efficiently builds hydraulic zones, based on a kernel spectral clustering approach.

Traditionally, the development of DMAs has been strongly empiric, based on technical experience
and with very few scientific contributions; in this sense, it is necessary to quote the contributions
of United Kingdom Water Industry Research (UKWIR [1999]) and of the guidance notes of the
International Water Association (IWA [2007]). Recently, new approaches have been presented for
DMA based on conceptual and scientific frameworks. Pioneering work by Hunaidi [2005] uses
periodic acoustic surveys in a DMA. Tzatchkov et al. [2006] applies graph theory to establish the
division into DMAs. Some of the authors of this paper have obtained interesting results about
DMA based in Multi–Agent Systems in Izquierdo et al. [2009]. However, it is necessary to work
more in depth regarding hydraulic zones. Our aim is to work with all the available information
about the WSN to improve the results obtained until now. Then, the graphical structure of the
network and the weighting values of the different variables of the WSN will be taken into account.
The goal is to open a new research line to obtain accurate, efficient and robust results about the
construction of these hydraulic zones.

The main challenge is to define the kernel matrix (Scholkopf and Smola [2002]) that captures
the semantics inherent to the graph structure but, at the same time is reasonably efficient for
evaluation. In the first instance, the affinity graph matrix is transformed into a kernel matrix,
carrying out the correspondence kernel abstraction of the essential characteristics of the WSN.
Next, spectral clustering techniques are applied to this new matrix. Finally, graph-based semi-
supervised learning methods (Zhu et al. [2006]) are conducted. These learning methods can be
viewed as imposing mechanism of smoothness conditions on the target function with respect to a
graph representing the data points to be labeled.

The idea of constructing kernels on graphs (i.e., between the nodes of a single graph) was first
proposed by Kondor and Lafferty [2002], and extended by Smola and Kondor [2003]. In this
paper we propose an application of this idea to the real case of the WSN of Celaya (Guanajuato,
Mexico).

This paper is organized as follows. Section 2 proposes a kernel space approach to performance
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WSN data. Section 3 introduces the clustering process as a criteria for the division of the WSN
into hydraulic zones. In next section we apply this methodology to a real case. Finally, in Section 5
we comment some conclusions and future research lines.

2 KERNEL ABSTRACTION OF WATER SUPPLY NETWORK DATA

The starting point of our proposal to create DMAs into a WSN is to take into account all the
available information of the network. This information will be available as input matrices. Next
we see the construction and subsequent treatment of them.

First of all, a WSN must be considered as a particular graph including geographical and connec-
tivity information. Then, we start by building the affinity matrix associated to a WSN. The next
correspondences must be considered. First, graph nodes are the consumption points of the WSN
and their weights are their water demands. Second, graph links are the pipes of the WSN and their
weights are the diameters of these pipes. Using this information an affinity matrix of the graph
adapted to a WSN needs can be obtaineding.

We may also be interesed in contemplating the use of other information: using different constraints
and information of the water supply in form of dissimilarity matrices. In particular, geographic
information of the consumption nodes can be added by using the symmetric matrix that contains
the distances between the nodes. Other possibility is to perform a dissimilarity matrix using
the elevations of these nodes. Of course, it is possible to add as many matrices as information
categories are available.

After building the matrices of input information, they are transformed into so–called kernel ma-
trices. This process proposes an integration of the input data, offering a regulated form to dispose
the information and an adecuated operation space. To do it, data are scaled between 0 and 1. Then,
a diagonal of 1’s is plugged on the diagonal of each matrix. Next, matrices are mirrored through
their diagonals to turn them symmetric (the input matrices are triangular).

There are two key properties that a kernel function must meet (Scholkopf and Smola [2002]).
Firstly, it should capture the measure of similarity approximate to the particular task and domain,
and, secondly, its evaluation should require significantly less computation than it would be needed
in an explicit evaluation of a corresponding feature mapping.

Furthermore, as the sum of kernel matrices is another kernel matrix, we propose to build an
accumulative matrix, which is the weighted sum of the normalized dissimilarities in the different
characteristics of the data (1). In our clustering algorithm (see Section 3) we are interested in
representing, in addition, the a priori information about the graph (previous DMA designs, i.e.).

K = λAKA +
∑

i∈I

λiKi (1)

K is the kernel matrix for clustering, KA is the kernel matrix related to the affinity graph and
Ki, i ∈ I , is the matrix associated to the inputs of our interest in the process of building hydraulic
zones. Finally, λA and λi, i ∈ I , are the weights entering the linear combination. Starting from
the information arranged in a suitable kernel matrix we can apply skills of analysis as the next
spectral clustering.

3 CLUSTERING PROCESS

This section introduces a number of methodologies that are related with graph clustering and the
kernel spectral clustering paradigm. We present them orientated to the applications of our interest,
specifically to solve a WSN zoning problem.
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3.1 Clustering objective function

The network structure of data is the main reason to approach our problem from the point of view
of Graph Clustering (Shi and Malik [2000]). The input is assumed to be a graph G = (ν, ε, A),
where ν is the set of vertices, ε is the set of edges and A is the edge affinity matrix. Aij represents
the edge-weight between vertex i and j (Kulis et al. [2005]).

Let A, B two sets of links in the graph. Let (A,B) =
∑

i∈A,j∈B Aij be the links. Let us
consider degree(A)=links(A, ν). We seek a k-way disjoint partition to minimize a particular
objective (see Table 1). Min Cut objective function can be solved efficiently but the partition
may leave isolated vertices to become clusters. This problem is solved with Ratio Cut, which
creates more balanced clusters. Normalized Cut maximizes connectedness inside clusters
and disconnectedness between clusters at the same time.

Table 1: Examples of graph clustering objectives
Name Objective function

Min Cut
∑

links(νi, ν
c
i )

Ratio Cut
∑ links(νi,ν

c
i )

|νi|
Normalized Cut

∑ links(νi,ν
c
i )

degree(νi)

In a WSN a Min Cut objective function has the sense of looking for a minimum number of
isolation valves able to divide the network.

3.2 Spectral Clustering

Spectral Clustering is a relatively new paradigm on clustering and a really interesting alternative
to common methods. We will use here the next version of Spectral Clustering algorithm proposed
by Ng et al. [2001]:

Given a set of points S = {s1, ..., sn} in Rl that we want to cluster into k subsets:

1. Build the affinity matrix A ∈ Rn×n defined by Aij = exp
(
− ||si−sj ||2

2σ2

)
if i 6= j and

Aii = 0

2. Define D to be diagonal matrix whose (i, i)–element is the sum of A’s i–th row, and build
the matrix L = D−1/2AD−1/2

3. Find x1, x2, ..., xk the k largest eigenvectors of L, and form the matrix X = [x1x2...xk] ∈
Rn×k by stacking the eigenvectors in columns

4. Form the matrix Y from X by renormalizing each of X’s rows to have unit length

5. Treating each row of Y as a point in Rk, cluster them into k clusters

6. Finally, assign the original point si to cluster j if and only if row i of the matrix Y was
assigned to cluster j

In step 5 we can apply k-means and then obtain an improvement of its straightforward implemen-
tation; avoiding convexity complications and running in a better computational way. The overall
process is shown in Figure 1.

Summarizing, the top k eigenvectors2 of the affinity matrix are used to form an n × k matrix
Y where each column is normalized to unit length. Treating each row of this matrix as a data
2By the “top eigenvectors” we refer to the eigenvectors corresponding to the k smallest eigenvalues.
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Figure 1: The process of Spectral Clustering: source Vejmelka [2009]

point, the algorithm of k-means is finally used to cluster the points. Now, our goal is to adapt
this graphical process to the data information of a Water Supply Network. This can be done by
building a kernel weight matrix to represent the WSN characteristics.

3.3 Semi–supervised clustering

Usually, when working on a real-world problem, some background knowledge about the cluster
structure is available. We can assume that this knowledge comes in the form of pairwise must-link
and cannot-link constraints. Such constraints are natural for graphs, as pairwise relationships are
explicitly captured via edges in a graph (Kulis et al. [2005]). However, most semi–supervised
clustering processes with pairwise constraints assume that the input is in the form of data vectors.
This assumption is necessary in the problem of dividing the WSN into hydraulic zones. In this
case, we should assure that each DMA is supplied by one or more water sources, such as tanks
or reservoirs. This hydraulic feature should be translated as constraint implementation in the
partition algorithm. In this work we show that a semi–supervised clustering solves this problem.

One spectral approach to semi–supervised clustering is the spectral learning algorithm of
Kamvar et al. [2003]. A paper of Yu and Shi [2004] considered a semi–supervised formulation of
the normalized cut objective and had a spectral algorithm associated with it. In this work we pre-
fer the Kamvar solution to semi–supervised clustering, specifying penalty weights for constraint
violations. As the entries of the affinity matrix are normalized between 0 and 1, we assign the next
following penalty weights: Aij = 1 ∀i, j that have a must-link constraint and Aij = 0 ∀i, j that
have a cannot-link constraint. At this stage, we can continue with the kernel spectral clustering
algorithm, looking for the kernel associated to the affinity matrix and taking the top k eigenvectors
to be the columns of the matrix to cluster.

3.4 The proposed algorithm

After the kernel data transformation (Section 2) we apply the proposed process to Water Supply
clustering. To treat this data with the semi–supervised clustering methodology we first transform
the graph affinity matrix into a kernel matrix. Next, we merge different information by adding
other kernel matrices. This information contains values of the inputs under study, and the must-
link and cannot-link constraints (see subsection 3.3). In this way, we make sure that each DMA
is fed by at least one source (tank or reservoir). To perform the partition, we work with so many
dissimilarity matrices (transformed into kernel matrices) as variables are involved. In the case that
a previous DMA exists, it will be quantified in another matrix of distances. This matrix will be
transformed to a kernel matrix and will be treated as an additional input (suitably weighted against
all the other matrices). Then, the desired information is combined by using the weighted sum of
kernel matrices with graphical and vector information.

This overall process (detailed in the current Section 3) can be summarized by the algorithm of
the Table 2. We can add some improvements about this methodology working with the cluster
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Table 2: Overall semi–supervised process
algorithm: water supply clusters by semi–supervised learning
1. abstraction of the water supply network as a graph
2. construction of Laplacian and dissimilarity matrices
3. data transformation into a single kernel matrix
4. plug-in of hydraulic constraints
5. calculus of the matrix spectrum
6. k-means into the top eigenvectors
7. cluster re-asignation into the original data
8. hydraulic validation (EPANET)

configuration quality. Some optimization of the weights in the kernel matrix construction (Table 2
– step 3) is other point to discuss in future researches.

4 EXPERIMENTAL STUDY

Starting from the affinity matrix of the graph of a WSN, the next step of the proposed methodol-
ogy transforms the pipes, demand nodes and water constraints into a kernel matrix to which the
development clustering algorithms are applied. In this Section we will apply the methodology
exposed to the real case of the WSN of Celaya (Guanajuato, Mexico).

4.1 The Case Study

In order to show the performance of the presented process we consider here a real case, the WSN
of the Central area of Celaya, fed by one reservoir (D1) and five tanks (E1, ..., E5) with five pump
stations. This network is made out of 479 lines and 333 consumption nodes; its total pipe length
is 42.5 km and the node elevation average is 156 meters; the total consumed flowrate amounts to
91 l/s.

In the case under study getting an optimal division of the WSN into DMAs is of paramount
importance to improve the detection of leaks (more than 100 occurrences per year since 2005
to 2007) and to establish the necessary rehabilitation plans. The existing DMAs of the WSN
will be taken into account as a starting point to run the algorithm proposed in this paper. This
way, the information about the current sectorization, the analyses already performed and the built
infrastructure may be used, instead of starting from the scratch.

4.2 Results

Our aim is to divide the WSN of our case study into 3 DMAs (each DMA being supplied by at
least one tank). To this purpose, we apply the procedure of semi–supervised clustering algorithm
explained in the present work3. After applying this process to the WSN data the following results
are obtained. The size of each DMA in kilometers of pipes is 18, 9.5 and 15 km, respectively.
The average diameter (in millimeters) of pipes per cluster is 144, 130 and 107, respectively. For
this division, each DMA is supplied by at least one tank (see more details about average elevation
and total demand of these hydraulic zones in Table 3). It is necessary to close 34 valves to isolate
each DMA. The objective function of the clustering algorithm guarantees that it is the minimum
number of links (valves) that should be closed for carrying out this graph partition.

In Figure 2 we can see, approximately, the cut plans dividing the WSN into three hydraulic zones.
In addition, this figure shows the distribution of the different water suppliers in these DMAs. This
final configuration was successfully simulated in EPANET, thus validating our results.

3Through an analysis of the cost we propose 0.4 as the weigth of the affinity matrix in the kernel matrix (eq.1). The
remaining weights will be of equal importance to the sum of 0.6.
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Table 3: Description of hydraulic zones of the case study
Sector Nodes Sources Elevation Demand

sector 1 122 E1 + D1 156.56 35.50
sector 2 84 E3 + E5 155.00 30.75
sector 3 127 E2 + E4 155.22 24.51

Figure 2: Aproximate scheme of the division of the WSN into three DMAs

5 CONCLUSIONS AND FUTURE RESEARCH

Classically, a division of a WSN into DMAs aims at improving leakage detection using node
elevation, pressure and demand information. In the present work we propose augmenting, or
changing, the perspective of this target. This can be done by taking into account different infor-
mation to be included within criteria for the division of the WSN into hydraulic zones (clusters).
Furthermore, one can use the diameter of the pipes and their age, weighting rehabilitation plans.
Other point of view considers the use of some index of vulnerability for the pipes, taking into
account the effects of hazards in the construction of DMAs.

Compared to other methodologies, which only use graphical or vector information, semi–
supervised clustering use both, and in a more efficient and robust way. The flexibility to in-
clude different inputs into the study, with different weights, is another improvement of the shown
methodology. Future research will focus on developing techniques to calibrate these weights.
In addition, different modifications could be included in the clustering algorithm that could be
compared on a work bench regarding their ability to build optimal models.
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Abstract: Many recent studies look at the issue of sustainability from the environmental 
and the social points of view. This paper takes a different approach and proposes to look at 
the economic stability of organizations in the water sector. It analyzes a set of 140 
companies from around the world involved in this sector, and attempts to develop a 
methodology to find out, based on stock market data only, which ones will likely remain 
active in the foreseeable future, and which ones will likely "die" out. This methodology 
uses machine learning techniques to handle the stock price time series of companies over a 
period of variable length. These techniques make use of tools such as support vector 
machines and kernel learning, and more specifically of the Fisher kernel. This methodology 
has been previously tested on other sectors and has shown good results. This paper expands 
the testing to the water sector on an international basis and thus links it to the important 
area of sustainability. The paper’s results further confirm the potential of the methodology 
and provide prospective for future research. 
 
Keywords: Fisher kernels; Machine learning; Support Vector Machines; Stock price; 
Sustainability 
 
 
1. INTRODUCTION 

 
The idea of sustainable development, developed by and still strongly supported by the 
United Nations [1987], states that social, environmental and economic goals should be 
pursued simultaneously. This idea implies that change in one of these areas would result in 
at least the possibility of an impact on the other two areas. Economic and financial stability 
of companies in certain industries will then have a strong impact on the environmental and 
social stability in the geographic areas where these companies operate.  
 
While many studies look at the issue of sustainability from the environmental and the social 
responsibility point of views, this paper proposes to look at the economic sustainability of 
businesses in the water sector.  It analyzes a set of 140 companies from around the world 
involved in this sector in about 20 different countries, and attempts to develop a 
methodology to find out which companies will likely remain active in this sector, and 
which ones will likely ‘die’ out (i.e., get delisted from the stock market). Only stock price 
data is considered for the development of this classification mechanism as it is the most 
readily and objectively observable financial metric of public companies. The ability to 
identify the companies that are likely to survive in the water sector would have financial 
value for investors as the knowledge about a potential corporate failure may prevent losses 
or even be profitable. Additionally, this information would have value from a social point 
of view, as unemployment rates and personal bankruptcies may arise as a result of 
companies’ deaths. From an ecological point of view, “dying” companies, depending on 
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their impact (negative or positive) on the environment (for a discussion of one tool for 
measuring impact see Searcy [2009]), can be either publicly salvaged or left to themselves.  
 
The methodology proposed in this paper uses machine learning techniques to handle the 
stock price time series of company over a period of variable length, and make decisions as 
to whether the company will survive as an independent entity over the long-term or not. 
These techniques make use of the tools of support vector machines, and kernel learning. 
More specifically, they implement the concept of Fisher kernel to be able to process inputs 
that are time series of variable length, and thus not of the vector-type. This methodology 
has been previously tested on some other economic sectors and has shown good results. 
Thus, a conference paper by Athavale et al. [2009] set the precedent in this research when 
it looked at the Technology, the Pharmaceutical and the Banking sectors. The authors 
found reasonable distinction between active and dead companies in the Banking sector. 
The current paper extends this direction of economic sustainability research by analyzing 
companies in the water sector on a global scale, as opposed to constraining it to the North 
American markets as was done so far. 
 
It seems appropriate that the methodology is utilized in the water sector, as the "death" of a 
water company performing an essential service can result in significant financial, social and 
ecological consequences. Most of these may be neutralized if society has timely knowledge 
of future corporate deaths and uses it to prevent them. Therefore, it appears useful that this 
type of forecasting analysis is performed for the water sector in order to preserve water 
companies’ welfare, as well as to promote social, environmental and economic 
sustainability. 
 
 
2. DESCRIPTION OF THE APPROACH 
 
The approach that was used in this research consisted of two stages – collecting the 
company stock data for a sufficiently long period and applying the Fisher kernel on the 
stock price time series data. 
 
 
2.1 Data Collection 
 
The data for this paper was collected through the use of the Mergent and the Thompson 
Reuters Datastream databases.  
 
The Mergent database allows one to search for and find companies that have water as part 
of their business. Thus, this study does not limit its scope to water treatment, water 
distribution or water bottling companies, but rather to a much broader variety of companies 
that operate in or service the water industry. Companies that provide IT solutions, 
financing, piping and irrigation equipment, as well as engineering solutions to the water 
industry are examples of the included companies. These were selected on a pseudo-random 
principle, in which the authors looked at an existing exchange-traded fund that focuses on 
companies that are servicing the water sector. Such companies were then selected through 
Mergent in a way that replicated that fund’s sector structure.  Similar procedures were 
followed for both active and dead companies.  
 
After a list of 140 companies was obtained, weekly stock price data for the past 25 years 
was downloaded through Datastream. Because of the global nature of the companies 
selected, all prices had to be converted to a single currency. In this paper the currency 
selected was US dollars. More importantly, in its definition of “dead” companies, 
Datastream does not distinguish between bankrupted and merged/acquired companies, 
which warrants a careful interpretation of any results of this methodology. This issue will 
be further discussed in the conclusions section of this paper. Finally, log returns were 
computed from the historical stock prices in order to use some theoretical properties of 
returns, as discussed in the Black-Scholes option pricing theory [Black and Scholes, 1973]. 
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2.2 Support Vector Machines and the Fisher Kernel 
 
To process the collected time series data, a two-step method was applied to extract relevant 
features from the stock price time series (step 1 – using Fisher kernel), and then, based on 
these features, design an algorithm to carry out the classification of a company as either 
‘active’ or ‘dead’ (step 2 – using support vector machines (SVM)). The actual 
mathematical equations that describe in detail these two steps can be found in the paper by 
Hosseinizadeh et al. [2009]. In this article, we explain qualitatively the techniques that 
underlie the two steps. 
 
Fisher kernel and its corresponding features: The Fisher kernel can be considered a feature 
extractor which transforms a stock price time series T into a vector of a few scalar 
quantities, called features. Features provide a characterisation of T and can be of many 
different types. For instance, the mean of T is a feature of the time series. The variance is 
another feature. The frequency spectrum of the time series signal also provides features for 
the time series. In this work, the features that have been considered are derived from the 
Fisher kernel [Jaakola and Haussler, 1998]. When we use the Fisher kernel, a probability 
density function (pdf) on the space of all time series T has to be selected. In this research, 
an assumption is made that the two groups of companies (dead and active) will be 
described by two different normal distributions. Thus, a Gaussian Mixture Model (GMM) 
composed of two components is used for the pdf for all time series, where each component 
is a normal distribution parameterized by a mean and variance. The two components are 
combined using two mixing coefficients, called priors. The parameters (means, variances, 
priors) are estimated using the Expectation Maximization Algorithm [Moon, 1996]. The 
features that are used in this research are the coordinates of the Fisher Score, which is 
obtained by computing the partial derivatives of the log-likelihood of the GMM with 
respect to the parameters (mean, variance, prior) of this GMM. The Fisher kernel itself is 
obtained by defining a dot product in the vector space generated by the Fisher Score.  
 
Support vector machines (SVM): SVM is used in this paper as a classification algorithm 
just like decision trees or neural networks. The SVM algorithm uses hyperplanes to 
construct classifiers. The hyperplane that is selected by the SVM algorithm is the one that 
provides the maximum distance between the hyperplane itself and the closest points in the 
vector space of the feature vectors. The closest points are called the support vectors (SV), 
and the selected optimal hyperplane can be expressed in terms of the coordinates of these 
SV. 
 
 
3. RESULTS 
 
After the above approach was applied, the plot displayed in Figure 1 was obtained. In this 
figure, each point represents one company plotted using the summed features obtained 
from the Fisher Score; the circles represent the active companies, and the crosses stand for 
the dead companies. This tri-dimensional plot shows clearly that the features that have been 
used provide an effective method for clustering the active and dead companies. This seems 
to support the hypothesis that there is a distinction between these two types of companies. 
The Fisher scores of the two groups seem to differ noticeably, especially with respect to 
their variances. When SVM is applied to this data set, the classification error that is 
obtained is less than 10%. 
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Figure 1. Both active and dead companies plotted using Fisher Scores 

 
 
 
As a way to show that the labels ‘active’ and ‘dead’ do indeed bring a great deal of 
information to the task of separating a company that will likely survive from one that is 
likely to ‘collapse’ and to point out that such a distinction is very unlikely to happen 
randomly, the authors used two randomly selected groups created from the same total set of 
companies as the original. Both active and dead companies were combined into one list and 
assigned numbers from 1 to 140. Thereafter, the list was shuffled and two new groups were 
formed. There are about 5.6E+140 unique combinations to choose these two equal groups. 
One such possibility was used and the test code was run on it. The two groups were now 
much more visually mixed and a reasonable distinction between the fictitious ‘active’ and 
‘dead’ companies was no longer possible (Figure 2). It is important to note that this random 
simulation does not represent a form of calibration. Its purpose is to demonstrate that the 
discrimination we see in the first plot between the actual active and dead companies  is not 
the result of pure chance, but is rather a consequence of the information contained in the 
historical labels ‘active’ and ‘dead’. The simulation uses the original set of companies in 
order to point out that in the vast majority of the cases one would not expect their Fisher 
scores to be as neatly classified as they are when grouped as active or dead. Thus, this 
classification seems to contain important ‘non-random’ information. It should also be noted 
here that, while the classification error when the actual sets of dead and active companies 
have been used is less than 10%, this error approaches, predictably, 50% in the case of the 
randomly selected sets.  
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Figure 2. Plot obtained by randomly selecting two groups of companies 

 
 
4. DISCUSSION, CONCLUSION AND FUTURE WORK 
 
The results of this paper confirm that a methodology based on engineering methods and the 
simple measure of stock prices may have validity and usefulness for a variety of sectors. 
Extending previous research that has focused on several sectors in Canada and the US, this 
paper has demonstrated that a distinction is possible for publicly traded companies on a 
more global basis for companies that provide service to the water sector. Considering the 
importance of the water sector for sustainability worldwide, this result has important 
implications. Perhaps the most crucial one is that one may be able to distinguish early on 
between companies that have difficulties and are about to die out, and the ones that are 
likely to survive in a longer term. Then, similarly to the popular business practice of 
identifying and protecting corporations that are “too big to fail”, society may identify 
which of the ‘dying’ companies are “too important to fail” (because, for example, they 
contribute in a significant manner to the environmental bottom line), and attempt to protect 
them. Sustainability comes at a price, but preventive action and early knowledge about 
potential economic disruptions in sustainability may well be cheaper than reactive attempts 
to fix a situation.  
 
Furthermore, financial theory suggests that investors, through their view of fair stock 
prices, account for all kinds of information they receive about companies in the water 
sector, and not merely about their technological or engineering potential. This idea fits well 
with the findings of Beck [2009a, 2009b] who argued that effective governance, inspired 
corporate leadership, and ability to learn and adapt in water-related companies is just as, if 
not more important than, its technological structure. Therefore, companies that find their 
Fisher scores closer to the ‘dead’ group may be interested in implementing both new 
engineering and management techniques to stay alive and serve their customers and society 
better. One important point should be made here. In this paper, the Fisher scores were 
computed using 25 years of weekly stock price data and so may be reflecting long term 
trends in companies’ financial health. This may mean that solutions or adjustments by 
companies may not have a quick effect on their Fisher score. Further research is currently 
in progress attempting to dynamically track companies’ scores through the years and to 
pinpoint the precise time intervals in which changes in the scores occur. This will allow 
one to look further into the events and the decisions that can cause these changes and to 
determine the speed of their effect. This would increase the usefulness of the current results 
and would allow for proper timing and planning of decisions regarding the fate of 
companies. 
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Furthermore, it should be noted that the notion of “death” is used in this paper to refer to 
the situation where the company is delisted from the stock market. The definition used by 
Datastream does not distinguish among the various ways in which a company gets delisted. 
Thus, an organization may be considered “dead” if it was acquired by another company, 
merged with a partner, or went bankrupt. Each of these events usually has different 
implications for investors and it would be important to discriminate among them. However, 
one can argue that from a social and environmental point of view all of these “deaths” can 
be considered negative to one extent or another.  
 
Bankruptcies have obvious negative consequences, some of which include destroyed 
capital and increased unemployment, as well as potential long-term negative effects on 
sustainability if companies that provide important social service by improving the quality 
of water and/or making water distribution safer and more efficient disappear as a result of a 
bankruptcy. Furthermore, as Wein and Morris [1985] point out, in some cases a bankruptcy 
may discharge companies from cleanup and other environmental obligations, though in 
recent years courts have been stricter on those loopholes. However, acquisitions and 
mergers can also have negative implications. Possibly the major losers when a company 
gets delisted as a result of an acquisition or a merger are its employees. Often, new 
management will look for ways to improve synergies and reduce redundancy and will 
eliminate a number of jobs to make the new organization more efficient than the mere sum 
of its parts. Job losses can be considered a negative consequence on society. Mergers and 
acquisitions can also result in reduced competition, decreased quality standards and higher 
prices, which may further burden taxpayers. If society has the knowledge, a few years 
earlier, that there is a possibility that a “death” will occur, important companies may be 
salvaged. 
 
Thus, while this paper provides interesting implications for the prediction of “death” as 
defined by Datastream, future research may focus on the implications of bankruptcies 
specifically, which potentially carry out the worst consequences on society and the 
environment. As previously mentioned, other interesting modifications of the current 
methodology would include a dimension of time. This would provide even more important 
information as to when a “death” is expected and how it can be prevented. Future research 
may also include other environmental sectors. For example, companies involved in the 
alternative energy or the waste management industries may be investigated. Nevertheless, 
while there is indeed a potential for improvement in the methodology, this paper may be an 
important first step towards a more sustainable management of socially important 
organizations. 
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Abstract: One of the most difficult tasks in the whole KDD process is to choose the right data 
mining technique, as the commercial software tools provide more and more possibilities together and 
the decision requires more and more expertise on the methodological point of view. Indeed, there are 
a lot of data mining techniques available for an environmental scientist wishing to discover some 
model from her/his data. This diversity can cause some troubles to the scientists who often have not a 
clear idea of what are the available methods, and moreover, frequently have doubts about the most 
suitable method to be applied to solve a concrete domain problem. Within the data mining literature 
there is not a common terminology. A classification of the data mining methods would greatly 
simplify the understanding of the whole space of available methods. Furthermore, most data mining 
products either do not provide intelligent assistance for addressing the data mining process or tend to 
do so in the form of rudimentary “wizard-like” interfaces that make hard assumptions about the user’s 
background knowledge. In this work, a classification of most common data mining methods is 
presented in a conceptual map which makes easier the selection process. Also an intelligent data 
mining assistant is presented. It is oriented to provide model/algorithm selection support, suggesting 
the user the most suitable data mining techniques for a given problem. 
 
Keywords: Knowledge Discovery from Databases, Data Mining, Intelligent Decision Support 
Systems, Case-Base Reasoning.  
 
 
1. INTRODUCTION 
 
The classical scheme of Knowledge Discovery from Data provided by Fayyad in 1996   
refers the following steps to complete the high level process of KDD, very often also called 
simply Data Mining (Spate et al. 2006): 
 
• Developing and understanding the domain, capturing relevant prior knowledge and 
the goals of the end-user 
• Creating the target data set by selecting a proper set of variables or data samples 
(including generation of proper queries to a central data warehouse if needed) 
• Data cleaning and preprocessing. Quality of result strongly depends on the quality 
of input data, and therefore the preprocessing step is crucial (Gibert et al 2008b). 
• Data reduction and projection: Depending on the problem, it may be convenient to 
simplify the considered set of variables. The aim here is to keep a relevant set of variables 
describing  the system adequately and efficiently (Núñez et al 2004, Gibert et al 2008b). 
• Choosing the data mining task, with reference to the goal of the KDD process. 
From clustering to time series forecasting, many different techniques exist for different 
purposes, or with different requirements. See (Kdnuggets 2006) for a survey of the most 
common data mining techniques.  
• Selecting the data mining algorithm/s: once the task is decided and goals are 
codified, a concrete method (or set of methods) needs to be chosen for searching patterns 
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in the data. Depending on the choice of techniques, parameter optimization may or may 
not be required 
• Data mining: Searching for patterns in data. This will be significantly improved if 
previous steps were  performed carefully 
• Interpreting mined patterns. This is crucial if the discovered patterns have to 
support effective improvement of expert’s knowledge about the analyzed phenomenon or 
further decision-making  (Pérez-Bonilla et al 2007, Gibert et al 2010, Gibert et al 2008). 
If results look inconsistent possible further iteration of previous steps may be required to 
refine the analysis. 
• Consolidating discovered knowledge: Documenting and reporting results, or using 
them inside the target system. 

 
Currently, we are still far from having computational systems that follow this scheme in its 
totality. Most of the commercial Data Mining systems provide collections of several 
preprocessing, data mining and support-interpretation tools, which have to be properly 
combined by the data miner itself to build a correct KDD process for every particular 
application. One of the most difficult tasks is to choose the right data mining technique, as 
the commercial software tools provide more and more possibilities together and the decision 
requires more and more expertise on the methodological point of view. 
 
In (Gibert et al 2008b) a high level description of a number of Data Mining techniques was 
presented in order to provide elements to environmental scientists to decide what to do in 
front a real problem. In that case we presented the techniques that we presumed could be 
more used for making environmental KDD, and we presented them grouped by technical 
proximity between them. However, in the last years we have been experiencing that either 
experts or data miners choose the data mining technique by using two main parameters 
which have nothing to do with technical characteristics of the choice. After these 
experiences, we strongly belief that the final choice depends basically on: 
• The main goal of the problem to be solved 
• The structure of the available data set 

 
There are many references in the literature describing collections of data mining techniques 
organized in many different ways, of course all of them valid by different reasons (Fayyad 
1996; Hair et al 2002; Vazirigiannis et al 2003; Kantardzic 2003). However, providing a 
conceptual map of data mining techniques regarding the parameters used by human beings 
to decide on the right technique for a particular application is of great help on: 
• Modeling the decision process itself 
• Helping non-expert data miners to improve their decisions 
• Building technical data miner recommenders that in the future can be included at a 

higher level in Data Mining systems and contribute to approach the complex scheme 
proposed in Fayyad 1996. There are not many works in the literature addressing 
those issues. One of the available works was done by (Charest and Delisle 2006). 
Authors are not aware of other works trying to solve this task. 

 
In this work, we present a classification of most common Data Mining techniques oriented 
to support the decisional problem of choosing the right one in real applications and the 
advantage of using it as a reference on the construction of intelligent data mining 
techniques recommenders (InDaMiTe-R) is discussed. In the second part of the paper a first 
proposal on InDaMiTe-R is presented and evaluated. Finally, conclusions and future work 
are discussed. 
 
 
2. CLASSIFICATION OF DATA MINING TECHNIQUES ORIENTED TO 

DECISION-MAKING 
 
As we said before, we observed that main parameters taken into account by humans to 
choose the proper data mining technique in a real application are: 
• The main goal of the problem to be solved 
• The structure of the available data 
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According to that, we elaborated the classification displayed in Fig. 1. which includes some 
of the most popular data mining techniques useful for environmental scientists. 
 
The higher level division is taking into account the basic distinction between having or not a 
reference variable to be explained (response variable). The left part of the organigram refers 
to non-supervised methods, without response variable, in where the main goal is a better 
cognition of the target phenomenon and description is enough as a result. Whereas the right 
part of the organigram refers those supervised models oriented to re-cognition, where a 
response variable is to be explained and prediction is pursued. 
 
At a second level, for methods oriented to description, the main division regards the interest 
of describing relationships between objects (rows of data matrix), which are labeled as 
descriptive methods, or describing relationships between variables (columns of data matrix), 
labeled as  associative methods. 
 
For methods oriented to prediction, here the main distinction regards the nature of the 
response variable: while discriminant methods explain or predict qualitative variables, the 
classical predictive methods refer to quantitative response variables. 
 
Because of variety, discriminant models include a further level of subdivision. Rule-based 
reasoning methods group methods providing explicit knowledge model, which can be 
expressed by formal rules or not, to be applied for further prediction; in case-based 
reasoning methods the predictive model is implicit in historical data; the third option is a 
mixture between prior explicit knowledge model and iterative refinements based on future 
data (bayesian learning). 
 
Finally, in the presented conceptual map of Data Mining techniques, different colors have 
been used for methods coming from the field of Artificial Intelligence or Statistics, and 
additional information about more recent multidisciplinary proposals which can be 
classified in the intersection AI&Stats is also provided. As discussed in previous works 
(Gibert et al 2008b, Gibert et al 2010, Cheeseman et al 1994) these hybrid techniques use to 
be more powerful for modeling very complex domains, as environmental systems are. 
 

 
Figure 1: Classification of Data Mining Techniques 
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It is presented here a very brief description of all the methods included in this classification, 
just providing the minimum information to make the final choice. See (Gibert et al 2006) 
for more detailed discussion about the technical assumptions required on data for correct 
application on every technique. 
• Conceptual clustering: Provides grouping of homogeneous objects. Requires 
hypothesis about the number of classes to be found. Results are directly understandable. 
Usually do not work with very big data sets 
• Statistical clustering: Provides grouping of homogeneous objects. Might not require 
the number of classes. Can be efficient with big data sets. Sometimes difficult to 
understand the meaning of grouping provided. 
• Clustering based on rules: Provides grouping of homogeneous objects. Do not 
require number of classes as input. Can introduce prior expert knowledge as semantic 
bias. Guarantee interpretability of results and coherence with prior expert knowledge. 
• Association rules: Provides patterns of associated values of variables and frequencies 
of appearance. Interpretable results. 
• Model-based reasoning: Provides formal model of the causal relationships among the 
domain variables, by providing models for the dependencies among variables. 
• Qualitative reasoning: Provides qualitative model of the causal relationships among 
the domain variables, by representing which variables increase or decrease values  as a 
consequence of modifications in the values of other variables. 
• Principal component analysis: Provides graphical representation to see numerical 
variables which behave associated or not. Extra work required to interpret results.  
• Simple correspondence analysis: Provides graphical representation to see modalities 
of two qualitative variables which behave associated or not. Extra work required to 
interpret results. 
• Multiple correspondence analysis: Provides graphical representation for associations 
among modalities of various qualitative variables. Extra work required for interpretation. 
• Bayesian networks: Provides graphical interpretation of causal relationships between 
variables together with conditional probabilities. 
• Instance-based learning: Uses historical data to classify a new instance of a problem 
in a predefined set of classes. 
• Rule-based classifiers: Provide a set of classification rules that can be used later to 
evaluate a new case and classify in a predefined set of classes. 
• Decision trees: Provide a graphical representation of a tree with conditions 
associated to nodes that permit to classify a new instance in a predefined set of classes. 
Problems with very big data sets. It works with qualitative variables. 
• Discriminant analysis: Provides an algebraic discriminant function and a cut-off as 
the rule to decide between two groups for a new instance. Only for numerical variables, 
two predefined classes and works only under linearly separable classes. 
• Support Vector Machines (SVMs): They can provide discriminant functions to 
distinguish between two predefined classes that can be non-linearly separable.  
• Boxplot-based induction rules: Provide a set of probabilistic classification rules that 
can be used later to classify a new instance in a predefined set of classes.  
• Regression-trees: Provide decision trees for prediction of numerical values.  Each 
leaf has a numerical value, which is the average of all the training set values that the leaf, 
or rule, applies to. 
• Model trees: Provide regression trees combined with regression equations. The 
leaves of these trees contain regression equations rather than single predicted values. A 
model tree approximates continuous functions by several linear submodels. 
• Naïve Bayes classifier: Provides an adaptative classifier that can improve initial 
knowledge-based predictions for  the class of a new instance by refining the model on the 
basis of the evidences provided by the whole history of processed cases. 
• Connexionist models: Include all artificial neural networks models. Permit to predict 
the value of one or more variables for a new instance on the basis of non-linear 
combination of the values of several input variables and intermediary layers. 
• Evolutionary computation: Provides the optimization of a certain objective function 
through the evolution of a population of individuals, which are subjected to several 
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genetic operators. Include techniques simulating the theory of evolution, like genetic 
algorithms and genetic programming.  
• Swarm Intelligence (SI): Provides predictions of  numerical variables by training the 
system under the metaphor of the collective behavior of decentralized, self-organized 
systems, natural or artificial. Local interactions between very simple agents lead to the 
emergence of intelligent global behavior. Natural examples of SI include ant colonies, 
bird flocking, animal herding, bacterial growth, and fish schooling. 
• Simple linear regression: Predicts the value of a quantitative variable for a new 
instance as a linear equation of a single numerical variable. Requires normality, linearity 
and homocedasticity. 
• Multiple linear regression: Predicts the value of a quantitative variable for a new 
instance a s a linear equation of several numerical variables. Requires normality, linearity, 
homocedasticity and independence 
• Analysis of Variance: Predicts the value of a quantitative variable for a new instance 
as a linear combination of one or two qualitative variables. Requires conditional 
normality, linearity, homocedasticity and independence. 
• Generalized Linear Models: Predicts the value of a quantitative variable for a new 
instance as a linear combination of several numerical and qualitative variables. Same 
hypothesis as previous methods, all of them particular cases of that one. 
• Time series: Predict the value of a quantitative variable for a future instance as a 
linear combination of past values of the same variable. See (Box et al 76) for technical 
hypothesis required. 

 
 
3. AN INTELLIGENT DATA MINING RECOMMENDER 
 
As evidenced in the previous section, there are many difficult and technical decisions that 
the data miner has to face in order to obtain the best outcome for a given dataset and user’s 
goals. Selecting the more appropriate machine learning or statistical method, once a family 
of methods is found, deciding which training parameters are most appropriate or which 
particular technique is more convenient are some examples. Furthermore, most data mining 
commercial software tools either do not provide intelligent assistance for addressing the 
data mining process or tend to do so in the form of rudimentary “wizard-like” interfaces that 
make hard assumptions about the level of background knowledge required by a user in 
order to effectively use the system. 
 
At a first sight, it seems that building some knowledge-based system including as decision-
rules some translation of the conceptual map presented in previous section should be the 
better option for building an intelligent assistant to choose the right data mining technique 
to be used in a specific application. 
 
However, it is obvious that, being that map a non-exhaustive classification of data mining 
techniques, but the most common ones in environmental sciences, as the tendencies or 
needs change in the future, new refinements of the map will be required, with the 
consequent modifications on the assistant. Also, the number of data mining techniques 
available grows incredibly fast every day and this means that the knowledge-based approach 
is constrained to continuous reviews and upgrades. On the other hand, the number of 
decisions made by an expert data miner to find the right subfamily of techniques 
(hierarchical clustering, or partitional or fuzzy), the right parameters of execution (once 
decided hierarchical clustering, choose the algorithm, the metric, the aggregation criterion, 
sometimes, weight on the metrics) in a particular case is so complex that it becomes difficult 
to make it explicit in a conceptual map. 
 
That is the reason why we propose to move to a case-based reasoning approach, much more 
flexible to changes in the future on the methodological framework and using implicitly the 
expertise of data miners by means of past experiences. In fact, a key characteristic that any 
intelligent data mining assistant should possess is the capacity to learn from past user’s 
experiences, so the system can help the user to avoid the repetition of mistakes and 
motivates the knowledge reuse, and on the other hand, to adapt to new possibilities by 
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including them in the system easily. Thus, a non-expert data miner could take advantage of 
the experiences of others users facing similar problems [Charest et al., 2006].  And an 
expert can propose new solutions based on more recent trends.  
 
 
3.1  System overview  

 
Thus, an intelligent DM assistant was developed, based on a pure Case-Based Reasoning 
(CBR) approach. This DM assistant is integrated within the GESCONDA tool (Sànchez-
Marrè et al 2004). CBR is a problem solving methodology that tries to solve new problems 
by re-using specific past experiences stored in a case base, and its core proposition is that 
new problems can be solved by reusing the solutions to similar problems that have been 
solved in the past. A more detailed explanation of this problem solving method can be 
found in Kolodner [1993]. For this reason, a CBR approach naturally fits with the above 
mentioned challenge of promoting the knowledge reuse. Furthermore, this approach allows 
the construction of a dynamic system able to refine and adapt the suggestions over time, 
something that is of vital importance in a domain like the data mining processes, where is 
extremely difficult to find the best solution due to the huge number of possible 
combinations of data mining techniques and training parameters.  
 
As in most CBR approaches, the system relies on a unique case base in which past user’s 
experiences are captured. Each case/experience is composed of: 

• Case description, a set of dataset characteristics describing the type of problem the 
data miner wants to solve; 

• Case solution, a set of DM techniques with its own configuration parameters and 
also associated with its corresponding evaluation measures such as the execution 
time and the error rate.  

  
CBR is a cyclic and integrated problem solving process that supports learning from 
experience and can be described by four main phases. Retrieve the most similar case(s) to 
the new case, Reuse the solution(s) of the retrieved case(s) to solve the new case, Revise the 
proposed solution, Retain the new case into the existing case base. A more detailed 
explanation of the CBR phases can be found in Aamod et al. [1994]. For the particular 
problem domain of DM processes our system conducts each one of these phases in the 
following manner: 

1. Retrieve. The well-known K-nearest neighbour classification algorithm is employed 
in order to find the most similar cases. To do this, the system automatically 
extracts the dataset characteristics more relevant for the general type of task the 
data miner wants to solve (i.e. classification or regression task); then, the metadata 
extracted (e.g. the number of attributes and records and the relative probability of 
missing values) is used to calculate the case similarity.  

2. Reuse. The solutions of the most similar cases are filtered and ranked according to 
how well fit with the application restrictions provided by the user through the 
interface, such as the family of DM techniques the user prefers, the performance 
criteria (accuracy vs. speed) and if the models are interpretable or not. The case 
similarity to which solution belongs (calculated in previous phase) is also 
employed to generate the ranking, promoting the DM techniques with higher 
similarity.   The ordered list of DM algorithms forms the preliminary case solution.   

3. Revise. The user can execute the suggested technique or can modify/propose new 
configuration parameters and algorithms. During the user session each execution  
(a DM technique with a specific parameter configuration) is automatically 
evaluated using a particular error rate measure according to the type of task the 
user is conducting. Furthermore, the user can explicitly evaluate the results of an 
execution validating so if the results are good or bad. Finally, all the executed DM 
techniques constitute the final case solution.   

4. Retain.  The system will retain the new case if its solution contains at least the 
execution of one DM technique whose evaluation results either have been 
validated by the user or its corresponding error rate is acceptable (smaller than a 
threshold). 
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3.2 Case study 
 

An example of use is presented for illustration. A certain data miner (Maria) wants to 
conduct a classification for a given dataset (D1). She wonders the better DM classification 
algorithm and configuration parameters for D1, and she starts the DM assistant.  
 
First of all, Maria is asked to provide the type of task, that in this case, it consists of a 
classification problem. After that, the system automatically extracts the most relevant 
metadata from D1 taking into account that the user’s goal is a classification task. Some 
examples of metadata information that may be obtained in this case would be the number of 
classes, the entropy of the classes and the percent of the mode category of the class. Then, 
the user is asked to provide some application restriction, and in this case, the restrictions of 
Maria are that the model has to be as accurate as possible and interpretable. With all this 
information the system generates a recommendation consisting of two DM algorithms: the 
ID3 (decision tree type) and the CN2 (rule induction type). These two techniques are 
recommended because are the only ones that fulfill the Maria’s restrictions and, in turn, they 
have been used previously to solve a similar data mining problem to the D1 dataset. Maria 
executes the two proposed algorithms with the predefined configuration parameters and 
validates the results. As the evaluation of the ID3 is not satisfactory enough, Maria decides 
to execute again the ID3 but with different parameters. Now the results are much better and 
Maria is satisfied with the obtained results. Finally, she saves her work and logs out the 
system. At this point, the system learns the new experience with its corresponding solution: 
the ID3 algorithm with the parameters defined by Maria and the CN2 with the default 
parameters.  
 
3.3 Evaluation 
 
A small-scale evaluation was carried out with 5 data miners that knew the original system 
without the DM assistant integrated. The experiment consisted of each user trying to solve 3 
classification problems (P1, P2, P3), quite similar in terms of dataset characteristics, in 
different user’s sessions and in a sequential manner (i.e. first all users had to solve P1, then 
P2 and finally P3). Doing it so, all users should be able to reuse the past experiences of 
others users or/and their own experiences during the small experiment.     
After the execution of the experiment the users provided us some feedback about the 
usefulness of the assistant. In general, the user’s opinions were satisfactory, especially in 
users that were the last ones solving some of the problems, since they could take more 
advantage of the past experiences of the rest of users. The results show that the assistant is 
able to refine the case solutions over time, and therefore is gradually better giving support 
to the users that try to solve problems similar to the ones that have been solved previously. 
However, the strong limitation of the system, usual in CBR, is the need of a number of 
varied past experiences before the assistant provides appropriate support to most users.  
 
 
4.  CONCLUSIONS AND FUTURE WORK 
 
Choosing the proper data mining method is one of the most critical and difficult tasks in the 
KDD process. In this paper, a conceptual map of the most common data mining techniques 
has been proposed. There is not a unique and consensual classification of data mining 
methods in the literature. First main decisional criteria used by human experts in real 
decisions have been identifies and the conceptual map is organized based on them. The 
proposal helps environmental data miners in the conceptual organization and rational 
understanding of the broad scope of data mining methods; also helps non-expert data miners 
to improve decisions in real applications. Finally, this provides formal expert knowledge 
representation to be transmitted to automatic intelligent recommenders, contributing to 
approach the integral conception of KDD system. 
 
Additionally, an intelligent data mining techniques recommender is being developed based 
on same decisional criteria, in order to automatically provide recommendations on the best 
data mining technique. In order to gain flexibility and adaptability to new methods, a pure 
case-base reasoning approach has been used. The prototype has been deployed and 
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integrated in GESCONDA software and preliminary tested with successful results on 
expert’s opinion.  
 
Pure CBR approach requires enormous case bases to be reliable. Moving to a mix 
knowledge/case-based approach can mitigate this limitation. Currently, the presented 
conceptual map is being included into the system to improve searches and refinements, 
gaining efficiency and accelerating the adaptative behaviour of the recommender. In the 
future, the deployment of the recommender would be more reliable in a shared environment 
(e.g. distributed Web system), where multiple data miners could contribute to the 
enrichment of the knowledge base reducing so the learning/training time of the DM 
assistant. 
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Abstract: The Flemish Environment Agency (VMM) has been gathering water quality and 
biological data in more than 1000 sites per year since 1989. These data have been used to 
develop predictive models for macroinvertebrates based on data-driven methods (regression 
trees). These models relate the river status to the Multimetric Macroinvertebrate Index Flanders 
(MMIF), which is a score system developed to report in the context of the European Water 
Framework Directive. The trees have been developed in the R software, and several 
optimisations have been made by altering the dataset (variable and record selections). Models 
were evaluated based on mathematical criteria, ecological insight and user convenience (clarity, 
simplicity and coupling-potential with water quality models of the VMM). The study is a first 
attempt to construct a set of models that can be used by the VMM to evaluate the ecological 
benefits of their river management plans. 
 
Keywords: biological water quality, ecological modelling, macroinvertebrates, regression trees  
 
 

1. INTRODUCTION 
 

The European Water Framework Directive (WFD) (EU, 2000) requires the European member 
states to achieve a good ecological and chemical surface water quality by the year 2015. The 
implementation of the WFD is based on a type-specific water quality assessment and integrates 
a set of biological quality elements. In Flanders, the biological quality elements 
'macroinvertebrates', 'fish', 'macrophytes', 'phytobenthos' and 'phytoplankton' are used to assess 
the ecological water quality. The biological status of the watercourse for these elements is 
expressed through a scoring system between 0 and 1, known as the Ecological Quality Ratio 
(EQR). The EQR for each element is determined by the deviation exhibited from the expected 
type-specific reference condition. For the biological quality element ‘macroinvertebrates’, the 
good ecological water quality is reached when the EQR amounts to 0.7 (Gabriels et al., 2009).  
In order to achieve a good water quality, the European member states should take measures. 
The impact of these measures on the water quality in Flanders is not straightforward, because 
Flemish rivers are exposed to various external pressures (especially effluents from population, 
industry and agriculture). Managers lack predictive tools to help them decide how they can 
most effectively allocate the limited resources for ecological restoration. The possible 
ecological impact of measures can be predicted using numerical models relating the 
Multimetric Macroinvertebrate Index Flanders (MMIF) with physical-chemical and 
hydromorphological variables. Several techniques are available, but not all are equally suitable 
for supporting river managers in the short run. A structured method for understanding the 
relationships between the MMIF and the physical-chemical and hydromorphological variables 
are regression trees. Regression trees offer an advantage over traditional linear-regression 
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analysis techniques, because they introduce less prior assumptions about the relationships 
between the variables and have an inherent ability to discover patterns in the data that are not 
possible to detect using conventional models. Regression trees derive knowledge rules from the 
data that subsequently can be used to quantify the impact of the proposed measures (Džeroski & 
Drumm, 2003). Regression trees were already used by several authors in an ecological context. 
De’ath (2002) described the relationships between species and environmental characteristics by 
means of regression trees. Pesch & Schröder (2006) used this modelling techniques to relate the 
risk of metal bioaccumulation with site-specific and ecoregional characteristics. Kocev et al. 
(2009) used regression trees to model the quality of vegetation based on GIS-data. Also in other 
scientific branches like medical statistics, regression trees are used (Shi & Lyons-Weiler, 2007; 
Grubinger et al., 2010). The focus of our research is to evaluate which water quality measures 
will be most effective to reach the good ecological water quality. Therefore, regression trees are 
used to relate the MMIF to a selection of physical-chemical and hydromorphological variables. 
 
 

2. MATERIALS AND METHODS 
 

2.1 The data 
 
The ultimate goal of this project was to evaluate to what extent the ecological water quality 
objectives, as stated in the WFD, will be met by environmental investment programmes and to 
decide what water quality measures are most effective in the Flemish context (Figure 1). 
Regression trees relating physical-chemical and hydromorphological variables with the 
biological water quality (MMIF) were developed with that intention. 
Biological, physical-chemical and hydromorphological data were delivered in three databases 
by the Flemish Environment Agency (VMM) and the Research Institute for Nature and Forest 
(INBO). The VMM collected and delivered all physical-chemical data, biological data and the 
sinuosity of the watercourses, whereas the INBO collected and delivered information about the 
slope of the streams, as an indicator of the stream velocity.  
 

 
 
 

 
 
 
 
 

Figure 1 Location of Flanders in Europe. 
 
 

2.1.1 Physical-chemical data 
 

The physical-chemical variables shown in Table 1 cover various points and several years (from 
1989 to 2009). These variables were available in the form of statistical derivatives instead of 
raw data. Mean, median, minimum and maximum and 5% - 10% - 90% - 95% percentiles were 
calculated for each variable over one year. The statistical derivative ‘median’ was used if all 
physical-chemical variables were used for model building. In case exclusively physical-
chemical variables predicted by the water quality model Planification Et Gestion de 
l’ASsainissement des Eaux (PEGASE) were used to construct the models, the same statistical 
derivatives were used as Schneiders et al. (2009). 
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2.1.2 Hydromorphological data 
 

Besides the physical-chemical data also hydromorphological data (sinuosity and the mean slope 
of the watercourse) were used to construct the predictive models. As part of the 
‘Natuurverkenning 2030’ project, a map with the slope of the Flemish watercourses was made. 
This method assumed that the altitude of a watercourse, averaged over a certain distance, is a 
reasonable estimator of the slope of a watercourse and is related to the flow velocity (Dumortier 
et al., 2009).  
The sinuosity of the Flemish watercourses is calculated per segment of 100, 200 or 400m, 
depending on the type of surface water. The sinuosity is then calculated as the ratio between the 
sinuous distance from the beginning to the end of the segment and the straight distance between 
these points. Both slope and sinuosity of the Flemish watercourses were included in the final 
database. 
 
 

2.1.3 Biological data 
 

Concerning the biological assessment of the Flemish watercourses, this study focused on 
macroinvertebrates. The biological database encompassed 5655 MMIF-scores for different 
sampling locations ranging from the year 1989 to 2008. For more than 400 sampling locations 
the biological water quality was assessed at least once in this period. Only three sites were 
biologically assessed each year from 1989 to 2008.  

 
 

Table 1 Observed characteristics in the Flemish watercourses, based on 1716 samples.  
Variable Abbreviation Statistical 

derivative 
Unit Minimum Maximum Mean Standard 

deviation 
A) Input variables for models using all physical-chemical variables 

Biological oxygen demand BOD5 median mg/L 0 235 4 11 
Chemical oxygen demand COD median mg/L 0 530 41 42 
Chloride  Cl- median mg/L 20 9003 202 613 
Conductivity - median µS/cm 184 23500 1121 1509 
Dissolved oxygen DO median mg/L 0.3 21.4 6.6 2.4 
Kjeldahl nitrogen KjN median mg N/L 0 29 4 4 
Nitrate NO3

--N median mg N/L 0 20 4 3 
Orthophosphate oPO4

3--P median mg P/L 0.0 5.1 0.5 0.6 
pH - median - 6.2 8.8 7.6 0.3 
Total phosphorus Pt median mg P/L 0.0 9.6 0.8 0.9 
Sinuosity - - - 1000000 1979618 1055328 971772 
Slope - mean ‰ -10.2 6.5 0.2 1.4 
Suspended sediment - median mg/L 0 592 25 25 
        

B) Input variables for models using exclusively variables predicted by the PEGASE model 
Biological oxygen demand BOD5 maximum mg/L 0 2270 22 105 
Chemical oxygen demand COD maximum mg/L 13 4920 107 240 
Dissolved oxygen DO minimum mg/L 0.0 21.4 3.6 2.2 
Kjeldahl nitrogen KjN median mg N/L 0 29 3 3 
Nitrate NO3

--N median mg N/L 0 20 4 3 
Orthophosphate oPO4

3--P mean mg P/L 0.0 13.3 0.6 0.8 
Total phosphorus Pt mean mg P/L 0.0 19.4 0.9 1.1 
Sinuosity - - - 1000000 1979618 1055327 971772 
Slope - mean ‰ -10.2 6.5 0.2 1.4 
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2.1.4 Coupling of three databases 

 
Regression trees linking physical-chemical and hydromorphological information to the 
biological water quality were constructed. These three data types were separated over different 
databases, consequently these were combined by means of sampling location and sampling 
year. However, often the associated biological, physical-chemical or hydromorphological 
information was not available on a particular sampling location at a specific time. Only those 
sampling locations and years for which biological data as well as hydromorphological data and 
physical-chemical data were measured, were selected for the dataset to induce the regression 
trees. After the aggregation of the different databases a relatively small proportion of all 
available data was retained for the development of regression trees: only for 1716 out of 5655 
MMIF-scores corresponding hydromorphological and physical-chemical data were available.  
 
 

2.2 Regression tree induction 
 

The aim of a regression tree analysis can be stated by explaining a continuous response variable 
Y by a vector of n predictor variables X = X1, X2,...,Xn, which can be a mix of continuous, 
ordinal and nominal variables (Grubinger et al., 2010). Regression trees are hierarchical 
structures, where the internal nodes contain tests on the input attributes. Each branch of an 
internal test corresponds to an outcome of the test and the prediction for the value of the target 
attribute is stored in a leaf. By implementing independent physical-chemical input variables and 
following the hierarchical structure of the tree, these tests lead to the associated predicted 
MMIF-score. For each internal node that is encountered on the path, the associated test in the 
node is applied. Depending on the outcome of the test, the path continues along the 
corresponding branch (to the corresponding subtree), go to the left if the answer is ‘yes’, go to 
the right if the answer is ‘no’. The resulting prediction of the tree is taken from the leaf at the 
end of the path, which is a constant estimate of the response variable resulting from the sample 
mean of the response variable in that leave (piecewise-constant model) (Everaert et al., 
submitted). 
Regression trees were built through applying the R package rpart (R Development Core Team, 
2009). Rules relating the MMIF with physical-chemical and hydromorphological conditions 
were created using the Classification and Regression Trees (CART) algorithm (Breiman et al., 
1984).  
 
 

2.3 Evaluating the regression trees 
 
The performances of the regression tree were assessed by the determination coefficient (R²) and 
the percentage of Correctly Classified Instances (CCI). The determination coefficient is a 
measure of the goodness of fit of the regression model. Its value is always between 0 and 1, but 
the closer the value to 1, the better the model predicts the training data. R² is calculated as 1 
minus the ratio between the residual sum of squares (RSS) and the total sum of squares (TSS). 
In order to have a satisfactory model performance, the CCI should reach at least 70% (Gabriels 
et al., 2007). The stability of the regression trees was tested by randomizing the records in the 
databases and making the models again based on these reshuffled databases. 
The model training and evaluation was based on the 10-fold crossvalidation procedure (Witten 
& Frank, 2005). In 10-fold cross-validation, the original database is randomly partitioned into 
10 subsamples. Of the 10 subsamples, a single subsample is retained as the validation dataset 
for testing the model, and the remaining 9 subsamples are used as training datasets. The cross-
validation process is then repeated 10 times, with each of the 10 subsamples used once as the 
validation dataset. The results from the 10 folds are averaged to produce a single prediction of 
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the dependent variable. Crossvalidation is particularly useful when only a limited number of 
data are available for training and validating the model (Gabriels et al., 2007).  
 
 

2.4 Selection of input variables and record selection  
  

Only 1716 out of 5655 MMIF-scores and related records were retained after the linkage of 
physical-chemical and hydromorphological information to the biological data (MMIF-scores for 
different sampling locations over several years). In this preliminary database some variables 
were not present for one or more records (incomplete measurement campaign). As a solution, a 
second database, following from the first one, was made. The only restriction for the 
composition of this second datafile was the evaluation of all variables for each record (complete 
measurement campaign). In this second database 365 out of 1716 MMIF-scores and related 
records were retained (Table 2).  
 
The water quality model PEGASE predicts the evolution of some fundamental physical-
chemical variables in the Flemish watercourses. The PEGASE model simulates different 
scenarios quantifying the effect of several measures on the physical-chemical water quality 
(Peeters et al., 2009). The translation of the effect of the measures on the physical-chemical 
water quality towards their effect on the ecological water quality is possible by implementing 
the knowledge rules derived with the regression trees on the water quality scenario’s. However, 
some physical-chemical variables like chloride concentration, conductivity, pH, temperature 
and suspended sediments concentration are not included in the PEGASE model. In order to 
have a perfect coupling between the knowledge rules and the water quality scenario’s, a third 
database was made including exclusively variables modelled by the PEGASE model (Table 2). 
Using this dataset, a regression tree was made exclusively including the variables predicted in 
the PEGASE model. Additionally, the physical-chemical variables used to construct the third 
regression tree were not expressed as median values over one year, but their statistical 
derivatives were equal to those used by Schneiders et al. (2009). This tree was compared to 
regression trees based on all available physical-chemical variables. 
 
 

3. RESULTS AND DISCUSSION 
 
Regression trees were built to understand the relationship between the biological water quality 
(expressed as the MMIF) and the physical-chemical and hydromorphological variables. These 
statistical models can predict the ecological effect of water quality measures and help decision 
makers to select those measures that are best implemented to reach these objectives.  
Three different databases encompassing physical-chemical, hydrological and biological data 
were aggregated into one general database. Following from the aggregated database several 
options have been tested. The results of the regression trees are drawn in detail in Table 2. 
 

Table 2 Performance evaluators of regression trees relating physical-chemical and 
hydromorphological data with the biological water quality evaluated through the 

macroinvertebrate community composition. 
Regression 

tree 
Number of 

records 
Variables 

Measurement 
campaign 

R² CCI (%) 

Figure 2 1716 All  Incomplete 0.56 58 
Figure 3 365 All  Complete 0.73 54 
Figure 4 964 PEGASE  Complete 0.57 54 

 
The first regression model has a R² of 0.56 and the CCI is 58% (Table 2). This model results 
from a database that includes all physical-chemical variables provided by the VMM (Table 1, 
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part A). In total 1716 records were used, but the measurement campaign was incomplete, which 
means that for some records one or more variables were missing. The median (med) value of 
thirteen basic environmental variables (slope, sinuosity, BOD5, COD, Cl-, conductivity, DO, 
KjN, NO3

--N, oPO4
3--P, pH, Pt and suspended sediment) calculated over one year at the 

particular sampling place was used (Table 1, part A).  
At the root, the median total phosphor concentration has a major influence on the ecological 
water quality. In case the median phosphorus concentration exceeds 0.57 mg P/L, a watercourse 
can reach maximally a poor ecological water quality (Figure 2). The regression tree, shown in 
Figure 2, does not succeed to predict a good or high ecological water quality.  
 

 
Figure 2 Regression tree relating the ecological water quality, assessed through the EQR for 

macroinvertebrates (MMIF), with basic physical-chemical and hydromorphological variables. 
The database contained 1716 records, but for some records one or more variables were missing. 

 
The second regression model can, contradictory to the first model, predict a good ecological 
water quality (Figure 3). Basically, the only difference between the first two models originates 
from a small change in the database. Unlike the first model, the second regression tree results 
from a database with a complete measurement campaign, all variables were present for all 
records. This adjustment results in a regression tree with better performance (R² = 0.73; CCI = 
54%) (Table 2).  
The first node of the second regression tree shows that the median conductivity is important for 
the ecological water quality (Figure 3). If the median conductivity exceeds 677 μS/cm, a 
watercourse can maximally reach a moderate water quality. A good ecological quality can be 
obtained only if the sinuosity of the watercourse is sufficiently high. In the context of the WFD 
this tree is promising due to his ability to differentiate between the moderate and good 
ecological water quality.  
 
The best performing models are based on complete datasets. In case incomplete measurement 
campaigns were used, the performance evaluators declined drastically. In order to have the 
ability to make more reliable models, the VMM should focus on the completeness of their 
measurements, rather than increasing the number of monitored sites. It is better to monitor all 
basic physical-chemical variables in each location, instead of measuring some special variables 
randomly without measuring other crucial physical-chemical variables. 
 
The PEGASE model predicts a limited number of physical-chemical variables. The coupling 
between the different scenario’s and the regression models is possible if the same variables are 
included in both databases. Therefore, only those variables included in the PEGASE model 
were selected to make the third model. The minimum (min), average (avg). median (med) or 
maximum (max) value of eight basic environmental variables (slope, sinuosity, BOD5, COD, 
DO, KjN, NO3

--N and oPO4
3--P) calculated over one year at the particular sampling place was 

used (Table 1, part B). 
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The resulting model cannot predict the good and high ecological water quality (Figure 4). 
Although the database was complete, the performances declined compared to the second model 
(R² = 0.57 and CCI = 54%) (Table 2). The exclusion of some physical-chemical variables, 
having a major impact on the ecological water quality, probably caused this decrease. Variables 
like conductivity giving an integrated insight in the overall water quality were selected in the 
first two regression models. However, the PEGASE model does not predict the conductivity of 
the watercourses. Therefore, the inclusion of the conductivity in the regression trees was not 
convenient from a model integration point of view. Including such variables in the PEGASE 
models will further optimize the models produced.  
 

 
 Figure 3 Regression tree relating the ecological water quality, assessed through the EQR for 
macroinvertebrates (MMIF), with basic physical-chemical and hydromorphological variables. 

The database contained 365 records, all variables were present for all records. 
 

 
Figure 4 Regression tree relating the ecological water quality, assessed through the EQR for 

macroinvertebrates (MMIF), with basic physical-chemical and hydromorphological variables. 
The database contained 964 records, all variables were present for all records. 

 
A sensitivity analysis can be used to see how different values of an independent variable impact 
a particular dependent variable under a given set of assumptions. The regression model shown 
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in Figure 4 was selected to illustrate the effect of changing DO and KjN concentrations on the 
ecological water quality expressed as the MMIF. In order to see the real impact of both 
variables on the MMIF, it was assumed that the other independent variables included in the 
regression tree (COD, slope and oPO4

3--P) caused no restrictions. Therefore, in the dataset used 
to perform the sensitivity analysis, a constant value was given to these variables so that the 
highest possible MMIF could be obtained. In the dataset the KjN resp. DO concentration varied 
and the effect of these changes on the MMIF was evaluated (Figure 5).  
 

      
Figure 5 Sensitivity analysis illustrating the effect of changing Kjeldahl nitrogen (KjN, left) 
and Dissolved oxygen (DO, right) concentrations on the ecological water quality (MMIF). 

  
The impact of a changing KjN concentration on the MMIF is shown in the left part of Figure 5. 
A gradual increase of the KjN concentration (from 0.0 to 10.0 mg N/L)  results in a decreasing 
MMIF (from 0.63 to 0.23) and thus in a lower ecological water quality. One could expect the 
MMIF being higher at KjN concentrations ranging from 0 to 2 mg N/L. However, in the 
original database only a limited number of sites had a high or good ecological water quality. 
Therefore, the model was not sufficiently trained to predict these water quality classes. 
Watercourses with a KjN concentration lower than 3.48 mg N/L are predicted having a 
moderate ecological water quality, whereas those with a KjN concentration higher or equal to 
4.38 mg N/L are predicted as bad. Watercourses with a KjN concentration ranging from 3.48 to 
4.37 mg N/l are evaluated having a poor ecological water quality. One can conclude that the 
higher the KjN concentration, the lower the ecological water quality. 
The impact of a changing DO concentration on the MMIF is shown in the right part of Figure 5. 
Whereas the impact of the KjN concentration on the MMIF was substantial, the impact of DO 
seems smaller. Increasing the DO concentration from 0.0 to 15.0 mg/L results in an increase of 
the MMIF from 0.51 to 0.63, the only tipping point found was a DO concentration of 4.68 
mg/L. Studying Figure 4, one can see that DO is also included in other decision rules (eg. Left 
branch of the regression model), but due to the assumption that other independent variables 
(COD, slope and oPO4

3--P) had no limiting effect in determining the MMIF, the branches 
including these rules were neglected during the sensitivity analysis. 
 
Two main problems were revealed during the research. In order to make more performant 
models in future, additional information should be gathered in sites with a high or good 
ecological water quality. Also the inclusion of other physical-chemical and hydromorphological 
variables in the dataset would be beneficial for the predictive power of the models. Therefore, 
the water quality model PEGASE should predict some additional variables so that these can be 
included in the models.  
 
 

4. CONCLUSIONS 
 

Regression trees relating the biological water quality with physical-chemical and hydrological 
variables can predict the ecological effect of water quality measures taken by the European 
member states. These data-driven models can support decision makers to select measures that 
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are most effective and cost-efficient to reach the objectives stated by the WFD. In order to make 
reliable models, the VMM better changes its data collection strategy towards databases where 
all variables are gathered during each sampling event. Additionally, some integrative variables 
(like conductivity) should be included in the PEGASE model.  
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Abstract: We have developed a framework that integrates statistical and machine learning models
for the short-term forecasting of a climatic parameter know as the atmospheric clearness index.
We have used a multivariate regression to establish the most significant variable amongst all the
previous values for the clearness index series. The value of this variable was used to divide all
the available data in several intervals. Three different models were used to select the model that
best fits the observations for each of these intervals. With this set of models, one for each interval,
we have built a framework that enables the short term forecasting of the clearness index. In this
framework, the best model is used for each prediction taking into account the current value of this
parameter. Data from 10 Spanish locations have been used to build the framework and to check
the forecasting accuracy. The results show that prediction involving different models is better than
when only one model is used.

Keywords: machine learning; atmospheric clearness index; forecasting.

1 INTRODUCTION

The atmospheric clearness index, also known as atmospheric transmissivity or atmospheric trans-
mission coefficient, Kt is the ratio of global solar radiation at ground level to extra-terrestrial solar
radiation:

Kt =
Gt

G0,t
(1)

where t is the period of time, for instance, hourly or daily.

The prediction of the clearness index is used as a step prior to estimating the global solar radiation
availability that is the input data used for sizing and evaluating solar energy systems such as
thermal or photovoltaic.

The prediction and simulation of the clearness index can be performed on different time scales:
long, medium and short term. Long-term prediction allows the prediction of the mean and variance
of real series to be obtained and the sequential properties observed in them to be reproduced.
Medium-term prediction derives an estimated time distribution for the solar radiation day. Short-
term prediction provides the prediction for the next interval time (daily, hourly,...).
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Short-term prediction of global solar radiation -that is directly obtained from the clearness index
value using the extraterrestrial solar radiation- is important for the following, among other, tasks:

• Management of grid-connected photovoltaic systems, particularly for medium and large
ones.

• Management of medium and high temperature collectors of thermal plants, such as
parabolic or power tower systems.

• Environmental control of greenhouses and solar driers: to estimate the heat energy that is
expected to be available from the Sun and, therefore, to better compute the heating and
ventilation needs in order to achieve minimization of the energy consumption.

In the short-term forecasting, expected clearness index values and, therefore, of global solar ra-
diation will be highly useful for some systems that use solar energy as a resource. For instance,
the accurate prediction of the energy produced by an photovoltaic or a power tower system (ther-
mal energy) can help producers to achieve optimal management and can also help to use efficient
operation strategies and to decide the best way of interacting with the conventional grid.

However, short-term prediction of the clearness index at earth surface is a complex problem as it
depends on the atmospheric components affecting solar radiation as it passes through the atmo-
sphere. The cloud presence is the most important of these factors in terms of the attenuation of
solar radiation. The problem is that the cloud attenuation process is highly stochastic in nature
and it is therefore difficult to predict how it will affect solar radiation. The attenuation process
is nonlinear, complex, dynamic and widely scattered due to the influence of physical phenomena
involved and to their variability in space and time.

Statistical time series models have been used for forecasting the atmospheric clearness index. Ba-
sically, the approach presented in Box and Jenkins [1976] is used. These models are particularly
useful for long term characterization and prediction of the clearness index as they pick up the
statistical and sequential properties of this parameter. Some of the most widely accepted meth-
ods use Autoregressive and Moving Average models to characterize and simulate the hourly and
daily series of clearness index, Brinkworth [1977], Bartoli [1983], Aguiar [1988], Graham [1988],
Aguiar and Collares-Pereira [1992], Mora-Lopez [1998]. However, these methods have not been
used for short-term prediction of clearness index as the error in the prediction of isolated values
(next value in a series) is too large.

In recent years, new forecasting models based in different machine learning approaches have been
proposed to overcome the limitations of statistical methods. Machine learning models do not
require any assumptions to be made as in the case of statistical methods, particularly with respect
to the linearity of the series. Some of the recent machine learning models for different climatic
parameters can be found in Elminir [2007] , Kilsby [2007], Al-Alawi [2008],Ingsrisawang [2008],
Cao and Lin [2008], Mubiru [2008], Ghanbarzadeh [2009].

To address the need for short term forecasting of the clearness index, this paper proposes the
use of models both from the statistical and machine learning areas. The paper is organized as
follows. In the second section, the general proposed framework for forecasting the clearness
index is presented; it is built by using different intervals for divide the observations taking into
account the most signficant variable of the analyzed variables and by using different techniques
for each interval. This section also briefly explains the statistical and machine-learning models
that are integrated in the framework. In the third section, the data sets that have been used to fit
the different used models are described. In this section, the different types of situation that the
framework has to integrate are also analysed. In the fourth section, the results of forecasting the
clearness index are presented; The results obtained when only one model is used vs the results
obtained when different models are used for each set of observations are also analyzed in this
section. Finally, the conclusions of the paper are summarized in the last section.
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2 FRAMEWORK FOR THE SHORT-TERM FORECASTING OF THE CLEARNESS INDEX

We have developed a framework that allows the best model for short term forecasting of clearness
index to be automatically selected, taking the actual value of this parameter into account.

Forecasting a time series is usually performed with a single model - statistical model or machine-
learning model -, and using the recent past values of the series. However, this does not tally
with the behavior of many types of phenomena: economic, climatic, etc. It would sometimes be
very useful if the model used could be different for different times, taking into account that the
influence of previous values can be different for different situations. Specifically, in the case of
clearness index values, the type of relationship of the current value with the previous ones depends
on what the current value is.

For example, if the last atmospheric clearness index values are very high (without clouds), there
will be a high probability that the following value will also be high: this prediction can be only
be performed using the most recent values of the series (usually one or two previous values are
enough). Otherwise, if the previous values have varied greatly (patchy cloud), it would be neces-
sary to use more values from the past (several hours and even previous days) to be able to predict
the next value. Moreover, only some of these past values placed at any distance from the current
value could be useful. It will then be necessary to determine what previous values have influence
on the current value and to build a model that pick up these different relationships. As the previ-
ous values that influence a current value could be different, it would be very useful to be able to
incorporate different models in the short term forecasting framework.

The first step to build the proposed framework has been data exploration in order to identify the
most significant independent variable for forecasting (preliminary feature selection). We have
analyzed the relationship of the current value with the previous ones and with other variables that
affect this value such as the season of the year and the previous daily clearness index values. For
this task, we propose the use of a multivariate regression. As a result of this first step, the most
significant variable is selected. Several intervals are created on the significant variable in order to
apply different models to each interval. In the second step,the model building and validation for
the clearness index short term forecasting is addressed. We have analyzed what is the best short-
term forecasting model for each set of observations from among the three different proposed
models. These models are a multilayer neuronal network, a special type of probabilistic finite
automata and a multivariate regression model. The use of each one of these model will depend on
the results obtained when fitting these models for each interval. Once the framework is built by
integrating all the fitted models, the short term forecasting is performed in an automatic way by
using as input data the current value of the clearness index, the previous values of this parameter
and the season of the year.

2.1 Statistical models

In the first step, we propose the use of a multivariate regression to determine what is the most
significant variable for the clearness index series. The purpose of multivariate regression is to
establish a quantitative relationship between a group of predictor variables (previous clearness
index values and other variables that are the independent variables) and a dependent variable (the
current value of the clearness index). The analyzed relationship is the following:

(Yt) = f(Yt−1, Yt−2, ..., Yt−p, S1, S2, S3, S4) (2)

where t − 1, t − 2, ...t − p are the previous hours from t and {Si}4i=1 are the dummy variables
to store the season of the year -a dummy variable is binary variable that takes the values 0 or 1
to indicate the absence or presence of some categorical effect; in this case, the dummy is used
to indicate whether the observation happened or not in this season. Actually, in order to avoid
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multicollinearity problems, only 3 dummy variables are included (dummy variables are used for
spring, summer and autumn, no dummy variable is included for winter)

The results of this multiple regression analysis allow us to:

1. Understand which values in each situation have the greatest effects on the current value

2. Use the best model for forecasting clearness index values from the previous values that
affect the current situation.

Several intervals are created on the significant variable in order to apply different models to each
interval.

2.2 Machine Learning Models

We have implemented two machine learning models that are based on nonlinear time series mod-
elling techniques:

1. Multilayer neural network

2. Probabilistic finite automata

Neural network models have been widely used in many practical problems. A description of these
models can be found, for instance, in Hertz [1991], Hassoun [1995] and Anderson [1995]. We
have used an artificial neural network with one hidden layer. Backpropagation learning algorith is
implemented using the Laveberg-Marquad method. We have selected the arctan function, as the
transference function.

The probabilistic finite automata used is a special type of automata that allows some past values
of the series to be learnt and others to be forgotten, as it is described in Mora-Lopez [2010]. It
is based on the automata proposed in Ron [1996] but it allows information of different types to
be incorporated, not only from the time series. This automata is capable of learning different
independent variables for each interval of observations.

3 DATA SET

The data set that we have used are sequences of hourly global solar radiation from 10 Spanish lo-
cations. The total period of time that is used depends on the location; the total number of available
monthly time sequence is 745. These data have been used to estimate the hourly clearness index
by using the expression 1.

3.1 Data preparation

For the dependent variable hourly clearness index, kh, d (h = hour, d = day), we have used the
following independent variables:

1. The hourly clearness index values for the times: h − 1, h − 2 and h − 3 the day d, that is
kh−1,d, kh−2,d, kh−3,d that correspond to the three previous hours the same day.

2. The hourly clearness index values for the times: d − 1, d − 2 and d − 3 the hour h, that is
kh,d−1, kh,d−2, kh,d−3 that correspond to the three previous days the same hour.
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3. The season of the year for each observation. This information has been included with
dummy variables, S1, S2, S3andS4.

Only the values with all the previous variables defined (with values different from zero) are used
in order to remove the hours that correspond to hours before sunrise and after sunset.

Moreover, the data have been filtered using the maximum observable value of hourly clearness.
Each of the observations used for the experimentation has the following pattern:

(kh,d, kh−1,d, kh−2,d, kh−3,d, kh,d−1, kh,d−2, kh,d−3, S1, S2, S3) (3)

where the first variable is the dependent variable.

The clearness index values are need to be discretized to build one of the machine learning models
used, the probabilistic finite automata (PFA). We have used a static discrete conversion method.
In general, the continuous values of a series Zt are transformed into s discrete values through s
intervals of same length. Specifically, the width wX of a discretized interval is given by:

wX =
max{Zt} −min{Zt}

s
, (4)

where, hereafter, max and min are always considered for t ∈ {1, ..., n}. The discrete value zi

corresponding to a continuous value Zi of the series is an integer from 1 to s which is given by:

zi = discretize(Zi) =
{

s if Zi = max{Zt}
[(Zi −min{Zt})/wX ] + 1 otherwise , (5)

where [A] means the integer part of A. After deciding upon s and finding wZ , it is straightfor-
ward to transform the continuous values into discrete ones using this expression. We have used
s = 20 (intervals), max{kh,d} = 1.0, min{kh,d} = 0.0 and the expression 5 to discretize the
atmospheric clearness index values.

The observations in each interval are randomly divided into two set: the training set used for
fitting the models and the test set using for validating the models. The first set includes the 90 per
cent of the observations while the second one includes the 10 per cent.

4 RESULTS

In the first step, the exploratory analysis, the following multivariate regression was performed:

kh,d = a0kh−1,d +a1kh−2,d +a2kh−3,d +a3kh,d−1 +a4kh,d−2 +a5kh,d−3 +
j=8,i=3∑

j=6,i=1

ajSi (6)

As expected, the most significant variable is kh−1,d. Using the value of this variable, the training
and set has been divided in the following 9 intervals using the following intervals (the last interval
is greater as there are only a few values up to 0.85):

[0.0−0.1], ]0.1−0.2], ]0.2−0.3], ]0.3−0.4], ]0.4−0.5], ]0.5−0.6], ]0.6−0.7], ]0.7−0.75], ]0.75−1.0]

For the observations of each interval the three following models have been fitted: multilayer neural
network, probabilistic finite automata and multivariate regression.
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Table 1: Selected variables for each interval (significance level=0.05)
Interval for kh−1,d Selected var

0-0.1 kh−1,d, kh−3,d

0.1-0.2 kh−1,d, kh−3,d

0.2-0.3 kh−1,d, kh−3,d, kh,d−3

0.3-0.4 kh−1,d, kh−3,d, kh,d−1, kh,d−3

0.4-0.5 kh−1,d, kh−3,d kh,d−1, kh,d−3

0.5-0.6 kh−1,d, kh,d−1, kh−3,d, kh,d−3

0.6-0.7 kh−1,d, kh,d−1, kh,d−2, kh,d−3, S3, kh−3,d, S1, S2

0.7-0.75 kh−1,d, kh,d−1, kh−2,d, kh,d−2, S3, S2, kh,d−3, S1, kh−3,d

0.75-1 kh−2,d, kh,d−1, kh,d−3, kh,d−2

An artificial neural network with one hidden layer using backpropagation learning algorithm,
which perfors 10 epochs, is used. For training the neural network we have used all the indepen-
dent variables, both the variables that represent the previous values in the series and the dummy
variables for including the season of the year. The multivariate regression estimated for each ob-
servation set is the expression 6. Only the significant variables in each interval have been included
to build the PFA. Table 1 reports the significant variables for each set.

Two measures of accuracy were estimated to assess the performance of each model:: the mean
square error (MSE) and the relative error (RE). The expressions used are the following:

MSE = 1
N

∑N
i=1

(k∗t−kt)
2

k2
t

RE = 1
N

∑N
i=1

|(k∗t−kt)|
kt

(7)

Where N are the number of observations and k∗t is the estimated value of clearness index for the
value kt.

Figure 1 and Table 2 show the mean square error and relative error obtained for the clearness
index short-term forecasting for each interval and each model for both the training set and the test
set. As is shown, the model with the lowest MSE and RE for each interval is not always the same.

Figure 1: MSE for the the different models PFA: probabilistic finite automata, MR: multivariate
regression, NN: neural network. Training and test sets.

The forecasting framework includes the model with the lowest RE (see Table 2 for each interval.
As can be observed, the integration of different models for different intervals of observations
allows better predictions than when the same model is used for all the data. Prediction can be
improved by up to 20 % for some intervals.
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Tables 2 and 3 set out the results obtained. As it can be observed, the integration of different
models for different intervals of observations allows better predictions than when the same model
is used for all the data. That is, the behaviour of the analyzed parameter (the clearness index)
can be better modelled using different techniques depending on the current value; this means that
the short term forecasting will be more accurate if it is possible to use the best model for each
situation. In the training set, the average MSE decreases by more that 30 percent when using the
best model when comparing with PFA, MR and NN models; in the test set, the MSE decreases
between 30 and 50 per cent depending on the model. Improvement in prediction accuracy are
also observed regarding the relative error when the results obtained for model integrated in the
framework are compared with any other of three checked models.

Table 2: Relative error (eq.7) of the fitted models for the training and test sets. PFA: probabilistic
finite automata, MR: multivariate regression, NN: neural network.

Training set Test set
Interval PFA MR NN PFA MR NN

1 0,524 1,044 0,709 0,552 1,137 0,760
2 0,431 0,570 0,531 0,444 0,581 0,505
3 0,410 0,444 0,455 0,380 0,416 0,468
4 0,376 0,383 0,396 0,379 0,382 0,419
5 0,367 0,330 0,341 0,382 0,352 0,324
6 0,265 0,233 0,231 0,239 0,207 0,224
7 0,117 0,109 0,105 0,113 0,108 0,113
8 0,068 0,069 0,066 0,075 0,075 0,064
9 0,079 0,083 0,081 0,095 0,086 0,083

mean 0,208 0,224 0,213 0,206 0,223 0,215

Table 3: Estimated average MSE and RE for each model and for the model integrates in the
framework (best model) for all observations.

Training set Test set
Model MSE RE MSE RE
PFA 0,299 0,208 0,284 0,206
MR 0,310 0,224 0,419 0,223
NN 0,293 0,213 0,291 0,215

Best model (PFA,MR,NN) 0,203 0,197 0,199 0,193

5 CONCLUSIONS

We propose a framework for short-term forecasting of the clearness index based in the selection of
the best model for each situation of this climatic parameter. The built framework integrates both
statistical and machine learning models. A multivariate regression was used to identify the dif-
ferent relationships observed in the clearness index series. This regression allows us to select the
most significant variable in the series and to divide the observations in several intervals. For each
of these intervals, we checked three different models for short-term forecasting: a multivariate
regression, a special type of probabilistic finite automata and an artificial neural network.

In the developed framework, the short-term forecasting best model for each interval is integrated.
Once the framework is built, it is possible to predict the next value of clearness index only using
the current and previous values of this parameter and the season of the year. The integration of
different models for different situations has to allow an improvement greater that 30 per cent in
short-term forecasting with respect to when a single model is used.
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Abstract: Recently, data-driven approaches including machine-learning (ML) techniques 
have played a key role in the research on ecological data and models. One of the most 
important steps in the application of a ML technique is the selection of significant model 
input variables. Among ML methods, artificial neural networks and genetic algorithm are 
widely used for the sake of the above aim; however entropy-based learning methods have 
not been well adopted in the field of selecting the significant input variables for ecological 
model. In this paper, we utilize Renyi’s entropy to estimate mutual information, and then 
compute maximum relevance and minimum redundancy of the input variables by the 
mutual information for selecting a compact input subset. This work is a case on forest cover 
type dataset obtained from US Forest Service Region 2 Resource Information System. A 
detailed analysis of the whole discrete variables of the dataset for their much redundancy 
was made. First we fully understand the amount of information of these features and their 
relevance and redundancy. Then we study which features are more important for forest 
cover type with feature selection method based on mutual information. The results show the 
discrete attributes of the dataset contain little effective information, with much redundancy. 
Only 17 variables of 44 attributes are kept for discrete values. The method proposed in the 
paper is helpful to make the good decision and measuring due to increased data 
transparency in ecological informatics. In all, by utilizing information theory as the 
mathematical infrastructure, the new view to study ecological data can be acquired. 
 
 
1. INTRODUCTION 
 
Large scale and high complexity have become available in ecological data and biological 
traits. Hence, data-driven approaches including machine-learning (ML) techniques have 
played a key role in prediction/forecasting model of ecosystems [D’heygere et al., 2003]. 
However, for any forecasting model, the selection of appropriate model inputs is extremely 
important for the prediction accuracy due to noise data [Muttil et al., 2007] and model 
computational performance for “the curse of dimensionality” [Bowden et al., 2005]. The 
aim of selecting input variables is to determine a compact input subset from a superset of 
potentially useful inputs, which will lead to a superior model as measured by some 
optimality criterion.  
 
Recently, many researchers have studied input variable selection for the application of 
data-driven models in ecological modeling. Among data-driven approaches artificial neural 
networks (ANN) and genetic algorithm (GA) are widely used for the sake of selection of 
significant model input variables. Lee et al. [2003] applied ANN for modeling of coastal 
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algal blooms. They noted that the use of all possible input variables may present the model 
with noise, rather than useful information, because the effects of some of the input variables 
may be duplicated. D’heygere et al., [2003] used GA to reduce the number of input 
variables to a half or less without affecting the predictive power of benthic macro 
invertebrates obviously. Watts et al. [2008] utilized ANN to determine the relative 
contribution of abiotic factors that influenced the establishment of insect pest species. The 
contribution of each input variable was analyzed according to the results trained and 
evaluated on the relevant data by the multi-layer perceptron. 
 
On the other hand, mutual information (MI) and entropy have a small amount of 
application in ecological informatics. They have been applied to clustering and ordering 
data sets of benthic macroinvertebrates [Walley et al., 2001] based on information theories. 
Rimet et al. [2005] used MI and regression maximization to explore the complexity of 
diatom assemblages. However, feature selection algorithms based on mutual information 
have not been studied almost at all in the field of selecting the significant input variables for 
ecological models.  
 
In the present paper, we employ MI and Renyi’s entropy to select the significant variables 
of ecological data, which is case on forest cover type dataset [Blackard, 1998; UCI 
databases]. First we estimate MI with Renyi’s entropy instead of Shannon’s entropy, which 
reduces the computational complexity. Then we evaluate minimal redundancy and maximal 
relevance to get the significant input variables with MI. Finally we verify our conclusions 
according to classification accuracy of SVM classifier. 
 
 
2. METHODS 
 
 
2.1 Renyi’s Entropy 
 
The entropy measure provided by Shannon is not common use for the difficulty of 
estimating [Battiti, 1994]. An alternative measure is Renyi’s entropy [Renyi, 1970]. 
Principe [2000] shows that Renyi’s quadratic entropy of continuous variables can be 
estimated by one non-parametric method, which is the Parzen window method with a 
kernel function on top of each sample. It turns out that Renyi’s quadratic measure, when 
combined with the Parzen density estimation method using Gaussian kernels, provides 
significant computational savings.  
 
For the continuous variable X with the probability density function )(xf X , Renyi’s 

quadratic differential entropy is defined as 

  dxxfH XR )(log 2
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Gaussian kernel density estimation [Renyi, 1970, Principe 2000] is 
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where ),( Ix G is a Gaussian kernel evaluated at x , having a diagonal, isotropic covariance 
matrix. Substituting Eq. (2) to Eq. (1), we arrive at the following nonparametric estimator 
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Therefore, Renyi’s quadratic entropy can be estimated as a sum of local interactions, as 
defined by the kernel, over all pairs of samples. Because of symmetry, only half of these 
need to be evaluated in practice. 
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2.2 Mutual Information 
 
Entropy is the uncertainty measures of a single random variable. MI is a quantity that 
measures the mutual dependence of two variables. Given two random variables X andY , 
their MI is defined in terms of their probabilistic density functions f(x), f(y) and f(x,y) given 
by Eq. (4). 
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The entropy and the MI have the following relationships: 
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where H(.) is the entropy of the respective variables, univariate or multivariate variables, 
and H(.|.) is the conditional entropy.  
 
 
2.3 Renyi’s-entropy-based approach for selecting the significant input variables 
 
For selecting the significant input variables there are many entropy-based feature selection 
techniques like MIFS (Mutual Information Feature Selection) [Battiti, 1994], MIFS-U 
[Kwak and Choi, 2002], mRMR [Minimal-Redundancy-Maximal-Relevance, Peng et al., 
2006], NMIFS (Normalized MIFS) [Estévez et al., 2009] methods in the area of machine 
learning. These methods utilize Eq. (5) to estimate MI, and adopt Shannon’s entropy. As 
mentioned in section 2.1, Shannon’s entropy is computationally expensive. However, by 
replacing Shannon entropy by Renyi’s entropy, the computational complexity can be 
reduced from )( 2NO  to )(NO  [Renyi, 1970, Principe 2000]. 
 
In this paper, we focus on the mRMR [Peng et al., 2006] method, and estimate MI with 
Renyi’s entropy instead of Shannon’s entropy. The principles and the algorithm flow chart 
introduced as follows. 
 
Given the input data  tabled as N samples and M input variables  MiF i ,,1,  f , and 

the target classification variable c , the objective of the problem selecting significant input 

variable problem is to find a subset S with m input variables if , which “optimally” 

characterizes c. The mRMR’s formulation for the selection of the kth significant input 

variable is followed as 
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We can thus utilize Eq. (3) to estimate Renyi’s entropy, and then get estimation of MI with 
Eq. (5), and finally select the significant input variable from Eq. (6).  
 
The complete algorithm is as follows. 
(1) (Initialization) Set F= ‘whole input variable set’, S = ‘empty set’. 
(2) Ffi  , compute  ifC;I . 
(3) Find the input variable 

^

if that maximizes  ifC;I , set }{\ i

^

fFF  , i

^

fS  . 
(4) (Greedy selection) repeat step a and b until desired number m of input variables are 
selected. 

(a) (Computation of the MI between variables) for all pairs of variables  si ff ,  
with Ffi  , Sfs  , compute  si ff ;I if not yet available. 

(b) (Selection of the next significant input variable) choose the input variable Ffi   that 
maximizes Eq.6. Set }{\ ifFF  , 

ifS  . 
(5) Output the subset S  containing m selected significant input variables. 
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3. STUDY AREA 
 

The forest cover type data [Blackard, 1998; 
UCI databases] obtained from US Forest 
Service (USFS) Region 2 Resource 
Information System (RIS) consisted of four 
study areas, as shown in Fig. 1. There are 
four wilderness areas, Rawah (29 628 
hectares or 73 213 acres, area 1), Neota 
(3904 hectares or 9647 acres, area 2), 
Comanche Peak (27 389 hectares or 67 680 
acres, area 3), and Cache la Poudre (3817 
hectares or 9433 acres, area 4) in the 
Roosevelt National Forest in northern 
Colorado. These have experienced 
relatively little direct human management 

disturbances. Therefore forest cover type data is a result of natural ecological processes 
rather than the product of active forest management. 
 
Seven forest cover type classes defined in these four areas were spruce/fir (type 1), 
lodgepole pine (type 2), Ponderosa pine (type 3), cottonwood/willow (type 4), aspen (type 
5), Douglas-fir (type 6), and krummholz (type 7). 
 
The actual forest cover type for a given observation (30 x 30 meter cell) consists of 12 
independent variables, 54 attributes, and 1 class label. The total number of 54 attributes of 
cover type data availably includes the following 12 measures defined with 10 independent 
quantitative variables, four binary wilderness areas and forty binary soil type variables. The 
following table describes these variables. The order of this listing corresponds to the order 
of numerals along the rows of the database. 
 

Table 1 Measures of forest cover type data set [Blackard, 1998] 
Name Data type Measurement Description 

Elevation quantitative meters Elevation in meters 
Aspect quantitative azimuth Aspect in degrees azimuth 
Slope quantitative degrees Slope in degrees 

Horizontal_Distance
_To_Hydrology 

quantitative meters 
Horz Dist to nearest surface 

water features 
Vertical_Distance_To

_Hydrology 
quantitative meters 

Vert Dist to nearest surface 
water features 

Horizontal_Distance
_To_Roadways 

quantitative meters Horz Dist to nearest roadway 

Hillshade_9am quantitative 0 to 255 index 
Hillshade index at 9am, 

summer solstice 

Hillshade_Noon quantitative 0 to 225 index 
Hillshade index at noon, 

summer soltice 

Hillshade_3pm quantitative 0 to 225 index 
Hillshade index at 3pm, 

summer solstice 
Horizontal_Distance

_To_Fire_Points 
quantitative meters 

Horz Dist to nearest wildfire 
ignition points 

Wilderness_Area (4 
binary columns) 

qualitative 
0 (absence) or 1 

(presence) 
Wilderness area designation 

Soil_Type (40 binary 
columns) 

qualitative 
0 (absence) or 1 

(presence) 
Soil Type designation 

Cover_Type (7 
types) 

integer 1 to 7 Forest Cover Type designation 

 
 
4. EXPERIMENTS AND RESULTS 

Figure 1 Study area location map [Blackard, 
1998] 
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4.1 Experiments for selecting the significant input variables 
 
 
4.1.1 Experiments description 
 
There are 581,012 observations with 54 attributes including 10 continuous variables and 44 
discrete variables, as listed in Table 1. Intuitively, continuous variables are more important 
than discrete ones, as two measures are defined in 44 discrete attributes. The experiments 
are all focused on discrete input variables by reason of their much redundancy. 
 
The steps of experiments are as follows. We first compute the MI of discrete input variables 
and class label, and then compute the MI between discrete input variables, furthermore we 
select the significant discrete input variables according to Eq.(6) and the previous results. 
Finally, we verify our conclusions in the light of classification accuracy. The significant 
input variables selected by this scheme have good performance on various types of 
classifiers. Herein, we only considered Support Vector Machine (SVM) as classifier. The 
LIBSVM package [Hsu et al., 2002] is selected, which is an open source software, provides 
the interface of programming language such as java, C#, and MATLAB, supporting both 
2-class and multiclass classification problem. 
 
4.1.2 Results and Discussion 
 

The results are shown in Figure 2. For 
explicit illustration, 1-44 is instead of 
the variable index 11-54 of discrete 
variables, similar to the following 
figures. The MI maximal value of 
discrete input variables and class label, 
which reflects the relevance between 
them, is 0.211; the other values are less 
than 0.1. The value less than 0.01 are 
the half. Furthermore, 7 values are close 
to zero (less than 0.001). The minimal is 
associated with the 19th feature index, 
which is 2.61e-005. It revealed that the 
soil type has no effect on forest cover 
type. From Figure 3, the 4th discrete 
input variable or wildness area 4 is the 

most important or relevance to the class label, the second is the 1st or wildness area 1, and 
the third is the14th or soil type 10. 
 

The MI between 44 discrete input 
variables is small (to save space, we do 
not show the result ); however, the ratio 
between MI of 44 discrete input 
variables and their entropy cannot be 
ignored, especially the ratio value is 
close to 0.6 for the first 4 discrete 
variables, as shown according to Figure 
3. From information theory, it means 
much redundancy between discrete 
input variables. In Figure 3, the diagonal 
elements, which represent the ratio 
between self-information and its entropy, 
should be 1. However, for the sake of 
clarity the diagonal elements are forced 
to 0. 

 
According to Eq. (6), the index of input variables sequentially selected is {4, 42, 1, 14, 43, 
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Figure 2 MI of 44 discrete input variables and 
class label 

Figure 3 The ratio between MI of 44 discrete 
input variables and their entropy 
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8, 26, 6, 27, 44, 16, 10, 7, 5, 2, 33, 17, 34, 21, 9 …}. The corresponding classification 
accuracy is listed in Table 2. As the classification accuracy of the 17th significant input 
variable selected is the maximal, the significant input variable selected subset 
is 17} 33, 2, 5, 7, 10, 16, 44, 27, 6, 26, 8, 43, 14, 1, 42, {4, , the number being the variable index. 
 

Table 2 The significant variables and their corresponding classification accuracy 
NO. 1 2 3 4 5 

Index of Variables 4 42 1 14 43 
Classification 

accuracy 
0.642 0.646 0.650 0.655 0.661 

NO. 6 7 8 9 10 

Index of Variables 8 26 6 27 44 
Classification 

accuracy 
0.665 0.669 0.676 0.680 0.684 

NO. 11 12 13 14 15 

Index of Variables 16 10 7 5 2 
Classification 

accuracy 
0.689 0.691 0.693 0.693 0.695 

NO. 16 17 18 19 20 

Index of Variables 33 17 34 21 9 
Classification 

accuracy 
0.692 0.696 0.694 0.696 0.695 

 
Classification accuracy, as listed in Table 2, is from 0.642 to 0.696. It reveals that 44 
discrete variables have slight influence on the forest cover type data. To verify it, we 
compute the MI of the first continuous variable and class label, which is 8.436; however, 
the MI maximal value of discrete input variables and class label is 0. 211. 
 
 
4.2 Experiments for comparing between entropy-based approaches 
 
As mentioned in section 2.3, there are many entropy-based feature selection approaches. In 
this paper, mRMR [Peng et al., 2006], NMIFS [Estevez et al., 2009] and our proposed 
methods RMIFS (Renyi’s-entropy-based approach of Mutual Information Feature Selection) 
are compared in the computational speed and classification accuracy because these three 
methods are based on mRMR. MI is estimated by Renyi’s entropy in RMIFS, however, by 
Shannon’s entropy in the others. 
 
4.2.1 Computational complexity 
 

We compared the average 
computational time cost to select the top 
features for these methods. All 
experiments were run on an ordinary PC 
with Intel Centrino 2 P8600 CPU and 
Scilab 5.2. The results in Figure 4 
demonstrate that three methods are 
almost constant of the number of 
variables, which is because of their 
computational complexity relying on the 
number of samples, not the number of 
attributes selected. However, time cost 
is different, RMIFS (the proposed 
method) is the least, mRMR is the 
second, and NMIFS is the most, which 
shows that RMIFS is computationally 

more efficient than other three methods due to estimating MI with Renyi's entropy. 
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4.2.2 Classification accuracy 
 

Like the section 4.1, we employed LIB- 

SVM as classifier for its convenience. 

The results of these three methods are 

shown in Figure 5, which represents the 

relation between accuracy and selected 

variables. Figure 5 shows mRMR get 

slightly higher classification accuracy 

than RMIFS and NMIFS when the 

number of the selected variables is 

within the range between 1 and 18. If 

the number of selected variables is 

within the range between 18 and 25, NMIFS lead to higher classification accuracy. And the 

accuracy value is close when the number is more than 25. However, the accuracy is close, 

and the largest disparity is 0.5%. So the computational time is critical for these methods.  
 
 
5. Conclusion 
 
In this paper, it is demonstrated to select the significant input variables for the ecological 
data with Renyi's-entropy-based approach, based cases on forest cover type data. The 
results revealed the discrete attributes of the dataset contain little effective information, and 
much redundancy, and only 17 variables of 44 attributes are kept. The method proposed in 
the paper increases ecological data transparency and is helpful to make the good decision 
for us to planning and measuring the ecological informatics.  
 
For proposed method (RMIFS) reduce the computational complexity, comparisons of three 
methods based on mRMR about time cost and accuracy are made. The results show these 
methods classification accuracy is close, and slightly disparity. However, RMIFS is 
computationally more efficient than other two methods. 
 
In all, by utilizing information theory as the mathematical infrastructure, the new view to 
study ecological data can be acquired. 
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Abstract: Artificial Neural Network (ANN ) is applied for forecasting of dam spillage 
using a 10 year hydrological dataset of Ahning Dam in the northern Malaysia at the Pedu-
Muda area. During the rainy season, the Ahning dam will overflow due to heavy rainfall. 
Increased siltation due to logging could contribute to worsen the overflow during this time. 
This will lead to increasingly destructive floods downstream. Rainfall in the Pedu-Muda 
area is not constant. It is highly influenced by the monsoon seasons. During the dry season, 
the dams may dry up. Siltation will further hamper the dams’ capability to store water for 
irrigation. This study has shown that a simple ANN, based on 3 input variables; dam 
inflow, rainfall and dam release can forecast the complex non-linear hydrological processes 
of dam spillage events. 
 
 
Keywords: Artificial Neural Network; Self Organising Map; Dam Hydrology; Spillage   
 
 
1. INTRODUCTION 

 
Ahning River is a tributary of Padang Terap River in Kedah. The Ahning River Dam 
project was completed in 1989 and is owned by the Kedah State Government, Malaysia. 
Apart from Ahning Dam, there are two other large dams in Kedah, known as Muda and 
Pedu dams, that were built in 1969 under the Muda Irrigation Project, aimed to enable 
double cropping of rice cultivation in the Muda area. Though their main function is to 
provide irrigation, dam releases are usually carried out for domestic supply purposes during 
the early January to March. 
 
Water released from Ahning and Pedu dams, flows into Padang Terap River. It then flows 
into the Bukit Pinang and Pelubang water treatment plants. To better coordinate the 
Ahining and Pedu dam releases to meet the irrigation and domestic demands, the operation 
and maintenance of both dams is managed by Muda Agricultural Development Authority.  
 
One of the problems faced is that rainfall in the Pedu-Muda area is not constant.  It has two 
distinct seasons, a wet season and dry season. During the rainy seasons (wettest in 
October), the Dam overflows due to heavy rainfall. Increased siltation due to logging, also 
worsen the situation. This leads to destructive floods downstream. And during dry seasons, 
the dams may dry up.  
 
The aim of this study is to model the hydrological dynamics of Ahning Dam. Different 
approaches that have been applied to modeling water resources include differential 
equation, statistical and computational methods. The use of various approaches of finding 
patterns and to apply them for forecasting and prediction on is also part of data mining. 
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Ecological data mining refers specifically to search and discover patterns and forecast 
processes in ecological datasets.  
 
In this paper we consider the use of artificial neural network. Artificial neural network 
(ANN) is an abstraction of the human neuron, a mathematical model that tries to simulate 
the structure and/or functional aspects of biological neural networks. It consists of an 
interconnected group of artificial neurons and processes information using a connectionist 
approach to computation. In most cases an ANN is an adaptive system that changes its 
structure based on external or internal information that flows through the network during 
the learning phase. Neural networks are non-linear statistical data modeling tools. They can 
be used to model complex relationships between inputs and outputs or to find patterns in 
data. 
 
Basically, the advantages of neural networks are that they are able to represent both linear 
and non linear relationships and are able to learn these relationships directly from data. 
Many researchers compared statistical methods to ANNs. Lek et al [1996] and Maier  et al 
[1996] concluded that ANNs perform better compared to traditional Multiple Regression 
and other classes of statistical modeling. ANNs are more flexible, hence more suitable for 
prediction, more accurate and the results could be replicated. ANNs have successfully been 
applied in temporal studies of salinity in rivers by Maier et al [1996], benthic communities 
in streams by Chon et al [2000], eutrophication and algal blooms in lakes by Karul et al  
[1999] and Talib [2008]. A distinct advantage of ANNs compared to statistical and 
differential equation approaches is that they can predict the timing and magnitude of 
species succession, as shown by Recknagel et al [2000]. Study on various water bodies has 
shown that ANNs could predict algal blooms with abundance and succession patterns of 
blue-green algae species and this was shown by  Recknagel et al [1997] and  Talib [2006]. 
 
In this case study, we use the chosen techniques for modeling of Ahning Dam. In the 
following sections, we present brief descriptions of the approaches that we considered, 
followed by an analysis of the hydrological events related to the data. 
 
 
2. STUDY DESIGN 
 
 
2.1 Area of Study 

 
The area where the dam is found is shown in Figure 1. 
 

 

1974



A. Talib et al. / Neural Network for Forecasting Dam Spillage Events 

 
Figure 1 Location of Ahning Dam and other dams in the Padang Terap catchment area 
2.2 Datasets 

 
This study was conducted using a sample of Ahning Dam monthly datasets from 1992-
2000 found in Othman et al [2002].The datasets were preprocessed as follows: 
 
i. scaling  
ii. removing missing variables and outliers  
iii. analysing data with descriptive statistical analysis 
 
 
3 ARTIFICIAL NEURAL NETWORK 
 
 
3.1 Self Organising Maps 
 
Non Supervised ANN were applied to the ordination, clustering and mapping of 
relationships between physical, chemical and biological time-series data of the two adjacent 
lakes. The ANN models were developed by using the MatLab 5.3 SOM Toolbox functions. 
Vesanto [1999] developed the software at the Laboratory of Computer and Information 
Science at Helsinki University of Technology. This ANN are also called Self-Organizing 
Maps (SOM) or Kohonen networks, referring to Kohonen [1995] who invented principles 
of unsupervised training of ANN. Clustering was carried out by the K-means method. 
Clustering can be done either through a hierarchical or partitative approach. In the case 
where the number of clusters is unknown, the partitative algorithm is repeated for a set of 
different values from 2 to n, where n is the number of samples in the data set. The K-means 
method is the most commonly used partitative algorithm. 
 

                      

Figure 2a                                                                    Figure 2b 

Figure 2 The U-matrix and K-means clusters 

The U-matrix identified overlapping areas at the borders of the clusters, and is shown in 
Figure2a together with the K-means clusters (Figure 2b). The plane quality was very good 
with a low quantization error of 0.070 
 
The SOM algorithm using the k-means method has separated data sets into three clusters 
corresponding with the following water quality ranges:  
Cluster 1: January to April 
Cluster 2: May to August 
Cluster 3: September to December 
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3.2 Supervised ANN Architecture 
 
ANN architecture was selected manually, i.e. 3-2-1 architecture. The hyperbolic tangent 
was selected for both input and output activation function, with sum of squares as output 
error function. Three variables were selected for inputs, including monthly rainfall, 
monthly inflow and dam release with an output of 1 month ahead dam spillage.  
 
 
4 RESULTS AND DISCUSSION 
 
This study involves training and testing the ANN model by trial and error approach. ANN 
model with the 3-2-1 architecture, with conjugate gradient descent as training algorithm is 
chosen and applied (see Table 1). ANNs are computationally intensive and many 
parameters have to be determined with few guidelines and no standard procedure to define 
the architecture as discussed by Lek et al [1999]. There is no global method for when to 
stop training and how to determine overtraining.  Training was stopped based on the 
number of iterations, i.e 1000 and as the error on the validation set increases 
 
Forecasting of ecological time series data sets using ANN is a complex task.  Basically, the 
four main steps taken in this forecasting study is as follows: 
 
Model Design: Choose a suitable model representation based on expert-knowledge. 
Train: Estimate the parameters of the model. 
Validate: Test the model on unseen data sets to determine its validity. 
Interpret: What are the insights, causal explanations does the model produce based on the 
hypothesis tested. 
 
Although ANNs are increasingly being used for the prediction and forecasting of water 
resources variables, the problem of assessing the optimality of the results exists. Apart from 
the importance of preprocessing, specific mapping of ANN depends on the architecture of 
the network, training techniques and modeling parameters. 
 
ANNs are sensitive to the composition of the training data set and to the initial network 
parameters as pointed out by Bishop [1995]. For this dataset (see Table 1), the split-set 
validation is chosen for testing the models, with sequential data partitioning i.e. training 
(68%), validation (16%) and test (16%). Another validation technique, the leave-one-out 
bootstrapping and leave-k-out cross-validation have been attempted by Recknagel et al 
[2000] whereby no user decisions are required regarding division of data into training and 
testing sets. Another problem with ANN, is that it is difficult to predict an unknown event 
that has not occurred in the training data. The values of training data should therefore cover 
as wide a range as possible as pointed out by Aoki et al. [1999].  
 

Table 1 ANN Parameters for training and validation 
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Figure 2 Results of 1 month ahead forecast of Dam Spillage using dataset from 
Ahning Dam. 

Heavy rainfall usually triggers spill, when almost top water level conditions are achieved. 
For flood controls, release of water in specific quantities is practiced when conditions 
permit. Water released at designated times also coincides with paddy planting seasons and 
in August, coincides with inter monsoon rains. 
 
The results of the 1 month ahead dam spillage forecast for Ahning Dam is as shown in 
Figure 1 with R2 values (where R is a measure of correlation) of 0.50. The model forecasted 
the right timing and magnitude for dam spillage events during 1995 and 1997 and in the 
first spillage event of 2001. For the second spillage event of 2001 and 2002 spillage, the 
model overestimated the spillage. In 1997, heavy storms caused serious flooding in this 
region, the effect of Zita, a tropical cyclone that originated in Luzon, 20 August 1997, 
whereby 2800 people were evacuated. 
 

Table 2 Input importance (%) based on the training of ANN 

 
 
Based on the results of the input importance (Table 2), we conclude that the most important 
input is monthly Inflow. This is followed by Monthly Rainfall with Dam release being the 
least important of the three variables. Our 1 month forecast results correlate with the Non 
Supervised ANN model. The results of the clustering using SOM is as shown in Fig 3.  
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Figure 3 Results SOM clustering patterns correlating rainfall, inflow, dam release and dam 

spillage events. 

According to Berga [1998], there are two seasons, a wet season (August to October) 
coinciding with the south-west monsoon and dry season (between December to March). 
The moderate period is between April to July . 
 
The results of this study (see Figure 3) on ordination and classification of dam spill, dam 
release, monthly inflow and monthly rainfall data of Ahning Dam using SOM have proven 
that the dynamics over the long term period can be patternised into 3 seasonal clusters. 
Between September to December, there is high inflow, also related to high rainfall in this 
period. This is also correlated to the previous high rainfall seasonal period of  May to 
August . Subsequently dam spill occur in this period of September to December. Dam 
release is highest during January to April, as a counter measure of the dam spill events that 
occurred in the September to December period. 
 
Both methods of ANN highlighted the important key variables related to dam spillage 
events in Ahning Dam. The forecasting of dam spillage correlates with the seasonal 
patterns of hydrological dynamics and this knowledge can be utilized by water resource 
development  and management, for future flood mitigation plans. 
 
 
5. CONCLUSIONS 
 
Various computational techniques can be applied to data mining ecological datasets. The 
results of the study show that it is possible to forecast 1 month ahead Dam Spillage for 
Ahning Dam using a simple ANN with 3-2-1 architecture that could reasonably forecast in 
terms of timing and magnitude of dam spill events. Apart from the importance of ANN 
architecture and the training algorithm for forecasting, good ordination and clustering using 
ANN approach is also important as it allows us to visualize the patterns related to the 
dynamics in the datasets, over a certain time period, or seasons. 
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Abstract: Pre and post-processing are crucial tasks in Knowledge Discovery in Databases 
(KDD). In this contribution we present an application to a data set from a real water supply 
network (WSN) in the town of Calarcá (Colombia), located in the so-called "Eje Cafetero" 
coffee region. We use traditional and well-known techniques of pre and post-processing 
with the aim of showing its importance in Data Mining (DM), and of enhancing the need of 
results interpretability when dealing with real data set. Pre and post-processing tools, as 
well as other DM tasks implemented in Clementine 9.0 (SPSS), have been used. 
Clementine 9.0 has a number of pre and post-processing tools to work with records (rows) 
and fields (columns) in a database. Basically, we used selection and deriving operations for 
records, and type and filter operations for fields. The database consists of a record of 
requests, complains and claims (PQRs in Spanish), for the year 2006, remitted to the 
Calarcá Water Supply Company Multipropósito, S.A. ESP. Additionally, the database is 
also integrated by the network hydraulic model, some climatic variables, and thematic maps 
of vulnerabilities and risk areas for natural phenomena. The PQRs information consists of 
846 records. First, the consistency of the PQRs was evaluated to determine outliers, and 
lost or missing information. Next, each point was located on the map of the town and its 
UTM coordinates were obtained. Then, each PQR was associated to its nearest pipe and 
node of the primary network. The graphical classification of variables shows trends that 
permit us to obtain a priori conclusions in KDD. These data were used to feed the model 
and to obtain relationships between different variables and the damage type on the network 
well within the post-processing task.  
 
Keywords: Pre-processing; Post-Processing; Knowledge Discovery; Data Mining; Water 
Supply Networks. 
 
 
1. INTRODUCTION 
 
KDD corresponds to advanced data management processes that in the last few years have 
become very attractive for both water researchers in engineering and water supply 
managers. Unfortunately, the use of KDD in the water industry is not widespread yet. The 
steps in KDD processes are: domain understanding, data collection, data pre-processing, 
data mining, and post-processing of the derived knowledge. The data that are to be 
processed by a knowledge acquisition algorithm are usually noisy, incomplete, and often 
inconsistent. Many steps must be performed prior to data analysis itself. For this reason, 
pre-processing procedures are continuously developing. Also, a result from a machine 
learning algorithm, such as a decision tree, a set of decision rules, or an artificial neural 
network, may not be appropriate from the viewpoint of customers or for commercial 
applications. As a result, a conceptual description (model, knowledge base) produced by 
such an inductive process has to be usually post-processed. Post-processing procedures 
usually include varied pruning routines, rule filtering, or even knowledge integration, Bruha 
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and Famili [2000]. Zhang et al. [2003] argue for the importance of data preparation because 
of three aspects: real world data is impure; high-performance mining systems require 
quality data; and quality data yields high-quality patterns. Real data can disguise useful 
patterns due to incomplete data, noisy data and inconsistent data. Data preparation 
generates new datasets that are smaller than the original one by selecting relevant data, 
recovering incomplete data, purifying data, reducing data, and resolving data conflicts. 
 
The paper is organized as follows: sections 2 and 3 give a brief introduction to pre and 
post-processing, respectively; section 4 provides a description of the used data; finally, 
section 5 explains the performed tasks of pre and post-processing, and presents the results 
of the found relationships among different variables for the database used. 
 
 
2. PREPROCESSING 
 
This task usually takes substantial project time (between 70% and 80%), especially when 
many aggregations are required, Feelders et al. [2000]. The operations performed in a pre-
processing process can be reduced to two main families of techniques, Gibert et al. [2008]: 
Detection Techniques (DT) to detect imperfections in data sets and Transforming 
Techniques (TT) oriented to obtain more manageable data sets. DT includes outlier’s 
detection, missing data detection, influent observations detection, normality assessment, 
linearity assessment, and independence assessment. On the other hand, TT includes outlier 
treatment, missing data imputation, dimensionality reduction techniques or data projection 
techniques, deriving new attributes techniques, filtering and resampling. Additionally, the 
statistical technique of data cleaning, and the visualization techniques also play an 
important role in the pre-processing of data. Clementine 9.0 (Clementine®,2004)  has some 
data pre-processing tools to accomplish these tasks. Its tools include management of 
records (rows) and handling of fields or attributes (columns), as well as graphical 
representation tools in order to be able to preview the available information. These tools 
include selecting, sampling, merging, sorting, aggregating, filtering, deriving and typing. 
 
 
3. POST-PROCESSING 
 
KDD post-processing components can be categorized into the following groups, Buha and 
Famili [2000]: knowledge filtering; interpretation and explanation; evaluation; and 
knowledge integration. In the case of machine learning algorithms such as trees or decision 
rules trained with noisy data, the results are generated covering few training data. This is 
because the induction algorithms try to subdivide the training data set. To overcome this 
problem the decision trees or rules should be shrunk, by either post-pruning (decision trees) 
or truncation (decision rules). After obtaining new knowledge, this can be either 
implemented in an expert system or used by an end user. In this last case, the knowledge 
results should be documented for the end user interpretation. Another possibility is to 
display the knowledge and transform it into a form understandable to the end user. We can 
also check the new knowledge for potential conflicts with previously induced knowledge. 
In this step, we can also summarize the rules and combine them with a domain-specific 
knowledge provided for the given task. Once a learning system has induced concept 
hypotheses (models) from the training set, their evaluation (or testing) should take place. 
There are several criteria used for this purpose: classification accuracy, understanding, 
computational complexity, and so on. 
 
 
4. THE DATABASE 
 
The Calarcá water company provided the information used in this paper. The WSN serves 
the urban area of the municipality’s 14229 equivalent users. The database consists of a 
record of requests, complains and claims (PQRs in Spanish) reported by users of 
Multipropósito, S.A. ESP (Calarcá Water Supply Company), 24 hours a day for the year 
2006. Calarcá town is located in the Andean area of Colombia; it has an estimated 
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population of 73500 inhabitants enjoying a varied climate, with temperatures ranging in 
accordance with the altitude, between 22°C and 4°C, depending on the influence of solar 
radiation and rainfall. Its average temperature is 20°C. The rainfall varies between 1700 
and 2400 millimetres annually. The relative humidity, high and stable, is approximately 
85%. 
 
These PQRs are reports both in principal and domiciliary network sections. The PQRs 
indicate such information as type or description of damage, location, and relevant technical 
concepts and solutions. Every record was located in a map of the WSN according to the 
address (street) referenced in the PQR record; addresses were only in terms of street names 
and numbers, so a hard work had to be done for obtaining the UTM coordinates of every 
reported problem. Additionally, the database integrates the network hydraulic model for 
this year, and risks level and vulnerabilities by geologic hazards information represented in 
various maps. Moreover, climatic data for stations nearby were obtained. The database 
contains 846 records (rows) and 218 fields (attributes). 
 
As said, the water company receives reports of PQRs 24 hours a day. A total of 846 PQRs 
were reported for the year 2006. In each report the following is registered: the date of 
damage notice; the person name submitting the PQR; the location of incident; the PQR 
description given by the reporter; the company technical assessment; the solution adopted; 
and the date and name of the officer providing the solution. This information was typed into 
a database for further processing. 
 
The main pre-processing task involved decision about relevant and non-relevant fields in 
the database. This decision was made based on hydraulic criteria (domain knowledge). 
Since damage causes were the main objective, geographical locations suggesting causes 
and occurrence of water loses were devised of paramount importance. As a consequence, 
the used information included: pipe identification – to assess if it was subjected to a high or 
a low number of faults; upstream and downstream node identification – to evaluate 
concurrence of faulty pipes at the same spot pointing towards local pressure or demand 
problems; type of reported breakage, either domiciliary or on the main network; pipe 
diameter; pipe length; pipe material; roughness material; and magnitude of the leak. In 
addition, data obtained from the mathematical model of the network were included in the 
database, specifically, information related with patterns and demand characteristics. Finally, 
the UTM coordinates of the faulty points were also included. As a matter of fact, typical 
pre-processing tasks for identifying outliers, missing values, etc., were performed. 
 
 
5. PRE AND POST-PROCESSING IN A REAL DATA SET 
 
Our main objective was to discover damage management models in the WSN. To this 
purpose, relationships among a variety of variables and reported damage types in the 
network were investigated. Both Classification and Regression Trees (C&RT) (Breiman et 
al, 1984) and Artificial Neural Networks (ANN) algorithms for DM tasks were used. As 
said, the information contained in each of the 846 PQRs records is: claim date; claiming 
user name; damage location; damage description (user-supplied); specialist technical 
concept; solution; solution date; and the workers names (crew) that performed the repair. 
Also, hourly data flows and pressures in the network, diameters, materials, lengths, and 
roughness were obtained from the hydraulic model. The used climatic data correspond to 
rain (mm), humidity (%), and sunshine (hr), for some stations near the town. Finally, the 
thematic maps were used to obtain risk levels zoning (high, medium, low), and 
vulnerabilities in each area (earthquakes and/or landslides). 

 
To begin with, the PQRs reports were typed up to a database. A first pre-processing task 
was to dismiss spurious and erroneous information; this task was carried out manually. 
Only 4% of the total data are missing and, specifically, they correspond to diameter and 
material type in the PQRs reports. Due to the difficulty to obtain these data, we decided not 
to take them into account. One of the C&RT algorithms advantages is their robustness to 
missing information. On the other hand, missing data are scattered throughout the study 
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area and therefore can be assumed random. To spatially locate the PQRs, information was 
typed according to the reported address (street) on a digital map in Autocad format. Here, 
inconsistencies in terms of points clearly not identified or whose location PQRs report did 
not appear in the digital base were corrected. Based on the location of these points we 
obtained UTM coordinates for each PQR with its own identifier. This information was 
added to the database. 
 
Other pre-processing tasks involved handling of the attribute Date (report day of the 
damage) and Repair Date (repair day), including the definition of a new field with the name 
Repair Time indicating the repair delay; these tasks were performed with node called derive 
of Clementine 9.0. Damage Type variable was harder to manage because it depends on each 
worker description without standard formats of damage types. Therefore, to facilitate the 
treatment one set of damages based on the reports were also numerized with the derive 
node. Also, a Boolean variable to indicate whether the reported damage was fixed or not 
was introduced (there are various reasons for not repairing a damage, such as not having 
authorization from the connection owner, among others). The field Worker was considered 
interesting as it might look for relationships between damages reported and the workers 
engaged in repairing tasks. The field was also numerized based on work crews according to 
PQRs (node derive). The variable Diameter was converted to mm to make comparisons 
between the reported diameter in a PQR and the diameter within the hydraulic model. To 
better understand and comprehend the available information, use was made, as a pre-
processing tool, of visualization techniques through graphical representations, as shown 
below. 
 
Figure 1 visualizes the number of PQRs per month for 2006. The highest number of 
incidents takes place in May, while in November and December fewer warnings appear. 
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Figure 1. PQRs reports for 2006 

DAMAGES TYPES REPORTED BY PQR's

30%

4%

10%
15%2%

13%

2%

3%
2%

8%
1%4% 6%

Broken pipe leakage Junction leakage
Adapter leakage Pitorra leakage
Leakage, fraud Shut-off valve leakage
Internal damage Meter leakage
no damage Leakage, connection in poor cond
Universal accesories leakage Meter theft
Connection leakage

 
Figure 2. Damage type reported

 
Regarding damage types, 30% correspond to breaks in pipes followed by pitorra (a type of 
joint) leakage with 15%, and shut-off valve leakage with a 13% of reports, as visualized in 
Figure 2. Leakage due to fraud represents a small percentage (2%). The percentage of 
internal damage is also low, corresponding to 2% of PQRs. The supply system has 
deficiencies in terms of pipe age that had outlived their useful life, and problems of 
insufficient water for certain diameters, what could affect the amount of leakage present in 
the reports. Also, a greater number of incidents occur in plastic, metal or asbestos cement 
pipes, the latter two being older than the first. 
 
Figure 3 visualizes the distribution per month of reported damage types. It can be observed 
that in January there is a leakage increase due to broken pipes, despite this being a month 
that corresponds to a holiday period. Also, with independence of the adopted numerization, 
water losses in the connections appear in a generalized way; this is a factor that directly 
influences both technical and economic management system, and that, compared with 
detected fraud by illegal extraction of fluid, affects in greater proportion the leaks caused to 
the system. Also, the proportion of reported internal damages is smaller, in general, than the 
damage reported in the connections. In the months of June and July a greater variety of 
damage types can be observed. Also, leakage due to broken pipes is reduced. Regarding 
claim distribution time (Figure 4), most of the claims appear in the morning between six 
and noon. 
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Figure 4. Daily claim distribution

 
Most of the PQRs, 799, correspond to the domiciliary network, against 32 for the main 
network (Figure 5). The greater percentage of network failures by diameter correspond to 
those of half-inch (12.7 mm) with a 60% of reports, followed by pipes of 16 mm with 
20.6% of reports (Figure 6). Concerning materials (not always this field of the form was 
filled), 41.7% of the reports correspond to pipes of PVC, followed by 37.4% of pipes of 
polythene, 20.4% of galvanized iron pipes, and 0.4% of cast iron pipes, as can be observed 
in Figure 7. 
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Figure 5.  Network damage 
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Figure 6. Damage distribution by diameter

 
The fact that the domiciliary network is more affected than the main pipes indicates more 
intensive management and maintenance in the primary network; although more complete 
information would be required to corroborate this affirmation. However, the distribution of 
diameters and materials for the reported damages of the network suggests that better 
maintenance in the domiciliary networks, replacement of old pipes, or improvement of 
installation techniques, could help reduce the number of reports. 
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Figure 7. Material distribution 
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Figure 8. Repair times

 
In relation to report management, 69.5% of the PQRs are addressed and solved the same 
day, and 16.6% with a delay of one day (Figure 8); we have to mention in this regard that 
repair data with smaller values than one day are considered erroneous. A total of 768 
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reports were solved (Figure 9). Figure 10 shows the work crews conformation (company 
field workers), which is one of the variables used for the analysis. 
 

 
Figure 9. Damage repair 
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Figure 10. Work crews
 

Regarding the risk level from natural phenomena, 0.71% of PQRs correspond to zones with 
high level, 38.77% to mid level, and 52.72% of the data are located in zones of low risk; 
7.8% of the data are located in no-risk zones. Considering threats, 0.71% of the registers of 
PQRs are located in earthquake and sliding threat zones and 38.77% in zones of earthquake 
risk. The remainder, 60.52%, are located in zones of no natural threat. The seismic risk for 
the majority of the WSN represents extra problems of management for the company. 
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Figure 11. Damage vs diameter in PQRs  
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Figure 12. Damage vs average flow 

 
Figures 11 and 12 visualize the relationship between different damage types (numerized), 
and diameter in PQRs as well as average flow in network sections on which a PQR report is 
located, respectively. As can be seen, there is no clear relationship between damage and 
these variables except for damage type 8 (leakage meter) where a uniform distribution by 
diameters is observed. 
 
As can be appreciated, a basic characterization of the selected attributes can be obtained 
with the pre-processing performed by using visualization techniques. Also, first indications 
towards where the tasks of data mining should be directed are suggested. As mentioned 
previously, the aim of this work was to find relationships between the different variables 
and the damage type in order to find a damage management model for the WSN. To this 
end, various types of ANN and C&RT were trained based on the algorithms implemented 
in Clementine. Given that the used information corresponds to inherent variables for the 
operation of water supply network, previous variable selection was not deemed necessary. 
However, to get a more explanatory power, Kohonen network algorithms were used for a 
representative selection of attributes when significant differences between the variables 
were not found. Additionally, C&RT algorithms manage to find the best significant 
attributes for the database. For ANN algorithms Clementine 9.0 introduces a sensibility 
analysis for the input fields, once trained the network, which provides information about 
the input fields that are more decisive for the output field’s prediction. Likewise, this 
analysis didn’t find significant differences between the input data for de database used. The 
best results were obtained with the C&RT algorithms. Data were divided into separate 
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training and test sets. Various models of C&RT were tested and various kinds of ANNs 
were trained (Table 1). In general, the data partition was 70% for training and 30% for 
testing; but in other cases, it was 60% for training, 30% for testing, and 10% for validation.  
 

Model Algorithm 
Training Time Correct Classifications (%) Neurons 
Hr Min Sec Train. Test. Valid. Input Hidden Output 

Tree C&RT 0 29 4 52.6 30.12  
ANN RBFN 14 8 44 29.82 26.10 129 40 4 
Tree C&RT 0 24 46 55.44 29.32     
ANN RBFN 24 32 13 31.32 26.10  122 40 4 
Tree C&RT 0 25 55 51.89 25.29 24.42    
ANN RBFN 20 10 39 26.64 24.51 18.60 122 40 4 
ANN PRUNE 0 11 39 19.77 18.88  179 20-15-10 4 
ANN RBFN 0 9 42 29.15 32.13  210 20 4 
ANN Exhaustive 0 17 16 23.79 30.12  210 30-20 4 
ANN RBFN 0 19 23 28.48 29.72  210 20 4 
ANN RBFN 7 47 22 36.01 29.72  210 200 4 
ANN Multiple 0 12 18 27.81 31.73  210 2 4 
ANN Dynamic 0 8 32 27.81 31.73  210 3-4 4 
ANN Fast 0 12 4 27.81 31.73  210 20-15-10 4 
ANN RBFN 66 11 55 26.97 24.90  210 20 4 
Tree C&RT 0 35 38 57.12 28.11     
ANN RBFN 165 36 32 28.14 26.91  89 40 4 
Tree C&RT 0 12 55 52.60 30.12     
ANN RBFN 6 2 13 35.68 28.51  89 200 4 
ANN RBFN 22 31 12 36.68 30.92  89 200 4 

Table 1. Training models 
 
Table 1 shows different configurations of trees and ANN models. The tree models 
generally get better solutions than the ANN models in terms of data correctly classified, 
and also in the algorithm execution time. One of the greater benefits and strengths of 
C&RT algorithms is their final presentation and interpretability, either by rules or by the 
tree-shaped structures that help decision-making, an issue of great importance in the post-
processing of the discovered knowledge. Pruning was used as a post-processing task in the 
case of trees to avoid model overfitting. Also the settings implemented in Clementine 9.0 
for trees algorithms were considered: for handling missing data (maximum number of 
substitutes); for impurity management within the tree divisions, i.e. the creation of 
subgroups with similar output values (a node is considered pure if 100% of the node 
correspond to a specific category of field objective). Therefore, if the best division of a 
branch does not reduce the impurity to a specified value, this division is not performed. In 
the case of ANN models, overtraining was avoided by dividing the data randomly into 
training and testing independent sets. The network is trained by using the training set and 
the accuracy is estimated based on the test set. Additionally, one can choose whether to 
continue training the existing model or to start a new one. This is due to the fact that each 
time the algorithm is run a completely new network is created by default. It is also possible 
to manage the network architecture by choosing the number of hidden layers and neurons in 
each layer. 
 
The set of rules in Table 2, which corresponds to a tree structure, shows one of the models 
for the damage type classification occurred in the network according to the selected 
variables. These variables correspond to the material reported in the PQRs (cast iron, 
galvanized iron, asbestos cement, high density polyethylene, flexible plastic, and PVC), 
binary variable damage repair (yes/no), numerized work crews, PQR point location using 
the distance to the nearest node, the average head loss (m/km) (obtained from the hydraulic 
model), the precipitation (mm) presented in nearby rainfall stations, water demand in nodes 
(L/S), PQR Cartesian coordinates, pressure in nodes (m) and section lengths (m).  
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The setting for model training was the following: the data were divided into partitions; a 
number of levels below the root of 100 were chosen; a maximum of five substitutes were 
chosen and 0.00000001 for minimum impurity change (the diversity Gini index was chosen 
as impurity measure for categorical objectives and for continuous objects was used the 
minimum square deviation as a impurity measure); tree pruning was used; record number in 
the parent branch was 2% and minimum number of records in the subsidiary branch was 
1%, as stopping criterion. Also, as said, the data partition was 70% for training and 30% for 
testing. This tree classified 52.60% (314 records) of the training data and 30.12% (75 
records) of the test data correctly. At the end of each line the branch summary is presented. 
This corresponds to statistical mode (most frequent value); number of records to which the 
rule applies (occurrences); and proportion of records for which the rule is true (confidence).  

 
PQR MATERIAL in [ "" " " ] [ Mode: 1 ] (436) 
 DAMAGE REPAIR in [ "No" ] [ Mode: 1 ] (49) 
  Work Crews in [ "10" "16" "18" "20" "25" "26" "29" "7" ] [ Mode: 7 ] (32) 
   PQR Distance from the starting node <= 95.855 [ Mode: 7 ] (24) 
    Loss (m/Km) 0:00 <= 0.280 [ Mode: 1 ] (18) 
     Final Node Demand  (L/s) 00:00 <= 0.065 [ Mode: 1 ] => 1 (9; 0,667) 
     Final Node Demand  (L/s) 00:00 > 0.065 [ Mode: 7 ] => 5 (9; 0,222) 
    Loss (m/Km) 0:00 > 0.280 [ Mode: 7 ] => 7 (6; 0,833) 
   PQR Distance from the starting node > 95.855 [ Mode: 12 ] => 12 (8; 0,625) 
  Work Crews in [ "11" "12" "14" "6" "9" ] [ Mode: 9 ] (17) 
   Final Node Coordinate Y <= 992315.155 [ Mode: 9 ] => 9 (7; 1,0) 
   Final Node Coordinate Y > 992315.155 [ Mode: 1 ] => 1 (10; 0,3) 
 DAMAGE REPAIR in [ "Yes" ] [ Mode: 4 ] (387) 
  Coordinate Y <= 990736.494 [ Mode: 1 ] => 1 (54; 0,463) 
  Coordinate Y > 990736.494 [ Mode: 4 ] (333) 
   Starting Node Coordinate X <= 1158706 [ Mode: 6 ] (62) 
    Work Crews in [ "12" "16" "17" "18" "2" "3" "6" "7" ] [ Mode: 6 ] (39) 
     Starting Node Pressure (WC) 6:00 <= 51.455 [ Mode: 6 ] => 6 (32; 0,688) 
     Starting Node Pressure (WC) 6:00 > 51.455 [ Mode: 3 ] => 1 (7; 0,286) 

Work Crews in [ "10" "15" "19" "25" "29" "4" "9" ] [ Mode: 4 ] => 13 (23; 
0,217) 

   Starting Node Coordinate X > 1158706 [ Mode: 4 ] (271) 
    Section Length (m) <= 27.135 [ Mode: 10 ] => 10 (8; 0,75) 
    Section Length (m) > 27.135 [ Mode: 4 ] (263) 
     Final Node Coordinate Y <= 993953 [ Mode: 4 ] (256) 
      Starting Node Pressure (WC) 19:00 <= 41.025 [ Mode: 13 ] (26) 

Work Crews in [ "1" "20" "21" "25" "3" "4" "5" "6" ] [ Mode: 6 ] => 4 
(17; 0,294) 
Work Crews in [ "11" "15" "24" "29" "7" ] [ Mode: 13 ] => 13 (9; 
0,778) 

      Starting Node Pressure (WC) 19:00 > 41.025 [ Mode: 4 ] (230) 
       Network Material in [ "AC" “IG” ] [ Mode: 6 ] (106) 
        Work Crews in [ "11" "2" "3" ] [ Mode: 1 ] => 1 (13; 0,692) 

Work Crews in [ "1" "12" "15" "16" "17" "18" "20" "21" "23" "24" 
"25" "27" "29" "4" "5" "6" "7" ] [ Mode: 6 ] => 6 (93; 0,312) 

       Network Material in [ "" "AP" “HDPE” "PVC" ] [ Mode: 1 ] (124) 
        Section Length (m) <= 163.325 [ Mode: 1 ] (115) 

Work Crews in [ "11" "12" "14" "15" "16" "17" "2" "21" "22" 
"24" "25" "29" "3" "30" "4" "6" "7" "8" ] [ Mode: 1 ] (103) 
 Starting Node Demand (L/s) 00:00 <= 0.055 [ Mode: 6 ] (34) 

Work Crews in [ "12" "14" "2" "3" "4" "7" ] [ Mode: 6 ] => 
6 (14; 0,571) 
Work Crews in [ "11" "16" "17" "29" "30" "6" "8" ] [ Mode: 
4 ] (20) 
 R(mm) Bella <= 0.150 [ Mode: 4 ] => 4 (11; 0,545) 

  R(mm) Bella > 0.150 [ Mode: 1 ] => 1 (9; 0,333) 
Starting Node Demand (L/s) 00:00 > 0.055 [ Mode: 1 ] (69) 
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 R(mm) Bella <= 9.850 [ Mode: 1 ] => 1 (51; 0,569) 
 R(mm) Bella > 9.850 [ Mode: 4 ] => 4 (18; 0,278) 

Work Crews in [ "1" "10" "18" "23" "26" "9" ] [ Mode: 4 ] => 4 
(12; 0,667) 

        Section Length (m) > 163.325 [ Mode: 4 ] => 4 (9; 0,889) 
     Final Node Coordinate Y > 993953 [ Mode: 4 ] => 4 (7; 0,857) 
PQR MATERIAL in [ “CI” “IG” “HDPE” “FP” "PVC" ] [ Mode: 1 ] (161) 
 PQR DIAMETER(mm) <= 22.700 [ Mode: 1 ] (132) 
  PQR DIAMETER(mm) <= 14.350 [ Mode: 1 ] (79) 
   Work Crews in [ "1" "20" "21" "26" "30" "5" ] [ Mode: 10 ] => 10 (14; 0,786) 

Work Crews in [ "10" "11" "16" "17" "18" "2" "25" "28" "29" "4" "6" "7" "8" "9" ] 
[ Mode: 1 ] (65) 

    R(mm) Jardin <= 12.500 [ Mode: 1 ] => 1 (49; 0,653) 
    R(mm) Jardin > 12.500 [ Mode: 3 ] => 3 (16; 0,438) 
  PQR DIAMETER(mm) > 14.350 [ Mode: 3 ] (53) 
   Work Crews in [ "12" "17" "18" "2" "21" "25" "29" "6" ] [ Mode: 1 ] (28) 
    Section Length (m) <= 84.705 [ Mode: 1 ] => 1 (14; 0,714) 
    Section Length (m) > 84.705 [ Mode: 2 ] => 2 (14; 0,5) 
   Work Crews in [ "10" "11" "16" "27" "4" "7" "8" "9" ] [ Mode: 3 ] (25) 
    Loss (m/Km) 0:00 <= 0.015 [ Mode: 2 ] => 2 (13; 0,462) 
    Loss (m/Km) 0:00 > 0.015 [ Mode: 3 ] => 3 (12; 0,833) 
 PQR DIAMETER(mm) > 22.700 [ Mode: 1 ] => 1 (29; 0,724) 

 
Table 2. Obtained rules 

 
The interpretation of the obtained rules is straightforward. The attribute or field that 
generates more information gain for the first tree division is the material reported in PQRS, 
which divides the tree into two branches. It is important here to note one of the strengths of 
these algorithms: when information is missing classifications are obtained despite the 
absence of this information. Decisions related to the classification of damage type 
correspond to the symbol => in the rules. Then, each of these two branches subdivides to 
reach the total depth of the tree, 13 in this case; only 16 of the initial attributes appear in the 
final model. 
 
 
6. CONCLUSIONS 
 
We have presented a real world practical application of some of the steps of pre-processing 
and post-processing information within a KDD process. The information used corresponds 
to failure events in the WSN of a municipality. Additionally, data mining tasks aimed at 
finding relationships between the different selected variables and the type of damage 
produced in the WSN. 
 
The first problem was precisely to work with real data. The variety of uncertainties that 
impairs control over information in the sense of leading the process, as happens when 
working with experimental models, generates a lot of issues that require more ingenuity to 
address the problem. 
 
Basically, the main tasks of pre-processing in this work consisted in attribute selection to 
take into account, handling missing values, numerizing attributes, and graphical 
representation of the selected variables to get a first approximation to the information. This 
visualization allows better understanding of the data that will be used in modelling. 
 
For post-processing, some tasks were used such as pruning, data partition, and impurity 
management. Also, the model validation was executed by statistical values. This allows 
integration of discovered knowledge to improve the management of a supply network in 
terms of likely damage that the network could undergo. 
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Regarding the C&RT obtained model, its strength to missing values must be highlighted. 
This feature is especially interesting for WSN management. Moreover the solutions 
obtained with the C&RT algorithms are better than those of ANN algorithms. 
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Abstract: Managers of water supply companies must be concerned about the lack of 
integrity of their systems. The consequences are varied: service disruptions; pipe breaks 
causing water wastage; pipe cracks causing water leaks and pathogen intrusion, a serious 
human health risk. Despite its importance, water hammer, one of the main vulnerabilities of 
water systems, still represents a challenge, due to the high level of complexity this problem 
exhibits. It is a fact that decision making regarding this issue lack efficiency, since more 
powerful tools are needed. One of the drawbacks of computer packages for hydraulic 
transient simulation in complex systems resides in modelling complex devices encountered 
in real installations. Computer packages in the market model independent devices with 
accuracy. Yet, defining compound devices has proven problematic. The used trends to 
model complex devices are twofold. Either, to define each combination of simple elements 
as a new (simple, even though much more complex) element; or to link different simple 
elements by short pipes. The former produces multiplication of code, which renders 
packages inefficient. The latter is burdened by the Courant condition – a necessary 
condition for stability – that turns calculations non affordable both on grounds of time and 
computational resources. In this paper, a new platform to simulate transient phenomena in 
pipe networks, DIAGAST.ING, is presented. It uses a multi-agent approach to efficiently 
overcome the mentioned problems. Last but not least, a multi-agent-based system favours 
the parallelization of the calculation algorithm. We claim it is an efficient DSS in urban 
water management. 
 
Keywords: Hydraulic transients, water distribution networks, vulnerability, multi-agent 
systems, decision support.   
 
 
1. INTRODUCTION 

 
A hydraulic network is a really complex distributed system (see, e.g. Izquierdo and Iglesias 
[2004]). It is constituted by an interconnected and intricate set of pipes that also includes 
certain elements of complex behaviour. And, since its main purpose is to provide citizens 
with a service of first necessity, there is no room for doubt about its strategic, social, 
environmental and sanitary importance. 
 
Managers of water supply companies must be concerned about the lack of integrity of their 
systems due to a number of reasons. Failure consequences are manifold. Service 
irregularities, sometimes acceptable, may end up as severe service disruptions.  Pipe breaks 
may cause big investment losses, water wastage, and third party damages involving 
different economic losses. Cracks in pipes may cause two of the most insidious effects of 
environmental concern in urban water management: water leaks, which represent a 
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continuous and imperceptible, but too large, waste of water, and pathogen intrusion, which 
impairs water quality and represents a serious risk for human health. 
 
The elements that integrate a hydraulic network (nodes, tanks and reservoirs, pumps, 
different control devices, etc.) have specific behaviours, not necessarily autonomous, and 
interact with each other, partly in a predefined way, in accordance with appropriate design 
considerations. However, the appearance in the network of states far from the design point 
(due to abrupt changes in the demands, fire events, etc.) makes that the behaviour of such 
elements is also conditioned by certain successions of events. 
 
In spite of its importance, nevertheless, water hammer still represents a challenge for water 
companies. At the same time, powerful tools for decision making regarding this issue are 
necessary. One of the most severe drawbacks of conventional computer packages devoted 
to the simulation of hydraulic transients in complex systems comes from the difficulties for 
modelling (programming) complex devices encountered in real installations. There are 
many computer packages in the market that model independent devices with great 
efficiency. Yet, the definition of compound devices has proven problematic. The used 
trends to model complex devices so far are twofold. Either, to define each combination of 
simple elements as a new (simple, even though much more complex) element; or to link 
different simple elements by short pipes. The former produces open multiplication of code, 
which renders packages inefficient. The latter is clearly burdened by a well-known 
constraint: the Courant condition – a necessary condition for the method stability – that 
takes calculations to non affordable situations both on grounds of time and computational 
resources. 
 
It is a very well-known fact that the transmission of perturbations is a phenomenon of 
transmission of information, that is to say, a communication phenomenon. In this process, 
the elements that get involved possess individual behaviour rules that can be influenced or 
modified by the behaviours of other elements. In turn, a fundamental part of the 
phenomenon is the succession along the time of questions and answers, that is to say, 
exchange of information, among the different elements of the system. That permanent 
dialogue among such elements characterizes the events that take place. 
 
In effect, given the information corresponding to an initial condition, it is possible to build 
its future evolution by simply transmitting this information through the characteristics. We 
refer to the method of characteristics (MOC), the most utilized numeric method for the 
solution of the hyperbolic equations describing the process (Abreu et al. [1995]). In the 
MOC space and time are discretized. This generates a discrete set of calculation points that 
are the active elements owners and carriers of certain information that changes to defined 
impulses with time. The time discretization sets the schedule of the combined activity. This 
information is transmitted to other elements on request. The obtained information allows 
the different elements to complete their information, define their behaviour and elaborate 
answers that, in turn, feed other elements. 
 
The emergent behaviour of the calculation points of a pipe allows to see the pipe as an 
element of another level whose complete behaviour still needs of new rules to communicate 
with the rest of elements of the network. Those other elements from the network to which 
pipes are connected are known with the general name of boundary conditions. The 
behaviour of they all are mutually influenced. As a consequence, it is essential to define not 
only all the potential elements but also their possible interrelations. 
 
The more common elements in a network are the consumption nodes or junctions. The 
activity of a consumption node typically consists in the negotiation of the characteristics of 
the pipes joining at the node (see a detailed description in Izquierdo and Iglesias [2002, 
2004] and in Abreu et al. [1995]), the elaboration of the own information that determines its 
behaviour and, in turn, the dissemination in an appropriate way of specific information to 
the connected pipes. Neither from the conceptual point of view, nor from the physical one, 
nor from that of programming there exists substantial differences with the behaviour of the 
inner nodes of a pipe, except for the fact that a consumption node can have, as suggested by 
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its name, an associate consumption, and because in a consumption node more than two 
pipes may join, that is to say, it possibly has to manipulate more than two characteristics. 
 
Other boundary conditions, on the other hand, are more complex. They are specific 
elements with specific functions. They are these varied devices and combinations of them 
found in hydraulic installations that produce, damp, amplify, control, etc. the perturbations. 
The individual devices (pumps, valves, air vessels, etc.) are described in a satisfactory way 
in the literature using different types of models; in general, they are steady state models or 
lump models, Abreu et al. [1995], Izquierdo and Iglesias [2002]. However, most current 
commercial computer packages in the market and the codes of domestic character devoted 
to the simulation of hydraulic transients in complex systems are strongly biased by diverse 
problems. One of the most serious, if not the most one, comes from the difficulty in 
modelling (programming) compound boundary conditions that appear in actual facilities. 
The definition of such compound devices represents a crucial point that is able to pinpoint 
the difference between efficient and non-efficient codes, Izquierdo and Iglesias [2004]. 
 
In essence, there are two trends to model such complex devices. One consists in defining 
combinations of simple elements as new elements, which we will continue calling simple in 
the sense that they are defined by a unique routine and are accessible by means of their own 
icons in the computational environment; it is the case of DYAGATS, Izquierdo et al. 
[1996], among others. The other considers different simple elements linked through short 
pipe sections. With the first alternative the codes of the elements, after undergoing certain 
modifications not necessarily straightforward, proliferate in different routines (an entire 
fauna of icons appears), what makes programming inefficient and obsolete. With the 
second, one incurs in full in the so-called curse of the short pipe, a very well-known fact, 
Abreu et al. [1995]: the Courant-Friedricks-Lewy condition, which is necessary to 
guarantee stability, takes the calculations to inadmissible situations in terms of 
computational resources (time and memory). There exist codes in the market that, in a 
hidden way for the user, simply assign a minimum length to the shortest pipe, to obviate 
such a circumstance. Other alternatives have been described in the literature, as the one 
using so-called rigid pipes to model such short reaches (see Abreu et al. [1995]). In any 
case, they are approximations to the problem that use simplifications that are always 
debatable. 
 
In this contribution we present a computer package for the simulation of transients in 
hydraulic networks, called DIAGAST.ING, which uses multi-agent techniques. DIAGAST 
is the acronym in Spanish of ‘intelligent design against water hammer in pipe systems’; 
ING refers to the trademark IngeniousWare©. On one hand, the whole underlying 
philosophy in the simulation of transients is coherent, since it includes in the category of 
agents any element that has a defined behaviour and that interacts with other elements. 
Also, the above mentioned problems in the definition of compound boundary conditions are 
obviated in an elegant and efficient way. Of course, simple elements are defined in an 
appropriate way (as in DYAGATS, for example) that, at the same time, is unique. That is to 
say, there is no code repetition at all. And, by using a multi-agent approach, the 
combinations of different simple elements in one location are carried out through the 
introduction of new agents, called facilitators, that harmonize the traffic of questions and 
answers among the simple elements. In other words, facilitators are the moderators of the 
dialogue among them. However, the biggest advantage in the approach that constitutes the 
base of DIAGAST.ING is that a system based on agents allows the parallelization of the 
calculation algorithm, what favours a better use of computer resources. We claim that 
DIAGAST.ING constitutes a DSS for urban management that is clearly superior to other 
similar codes in the market. 
 
 
2. MULTI-AGENT PARADIGM 
 
In the study of complex systems, computer programs have played an important role. 
However, the actual process of writing software is a complicated technical task with much 
room for error. The multi-agent philosophy adopts a modelling formalism based on a 
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collection of independent agents interacting through discrete events. Simulation of discrete 
interactions between agents stands in contrast to continuous system simulations, where 
simulated phenomena are quantities in a system of coupled equations. 
 
An agent is any actor in a system: any entity that can generate events that affect itself and 
other agents. In the architecture we consider here, agents are semi-autonomous processing 
elements working together to solve a real complex problem in urban water management. 
That is to say, it is a framework for cooperative distributed problem solution that divides 
the problem, distributes the various sub-problems, synthesises the results, and optimizes the 
solution through coherence and coordination.  
 
In the problem we consider here, agents are pipe discretization points, consumption nodes, 
connecting pipes, supply sources, different devices, ground patches containing the network; 
as well as district metered areas, which are set of nodes, pipes, sources, and patches. Even 
the whole network is an agent following specific scheduled actions. In these last two cases, 
agent behaviour is defined by the emergent actions of the agents they contain. Agents 
define the basic objects in the system – the simulated components. The simulation occurs in 
the modelled world itself, and it is frequent to speak of agents as living in an environment, 
which, in its turn, can be an agent itself. 
 
Besides its attributes, an agent is characterized by a number of static and dynamic variables 
whose values describe the agent’s state at any given time. Using these variables, the system 
can simulate the evolution of the agent’s dynamic states and trigger the relevant objectives.  
 
An agent is also associated with a behaviour which is represented by a set of multi-layered 
directed graphs, each one composed of a set of objectives for the agent to reach (see Figure 
1, showing the facilitator’s behaviour described in the next section, as an example). 
Behavioural graphs are data structures used to define complex agent behaviours. These 
graphs are made out of nodes representing objectives. The objectives are structured in a 
hierarchical way such that elementary objectives are associated with actions the agent can 
execute. Different objectives are connected by links that may be simple of multiplexers, 
depending on the number of transmitted signals. In general, agents own sets of objectives, 
which can be either simple or composed, matching their needs, and objectives are 
associated with rules describing the activation, execution and completion of the objective. 
Activation rules, closely associated with the different links, are used to influence the state 
of a potential descendent objective. Execution rules control the execution of an objective 
and modify the agent’s state. Finally, completion rules use the state values of the objective 
to determine the action to be carried out. To accomplish its objectives, an agent has a 
specific pool of resources.  
 

 
 

Figure 1. Example of agent behaviour 
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The way rules apply depends on time, agent’s state, and environment’s state. An agent 
selects its current objective according to the graph structure, to previously executed 
objectives, and to priorities regarding the abovementioned rules. As can be observed in 
Figure 1, the structure of the multi-layered graph may contain behaviours at different levels 
of abstraction. Compound objectives can be devised as decomposable structures 
representing sub-behaviours, with similar structure. 
 
Once agents have been defined and their relationships established, a schedule of discrete 
events defines a process occurring over time. Individual actions take place at some specific 
time, which advances alongside events scheduled at successive times. A schedule is another 
data structure that combines actions in the specific order in which they should execute. The 
passage of time is modelled by the execution of the events in some sequence. Instructions 
are given to hundreds or thousands of independently operating agents. This makes it 
possible to explore the connection between the micro-level behaviour of individuals; and 
the macro-level patterns that emerge from the interaction of many individuals. 
 
A final step consists in observing the model and recording what is happening. Observers 
perform these actions. In most platforms there are also agents with specific tasks, such as 
plotting, storing data, monitoring and displaying certain variables, etc. 
 
The trend in recent years to include multi-agent techniques as an interesting alternative for 
solving complex problems is clear from the following examples (restricted to the water 
field, the authors’ field of expertise): Izquierdo et al. [2008] on multi-agent applications in 
urban hydraulics; Maturana et al. [2006] on water and waste water control system 
architecture; Kotina et al. [2006] on control systems for municipal water; Nichita and Oprea 
[2007] on water pollution diagnosis; Feuillette et al. [2003] on water demand management 
for a free access water table; Hai-bo et al. [2005] on water quality; Becu et al. [2001] on 
water management at catchment scale; Cao et al. [2007] on optimization of water networks; 
Mikulecký et al. [2008] on water management at river basin scale; Hailu and Thoyer [2005] 
on allocation of scarce water; and Herrera et al. [2009] about division of water supply 
networks into district metered areas, among others. 
 
 
3. THE PLATFORM DIAGAST.ING 
 
The platform of DIAGAST.ING is the world or environment where agents participating in 
the simulation of hydraulic transients in complex systems live in. Besides the menu and the 
toolbars, four frames can be observed in figure 2. The left lower one is the drawing frame, 
and it contains the installation plan. The other frames correspond to three selected profiles. 
 

 
 

Figure 2. Platform of DIAGAST.ING 
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As already observed, the breeds of agents that get involved in this platform are, basically, 
pipe calculation nodes, pipes, consumption nodes, reservoirs, tanks, valves, pumps, air 
vessels, surge tanks, unidirectional tanks, other simple devices; profiles, monitors, time 
graphs, mixed space-time graphs, charts of data, the installation itself. Even the user is an 
agent that interacts with any other agent. 
 
Agents belonging to different breeds are created and incorporated to the platform in an 
individual or collective way. Some agents are created using the built-in tools that allow 
locating specific elements at specific coordinates. Other agents are created in an automatic 
way when certain processes are initialized. For example, the pipe calculation nodes are 
created when a suitable discretization is defined. The different graphs or outputs of data are 
created at the user’s request, which, in his/her turn, can interact with their properties, etc. 
 
Upon the creation of an agent, it has an associate set of properties defining it. Such 
properties can be individual, used by the agent in an exclusive way, or participative, used 
by the agent in its relationship with other agents. These last properties encapsulate the 
protocols of exchange of information. As a result, during the process, each agent will be 
able to recognize any other agent approaching it; will know how to dialogue appropriately 
with this agent, and will be in condition to offer the sought answer. 
 
The MOC itself is a mechanism of transmission of information among certain agents. It is 
used by the internal nodes of a pipe and also by the pipes themselves to address the 
consumption nodes and the other elements they are connected to. Their behaviour (the 
activity that they carry out) establishes a dialogue with other agents, performed by obeying 
a schedule that is established at the time the number of calculation points and the time step 
of the discretization are decided. In that dialogue, the agents interrogate other agents, 
demand certain answers and, in turn, respond to the questions they are posed. This is, 
accordingly, an example in which the multi-agent methodology accommodates in a perfect 
way the classic requirements based on the different equations that define the model. 
 
Other agents, such as pumps, tanks/reservoirs, valves, etc., are defined by their so-called 
constitutive equations in a very well-known way (see, for example, Abreu et al. [1995], 
Izquierdo and Iglesias [2002, 2004]). They are agents of other breeds with their 
characteristic variables and perfectly defined behaviours. Some of these agents 
accommodate their behaviour to the preset common schedule. Others, in turn, use own 
schedules that need to be synchronized with the global schedule of the time discretization. 
These individual schedules describe the manoeuvres of such devices accurately. 
 
Finally, other agents exist, with the specific function of facilitating the interconnection and 
dialogue among different simple agents that constitute a compound boundary condition. 
These agents, which we call facilitators, are introduced in the next section and we show 
some examples of their operation. 
 
Since we cannot present DIAGAST.ING architecture in full, we briefly present the 
specification of facilitators and their behaviours, leaving aside such important aspects as 
scenarios, groups of agents, accessible databases, and a more detailed description of the 
IDE (integrated development environment), among others. 
 
 
4. THE FACILITATOR, A BROKER AGENT 
 
The facilitator is a new class (breed) of agent designed to put in touch different simple 
devices that can integrate a compound element or general boundary condition in an 
appropriate way. 
 
It is a pipe-agent that inherits, therefore, all the properties and characteristics of the pipe-
agents, interprets them with a personal perspective and incorporates other new 
characteristics. A facilitator must be first declared as such. Then, in an autonomous way, 
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the agent itself modifies those internal variables necessary to carry out its specific function. 
As a consequence of its properties, the agent will know perfectly the elements it has to put 
in touch, what to ask to any of them, how to elaborate the necessary information, and how 
to respond to each one with the requested information.  
 
The first level of the facilitator’s behaviour can be observed in figure 1. Upon being 
requested, the agent’s behaviour follows the first links, which are concurrent and have 
activation rules that enable the first two objectives, namely, the agent’s schedule updating 
followed by its state updating, and the identification of the third party elements the agent 
have to put in touch. Following this second thread, the facilitator has either to know or 
query the needs of the other actors and then execute a lower level behaviour to perform a 
number of tasks, namely, mediation preparation, response elaboration and joint proposal 
specification (not shown in the figure). Prior to exit, the necessary feedback is performed to 
achieve the necessary consensus. The various nodes within behaviours and sub-behaviours 
use a number of resources and activation and completion rules that jointly define the whole 
facilitator’s behaviour. 
 
We present here two simple instances of facilitators. The first one is the facilitator between 
a valve and a tank. This agent is a pipe without physical properties of interest that maintains 
the relationship between the valve and the reservoir by means of a really simple action: it 
asks the tank for its current water level and the cross section corresponding to this level, 
and inquires the valve about its opening state, flow and head; then, it elaborates internally 
those data and returns appropriate information to both devices. The answer for the valve is 
a (negative or positive) characteristic, which is what the valve waits for. The information 
given to the tank contains the necessary information for it to modify appropriately its level 
of water. It is worth observing here that physical and mathematical properties of the 
phenomenon are permanently present. In an analogous way it is possible to explain the 
activity of facilitators among other elements. 
 
In figure 3 a pumping facility to three reservoirs through a looped network is presented. 
The pumping station (leftmost element) is protected by an air vessel close to the pumps. In 
its turn, one of the reservoirs (at the bottom) is regulated by a nearby valve to its left. While 
most of the pipes are standard, the pipes linking the pump station with the air vessel and the 
valve with the reservoir are facilitators. They are drawn, identified, topologically 
connected, etc., as the other pipes, but have a specific variable declared as true. Since 
facilitators also know the other elements they are connected to, they accomplish perfectly 
their mediators’ role in the dialogue between the elements they connect. 
 

 
 

Figure 3. Facilitators between pump and air vessel and between valve and reservoir 
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As said before, facilitators manage to overcome two important problems affecting similar 
tools in the market, namely, repetition of code and use of short pipes. The former turns 
packages obsolete and inefficient in terms of code writing and debugging, and, above all, in 
terms of extensibility. The latter, has two more pernicious effects. Computer codes using 
short pipes have two main problems when trying to overcome the Courant condition. Either 
they simply cannot perform certain hydraulic simulations due to lack of computational 
resources or, what is worse, produce unrealistic results since they perform some artificial 
adjustment, which is opaque for the user. In most cases wave speeds are approximated 
beyond reasonable ranges. But to these authors’ knowledge there are codes in the market 
that perform other even more unjustifiable adjustments such as assigning some minimum 
length to the pipes that are so short as to pose problems to the Courant condition 
compliance. 
 
 
5. CONCLUSIONS 
 
Water supply is one of the more recognizable and important public services contributing to 
quality of life. Consequently, the security and the integrity of this service must be 
guaranteed. One of the phenomena that put in danger such a security is that of hydraulic 
transients. It is a very complex phenomenon, described by complicated models, solved by 
means of delicate numerical methods, difficult to visualize and to interpret, and not inclined 
to straightforward and simple judgment and to decision-making. The computational 
implementation of the methodologies used to solve this problem needs computer intensive 
use. Currently, the calculation power and the different capabilities of the computers are 
enough to succeed in modelling such a phenomenon. Nevertheless, it is still necessary to 
consider certain aspects directly derived from the characteristics of the models that issue 
important warns about such implementations. 
 
In this paper we have presented a new computer package, DIAGAST.ING, based on a 
multi-agent technology that approaches the problem in an efficient way, since it is able to 
obviate certain restrictive implementation drawbacks. On one hand, it avoids in an elegant 
way the problems in the definition of compound boundary conditions. This is translated in 
that code repetition does not exist and short pipes are avoided. Indeed, by means of the 
proposed multi-agent approach, the combinations of different simple elements in only one 
location are carried out through new agents, called facilitators, that moderate the traffic of 
questions and answers among simple elements. That is to say, facilitators harmonize the 
dialogue among them. However, the biggest advantage of the approach that constitutes the 
base of DIAGAST.ING is that a system based on agents favours the parallelization of the 
calculation algorithm what leads to a better use of the computer resources. 
 
The presented package constitutes a tool of great interest for water supply managers, for 
whom transient analysis still represents a pending subject. The use of a complete simulation 
tool as DIAGAST.ING will allow them to solve the two following problems: avoid under-
protection of their systems due to faulty and/or excessively simplified analysis, Izquierdo et 
al. [2009], and avoid overprotection due to adherence to excessively tight margins of safety, 
with the extra investment that this implies, for not having a sufficiently powerful tool. Due 
to these features, DIAGAST.ING may be viewed as an efficient DSS in urban hydraulics, 
which clearly overcomes other similar tools currently available in the market.  
 
Among the ongoing research lines we have to mention the necessary upgrading of the 
agent-facilitator that guarantees a perfect operation with any (reasonable) composition of 
elements in a water distribution network. Also, the parallelization of the algorithm is one of 
the tasks to face immediately, since it will improve clearly some of the procedures of the 
package. Currently, agents execute their behaviours in groups assigned to different code 
threads. Finally, distribution should also be addressed. Although currently the platform is 
implemented in only one computer, a real distribution of the different tasks can be 
performed in a straightforward way. It will happen as soon as the first water company show 
interest in the prototype.  
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Abstract: The objective of this paper is to present the development of a decision support 
system (DSS) that generates flow diagrams in wastewater treatment plants (WWTP). The 
proposed DSS is based on a hierarchical decision approach that breaks down a complex 
design problem into a series of issues easier to analyze and to evaluate. For each one of 
these issues, three levels of abstraction are defined (units, submeta-units and meta-units) 
modifying their degree of engineering detail and thus facilitating the decision maker being 
focused at each design step. The generation of the flow diagrams is carried out by means of 
the interaction of two knowledge bases (KB). The first knowledge base (S-KB) summarizes 
the main features of the different treatment technologies i.e, removal efficiency, costs, 
process reliability. The second (C-KB) contains information about the degree of 
compatibility amongst the different technologies i.e. high, low, non-compatible. Both S-KB 
and C-KB are linked to another data-base (E-KB) with additional information about 
legislation and special requirements. As a result it is possible to further reduce the number 
of alternatives and finally decrease the size of the design responses surface. The proposed 
DSS allows the generation of different WWTP flow diagram: i) including conventional and 
innovative treatment alternatives, ii) exploring multiples technological combinations, iii) 
avoiding the consideration of treatment alternatives that a high levels of abstraction resulted 
to be undesirable iv) offering a customized water treatment scheme according to a set of 
design requirements and initial conditions and v) finally facilitating the incorporation of 
different evaluation methods to select the alternative that satisfies the most the different 
design objectives. 

Keywords: Alternatives generation, Hierarchical decision, Alternatives response surface, 
Decision Support System, wastewater treatment plant,  

 

1. INTRODUCTION 

During the last years, the number of treatment technologies has increased exponentially. 
This is a response to the demands of society, that every time requires more specific 
alternatives to satisfy specific needs i.e. water re-use. For this reason the selection of the 
most suitable alternative in every case is complex. Given this context, powerful decision-
making tools are needed to analyze the complexity in the design. Decision-Support Systems 
(DSS) provide such a tool. DSS are capable of supporting complex decision making 
through an accessible computer interface that presents results in a readily understandable 
form (Shim et al., 2002; Huang, G.H. 2010). The challenges experienced by planners and 
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designers of wastewater treatment systems include deciding on suitable flow diagrams from 
a large number of unit process combinations (Chen, 1997), handling of multiple objectives 
that current WWTP need to satisfy and the goal to achieve socio-economic and 
environmental sustainability (Poch et al. 2004, Flores et al., 2007). A DSS is inherently 
integrated, usually consisting of various coupled models, databases, and assessment tools 
embedded in a graphical user interface (GUI) (He et al., 2006; Li et al., 2001; Matthies et 
al., 2007; Qin et al., 2006). Therefore, a DSS can be particularly useful in wastewater plant 
design as it can provide assistance in the selection and evaluation of treatment alternatives 
before exhaustive simulation or pilot studies are conducted.  

2. DESIGN APPROACH 

The following section describes the design methodology that is used to develop the DSS. 
The generation of the alternatives is based on the hierarchical decision process proposed by 
Douglas (Douglas, 1988). The hierarchical decision process breaks down a complex design 
problem into a series of issues easier to analyze and to evaluate. In addition, for each one 
these issues different levels of abstraction are defined (López-Arévalo et al, 2006) reducing 
and factoring out the design details so that decision maker can focus on a few concepts at a 
time. Specifically, in this case study, three different levels are created: 

1) Units: The lowest abstraction level. Each physical technology (or unit process) 
that can be found in the wastewater treatment (e.g. Primary clarifier, Oxidation 
ditch reactor, specific advanced treatments, etc.). 

2) Submeta-units: The medium abstraction level. Set of physical units responsible to 
accomplish the same function within the process (e.g. Disinfection processes, 
filtration devices, etc.). However, units clustered in submeta-units have their 
relevant intrinsic properties (electrical consumption, space requirements, removal 
efficiency, etc.) that differentiate them and depending on local conditions those 
feature could made them more suitable than the rest of the technologies.  

3) Meta-units: The highest abstraction level. At the present time, unit operations and 
processes within a WWTP flowsheet can be grouped together to provide various 
levels of treatment (Metcalf and Eddy, 2004). Although several classifications are 
possible (preliminary, primary, advanced primary, etc) in order to match the DSS 
objectives have been defined the following meta-units: Primary, Secondary, 
Tertiary, Sludge, Returns and Odors.  

The three levels of abstraction considered for the KBs enable the simplification of the 
WWTP design problem. Upper abstraction levels reduce the design details so that engineers 
and plant designers can focus on the most suitable configurations options. Undesirable 
technological combinations can be factored out at higher abstraction levels making easier 
the decision making problem. At the same time, when the reduction of not desired flow 
diagrams is done by decision makers all configurations included on them (at lower 
abstraction levels) are not going to be taken in account at further evaluation stages, 
therefore, time and computer sources are saved.   

3.          SOFTWARE COMPONENTS 
The following block describes the different components that compose the developed DSS: 
The software includes a set of three types of knowledge bases (KB): The first type of KBs 
summarizes the specifications of the different treatment technologies (S-KB). The other (C-
KB) contains the information about their degree of compatibility. Additionally, there is a 
complementary E-KB with all the information related to legislation and other scenario key 
aspects (e.i. recommended technologies depending on the scenario, information about 
evaluation parameters, etc.). Finally, the DSS also includes a data processing module that 
through KBs interaction enables the generation of the alternatives response surface. 
Represented as a directed network structure, the generated response surface encompasses 
all possible WWTP flow diagrams (Up to 1·107 depending on the scenario). Finally, 
different evaluation methods are suggested to select the most desirable alternative 
according to a set of objectives and criteria. 
 
3.1. Knowledge Bases (KBs) 
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Expert interviews, specialized literature and engineer’s experience are summarized in these 
KBs characterizing the different technologies and taking into account all their possible 
physical relations and interactions. Both S-KB and C-KB are replicated for the previously 
different levels of abstraction. Thus, the original S-KB and C-KB are in reality: Three S-
KB (S-KBu, for Units level; S-KBsm, for Submeta-units; and S-KBm for Meta-units) and 
three C-KB(C-KBu, C-KBsm and C-KBm). 

In this way, the wastewater treatment process is represented at several levels of detail. 
Three graphs clustering the possible flow diagrams shows how the problem can be 
simplified at higher abstraction levels (Figure 1). At each level of the hierarchy the more or 
less information about the specifications and the compatibilities is given. The highest level 
of abstraction (Meta-Units) is composed by the six different main WWTP sections 
(Primary, Secondary, etc.). Any each section is represented as single “black boxes” with a 
less detailed characterization, whereas at lower abstraction levels more detailed information 
is provided. Going downward the following abstraction level is the Submeta-Units (S-
KBsm and C-KBsm) where 60 groups of processes have been included. And, at the lowest 
level, Units  (S-KBu and C-KBu), up to 300 process units within the treatment process have 
been identified, including emergent and innovative technologies that have been also 
considered, taking advantage of the aforementioned established relation with experts  and 
research groups involved in wastewater treatment processes.  

  

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the three abstraction levels represented as a Directed 
Network Structures: a) Meta-units, b) Submeta-units and c) Units  

 

3.1.1. Specifications Knowledge Bases (S-KBu, S-KBsm and S-KBm) 

A complete characterization of the identified technologies and clusters of them compose the 
S-KBs. More than 300 unit processes (S-KBu) are thoroughly characterized by a whole 
range of parameters encompassed in five main topics, providing the knowledge required to 
obtain the conceptual design of the WWTP. In every process the following information can 
be found:  

1) Influent Information: Parameters that define the water quality expected for unit 
process in order to perform properly its function within the overall process 
(presence of grease and oils, maximum COD, toxic substances, etc.). 

2) Effluent Information: Information about the expected water quality after the unit 
performance (process efficiencies for a series of pollutants, nutrients removal, etc.) 
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3) Impacts/Subproducts:  Information about the whole range of possible impacts that 
a WWTP can generate either from social issues (odors, noises, visual impact, etc.) 
to environmental aspects as Life Cycle Analysis, Environmental Avoided Impact, 
etc. 

4) Operation: Data defining designing issues and more technical characteristics of the 
units such maintenance, process stability, problem frequency, etc.  

5) Costs: Mathematical equations that allow an objective quantification of the main 
costs in the treatment process (Investment, Operation costs, Energy consumption, 
etc.)   

Upper abstraction levels are also characterized following the previous division of topics. 
However, the characterization differs significantly from the Units level, and an adapted 
version for their characterization has been done. Both levels have been highly simplified 
and they do not consider any type of quantitative data. Only qualitative information about 
functional aspects is included, defining their degree of suitability to confront specific 
scenario situations. I.e. discarding equalization tanks in situations where the flow variations 
are not relevant. 

3.1.2. Compatibility Knowledge Bases (C-KBu, C-KBsm and C-KBm) 

The C-KBs are unidirectional tables establishing for each technology which type of 
interaction corresponds with the rest of WWTP-related technologies. Six types of 
interactions between technologies were identified (Precondition, high compatibility, 
synergy, low compatibility, potential incompatibility and incompatibility). Such 
information is contained in three matrixes corresponding to the previously defined levels of 
abstraction (6x6, C-KBm; 60x60, C-KBsm; and 300x300 in the case of the C-KBu).  

The developed DSS is designed to extract the contained information in the three matrixes 
and transform the acquired knowledge in an interconnected group of technologies (or 
cluster of technologies). The resulting group is then represented as a structure in the form of 
a network (or cluster diagram). And, as the wastewater treatment plants are unidirectional 
systems, the network structure that fit best to that kind of process is the Directed (or 
oriented) Network Structure (Figure 2). Such kind of structure allows the representation of 
all possible diagrams within the structure without repeat any unit that is involved in other 
diagrams. 

 

Figure 2. The Directed Network Structure built from the compatibility knowledge base (C-
KBu) representing in a single cluster diagram all the possible WWTP alternatives diagrams. 

Unit processes corresponding to the main four parts of the WWTP flowsheet are pointed 
out. 

The created networks structure from the respective C-KBs is then used to: 1) generate the 
whole response surface of possible alternatives and, therefore, represent all the possible 
WWTP alternatives flow diagrams; and 2) construct a suitable structure base where carry 
out the evaluation of treatment trains at further stages. In that way, the created flow paths 
between technologies (represented as nodes) can be used as functional connections that are 
able to send information from one node to another. Therefore, by means of a data 

2002



M. Garrido, X. Flores and M. Poch/Development of a DSS for the generation of WWTP configuration alternatives 

 

 

processing module the constructed structure have the capacity to transfer, transform and 
manage different data in order to carry out an integrated evaluation (Figure 3). 

Thereby the response surface of possible flow diagrams is expressed as a directed network 
structure (Figure 2) where nodes (technologies) and edges (interactions) compose the 
structure:  

(1) Nodes in the network structure include the knowledge acquired about their 
specifications. A linkage between the represented technology (node) with the 
external knowledge base (S-KBu), where the specific knowledge of each unit is 
contained, allows the consideration of the properties of each individual technology 
when an evaluation method is applied.  

(2) On the other hand, edges represent technologies interactions and their connectivity 
properties with other treatment processes. Also, when further flow diagrams 
evaluation are going to be carried out  the edges properties can be analyzed in 
order to obtain several “node centralities” to measure its relative importance 
within the network (Freeman, 1978). Therefore, node centralities can be used and 
obtain a more integrated and exhaustive evaluation of the flow diagrams (Bañarés-
Alcántara, 2009) i.e. eigen value centrality (a measure based on the largest positive 
eigenvalue of the network adjacency matrix which, incidentally, is related to the 
page ranking algorithm used by google).  

3.1.3. Complementary Knowledge Base (E-KB). 

Additionally, there is a complementary KB with all the information related to legislation 
and other scenario key aspects such as recommendations of technological combinations 
depending on the scenario, data needed for the quantification of some parameters, etc. The 
E-KB is linked to KBs, S-KB and C-KB. Different issues about legislation, technical 
details, etc. have to be taken in account during the treatment design. Therefore, a KB 
encompassing this relevant information has been created to provide the required knowledge 
during the different steps that compose the conceptual design and the evaluation of flow 
diagrams. Data about parameters and water contaminant legislation for the different types 
of effluent discharges and effluent reuse are collected in this KB. Also, other information 
that is optionally used about emergent contaminants concentrations, odors, pathogens, 
parameters evaluation and other legislative and environmental issues are contained 

3.2. Data processing module 

The data processing module has been designed to support the evaluation of the multiple 
technological combinations contained within the created network structure. The exploration 
of these multiple flow diagrams is possible by means of the combination of the network 
relationship properties with the data processing module. 

As mentioned previously, when the evaluation of possible diagrams is needed, the created 
structure can became a functional system were the connections (or edges) between nodes 
can be used to establish data paths where data can be transferred (Figure 3). The data 
processing module is responsible to detect the large number of alternatives embedded on 
the network and extract them as single flow diagrams ready for being evaluated. Then, the 
assessment of the multiple technological combinations can be carried out. 

For the evaluation of each possible flow diagram is necessary to take in account the 
influent, the desired effluent and the different objectives in order to evaluate the alternatives 
performance to such specific conditions. Therefore, in any evaluation data entry is required 
in order to introduce data defining the initial conditions or scenario. 
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Figure 3. Schematic representation of the Directed Network Structure data transfer and evaluation process. 
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In that way, once the data entry has been introduced into the DSS, the data processing 
module saves and manages this information. Then, the introduced information is transferred 
to every flow diagram extracted in the previous step. Therefore, the data passes through the 
combination of the different nodes composing every single flowdiagram. During the 
evaluation the information interacts with each node (because every single node is linked to 
the S-KB containing information, expressions and other data about the specific technology 
performance) and, an output obtained from that interaction is then generated. Later on, as 
the data processing module saves the resulting output from every node in any treatment line 
is possible to assess its overall performance, and even carry out comparisons with the rest 
of analyzed flow diagrams. 

 

4. GENERATION OF A SCENARIO-ADAPTED RESPONSE SURFACE 

Previous sections have shown that is possible the generation of the whole WWTP 
alternatives response surface. If no limitations are taken in account a large number of 
feasible technological combinations (1·109) is obtained.  Nevertheless, the large number of 
possible flow diagrams difficult the evaluation of the every obtained alternative within this 
response surface. Moreover, many of the possible alternatives certainly would not match to 
designer objectives or specific scenario conditions.  . Therefore, the reduction of the 
number of possible alternatives is of the outmost priority.  Considering only the most 
promising alternatives could simplify, and make less time consuming, the evaluation of the 
alternatives, becoming easier the finding of the most suitable solutions. 

As said, many of the alternatives obtained could not match to the decision maker 
requirements or objectives. So, a discarding process able to factor out such technological 
combinations to reduce potential solutions has to been done. Such process is carried out by 
taking in account the data entry used to define the scenario. 

Nevertheless, still many possible flow diagrams can satisfy (but at different degrees of 
satisfaction) the predefined scenario conditions and user objectives. Thereby, according to 
the introduced information during the data entry the non-discarded alternatives can be 
assessed the treatment train performance in economical, technical, social and environmental 
terms.  

As said in previous sections, the information introduced during the data entry is transferred 
to every single flowdiagram to allow the evaluation. Then, every unit process within the 
flowdiagram through its unique characteristics and expressions generates an output that can 
be divided in two different types of data. This data is the main responsible of the discarding 
process. The first type, not directly related with the data processing module, represents 
contaminants removal efficiencies and water quality properties along the treatment process. 
Following the aforementioned procedure, the output data is sent from one node (unit 
process) to the next compatible node of the flowdiagram as an input. This next node, 
depending on their own function or properties, will modify again the received input to an 
output that can be used for the next unit process in the treatment train, and this process goes 
further within the WWTP alternative until the water quality predefined in the scenario 
definition is achieved. The second type of output data, also generated from the interaction 
between the scenario input and the unit characteristics (e.g. total electrical consumption, 
required space, LCA, etc.), is stored in the data processing module. So, every single node 
composing the WWTP configuration saves the obtained results in the module for further 
integrated analysis. And later on, the processing module is responsible to manage the 
previously saved information and offer the results of the evaluation.  

Finally, multi-criteria decision methods could be implemented in order to enable 
quantification of the overall degree of satisfaction of different design objectives and rank 
the different alternatives to finally find the most suitable WWTP alternatives depending on 
the specified scenario conditions. Furthermore, complementary simulation platforms, Cost-
benefit calculations, etc. could improve the evaluation and assessment process going on 
step forward: from the conceptual design to the detailed design.  

2005



M. Garrido, X. Flores and M. Poch/Development of a DSS for the generation of WWTP configuration alternatives 

 

 

5. CONCLUSIONS 

This paper has presented the development of a DSS to support the conceptual design of 
WWTP generating multiple treatment schemes. A hierarchical methodology considering 
different levels of design abstraction breaks down the WWTP design problem into a series 
of issues easier to analyze and to evaluate. The generation of the response surface of 
WWTP alternatives is carried out combining two data bases that contains information about 
the different treatment technologies and their degree of compatibility. As a result, it is 
possible to obtain treatment customized treatment schemes according to the user 
preferences using a step-wise procedure 
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Abstract: Membrane bioreactor technology in wastewater treatment and re-use is currently 

challenging traditional wastewater methods. However, although this technology presents 

many advantages as in most membrane filtration processes the permeate flux and 

permeability declines during filtration due to membrane fouling. Therefore controlling 

membrane fouling is the key issue in MBR operation. Nevertheless, membrane fouling is a 

very complicated phenomenon that results from multiple causes. Thus an intelligent 

Decision Support System for the integrated operation of membrane bioreactors has been 

developed. This Decision Support System, based on empiric and heuristic knowledge, 

gathers on-line and off-line information about both the biological and physical processes 

and integrates artificial intelligence techniques with advanced control algorithms to infer 

the process performance state before launching the corresponding operation strategy. When 
the process performance regime is favourable, the decision support system enables to 

optimise aeration energy while controlling fouling. The aeration control has been 

successfully validated at pilot scale for saving about 20% of energy and therefore reducing 

operational costs. Besides, the development of several knowledge-based modules (e.g. 

start-up or operational problems among others) ensures a robust and complete system 

adaptable to all kind of membranes while providing higher reliability.  

 

Keywords: Decision Support System (DSS); Expert System; Membrane Bioreactor; 

Fouling; Automatic control; Permeability. 

 

 
1. INTRODUCTION 

 

Membrane bioreactor (MBR) technology in wastewater treatment and re-use is currently 
challenging traditional wastewater methods, due to recent technical innovations and drastic 

cost reductions of the employed membranes (Fane and Fane, 2005). MBR can be defined as 

activated sludge systems where the secondary settling has been replaced by a filtration step 

by using microfiltration or ultra filtration membranes with pores size comprised between 

0.01 and 2 µm to produce a very good water quality effluent, free of suspended solids and 

microorganisms (Poch and Lema, 2008). Membrane filtration in wastewater treatment 

processes does not need tertiary treatment and reduces significantly the footprint of the 

biological treatment.  

 

Although the MBR process presents many advantages (higher effluent quality, reduced 

excess sludge production, drastically enhanced elimination of pathogens and viruses, 
potential degradation of specific refractory pollutants, higher stability and persistence to 

shock loads, etc.), as in most membrane filtration processes the permeate flux and 
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permeability declines during filtration due to membrane fouling (Judd, 2005). The fouling 

phenomenon, the main operational problem of MBR technology, occurs due to diverse 

factors (biomass cake formation on the membrane surface, pore reduction due to deposit or 

precipitation of organic and inorganic compounds and pores obstruction with suspended 

compound which have similar size than the pores), causing a loss of membrane 

permeability (permeate flux divided by membrane surface unit and pressure or applied 

vacuum unit).  

 

Controlling membrane fouling is the key issue in MBR operation. Nevertheless, membrane 

fouling is a very complicated phenomenon that results from multiple causes. For a given 

MBR process, the fouling behaviour is directly determined by sludge characteristics and 
hydrodynamic conditions. Moreover, operating conditions (i.e., SRT, HRT and F/M) and 

the feed-water composition indirectly affect membrane fouling e.g. by modifying sludge 

characteristics (Meng et al., 2009). Fouling can be reduced through the influent pre-

treatment, treating fluxes at an average flow below the optimized point, carrying out 

periodical physical cleaning of the membranes (backwashing in hollow fibre membranes or 

relaxation in flat sheet membranes and air scouring of the membranes with gross bubbles) 

and chemical cleanings (preventive, maintenance or intensive) (Judd, 2006). Thus 

membrane fouling results in increased energy consumption for filtration, increased 

frequency of chemical cleaning requirements and in a reduced overall membrane lifetime. 

Therefore, the capability to reduce or control membrane fouling, together with energy 

consumption optimization, will trigger the implementation of high-end MBR treatment 
systems. Energetic requirements in MBRs suppose approximately a 40% of the total 

operational costs, from which the main part corresponds to the membrane aeration, and it is 

one of the major drawbacks in MBR technology implantation. 

 

MBR systems are usually operated with fixed filtration sequences and aeration, generally 

proposed by membrane suppliers and slightly refined according to operator’s experience. 

This frequently results in sub-optimal performance due to the use of static filtration 

parameters for dynamic operation. To date simple control approaches aimed to minimize 

costs end enhance the MBRs filtration efficiency are limited and lack flexibility to cope 

with variable operational conditions.  

 

This paper presents the development and validation of an intelligent Decision Support 
System (iDSS) for the integrated operation of MBRs. The iDSS, based on empiric and 

heuristic knowledge about the process, gathers and integrates on-line information about 

both the biological (i.e. biomass characteristics) and physical (i.e. sludge filterability) 

processes to infer MBR state before launching the corresponding operation strategy. This 

paper illustrates the development of the decision support system, identifying the role of the 

different modules, and validation results from experimentation carried out in an industrial 

pilot plant. 

 

 

2. DEVELOPMENT OF THE iDSS 

 

 

2.1 Architecture of the intelligent Decision support system 

 

The proposed decision support system supervises in an integrated and remotely way the 

biological nutrient removal and the membrane filtration process (Comas et al., 2009; 

Rodriguez-Roda et al., 2009). It is located hierarchically on top of the conventional 

supervisory control and data acquisition (SCADA) systems, existing in most plants. Figure 

1 illustrates the multi-level architecture of the iDSS and the flow of information among the 

different levels, a lower one responsible of data acquisition and processing, a medium level 

in which the optimizing control system is located and a higher level that supervises the 

control module on knowledge basis.  
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Figure 1. Multilevel structure of the iDSS. 

 

The lowest level of the iDSS is responsible for data gathering and signal processing. It does 

not only take, filter and validate the on-line data provided by sensors and equipment (e.g. 

transmembrane pressure (TMP), wastewater flow rates, air flow rate, temperature, 

dissolved oxygen, etc.) but also integrates additional qualitative and quantitative data 
provided by the laboratory and/or process operators (e.g. Extracellular Polymeric 

Substances (EPS), Chemical Oxygen Demand (COD), protozoa biodiversity, sludge 

viscosity, filterability, mixed liquor suspended solids (MLSS), NOx
- etc.). The off-line 

measurements are uploaded daily by the end users. Since the control actions take place once 

a day at 00.00 on the basis of the automatic signal processing of the on-line data and the 

following control rules applied, the delay of the off-line measurement is amortised. At the 

current development stage of the intelligent DSS, the off-line data are employed uniquely in 

the supervision module in order to activate or deactivate the control modules. The relevant 

data, once validated, are stored in a dynamic database (MySQL). 

 

 

2.2 Advanced control module 

 

The medium level governs the automatic control loops of the most important parameters for 

the biological and physical processes of membrane bioreactors: control of biological 

aeration, control of permeate and backwashing fluxes and frequencies, control of permeate 

flux, control of sludge retention time (i.e. waste flow rate), control of sludge and nitrate 

recycles, etc. This control module of the iDSS includes the necessary knowledge to fix the 

set points for all these automatic or semi-automatic controllers (e.g. some of them 

implemented in the SCADA systems as conventional PI or PID), while others are advanced 

algorithms developed for more advanced controllers (e.g. membrane aeration).  

 

The algorithm for membrane aeration control aims at optimising the aeration energy and is 
based on the permeability trend. The permeability trend (the slope of the daily averaged 

values of permeability of the last 4 days) is compared to a reference value (automatically 

calculated as the moving slope of the daily averaged values of  permeability of the last 14 

days) and, when the current slope results inferior than the reference value, the air-scour to 

the membranes can be reduced, and vice-versa (Table 1).  

 

The automatic controller for energy optimisation is only activated when the proces 

performance regime is diagnosed as ‘favorable’ by the supervision level i.e. the loss of 
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permeability evolves according to standard rates, and no other critical problems, such as 

malfunctioning, alarms and/or equipment failure affect the process. 

 

Table 1. Slope rates and control air actions 

Slope rate Control action Air control (m
3
·h

-1
) 

<0  -0.4 

0 - 0.3  -0.3 

0.3 - 0.6  -0.2 

0.6 - 0.9  -0.1 

0.9 - 1.1  0 

1.1 - 1.4  0.1 

1.4 - 1.7  0.2 

1.7 - 2.0  0.3 

>2  0.4 

 

The adjustment of control set points (permeability trend, permeate flux, DO, sludge 

retention time, etc.) can be related to the detection of faults by means of the knowledge-

based supervision level. This way the control module ensures an optimal and robust 

integrated operation of the membrane bioreactors. 

 

 

2.3 Knowledge-based supervision modules 

 

The use of artificial intelligence tools in the top level provides direct access to knowledge 
and expertise and makes the iDSS capable of supporting learning and decision making 

processes. This level consists of a set of knowledge-based modules which become the 

reasoning core of the iDSS since supervise the control module, as a function of the process 

operational mode (start-up, optimisation, biological problem, biofouling, etc.), to 

continuously ensure lower operational and energy costs while at the same time maintain or 

improve effluent quality. All modules are structured at the same level, except for the ‘Start-

up’ module, which will be the only one active during MBR systems start-up, and the 

‘Saving energy’ which can only be launched when no operational problems are detected. 

The interaction with the end-user is essential in this level, through a remote application 

with web-oriented graphical and interactive user interface (www.colmatar.es). Next the 

different knowledge-based modules developed are described. 
 

 

Start-up module    

 

The start-up module is in charge of monitoring the evolution of the process during the start-

up period. It receives all the processed data from the lower level and maintains the design 

operation strategy while a set of expert rules controls the growth and nature of biomass to 

reach the optimal level advised by the manufacturer. At the same time, this module 

regulates the set points of the control loops in order to accelerate the achievement of 

biological nutrient removal (Figure 2). As stated in the bibliography, a fast mixed liquor 

suspended solids (MLSS) growth favours the cake layer formation and consequently the 

permeability stabilization (Judd 2006 ; Di Bella et al., 2006; Le-Clech et al. 2006). Thus a 
4-level discriminant decision tree has been developed to achieve a high working flux as 

faster as possible, while at the same time minimizing chemical cleanings. When the process 

is under start-up mode, the control for energy and chemicals optimization is deactivated. 
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Figure 2. Decision tree for the start-up of MBRs. 

 

 

Saving energy module    

 

This module includes a set of rules to detect process favourable conditions for aeration 

energy optimisation. When the permeability is evolving well and no other problems are 

detected, the advanced aeration controller is active. Then a special plan to monitor the 

potential adverse effects over the membrane performance is also launched, including 

corrective (e.g. increase backwash flow rate or duration) and preventive (maintenance and 

recovery chemical cleanings) control actions or restoring safe mode status in case there is 

any significant warning. Safe mode is a mode that implies the standard operational 

conditions suggested by the membrane suppliers. 

 

 

Biofouling and clogging module 

 

Figure 3 shows the theoretical knowledge-base developed for monitoring and preventing 

biofouling and clogging problems. Significant changes in TMP (or permeability) are used 

to infer fouling operational problems. The knowledge base is mainly built upon specialised 

literature, including empirical and tacit knowledge to relate parameters of biological control 

(sludge retention time, mass load, dissolved oxygen concentration, temperature, process 

performance, proliferation of filamentous organisms, etc.) with those relevant for the 

membrane unit operation (TMP, permeability, extracellular polymeric substances, washing 
frequency and type, particle size distribution, etc.). A set of heuristic rules can be extracted 

and used for the inference of fouling problems (e.g. IF EPS concentration increases THEN 

cake layer formation increases and reversible fouling increases too, which leads to higher 

values of TMP1). The adaptation of the knowledge base to each specific MBR system will 

be carried out through a customization process of the qualitative ranges (high/low, 

increasing/decreasing, normal/abnormal, etc.) during the iDSS implementation phase 
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Figure 3. Knowledge Base for the biofouling and clogging operational problems. 

 

 

Operational problems module 

 

There is a specific module developed and under validation that diagnoses and solves other 
operational problems. It includes a specific set of rules for the detection of sensors and 

control loop faults due to mechanical equipment or electrical failures (e.g. damaged or 

clogged pumps, air system failure) and for typical process faults such as poor performance 

of the biological nutrient removal process (e.g. lack of nitrification, poor denitrification) 

and microbiology-related problems (e.g. foaming, deflocculation). The knowledge base 

included in this module is an evolution of the original knowledge based system developed 

in our laboratory previously for the activated sludge system (Rodriguez-Roda et al., 2002; 

Martinez et al., 2006). 

 

 

Other specific modules under development 
 

There are other rule-based modules being developed to account for specific anomalies such 

as e.g. stand-by of the filtration process of a module or a train during a specified time frame 

(e.g. due to MBR tank low level), bad sludge filterability, temperature out of range, 

permeate flux or TMP higher than fixed values. The learning module is also still under 

development and thus not implemented yet. The objective of the learning module is to 

register relevant events relative to the biological, filtration and backwashing processes 

aiming at reusing knowledge gained in accumulated experiences. This module confronts 

similar situations looking for useful patterns (e.g. comparison of similar patterns of within-

cycles TMP and permeability profiles). Case-Based Reasoning is probably the best 

candidate system to implement the learning module. 

 
 

3. VALIDATION OF THE iDSS IN PILOT PLANTS 

 

The advanced aeration control of the iDSS has been validated in two different pilot plants. 

During two years of experimentation, the two pilot plants were operated under different 

conditions, such as different F/M ratios, recycles,  inflows, MLSS concentrations (Monclús 

et al., 2010a), and with constant or variable permeate flux. Both pilot plants successfully 

removed C, N and P biologically from raw domestic wastewater (Monclús et al., 2010b). 

These pilot plants are fully automated with pressure transducers, pH, ORP, dissolved 

oxygen, ammonium, mixed liquor suspended solids, conductivity and temperature sensors 

2012



J. Comas et al., / Development and Validation of a DSS for the Integrated operation of Membrane Bioreactors 

  

and have a programmable logic controller and a supervisory control and data acquisition 

system (SCADA).  

 

The wide range of operational conditions experimented allowed to validate the robustness 

of the aeration control system on multiple scenarios. It was proven that membrane aeration 

can be diminished below the minimum (and constant) recommended values for the 

manufacturer while maintaining an optimal performance throughout the experimental 

period (high nutrient removal, high permeability values and high filterability). Figure 4 

illustrates the membrane aeration provided by the automatic controller as a function of the 

permeability trend and the energy saving (around 20%) when compared to the constant 

value suggested by manufacturers. 
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Figure 4. Permeability, permeate flow, TMP and automatic control for membrane aeration. 

In grey the airflow reduced to save energy. 

 

Additionally, the control system automatically reduces the membrane aeration when a 
permeate flow is lower than the daily average flow (Figure 5). 
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Figure 5. Permeability, permeate flux and airflow rate applied during a process week. 

Next investigations will be focused on the development of the remaining knowledge-based 
modules and the validation of the decision support system in a full scale plant. Performance 

comparison to other previously published and patented control strategies will also be part of 

the future prospectives.  

 

 

4. CONCLUSIONS 
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This paper presents the development and partial validation of an intelligent DSS for the 

integrated operation of membrane bioreactors. The proposed web-based iDSS is based on 

three-level architecture and integrates advanced control algorithms with knowledge-based 

techniques. The proposed iDSS has been successfully validated in two different MBR 

plants for saving energy and therefore reducing operational costs. Besides the development 

of the start-up, biofouling and operational problems knowledge-based modules among 

others ensures a robust and complete iDSS adaptable to all kind of membranes while 

providing higher reliability. 

 

 

ACKNOWLEDGEMENTS 
 

This research was funded by the Spanish Ministry Environment (018/SGTB/2007/3.1) and 

by the Spanish Ministry of Science and Innovation (CTM2009-14742-C02-01) and 

(CONSOLIDER-CSD2007-00055)). The authors would like to thank the Consorci de la 

Costa Brava, the members of Castell d’Aro WWTP, the members of Granollers WWTP and 

OHL Medio Ambiente - INIMA. Finally, the authors are grateful to Íngrid Ferrer, Montse 

Dalmau, Afra Sabrià (LEQUiA-UdG), and Sara Gabarrón (ICRA), for their support during 

the experimental study. 

 

 
REFERENCES 

 

Comas J., Meabe E., Sancho L., Ferrero G., Sipma J., Monclús H. and Rodriguez-Roda I., 

Knowledge-based system for automatic MBR control, Water Sci. Technol., 2010 (in 

press). 

Di Bella G., Durante F., Torregrossa M. and Viviani G., The role of fouling mechanisms in 

a submerged membrane bioreactor during the start-up, Desalination. 200(1-3), 722-724, 

2006. 
Fane, A.G. and Fane, S.A., The role of membrane technology in sustainable decentralized 

wastewater systems, Water Sci. Technol., 51(10), 317–325, 2005. 

Judd, S., Fouling control in submerged membrane bioreactors, Water Sci. Technol., 51(6-

7), 27-34, 2005. 

Judd, S., The MBR book. Principles and applications of membrane bioreactors in water 

and wastewater treatment, Elsevier.1st Ed. Oxford, 2006. 

Le-Clech P., Chen V. and Fane A.G. T., Fouling in membrane bioreactors used in 

wastewater treatment (Review), Journal of Membrane Science. 284 (1-2), 17–53, 2006. 

Martínez, M., Rodríguez-Roda, I., Poch, M., Cortés, U. and Comas, J., Dynamic reasoning 

to solve complex problems in activated sludge processes: a step further in decision 

support systems, Water Science & Technology, 53(1), 191-198, 2006. 

Meng, F., Chae, S.-R., Drews, A., Kraume, M., Shin, H.-S. and Yang, F., Recent advances 
in membrane bioreactors (MBRs): membrane fouling and membrane material, Water 

Research, 43 (6), 1489-1512, 2009. 

Monclús, H., Sipma, J., Ferrero, G., Comas, J. and Rodriguez-Roda, I., Optimization of 

biological nutrient removal in a pilot plant UCT-MBR treating municipal wastewater 

during start-up, Desalination. 250 (2), 592–597, 2010a. 

Monclús, H., Sipma, J., Ferrero, G., Comas, J. and Rodriguez-Roda, I., Biological nutrient 

removal in an MBR treating municipal wastewater with special focus on biological 

phosphorus, Bioresource Technol. 101 (11), 3984-3991, 2010b. 

Poch, M. and Lema, J., Tecnologías y estrategias para el rediseño de EDAR. 

NOVEDAR_Consolider, 2008.  

Rodriguez-Roda I., Comas J., Colprim J., Poch M., Sànchez-Marrè M., Cortés U., Baeza, 
J., Lafuente J., A hybrid supervisory system to support wastewater treatment plant 

operation: implementation and validation, Water Science & Technology, 45(4-5), 289-

297, 2002. 

Rodriguez-Roda, J. Comas, P. Clara, G. Ferrero, H. Monclús and J. Sipma, Development of 

a Decision Support System for the operation and supervision of MBRs, Proceedings of 

IWA MTC, 1-3 September 2009, Beijing (China), 2009. 

2014



International Environmental Modelling and Software Society (iEMSs) 
 2010 International Congress on Environmental Modelling and Software 

Modelling for Environment’s Sake, Fifth Biennial Meeting, Ottawa, Canada 
David A. Swayne, Wanhong Yang, A. A. Voinov,  A. Rizzoli, T. Filatova  (Eds.) 

http://www.iemss.org/iemss2010/index.php?n=Main.Proceedings 

 
 

 

Evolving GESCONDA to an Intelligent 
Decision Support Tool 

 
 

Miquel Sànchez-Marrèa,b, Karina Giberta,c, Beatriz Sevillaa,b 
 

aKnowledge Engineering and Machine Learning Group (KEMLG) 
bComputer Software Dept. 

cStatistics and Operations Research Dept.  
Universitat Politècnica de Catalunya-BarcelonaTech, Barcelona, Catalonia 

(miquel@lsi.upc.edu, karina.gibert@upc.edu, bea.sevilla@gmail.com) 
 
 
Abstract:  In this work, the GESCONDA system is presented. Initially it was conceived as 
a system for knowledge discovery and Data Mining, but currently, the system supports two 
new functionalities. A case-based reasoning engine and a rule-based reasoning shell are 
provided. These new skills of GESCONDA makes it a suitable prototype tool for the 
deployment of Intelligent Decision Support Systems, including all main steps like data 
preparation and filtering, data mining, model validation, reasoning abilities to generate 
solutions, and predictive models to support final users. The purpose of the paper is to 
present its architecture as well as its functionalities.  
 
Keywords: Intelligent Decision Support Tools; Intelligent Data Analysis; Environmental 
Systems 
 
 
1. INTRODUCTION 
 
The main goal of this research is to design and develop a tool, named GESCONDA, for 
intelligent data analysis and management of implicit knowledge from databases and also for 
providing the users with reasoning capabilities, with special focus on environmental 
databases and environmental modelling. The latter is remarkable due to the high amount 
and high heterogeneous data in the environmental field. It will provide support to 
knowledge discovery and data mining to obtain valid new knowledge as well as to solving 
tasks and predictive tasks using the obtained knowledge/models to guide the decision-
making process.  
Although in the literature other knowledge discovery tools or commercial systems exist, but 
none of them strongly integrates statistical and machine learning methods together nor 
integrates the problem solving and predictive skills in the same tool. Besides the possibility 
of explicit management of the produced knowledge in Knowledge Bases or Case Bases, the 
tool also shows other abilities. There are mixed techniques that can cooperate among them 
to discover and extract the knowledge contained in data allowing interaction among all 
methods, and the existence of a recommender agent, which will suggest the best method to 
be used depending on the target domain and on the goals specified by users. The 
GESCONDA tool has been successfully used in the partial development of IEDSS in 
several environmental domains (see Sànchez-Marrè and Gibert [2008] or Sànchez-Marrè et 
al. [2004]).  
 
 
1.1   Related Work 
 
Intelligent artificial applications that support decision-making processes and problem-
solving activities have proliferated and evolved over the past decades. Nowadays, there is a 
wide range of applications both from the commercial and academic source. One of the most 
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famous commercial systems is SPSS (www.spss.com) that contains a data mining module 
previously called Clementine. This software expects to be seen as an intelligent business 
tool and offers a friendly interface to manage the data and to model some algorithm, such as 
decision trees, artificial neural nets, support vector machines, regressions and also it allows 
combine models. There are non-commercial suites. Probably the most popular are Weka 
and RapidMiner, although RapidMiner offers a free restricted suite and an Enterprise 
editions that contains own algorithms. 
Weka (www.cs.waikato.ac.nz/ml/weka) is an application that supports data pre-processing, 
classification, regression, clustering, association rules and visualization. Also, Weka is 
available as an API and other applications have included, such as RapidMiner (rapid-i.com) 
and Penthalo (www.pentaho.com). RapidMiner is a suite that offers data Integration, 
analytical ETL, data analysis and reporting.   
Keel (www.keel.es) is a software tool to assess evolutionary algorithms for Data Mining 
problems including regression, classification, clustering, pattern mining, etc.  It expects to 
be a tool for researching or with educational goal that are the reasons why it has a lack in 
post processing methods how occurs in RapidMiner and Weka. 
MSMiner [Shi et al., 2007] is a generic multi-strategy data mining platform for decision 
support. The goal of research and development is to implement an integrated, extensible 
decision support tool by employing data warehousing and data mining technologies. 
MSMiner also consists of four parts: ETL (data extraction, data transformation, data 
loading) subsystem, metadata management subsystem, data warehouse manager subsystem 
and data mining subsystem. 
Up to now, generic tools have been introduced but any of them it is prepared to support a 
post process that allows the system to reason and to solve problems.  Neither, none of them 
could deal with some real problems which have more than one attribute to predict or solve. 
 
 
2. INTELLIGENT DECISION SUPPORT SYSTEMS 
 
An Intelligent Decision Support System (IDSS) can be defined as an intelligent information 
system for decreasing the decision-making time and improving consistency and quality of 
decisions as stated by Haagsma & Johanns [1994]. An IEDSS is an ideal decision-oriented 
tool for suggesting recommendations in an environmental domain. The main outstanding 
feature of IEDSS is the knowledge embodied, which provides the system with enhanced 
abilities to reason about the environmental system in a more reliable way. 
The high quantity of information and implicit knowledge patterns contained in large 
database coming from any dynamical environmental process is remarkable. Management of 
this data is a very difficult task, due to the complexity of the features involved in those 
systems, such as biological, chemical, physical, electrical, or ecological ones. 
Intelligent Environmental Decision Support Systems (IEDSS) integrate the expert 
knowledge stored by human experts through years of experience in the process operation 
and management. In addition, some knowledge can be obtained through the intelligent 
analysis of large databases coming from historical operation of the environmental process. 
Thus, knowledge mining and knowledge acquisition, as well as reasoning over the acquired 
models are a key step to build reliable IEDSS. 
In this paper, we consider approaches and methods of searching solutions based on 
structural analogy and cases or in inference rules, which are oriented to use them in real-
time (RT-IDSS). 
 
 
3. GESCONDA SOFTWARE ARCHITECTURE 
 
GESCONDA software was designed (see figure 1) as a 4-layer architecture connecting the 
user with the environmental system. These levels are:  
 

 Data Filtering: 
– Data cleaning; 
– Missing data analysis and management; 
– Outlier data analysis and management; 
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Figure 1. GESCONDA Architecture 
 
 

– Statistical one-way analysis; 
– Statistical two-way analysis; 
– Graphical visualization tools; 
– Attribute or Variable transformation 

 Recommendation and Meta-Knowledge Management: 
– Problem goal definition; 
– Method suggestion; 
– Parameter setting; 
– Attribute or Variable Meta Knowledge management; 
– Example Meta-knowledge management; 
– Domain theory knowledge elicitation 

 Data Mining: 
– Clustering (Machine Learning and Statistical); 
– Decision tree induction; 
– Classification rule induction; 
– Statistical Modelling; 

 Knowledge Management and Reasoning: 
– Integration of different knowledge patterns; 
– Validation of the acquired Knowledge pattern; 
– Rule-based reasoning 
– Case-based reasoning 
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– User interaction. 
 
GESCONDA provides a set of mixed techniques that will be useful to acquire relevant 
knowledge from environmental systems, through available databases. This knowledge will 
be used afterwards in the implementation of reliable IEDSS. The portability of the software 
is provided by a common Java platform. In figure 2 there is a snapshot of the GESCONDA 
interface. 
 

 
 

Figure 2. GESCONDA interface 
 
 
4.   RECOMMENDATION AND META-KNOWLEDGE MANAGEMENT LAYER, 
AND THE DATA FILTERING LAYER 
 
The recommendation and meta-knowledge layer includes two modules: the recommender 
and meta-knowledge module, and the feature relevance module. The former one (see Gibert 
et al. [2010] for further details) let the user to be assisted to select the most suitable 
methods to be applied, taking into account the goals of the user, and main features of the 
domain.  Also, the meta-information associated with the data can be managed, both from 
the features or the observations. 
The feature relevance module provides GESCONDA with a set of implemented feature 
weighting algorithms, which determine the weight or relevance of each one of the features 
describing the data. There are several unsupervised methods and some supervised methods. 
Among the unsupervised methods implemented there are the Gradient Descent method 
(GD), the Unsupervised Entropy-Based 1 method (UEB-1) and the Unsupervised Entropy-
Based 2 methods (UEB-2). From the supervised methods, in the software there are 
implemented the Information Gain method (IG), the Projection method (PROJ), the Class 
Value Distribution method (CVD), and the Entropy-Based Local method (EBL). See Gibert 
et al. [2006] for further details.  
The data filtering layer wraps the data filtering process, which has to be faced prior to the 
use of the data mining methods. All this processing is encoded in the statistical data 
processing module. The statistical data filtering agent is in charge of database management, 
statistical descriptive analysis, and graphical representations. These tasks provide the whole 
GESCONDA system with powerful data filtering techniques to prepare the data for later 
knowledge discovery step. 
Database management allows adding a new variable to the database, deleting one variable 
from the database, and modifying the characteristics of a variable such as its relevance or 
the range of values. Also, the management of the examples is supported. Some variable 
transformations such as re-coding and standardization are provided. Different random 
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number distribution generation and different probability distribution generation are 
supported too.  
Descriptive statistical analysis is composed by basic statistical analysis such as computation 
of mean, standard deviation, median value or correlation coefficient. One-way and two-way 
analysis of both variables and classes are also provided. Missing value management is also 
supported. Graphical representations of analysis results are implemented through both one-
way plots and two-way plots, as well as histograms or letter plots for class distribution 
visualization. 
 
 
5.  DATA MINING LAYER 
 
The knowledge discovery layer is the layer joining the modules containing several data 
mining models, which can be induced from the data. Currently there are four modules 
developed: the clustering techniques module, the decision tree techniques module, the rule 
induction module, and the statistical modelling module. 
These techniques have been detailed in previous works by Sànchez-Marrè et al.,[2004; 
2008], and due to lack of space the detailed description here has been skipped. 
 
 
6.  KNOWLEDGE MANAGEMENT AND REASONING LAYER 
 
At this layer is where the new reasoning capabilities provide GESCONDA with analytical, 
synthetical and predictive skills. Until now GESCONDA was an Intelligent Data Mining 
and Discovery tool, which was able to induce several knowledge models, but no problem 
solving skills were given to the user. Now, with the addition of the case-based reasoning 
module, and the rule-based reasoning module, it has become an actual Intelligent Decision 
Support Tool, which assists the user to all the steps of the problem solving cycle: diagnosis, 
planning/solution generation, prediction, and finally decision support. In this section the 
new two reasoning modules implemented are described. 
 
6.1   Case-Based Reasoning 
 
The Case-Based Reasoning implemented in GESCONDA is conceived to be a Flexible 
Data-Intensive Case-Based Reasoning. Flexible in terms of extending its functionality and 
configuration of its functions (see detailed description in Sevilla, [2009]). 
This system could be launch interacting with the user at any step (retrieve, reuse, revise and 
retain) or defining the new case and compute the whole cycle. The main functionalities that 
are offered are the following: 
 

 Case Structure. Since the data is share it with GESCONDA, it is necessary to define 
what attributes belongs to the description or solution. I could be introduced by a 
file or by the interface. Also, there optional attributes for improving the 
performance: 

o Evaluation. Depending on the type of evaluation a new attribute is 
created to store the cases that have been used to create the solution of this 
case. 

o Utility. This attribute pretends to define how useful has been the case in 
the past. It could be defined as a number, date or frequency, even a 
combination of those. 

 Retrieve. Search for the most similar cases to the new case. Depends on: 
o Indexation of the case base: in future release will be integrated 

hierarchical structures and self-organizing maps. 
o Threshold: Maximum number of cases to retrieve or/and maximum 

distance. 
o Distance type and its own parameters (included in GESCONDA) 

 Reuse: Adaptation of the retrieved cases solutions to the new solution. 
o Copy: directly transferred. 
o Mean: Mean or mode of the solution. 
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o Weighted Mean. The cases are weighted by its distance to the new case 
or a given attribute (i.e. utility or evaluation attribute) 

o Formula. The user can introduce a formula for the numerical solution 
attributes 

 Revise: Evaluation of the proposed solution 
o By the end-user 
o Approximation of the evaluation assessed by the evaluation of the cases 

that have been used to create the new one. 
o In testing mode is possible to compare the real solution with the proposed 

one. 
 Retain: Case base learn the proposed case. 

o Defined by the end-user 
o Define a list of conditions that must be satisfied to store the new case in 

the case base. 
 Each condition is defined in a xml file and has its own java class 

where it is assessed. The introduction of new conditions is 
trivial. Already implemented: based on distance, evaluation and 
a recursive cluster elimination (RCE). 

 Execution: 
o Possibility to run more than one case. 

 Individual: one case is solved, from the case base or defined by 
the user.  

 Battery: a list of cases is solved, from the case base or a file. 
o Mode:  

 Normal 
 Testing: creates a new attributes solution in order to compare 

with the existing ones and compute the percentage of success or 
error measures for numerical solution attributes 

 
6.2    Rule-Based Reasoning 
 
The module is focused on a rule inference engine with its main abilities: forward chaining 
and backward chaining. Some research task must be undertaken to propose the best and 
more efficient implementation of the Knowledge Bases and the Data Base to get a fast, 
modular and reliable inference engine. The functionalities can be grouped in: 
 

 Design of the Rule-Based Reasoning System (RBRS) 
o Data Base/Fact Base 
o Knowledge Base 

  Management of Modules 
  Management of Rules 

 Import rules from a file (plain, CLIPS) or from other 
GESCONDA methods (Classification rules, Decision 
trees, etc.)  

  Management of Meta-rules 
o Inference Engine 

 Forward chaining: deductive reasoning from data to the goals 
 Backward chaining: validation of a concrete goal/s with the 

available data 
 Execution: 

o Interactive: solves a single problem 
o Batch: solving several problems, simulating a process of the real world. 

 
6.2.1  Inference engine 
 
Forward and backward chaining are the main methods with inference rules and logical 
implications.  Forward chaining implements the logical modus ponens inference. Backward 
chaining finds the most plausible explanations for observed data.  
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Forward chaining 
Forward chaining starts with the available data and uses inference rules to extract more data 
until a goal is reached. The inference engine can also be executed without a goal in order to 
get new information from the initial facts base. 
An inference engine using forward chaining searches the inference rules until it finds one 
where the antecedent is known to be true. When found it can conclude, or infer, the 
consequent, resulting in the addition of new information to its data. Inference engines will 
iterate through this process until a goal is reached. 
Because the data determines which rules are selected and used, this method is called data-
driven, in contrast to goal-driven backward chaining inference. 
One of the advantages of forward-chaining over backward-chaining is that the reception of 
new data can trigger new inferences, which makes the engine better suited to dynamic 
situations in which conditions are likely to change. 
In order to do a more optimal and useful implementation, given a state of the facts base and 
one of the knowledge base, there are several rules to be applied and therefore, a conflict 
resolution strategy have to be applied. The following strategies are implemented, but could 
be easily extended: 
 

 Depth-first, where each new rule is added to the begging of the agenda. 
 Breadth-first, where each new rule is added to the ending of the agenda. 
 Random, where each new rule is added in a random position of the agenda. 

 
In addition there is an option that allows the activation or not of a rule only can be executed 
once in the inference process. 
 
Backward Chaining 
Backward chaining (or backward reasoning) is an inference method used in automated 
theorem proving, proof assistants and other artificial intelligence applications. Backward 
chaining is implemented in logic programming by Selective Linear Definite clause 
resolution. This method starts with a list of goals (or a hypothesis) and works backwards 
from the consequent to the antecedent to see if there is data available that will support any 
of these consequents. An inference engine using backward chaining would search the 
inference rules until it finds one which has a consequent that matches a desired goal. If the 
antecedent of that rule is not known to be true, then it is added to the list of goals. Because 
the list of goals determines which rules are selected and used, this method is called goal-
driven.  
 
 
7. AN APPLICATION TO SET-UP AN IEDSS FOR A WASTEWATER 
TREATMENT PLANT 
 
In order to show the GESCONDA added utility of new reasoning capabilities to set-up an 
IEDSS, the use of rule-based reasoning will be described. Due to lack of space the use of 
case-based reasoning is detailed in Sevilla and Sànchez-Marrè [2010]. 
 
Let us suppose that a wastewater treatment plant manager wants to set-up an intelligent 
decision support system to help herself/himself to make the appropriate decision at each 
monitoring time cycle over the system. This kind of system should be able to evaluate the 
operating state of the plant, to make the most accurate diagnosis of the operating state of the 
plant, and finally propose several alternatives to the plant manager. The plant manager 
could then make the most appropriate decision based on the evaluation of the possible 
alternatives. One possibility to get a knowledge model is to implement it through a 
knowledge base, and use rule-based reasoning as the main reasoning mechanism to make 
the diagnosis step, and afterwards, to generate the possible solutions. 
  
The main goal of wastewater treatment plants is to guarantee the outflow water quality 
referred to certain legal requirements, in order to restore the natural environmental balance, 
which is disturbed by industry wastes or domestic wastewaters. 
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The process used to achieve this goal is highly complex; on the one hand, because of the 
intrinsic features of wastewater treatment processes; on the other hand, because of the bad 
consequences of an incorrect management of the plant. 
One of the most commonly used wastewater treatment is based in the activated sludge 
technology. A very brief description of the process in this kind of plants is presented: the 
waste water flows sequentially through three processes which are commonly known as pre-
treatment, primary and secondary. Figure 3 depicts its general structure: (i): In the pre-
treatment, an initial separation of gross solids, oils and greases from wastewater is 
performed. (ii) Primary treatment consists of leaving the wastewater in a primary settler for 
some hours. Suspended solids will deposit down the settler and could be removed from the 
water. (iii) Secondary treatment occurs inside a biological reactor. A population of 
microorganisms (biomass) degrades the organic matter solved in the wastewater. A 
secondary settler is used to separate the treated water from the biomass. The primary and 
secondary settler outputs (solids and biomass) produce a kind of mud which is the input of 
another set of processes in the WWTP called sludge line. 
Figure 3 shows where all the measures are taken along the plant. This set is heterogeneous 
and usually there are missing values and the sensors may provide noisy data. 
 

 
 

Figure 3. Wastewater treatment plant chart 
 
To set-up this kind of IEDSS let us suppose that there are real data available to be analyzed 
to discover some knowledge in it, which will be adjusted by the expert knowledge of our 
plant manager. The experimentation was done with data coming from one wastewater 
treatment plant in Catalonia. Initially the sample was composed by 303 observations taken 
from November 1999 to October 2000. Each observation refers to a daily mean, and it is 
identified by the date itself. 
The state of the plant is described through a set of 12 state variables (measured at the 
entrance, after the primary treatment, within the biological reactor, and at the exit) 
considered the more relevant upon expert’s opinions, plus 3 actuation variables (waste 
sludge flow, recirculation flow, oxygen inflow). Also, there is one variable expressing a 
qualitative state of the plant (foaming, rising, bulking, etc.), which was labelled by the 
experts. There were 19 different labels. 
Initially the data were pre-processed using the facilities of GESCONDA software at the 
data filtering layer (missing values treatment, descriptive statistical analysis of variables, 
graphical representations, etc.). After the pre-processing step, only 99 observations were 
kept, because some others had about 60% of missing values. That would be a problem, 
because for some of the 19 different diagnosis labels, only one or two examples existed, 
and of course, the generalization power of the rule induction methods will be very poor. 
 
Then the feature relevance module implemented in the recommendation and meta-
knowledge layer was used. Several feature weighting methods (IG, CVD, PROJ, etc.) were 
used to estimate the relevance (weight) of the variables. Finally the CVD method was used. 
 
After that, the data mining step was undertaken using several methods implemented at the 
data mining layer of GESCONDA. Some classification rule induction methods were used: 
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PRISM, which obtained 93 very specific classification rules, RISE, which obtained 95 very 
specific rules and CN2 that only got 3 more general rules. To do that, some discretization 
methods available at the data filtering layer were used. The rules obtained were very 
specific because there was a lack of examples of many of the labels. 
Also, some decision tree induction methods were used from those available at the data 
mining layer of GESCONDA. One of the most compact and efficient tree was obtained 
using C4.5 method. With it 56 rules could be obtained. 
In all this data mining process, the plant manager, as a qualified expert was interacting, 
analysing, and evaluating the results obtained. 
 
Thus, finally a set of inference rules for diagnosing the appropriate label of new operational 
plant states was obtained. This knowledge model should be the basis of a Knowledge Base. 
Also, afterwards, some other rules could be discovered to generate the appropriate solutions 
(setting of the parameter variables) to maintain or restore the normal operating state of the 
plant.  
 
An example of an induced rule, using PRISM method was: 
 

(defrule Rule13 
    (?IVF_discret 194,4<IVF<=271,3) 
    (?DQO-S_discret 119,3<DQO-S<=177,7) 
    (?F:M_discret 0,1<F:M<=0,3) 
    (?SS-E_discret 90,0<=SS-E<=236,0) 
    (?SS-P_discret 105,3<SS-P<=160,7) 
    (?Q-E_discret 16557,3<Q-E<=22014,7) 
    (?DQO-E_discret 501,3<DQO-E<=790,7) 
    (?DQO-P_discret 559,3<DQO-P<=712,7) 
    (?OD_discret 0,8<=OD<=2,7) 
    (?SSLM_discret 2470,0<=SSLM<=4314,7) 
    (?TRC_discret 2,0<=TRC<=9,6) 
    (?SS-S_discret 10,0<=SS-S<=42,3) 
    => 
    (assert (Diagnosis Rising))) 

 
Most available knowledge discovery tools or Data analysis tools end their functionality 
here. The added value of the evolution of GESCONDA is that now a rule-based reasoning 
inference engine is available, and that the rules obtained in the data mining layer can 
directly be exported to the Knowledge management and reasoning layer. This means that 
with a very minimal effort, a rule-based inference mechanism can be set-up almost 
automatically. The knowledge base can be directly transferred. Thus, we have used the 93 
rules obtained from the PRISM rule induction method. Moreover, also a case-based 
reasoning inference engine could have been adopted, and in a near future the combination 
of both reasoning mechanisms could be possible. This way, the GESCONDA tool covers 
all cycle of the development of an Intelligent Decision Support System, and in particular for 
Intelligent Environmental Decision Support Systems, and not only the data mining step, as 
most of the available software tools. 
The rule-based IDSS was tested to diagnose the operational state of other unknown 
observations, and the accuracy of the diagnosis was around 79%. Afterwards some other 
control rules were derived to guide the process to safe operational states.  
 
Therefore, the new GESCONDA software with its new reasoning abilities will be a useful 
shell for developing Intelligent Environmental Decision Support Systems. 
 
 
8. CONCLUSIONS 
 
The GESCONDA system, which was designed at the beginning, as a Data Mining Tool is 
becoming an Intelligent Decision Support Tool. Two new reasoning mechanisms like case-
based reasoning and rule-based reasoning have been developed and integrated within the 
tool. These reasoning abilities can provide final users with problem solving, planning, and 
prediction skills, which make GESCONDA tool a valuable IDSS tool. 
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In the near future, several new modules will be developed as an artificial neural network 
module, a support vector machine module, and an evolutionary computation module, and 
new statistical methods such as PCA, time series, logistic regression, etc., will be integrated 
too. In addition, the system will be focused, with a high emphasis, on specific 
environmental features like:  
 

 Huge amount of data  
 Incomplete information: many missing values  
 Many descriptive features: feature relevance problem  
 Temporal / Spatial feature: Dynamic and Spatial data analysis  
 Different Data format: Spatial data formats  

 
The great advantage of GESCONDA in front of other software tools is that in addition to 
the knowledge discovery process, including data preprocessing and data mining steps,  the 
knowledge management and knowledge model use through reasoning abilities is also 
possible, converting the software in a valuable tool for the deployment of real IEDSS. 
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Abstract: The Geospatial Intermodal Freight Transportation (GIFT) system is an 
integrated model and tools to aid policy analysts and decision makers to understand the 
environmental, economic, and energy impacts of options for intermodal freight 
transportation.  GIFT integrates multiple geospatial transportation networks (highway, 
railway, waterway) connected by intermodal transfer facilities (ports, railyards, truck 
terminals). Added to this network are models of the environmental, energy, and economic 
impacts of different types of vehicles (trucks, locomotives, vessels) traversing the network.  
GIFT also models the volumes of freight flowing between originations and destinations.  
This paper describes the architecture and use of the current GIFT system, new GIFT needs 
as policy analysts begin to study regional and corridor impacts of freight flow volumes, 
and GIFT system improvements to better meet those needs.  These system improvements 
incorporate computer-aided scenario generation and tools for the policy analyst to select 
and analyze scenarios using advanced visualization and analysis techniques. 
 
Keywords: Freight transportation; transportation models; environmental impacts.   
 
 
1. INTRODUCTION 

 
The United States Bureau of Transportation Statistics [2009] reports that the United States 
(U.S.) spends 6-7% of its gross domestic product on freight transportation.  The U.S. 
Energy Information Administration [2009] reports that freight transportation emits about 
7.8% of total U.S. CO2 emissions.  The U.S. Environmental Protection Agency [2006] 
reports that trucking consumes more energy and emits more greenhouse gasses and other 
pollutants than rail and water-based transportation.  From these reports, we expect that 
policies that favor intermodal freight transportation, shifting freight movement from trucks 
to rail and ships, promise to reduce the environmental and energy impact of freight 
transportation.  However, the economic impact of these mode shifts need to be understood 
along side the energy and environmental impacts of policies such as carbon taxes, alternate 
fuels and vehicles, and investment in transportation infrastructure.  Further, there are broad 
environmental, economic, and social impacts of mode shifts that need to be understood, 
such as changing land use resulting from infrastructure development or abandonment, 
changing employment and economic profiles, and the long-term impact of using and 
maintaining the freight transportation system.  Policy makers, transportation planners, and 
shippers need decision support tools to help them evaluate the impact of transportation 
mode selection decisions and transportation policies and investments. 
 
We have developed the Geospatial Intermodal Freight Transportation (GIFT) model to aid 
policy makers and transportation planners to understand the environmental, economic, and 
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energy impacts of intermodal freight transportations.  GIFT does not address some of the 
broad impacts such as changing land use, but it does provide insight on the impacts of 
many of the operational and investment decisions around freight transportation    
 
GIFT integrates three types of models to characterize freight transportation so that decision 
makers and policy analysts can understand this complicated transportation system and 
assess the possible impact of their operational and policy decisions.   Figure 1 illustrates 
the three model types and their flow in a typical case study analysis.  The three model types 
are: 
1. A geospatial-referenced network model integrating three distinct modes of 

transportation networks (road, rail, and waterway) integrated by intermodal transfer 
facilities (ports, railyards, truck terminals) where freight can be transferred from one 
transportation mode to another, 

2. Models of the environmental impact (emissions of carbon, particulate matter, etc.), 
energy consumption, and economic impact (operational cost and benefit) of freight 
transportation for each mode of operation and for intermodal transfer facilities, 

3. Models of the current and possible future demand on the transportation networks, 
characterizing the originations, destinations, and flow volumes and values of goods 
movement across the transportation network. 
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Emissions and Operations 
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• Trucks, Trains, Ships
• Ports, Rail yards, 
Distribution centers

Transportation Network 
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facilities

• Barriers and restrictions

Freight Flow Data
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Short Sea Study

Bottleneck Delays
Study

Scenario Generation 
and Analysis for Case 

Studies

 
Figure 1.  Data flow for GIFT case study analysis 

 
For a given transportation origin and destination, an analyst can use GIFT to identify the 
transportation modes and routes that minimize a given attribute (such as CO2 emissions, 
time, or operating cost) and understand the impacts of alternate mode selections or 
alternate types of vehicles (different sized ships, for example) or different fuel types.  By 
varying the model’s emissions, cost, and time impacts, the analysts can explore the impacts 
and trade-offs of alternative policies.   
 
Policy analysis case studies using the current GIFT system, such as Winebrake et al. [2008] 
and Comer et al. [2010], have analyzed impacts and trade-offs for a single transportation 
origin/destination (O/D) pair or a small set of O/D pairs.  They are now beginning to 
perform more comprehensive analyses of regional impacts with multiple O/D pairs and 
corridor bottleneck delay case studies.  These case studies will require stronger 
computational support for configuring and managing hundreds or thousands of scenarios 
and for providing visualization and decision support aids so the analyst truly understands 
the behavior of the freight transportation system and the possible impacts and trade-offs 
among policy decisions. 
 
The following sections first describe the kinds of policy case studies that GIFT enables and 
the kinds of results found.  This illustrates the functional features of the GIFT software 
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system.  We then describe the GIFT data and computation models.  Following that, we 
describe new, more comprehensive policy case studies and the features and software 
architecture changes we are adding to GIFT to enable these new studies.  We conclude 
with a summary of the current GIFT model and its evolution. 
 
 
2 USING GIFT FOR CASE STUDIES 
 
Early uses of GIFT, such as Winebrake et al. [2008], focused on analyzing impacts and 
options for single O/D pairs in regions where intermodal transportation may have 
significant value, such as on the eastern U.S. seaboard.  In that study, nominal values of 
emissions, energy, operating cost, and speeds were provided for each transportation mode 
and intermodal transfer facility type.  With these values and a given O/D pair, GIFT found 
the least “cost” path between the origin and the destination, where “least cost” is one of 
minimum time, minimum operating cost (monetary), minimum CO2, minimum energy, etc.  
Figure 2 illustrates some results of such a case study.  GIFT is usually used to create a 
landscape of possible scenarios to compare the boundaries of policy impacts, such as 
minimizing transport time compared with minimizing CO2 emissions.  GIFT also has a 
weighted cost optimization capability (minimizing a weighted combined cost across 
multiple attributes) to enable sensitivity analysis. 

Least Cost: Mostly waterway

Least CO2: Mostly rail 
with some barge

Least Time: Truck

 
Figure 2.  Example case study for transportation modes that minimize various "costs" 

 
Comer et al. [2010] provides another case study using GIFT, looking at opportunities for 
intermodal shipping using shipping containers in the Great Lakes region of Canada and the 
U.S.  In that region, there is a wide variety of ship types that can be used, and different ship 
types have different emissions factors, operating costs, and other characteristics.  Different 
locomotives and different trucks using different fuels also have different operating 
characteristics.  We added to GIFT an emissions calculator (described in more detail in the 
following section) and performed analysis of trade-offs between different ships, trucks, and 
locomotives.  Figure 3 shows that when one ship type is used, then the least CO2 route uses 
rail, but when a second ship type is used, the least CO2 route uses that ship.  However, as 
Figure 4 shows, that second choice results in increased delivery time.  This is another 
example of the use of GIFT to consider the trade-offs of different decision options. 
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Montreal to Cleveland (Ship 1) Montreal to Cleveland (Ship 2)

 
Figure 3.  Mode shift occurs when a different ship type is used (Comer et al. [2010]) 
 

1 2 1 2

 
Figure 4.  CO2 and time-of-delivery trade-offs for different ship types for Montreal to 

Cleveland (Comer et al. [2010]) 
 
 
3. CURRENT GIFT SYSTEM 
 
GIFT incorporates three basic data and computational models: a geospatial transportation 
network model, a vehicle operations and emissions model, and a freight flow model.  The 
current overall system is shown in Figure 5.  Figure 5 is a conceptual diagram illustrating 
the data flow of model building and model use in case study analysis, plus the 
identification of user roles and the tools that they use.  Toward the bottom of the diagram 
are the model-building tasks (the downward-flowing arrows), toward the top are case study 
definition and model use (upward flowing arrows), and the case study results are then 
saved as files.  The following sections describe the integrated model building and use in 
more detail. 
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Figure 5.  Overall GIFT conceptual architecture 

 
 
3.1  Transportation Network Model 
 
The GIFT geospatial model uses ESRI ArcGIS products (ArcCatalog and ArcMap) to 
build an intermodal transportation network, and it uses the ArcGIS Network Analyst 
extension to find least-cost routes between specific O/D pairs.  Each transportation mode is 
modeled by a separate portion of the geodatabase (separate shapefiles, in ArcGIS 
terminology).  The three transportation modes are integrated through intermodal transfer 
facilities.  So, freight can only transfer from one mode to another by going through a 
transfer facility.  This is illustrated in Figure 6.  The intermodal transfer facility is modeled 
as a point (a “hub”) and a geoprocessing script is run to generate “spokes” from that hub to 
the nearest transportation network elements for those modes that the hub serves (for 
example, a railyard would connect the railroad network with the highway network). 
 
 

 
Figure 6.  Three transportation networks integrated through intermodal transfer facilities 

 
 
3.2  Transportation “Cost” Models 
 
Since the primary purpose of GIFT is to understand and trade-off the environmental, 
energy, and economic impacts, we developed multiple ways to define, manage, and use 
impact “costs.”  The main concept is to associate costs with traversing each segment of the 
transportation network, and to provide multiple ways to make the specific cost depend on 
the vehicle type, fuel choice, operational and governmental policy in force, and other 
scenario attributes.   
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As Figure 7 illustrates, we associate with each segment in the network various costs of 
traversing that segment.  In ArcGIS, these costs are defined as network attributes in the 
network geodatabase.  Some of the attributes are predefined in the network datasets and 
have fixed values (such as the distance attribute), some are predefined attributes whose 
values we can change (such as using posted highway speed limits or observed truck speeds 
for a speed attribute), and some are attributes we have added specifically to support GIFT 
(emissions, energy, operating cost).  The impacts of transportation through intermodal 
facilities are similarly captured as attribute values on the “spokes” we created to model 
intermodal transfers, where the attribute values model the impact of freight handling 
equipment, facility energy use, delays loading and unloading ships, etc. 

…NOxCO2EnergyOperating 
Cost

TimeDistance

Truck ModeSegment “Cost” Attributes

12.3 km

Field value 
built into 
network 
database

Calculation built into 
network database, 

computed using other 
attribute values (for 

example, distance/speed)

Speed

External 
calculation using 
external data and 
network attribute 

data

90 km/h

Highway 
segment in 
network 

geodatabase
 

Figure 7.  "Cost" attributes associated with transportation network segments 
 
The values for network attributes can be accessed during network analysis run-time (that is, 
during least-cost optimization or during computations of route data for determined routes) 
in multiple ways, depending on the data used and their source.  Some data are stored 
statically in the network geodatabase (such as segment distance or posted speed limit), 
some are computed using VisualBasic scripts embedded into and stored with the database 
(using ArcCatalog and Network Analyst utilities), and some values are computed using 
external computations (“custom evaluators” in Network Analyst terminology) that we 
implemented as C# program components registered in the ArcGIS run-time framework.  
The embedded computation evaluators can use any data defined as attributes in the 
network model, whereas the custom evaluators can also access external data and 
computations.  Hawker et al. [2007] provides details on implementing these various 
attribute value computation mechanisms.  Assigning attribute values or associating 
evaluators with attributes is performed using ArcCatalog while building the transportation 
network geodatabase. 
 
Since a key use of GIFT is to study trade-offs of energy, emissions, and operating costs, 
most of these attributes are computed using custom evaluators that access data that the 
policy analyst can modify to reflect differing operational scenarios.  We developed a user 
interaction and data management tool, illustrated in Figure 8, to define and manage cost 
factors used by the external evaluators.  In addition, we provided a tool to define the 
emissions for specific types of trucks, locomotives, and ships, and to manage libraries of 
these vehicles that the policy analyst can select when defining a case study scenario.  This 
tool uses first principle models of energy efficiency, fuel content, and other equations to 
compute energy and emissions.  We have this tool for trucks, locomotives, and ships, and 
we are developing similar bottom-up, first-principles tools to model freight handling 
equipment and its operational use for transfer facilities. 
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Figure 8.  GIFT tool to define and manage case study analysis values 

 
 
 
3.3 Freight Flow Models—Needs for Advanced Policy Analysis Tools in GIFT 
 
Most of our uses of GIFT, to date, have involved a policy analyst selecting a few 
origin/destination pairs and studying the impact on a per-unit of freight basis (per ton of 
freight or per container of freight).  As we begin to study the regional and transportation 
corridor impact of freight transportation, we are developing models of freight flows.  
These, plus advanced GIFT tools in development (see the next section) will enable more 
advanced freight transportation policy decision support. 
 
Our freight flow models identify the origin, destination, volume, commodity type, and 
value of almost all freight transportation in the U.S., using the Commodity Flow Survey 
from the U.S. Bureau of Transportation Statistics (http://www.bts.gov/).  Figure 9 
illustrates the results of an initial analysis of the flow-weighted CO2 impact of freight 
originating near the Ports of Los Angeles/Long Beach, California, USA. 
 

 
 

Figure 9.  An example study of flow-weighted CO2 impact (cumulative impact of routes 
originating at port of Los Angeles/LongBeach, California, USA)  

 
To perform flow analysis requires the analyst to interact with GIFT at a level beyond the 
current single O/D trade-off studies.  Defining and managing hundreds of O/D pairs plus 
volumes, values, and other data items is difficult, at best.  Expecting the analyst to 
understand the interactions and implications of these multiple O/D routes using different 
vehicle types and route optimization choices is impossible without significant visualization 
and computing support.  That is the subject of the next section. 
 
3.4 Computer-Aided Scenario Generation, Management, and Analysis 
 
We are extending the GIFT system to help policy analysts manage and understand flow-
oriented freight transportation analysis.  It is increasingly common to use computers to 
automatically generate large numbers of scenarios and manage them so that analysts can 
understand the behavior of large-scale systems.  Lempert et al. [2003] and Ritchey [2006] 
discuss common approaches, and these and similar approaches are commonly used in 
transportation system simulation, modeling, and decision support, such as in Ritchie-
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Dunham et al. [2000], Xu et al. [2004], and Li et al. [2007].  Li et al.  [2007] specifically 
discusses software architecture approaches as does Lepreux et al. [2004] and many others. 
 
Figure 10 illustrates the GIFT Scenario Management and Analysis system currently under 
development.  Where-as much of the analyst’s interaction with the current GIFT system 
was through the ArcMap-based Network Analyst user interface, we have automated much 
of that route definition and generation functionality (the Route Scenario Analysis layer of 
Figure 5, above).  The automation uses the ArcGIS programming interfaces (ArcObjects) 
and Microsoft C# programs to generate objects that organize and store pre-computed 
routes.  We have pre-generated route results for hundreds of route scenarios—multiple O/D 
pairs with multiple vehicle types and multiple optimization settings.  This provides a 
repository of pre-defined scenarios for analyst selection and comparison.  On top of this 
scenario repository we are developing what are, in effect, query processing and reporting 
tools (analogous to relational database query and reporting tools in business intelligence 
systems).  We are providing ways for the analyst to define a case study, select scenarios 
associated with that case, and select ways to visualize and analyze the related scenarios. 
 
 
3.5  Model Validation 
 
Sanchez-Marre et al [2006] and Sojda [2007] emphasize that validating a model of 
environmental, economic and other impacts is difficult, but necessary.  As an overall 
validation of freight movement, we use the annual average daily truck trip data and rail 
movement data provided by U.S. state and federal departments of transportation, combined 
with the Commodity Flow Survey from the U.S. Bureau of Transportation Statistics 
(http://www.bts.gov/) and its derived data.  This data helps ensure that GIFT’s least-time, 
least-cost, and least CO2 values are within bounds.  We also compare our results with those 
from other researchers, such as Lutsey’s assessments of truck activity [2009]. 
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Figure 10.  GIFT Scenario Management and Analysis architecture concept 
 
 
To validate the intermodal transfer facilities of our transportation network, we use mapping 
and visualization resources available on the internet (such as Google Maps) to visually 
confirm the existence and location of a facility and the transportation modes that it 
supports; we modify the model based on these validation results. 
 
We need to improve our model validation methods.  We are currently validating our model 
for specific regions, and we seek better data and methods to validate our model results. 
 
4 CONCLUSION 
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GIFT is an integrated model of the freight transportation system that has proven very 
useful in understanding the possible impacts of transportation policy decisions, including 
the environmental, energy, and economic impact of different vehicles, target reductions in 
environmental emissions, and the impact of infrastructure and capital investments.  This 
paper describes how the GIFT model integrates multiple transportation networks (highway, 
railway, waterway) at intermodal transfer facilities, associates the network with models of 
the environmental, energy, and economic impacts of different types of trucks, trains, and 
vessels, then adds models of the flow volumes and originations/destinations of freight.  We 
described GIFT model building and described how policy analysts use GIFT to build 
policy analysis scenarios that use the integrated GIFT models in focused policy case 
studies. 
 
New uses of GIFT to study regional and corridor impacts of freight transportation are faced 
with limitations in GIFT’s current support for only a few O/D pairs in a given study.  
Analysts need to model and understand trade-offs among hundreds of O/Ds and the 
comparisons of dozens of vehicle choices and optimization selections.  To enable this, we 
have automated the generation of route scenarios, providing a repository of pre-computed 
route scenarios with various vehicle and optimization selections.  We are now working to 
provide tools for policy analysts to select route scenarios relevant to a given case study and 
to provide ways to visualize and analyze the impacts and trade-offs across these scenarios.  
We seek ways to enable policy analysts to understand the environmental, energy, and 
economic impacts of policy decisions affecting complicated intermodal freight 
transportation systems. 
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Abstract: Agent Swarm Optimization (ASO) is a generalization of Particle Swarm 
Optimization (PSO) orientated towards distributed artificial intelligence, taking as a base 
the concept of multi-agent systems. It is aimed at supporting decision-making processes by 
solving either single or multi-objective optimization problems. ASO offers a common 
framework for the plurality of co-existent population-based algorithms and other heuristics. 
A particle from a PSO swarm, an ant from an ACO (Ant Colony Optimization) system, and 
a chromosome from a GA (Genetic Algorithm) structure do exhibit different behaviour. 
Yet, they all share a common feature: each represents a potential solution for the problem 
to be solved. In a combined environment, a PSO particle could help reinforce pheromone 
on the ants’ paths; an ant could be reproduced with a chromosome; a chromosome could be 
the leader of a particle swarm, and so on. This framework is a dynamic environment where 
new agents/swarms can be added in real time to contribute to the solution of the problem. 
During the solution process, the own user can add new agents/swarms to the environment 
and even contribute to the solution process with problem-based personal proposals. In this 
work the ASO framework is described, and used to solve a complex problem in water 
management, namely the optimal design of water distribution systems (including, sizing of 
components, reliability, renewal and rehabilitation strategies, etc.) using a multi-objective 
approach.  
 
Keywords: Agent Swarm Optimization, multi-objective optimization, distributed artificial 
intelligence.   
 
 
1. INTRODUCTION 

 
Agent Swarm Optimization (ASO) is a generalization of Particle Swarm Optimization, 
Kennedy and Eberhart [1995], orientated towards distributed artificial intelligence and 
considering ideas from multi-agent systems. It is aimed at supporting engineering decision- 
making by solving either single or multi-objective optimization problems. In ASO, one 
agent is able to find by itself a potential solution for the problem. Nevertheless, the 
knowledge related to the solution space that agents have is very limited; effective search of 
optimal solutions is only possible as a result of the interaction among several agents.  
 
Every agent has its own individual behaviour. Associations of agents interacting among 
them result in a collective structure, called swarm, which represents the collective 
behaviour of a group of agents. This structure can also be considered as an agent in a 
higher abstraction level. In its turn, each swarm has its own behaviour and is able to 
interact with other existent swarms.  One main difference with multi-agent systems is that 
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normally agents are considered as part of a software code, while here, human beings are 
also considered as agents actively involved in the solution search process. Particularly, in 
the case of multi-objective optimization problems, when there are conflicting objectives, 
Coello et al. [2007], additional information from humans to make the final decision is 
always needed. This additional information can be established a priori, for example when 
objectives are represented in only one expression by giving a specific weight to each of 
them. But also, additional information can be used at the end of the search process for 
deciding for example which solution from a Pareto front should be selected. As a third 
possibility, additional information can be used during the search process for deciding 
which regions of the Pareto front are more interesting and for proposing solutions that can 
lead or enrich the way other agents behave.  
 
The participation of several human agents with different perspectives of a problem is very 
close to what happens in practice in engineering decision-making, where politicians, 
economists, engineers, environment specialists are all involved in making the final 
decision. Most of the artificial intelligent works try to substitute humans in some of their 
tasks; ASO is not aimed at substituting a work team but at being integrated with it.  
 
ASO, by definition, has objectives to meet and expressions to evaluate to what extent these 
objectives are fulfilled by the solutions already found. The algorithm evolves both in its 
structure and in the quality of the solutions. It has been conceived to distribute different 
swarms in more than one computer and to bring the possibility to agents for executing 
actions in parallel. Agents are autonomous entities and the interaction among them happens 
asynchronously. These characteristics make it possible the incorporation, in real time, of 
new agents that are able to reinforce or enrich the search process.  
 
Another important capability of ASO is to offer a common framework for the plurality of 
existent population-based algorithms and others heuristics. A particle from a PSO Swarm, 
an ant from an Ant Colony System, Dorigo et al. [1996], or a chromosome from a Genetic 
Algorithm, Montesinos et al. [1999], have different behaviours, but all of them share a 
common point: they provide a potential solution for the problem to be solved. In a 
combined environment a particle could help to reinforce pheromone over the paths of ants, 
an ant could be reproduced with a chromosome; and a chromosome could be the leader of a 
swarm. This framework is not a fix meta-heuristic but a dynamic environment where a new 
algorithm (agent) can be added in real time to help solve a problem.  
 
The possibility of assembling general search algorithms with heuristic rules extracted from 
the problems is one of the major advantages of ASO, when searching in considerable large 
solutions spaces. In Water Distribution System Design for example, various instances of 
evolutionary algorithms for searching optimal solutions have been described. Nevertheless, 
engineer’s rules for the problem are not commonly applied. As an example, evolutionary 
algorithms themselves do not consider the fact that pipes should not increase in size 
following the direction of flow; nevertheless it is a simple engineer rule that can be applied 
in water distribution system design. 
 
In this work, the ASO philosophy is described and some results are shown regarding two 
problems related to Water Distribution System Design. Only one breed of agent is used in 
this work. Nevertheless, the inclusion of other kinds of agents is straightforward. 
 
 
2. AGENT SWARM OPTIMIZATION 
 
The kind of artificial agent used in this work is based on the behaviour of particles in 
Particle Swarm Optimization (PSO). But, in addition, the agents in this work, when moving 
from one position to another in the solution space, consider the application of the specific 
rule that pipes should not increase in size in the direction of the flow. The rest of the 
movement process is similar to the movement of particles in PSO for solving problems of 
Water Distribution System Design, Montalvo et al. [2008]. 
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Different from the behaviour of particles in single objective problems, when deciding what 
a better position is in multi-objective problems, agents will use the dominant solution 
concept. A solution A is said to dominate another solution B when A is better than B in at 
least one objective, and not worse in the others. Two solutions are called indifferent or 
incomparable if neither dominates the other. The aim of ASO when solving multi-objective 
optimization problems is to find the Pareto-optimal set or front (or an approximation 
sample), Montalvo et al. [2010a], defined as the set of all non-dominated solutions. 
  
Also, the leadership in a swarm will be determined in a different way compared to single-
objective PSO. The most natural option is to select the leader as the closest particle to the 
so-called utopia point in the search space. This utopia point is defined as the point in the 
search space whose components give the best values found for every single objective. In 
this problem, the utopia point is an unknown dynamical point since the best value for every 
objective is something unknown at the very beginning (and even during the whole 
process). Accordingly, we will use an approximation of this utopia point, which we call 
singular point, which is updated during the evolution of the algorithm, Montalvo et al. 
[2010a]. Additional to the concept of singular point, swarms could have different views for 
selecting their leaders. One possibility that has also been used by these authors establishes a 
weighted sum of objectives first and then the leader is selected as the particle whose 
weighted sum is maximal (or minimal depending on nature of the optimization problem). 
When using several swarms working in parallel, each may have a different leader selection 
concept. 
 
 Since each objective may be expressed in different units, it was decided to enforce some 
regularization for evaluating distances in the objective space. Coordinates were regularized 
in terms of percentage, considering that at every component, the worst and best value of the 
corresponding objective are 0% and 100% respectively; the percentage corresponding to 
any other value is calculated using linear interpolation. To know the distance between any 
two objective vectors, their components are first regularized in terms of percentage and 
then the Euclidean distance between them is calculated. Both worst and best objectives 
values are not usually known a priori; they are updated while the solution space is 
explored. 
 
The movement towards the leader reinforces the search of the Pareto front in a zone near 
the singular point. Despite that zone may be quite interesting for decision-making, it may 
also be interesting to know what is happening on other zones of the Pareto front. That is 
why new swarms may be added to follow different singular points created with some 
desired values corresponding to the zone where the search should be reinforced. In this 
sense, the concept of singular point could be extended to any desired point in the objective 
space where the search of agents is devised as interesting. 
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Figure 1. Singular point in an approximated Pareto front 

 
In Figure 1 two examples of approximated Pareto fronts, singular points and leaders of the 
swarms are represented. The Pareto front on the right is clearly non symmetric. Perhaps it 
would be interesting to add additional swarms to have symmetric exploration. 
 
Swarms can also increase their population automatically when needed. Also, agents 
corresponding to best solutions already belonging to the Pareto front can find another 
solution belonging to the Pareto front. In this situation, a new clone of the agent will be 
placed at the newly found solution. The initial population of agents in a swarm may not be 
enough to have agents distributed all along the whole Pareto front. The possibility of 
increasing the population helps solve this problem. To avoid unlimited increase of the 
population, cloned agents are allowed to appear only at points located further than a 
minimum distance of any other solution in the Pareto front. This minimum distance is 
established a priori for every single objective.  
 
 
2.1 Construction of the Pareto front 
 
A time consuming task for any population-based algorithm used to solve multi-objective 
optimization problems is to determine which solutions belongs to the Pareto front when 
there is already a high number of solutions belonging to it, Deb [2002]. In ASO a hierarchy 
of swarms is used for fulfilling this task profiting from parallel and distributed computing. 
Various swarms can search a subset of the approximated Pareto front. To know if a 
solution belongs to the approximated Pareto front, one swarm first check if the solution is 
dominated by any of those solutions belonging to its own Pareto subset. If the solution is 
not dominated then the swarm ask asynchronously its upper level swarm to check if the 
solution is dominated or not. The process is repeated at upper hierarchical level if the 
solution is found to be non-dominated; in that case all the swarms involved in the process 
will have the information of the new non-dominated solution. While swarms are waiting 
for asynchrony responses from their superiors, solutions are assumed to belong to their 
Pareto subsets. When a swarm receives a request to check if a solution belongs to its own 
subset of the Pareto front, 
it only uses those 
solutions belonging to its 
own Pareto subset 
that do not come from the 
requesting swarms. Figure 
2 represents a 
hierarchy of swarms. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Hierarchy of swarms 

 
 
2.2 The algorithm 
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In the approach presented in this work, agents based on the behaviour of particles in PSO 
are used. Agents with different behaviours can be included in a straightforward manner. 
Also, swarms running in parallel can be distributed in different computers, ensuring the 
communication among them; a peer to peer scenario may be a good choice. The steps of 
the algorithm can be summarized as follows.  

 
For each swarm, in parallel, do: 
1. Get connected to the hierarchical structure. 
2. Run in parallel the awareness to external requests. 
3. Set up parameters and initialize the number of iterations, k, to zero. 

4. Generate a random population of M particles (agents):   M

ii kX 1)( 
 

5. Evaluate the fitness of the particles (agents) and set the local best location for every 
particle equal to its current location. 

6. Form the approximate Pareto front and make a list of particles (agents) belonging to 
it. 

7. Build the singular point. 
8. Find the closest particle (agent) to the singular point and establish it as the swarm 

leader. 
9. While not termination-condition, do the following: 

a. Execute asynchronously from i = 1 to number of particles (agents). 
        Start 

i. Update the position of the particle (agent): 
(For PSO, determine the inertia parameter )(k - see section 3-, 

calculate the new velocity and set the new position for particle 
i).  

ii. Calculate the new fitness vector for particle (agent) i at its new 
position. 

iii. If the new fitness vector for particle (agent) i dominates the 
fitness vector that the particle (agent) had before moving to the 
new position, then set the new position as the best position 
found up to now by particle i. 

iv. If particle (agent) i is in the list of particles belonging to the 
Pareto front then: 

if the new fitness vector could also be a point at the 
Pareto front and this new position has at least one of its 
neighbours located further than the minimal 
permissible distance from any of the objectives, then 
add a new particle j (a clone of i) located at the current 
position of i; 

else 
try to add (if possible) the particle (agent) i (at its new 
position) to the Pareto front; if the particle (agent) is 
added, remove from the list any dominated solution; 
dominated clones are eliminated from the swarm. This 
step involves the interchange of swarms located at 
different hierarchical levels. 

v. If particle (agent) i is closer to the singular point than any other 
particle in the swarm then set particle i as the leader of the 
swarm with regard to the singular point. 

vi. If particle (agent) i is not currently the leader of the swarm, but 
coincides in position with the leader, then re-generate particle i 
randomly. 

End 
b. Increase the iteration number. 

10. Show the Pareto front and related results. 
 
These steps may be understood also for the general case in which agents are completely 
different from particles in PSO. In that case, the main changes would happen at step (i), 
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where the agent updates its position. It is convenient to use step (vi) only for agents that 
behave similarly to particles in PSO. It helps enrich the search, Montalvo et al. [2008]. 
 
It is not easy to find a general heuristic rule for deciding which parts of the Pareto front 
should be more detailed and how much detail the representation of the Pareto front should 
contain. These decisions are strongly dependent on the people solving the problem and on 
the problem itself. In this work, the user can specify additional points where the algorithm 
should focus the search, and how much detail a region should contain. This is achieved in 
real time during the execution of the algorithm. Human interaction with the algorithm in 
real time also enables the incorporation of human behaviour, so that the human turns out to 
be another member of the swarm. This means that a new solution can be proposed to the 
algorithm at any time and the algorithm should be able to fit it on the Pareto front, if 
appropriate. Proposed solutions could even become leaders of the swarm if they are good 
enough. At this point, human behaviour begins to have a proactive role during the 
evolution of the algorithm. In addition, humans could also add in real time new different 
swarms to the solution process. These swarms would enrich the search by having different 
ways to select their own leaders. 
 
 
3. APPLICATION TO WATER DISTRIBUTION SYSTEM DESIGN 
 
Two case studies, related to sizing pipes in a water network, were used for testing the 
proposed algorithm. The first is a benchmarking problem in the hydraulic literature known 
as the Hanoi network, Fujiwara and Khang [1990]. In this problem it was needed to find 
the minimum investment cost for a water network, constrained to have at least a minimum 
pressure value at the demand nodes. This constrain was transformed in a new objective 
within the multi-objective approach: to find solutions minimizing the investment and 
minimizing the lack of pressure at demand nodes. The lack of pressure at a demand node is 
understood as the difference between the minimum required pressure and the calculated 
pressure at the node. When the calculated pressure is bigger than the minimum required 
pressure then it is assumed that the lack of pressure is equal to zero. Solutions for the 
benchmarking problem were compared to solutions obtained by different authors. Good 
known solutions were found to be part of the obtained Pareto front. 
 
The other case study correspond to a real world design (a sector of Lima’s network) where 
three objectives were considered: minimizing the investment cost, minimizing the lack of 
pressure at demand nodes and minimizing additional costs because of reliability issues. 
Details about this network may be found in Montalvo et al. [2010a]. 
 
A two dimensional representation of the Pareto front for each case is shown in Figure 3. In 
both cases it is seen that after some point, the rate at which the minimum pressure could be 
increased in the network is much lower than the rate at which initial investment costs have 
to be increased for having the desired pressure level.  
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Hanoi Network 

Lack of pressure. 
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Cost $ 

Cost $ 
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Figure 3. Pareto fronts for the studied cases 
 
The relationship between initial investment cost and minimum pressure in the network that 
can be obtained for a water supply network may help decide, among other factors, which 
pressure would be more convenient to use for the final solution. It is an added-value of the 
multi-objective approach used in this work for sizing pipe networks.  
 
To evaluate the hydraulic performance of the solutions EPANET2, Rossman [2000], a 
package for water network analysis in steady state, has been used. Additional analyses of 
quasi-steady state or various transient analyses can be performed without any change in the 
core of the algorithm. Agent Swarm Optimization and its connection with EPANET2 has 
been implemented in a software called WaterIng, Montalvo et al. [2009], developed for 
water distribution system design and analysis. 
 
Some parameters of the algorithm were established a priori for running the two examples. 
The initial population size was set equal to 20. The maximum velocity was set equal to 
50% of the variable range, Montalvo et al. [2008]. The minimum velocity was set equal to 
minus maximum velocity. Finally, the inertia weight was calculated by using the 
expression: 
 

  1ln2

1
5.0




k
. 

 
This expression was proposed in Jin et al. [2007] and has shown to produce very good 
results. Fine tuning of parameters can be performed somehow or, alternatively, some self-
adaptive techniques could be used, as proposed in Montalvo et al. [2010b]. 
 
 
4. CONCLUSIONS 

 

Evolutionary algorithms represent, in general, a good choice to solve complex multi-
objective optimization problems. Each algorithm has advantages and disadvantages, and its 
performance depends on the characteristics of the problem at hand. Agent Swarm 
Optimization (ASO), the algorithm proposed in this work, can profit from the best of 
various algorithms when solving complex multi-objective optimization problems. 
 
Accordingly, ASO can be considered as a common framework for population-based 
algorithms in general, and can be used for solving general multi-objective optimization 
problems. Specifically, we have checked that ASO produces excellent results when applied 
to water distribution system design. It is a very complex, mixed discrete-continuous, multi-
objective, NP-hard problem to which much effort has been devoted in the literature. The 
results we obtain by using the proposed approach are well within the best results found in 
the literature when solving various benchmarking problems. But, in addition, the multi-
objective approach allows people involved in the process to make their decision according 
to a number of criteria. 
 
Also, among the most important capabilities of the algorithm, the inclusion of a high 
human interaction during the solution process – an approach not used so far, to the authors 
knowledge –, must be enhanced. Users can focus the search in some desired part of the 
Pareto front and can also influence the behaviour of the agents by proposing potential 
solutions to the algorithm. 
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The use of parallel and distributed computing makes it possible for ASO to run in various 
computers involving several swarms at the same time. The hierarchical mechanism used for 
constructing the approximated Pareto front helps make this process more efficient. 
Additionally, the algorithms can increase populations automatically when needed in order 
to have enough agents for covering the whole Pareto front. These characteristics help 
obtain good approximations of the Pareto front for the addressed problem. 
 
Last but not least it should be remarked that in the case of ASO, rule-based agents can also 
be added to the solution process. The use of rule-based agents increases the probability of 
finding good solutions for a problem because those agents are closer to the essence of the 
problem. ASO makes it possible to have rule-based agents and evolutionary algorithms 
working together for solving the same problem. 
 
Integrating the search capacity of algorithms and the ability of specialists to redirect the 
search towards specific interest points – based on their experience in solving problems – 
results in a powerful collaborative system for finding solutions to engineering problems. It 
is important to note that the way on which objectives are evaluated and the determination 
of which objectives must be used are key points for obtaining good results. Extensions to 
this work are perfectly possible for solving successfully other complex engineering 
problems. 
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Abstract: The identification of rainfall/runoff relationship is a challenging issue, mainly because
of the complexity to find a suitable model for a whole given catchment. Conceptual hydrological
models fail to describe correctly the dynamic changes of the system for different rainfall events
(e.g. intensity or duration). However, the need for such relationship grows with the water pol-
lution increase in agricultural regions. Lately, a well-known type of model in the control field
appears to be a suitable candidate for water processes identification: the Linear Parameter Vary-
ing (LPV) models. This paper depicts a novel refined instrumental variable based method for the
identification of Input/Output LPV models and this algorithm is applied to identify a parsimonious
nonlinear rainfall/flow model of a 42 ha vineyard catchment located in Alsace, France.

Keywords: data-based modelling, linear parameter varying models, refined instrumental variable,
rainfall, runoff, vineyard

1 INTRODUCTION

This work is inscribed in the data-based mechanistic (DBM) framework which delivers some
stochastic solution to the “top-down ” modelling methods at the catchment scale. The aim is to
deliver a parsimonious model which avoids the identifiability issues linked with the high number
of parameters in conceptual models (Mambretti and Paoletti (1996); Previdi et al. (1999),Young
(2003)). Nonetheless, the obtained model can be classified as hybrid metric–conceptual model
as it is optimized given some set of measured data, but the model set is defined based on some
conceptual assumptions. The far-end goal is to deliver a solution for the simulation of the rain-
fall/pollutant relationship at the catchment scale for intelligent environmental decision support. In
aiming at solving this challenging problem, a solution for rainfall/runoff modelling is proposed as
a preliminary work.
The identification of rainfall/runoff relationship is a challenging issue, mainly because of the com-
plexity to find a suitable model for a whole given catchment (Beven (2000)). The need for such
relationship grows with the size of drainage networks in urban catchments or with the water pollu-
tion increase in agricultural regions. In rural catchments, there is a high spatio-temporal variability
of the soil property whether it lies in the vegetation, in the soil type or evapotranspiration (Young
and Garnier (2006)) and there is a high difference between the total and efficient rainfall. In this
case, linear models most often completely fail in delivering a satisfying rainfall/flow relationship.
The use of nonlinear models requires the choice for a nonlinearity. Some nonparametric meth-
ods for estimating these nonlinearities such asstate dependent parameters(SDP) were introduced
(Young and Garnier (2006)). Lately, a well-known type of model in the control field appears to
be a suitable candidate for water processes identification (Previdi and Lovera (2009)): theLinear
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Parameter Varying(LPV) models. LPV models depend on so-called scheduling variables and a
challenging issue is to define which variables the system depends on.
The main contribution of this paper lies in the use of a recently developed refined instrumen-
tal variable (RIV) based method for the identification of Input/Output LPV models with colored
ARMA-type added noise for the estimation of the rainfall/runoff relationship in rural catchments.
This method produces consistent estimates even when the noise assumption is not fulfilled, which
is a strong feature for stochastic optimization based methods. The paper is organized as follows.
In Section 2, the main issues for applying data-based identification methods in environmental
framework are given. Then, in Section 3, a new LPV identification method based on the refined
instrumental variable algorithm introduced in Laurain et al. (2010) is fully detailed. Finally, in
Section 4, the full identification process and the model used for rainfall/flow modeling is given
while the performance of the presented algorithm are depicted using a data set coming from a 42
ha vineyard catchment located in Alsace, France (Grégoire et al. (2010)).

2 ISSUES IN ENVIRONMENTAL DATA -BASED MODELLING

When considering data-based modelling of dynamic systems, most of the optimization methods
are based on stochastic optimization methods. Nonetheless, a suited optimization method has to
be developed with respect to the field of application considered. In the present context, the fol-
lowing features have to be taken into consideration. Most environmental models derive from the
first principle of physics. These models are therefore naturally expressed in terms of differential
equations which are equivalent to continuous-time transfer functions in the Control community.
Therefore, the first issue is the ability to identify a model under its transfer function form which
offers the ability to interpreta posteriori the data-based model in physical or ecological terms:
data-based mechanistic modelling (Young and Beven (1994)).
The second concern when dealing with environmental data is the inability to control the input
and to only be able to measure it. This leads to a so-calledError-In-Variables (EIV) identifi-
cation problem. However, the methods developed so far concerning EIV problems need strong
hypothesis and knowledge about the noise model (Thil et al. (2009)). In a more general way,
speaking about stochastic optimization implies a stochastic representation of the measurement
noise. However, the usual gaussian noise assumption is not verified in these rural catchments.
When measuring flow, the measurement noise presents complicated characteristics such as non
stationarity. For example, the noise variance increases with the flow whereas the variance be-
comes null when no flow is measured. During strong rainfall events, some transported particules
remain in the channel of the flowmeter, luring him into measuring inexistent flow.
The final challenge concerning rainfall/runoff relationship is to determine the non-linearity of the
studied system. The common approximation of conceptual models for rainfall/flow relationship
is the Hammerstein structure as presented in Fig 1. In order to estimate such models, the SDP
models introduced in Young and Beven (1994) are combined to a fixed interval smoothing filter in
order to determine the non-linearity form. This method is very powerful as it is a non-parametric
method which does not need the knowledge about the dynamic of the system. The state depen-

Total

rainfall

Efficient

rainfall

Outlet

flow

Static

nonlinearity

Dynamic
linear
system

Figure 1: Hammerstein model for rainfall/flow relationship

dant parameter models are similar from a general point of view to LPV models which are widely
used in the control theory. These models rely on models in which the parameters depend on a state
of the system or a external variable. Nonetheless, the SDP models were mainly restrained so far
to Hammerstein structures (Young (2003)) but the relevance of full LPV models for rainfall/flow
modeling in urban catchments can be found in Previdi and Lovera (2009). However, until recently
(Laurain et al. (2010)), the accurate identification of such models for LPVOutput Error (OE)
model was not clearly defined in the literature. Therefore, the next section introduces the method
from (Laurain et al. (2010)) and the type of model it can be applied to.
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3 ESTIMATION OF LPV OUTPUT ERROR M ODELS

Would the system be linear, a method dealing robustly with the noise conditions depicted in
the previous section is theSimplified Refined Instrumental Variable(SRIV) method proposed in
Young and Jakeman (1980). Moreover, this method was extended to non-linear models (Laurain
et al. (2008)). This section exposes the extension of the SRIV method toLPV-OEmodels: the
LPV-SRIV method. In the LPV case, most of the methods developed for Input/output (IO) mod-
els based identification are derived under a linear regression form (Wei and Del Re (2006); Giarré
et al. (2006); Butcher et al. (2008)). By using the concepts of theLinear Time Invariant(LTI)
prediction error framework, recursiveleast squares(LS) andinstrumental variable(IV) methods
have been also introduced (Giarré et al. (2006); Butcher et al. (2008)). A discussion about the
performances and robustness of these algorithms compared to the one introduced in this paper can
be found in Laurain et al. (2010).

3.1 LPV output error models

The considered models in this application are given as:

M

{

A(pk, q−1)χ(tk) = B(pk, q−1)u(tk−d)

y(tk) = χ(tk) + e(tk)
(1)

whered is the delay,χ is the noise-free output,u is the input,e is the additive noise with bounded
spectral density,y is the noisy output of the system andq is the time-shift operator, i.e.q−iu(tk) =
u(tk−i). p are the so-called scheduling variables. For LTI systems, the coefficients ofA andB

are constant in time while they are time-varying depending onp for LPV models.A(pk, q−1) and
B(pk, q−1) are polynomials inq−1 of degreena andnb respectively:

A(pk, q−1) = 1 +

na∑

i=1

ai(pk)q−i with ai(pk) = ai,0 +

nα∑

l=1

ai,lfl(pk) i = 1, . . . , na (2)

B(pk, q−1) =

nb∑

j=0

bj(pk)q−i with bj(pk) = bj,0 +

nβ∑

l=1

bj,lgl(pk) j = 0, . . . , nb. (3)

In this parametrization,{fl}
nα

l=1 and{gl}
nβ

l=1 are functions ofp, with static dependence, allowing
the identifiability of the model (pairwise orthogonal functions for example). It can be noticed
that the knowledge of{ai,l}

na,nα

i=1,l=1 and{bj,l}
nb,nβ

j=0,l=0 ensures the knowledge of the full model.
Therefore, these model parameters are stacked columnwise in the parameter vectorρ,

ρ =
[
a1 . . . ana

b0 . . . bnb

]⊤
∈ R

nρ , nρ = na(nα + 1) + (nb + 1)(nβ + 1)

ai =
[

ai,0 ai,1 . . . ai,nα

]
∈ R

nα+1 andbj =
[

bj,0 bj,1 . . . bj,nβ

]
∈ R

nβ+1.

The model defined by equations (1),(2) and (3) is denoted asLPV-OE.

3.2 Identification problem statement

For models given in (1) and assuming that:
• the scheduling variablesp are knowna priori,
• the functions{fl}

nα

l=1 and{gl}
nβ

l=1 are knowna priori,
• the ordersna, nb, nα, nβ andd are knowna priori,

the identification problem can then be stated as follows: given the total rainfall datau and the
outlet flow datay sampled at timestk k = 1..N , estimate the associated parameter vectorρ.

3.3 Reformulation of the model

A way to solve the LPV identification problem is to rewrite the signal relations of (1) into the
following form (Laurain et al. (2010)):

Mρ







χ(tk) +

na∑

i=1

ai,0χ(tk−i)

︸ ︷︷ ︸

F (q−1)χ(tk)

+

na∑

i=1

nα∑

l=1

ai,lfl(pk)χ(tk−i)
︸ ︷︷ ︸

χi,l(tk)

=

nb∑

j=0

nβ∑

l=0

bj,lgl(pk)u(tk−d−j
︸ ︷︷ ︸

)

uj,l(tk)

y(tk)=χ(tk) + e(tk)
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(4)

whereF (q−1) = 1 +
∑na

i=1 ai,0q
−i. Note that in this way, theLPV-OEmodel is rewritten as a

Multiple-Input Single-Output(MISO) system with(nb +1)(nβ +1)+nanα inputs{χi,l}
na,nα

i=1,l=1

and{uj,l}
nb,nβ

j=0,l=0. Given the fact that the polynomial operator commutes in this representation
(F (q−1) does not depend onpk), (4) can be rewritten as

y(tk) = −

na∑

i=1

nα∑

l=1

ai,l

F (q−1)
χi,l(tk) +

nb∑

j=0

nβ∑

l=0

bj,l

F (q−1)
uj,l(tk) + H(q)e(tk), (5)

which is a LTI representation.

3.4 LPV-SRIV algorithm

In this section a detailed RIV based algorithm is described. The choice for such method can be
justified by the facts that in the LTI case, RIV methods lead to statistically optimal estimates if the
noise model is correct (S̈oderstr̈om and Stoica (1983)) and provides consistent estimates in case
the noise assumption is not fulfilled. This feature is necessary in the present context due to the
noise particularity given in Section 2. Any theoretical justification about the LPV-SRIV algorithm
can be found in Laurain et al. (2010) but due to space restrictions, only the algorithm is detailed
here:
LPV-SRIV algorithm:

Step 1: Use a traditional LS method to obtain̂ρ(0)). Setτ = 0.

Step 2: Compute an estimate ofχ(tk) by simulating the auxiliary model:

A(pk, q−1, ρ̂(τ))χ̂(tk) = B(pk, q−1, ρ̂(τ))u(tk−d)

based on the estimated parametersρ̂(τ) of the previous iteration. Deduce the output terms
{χ̂i,l(tk)}

na,nα

i=1,l=0 as given in (4) using the modelMρ̂(τ) .

Step 3: Compute the estimated filter̂Q(q−1, ρ̂(τ)) =
1

F (q−1, ρ̂(τ))
and filter the signals

{uj,l(tk)}
nb,nβ

j=0,l=0, y(tk) and {χi,l(tk)}na,nα

i=1,l=0 using Q(q−1, ρ̂(τ)) to obtain{uf
j,l(tk)}

nb,nβ

j=0,l=0,
yf(tk) and{χf

i,l(tk)}na,nα

i=1,l=0 respectively.

Step 4: Build the filtered estimated regressorϕ̂f(tk) and the so called filtered instrumentζ̂f(tk)
defined as:
ϕ̂f(tk)=

[
−yf(tk−1) . . . −yf(tk−na

) −χ̂f
1,1(tk) . . . −χ̂f

na,nα
(tk) uf

0,0(tk) . . . uf
nb,nβ

(tk)
]⊤

ζ̂f(tk)=
[
−χ̂f(tk−1) . . . −χ̂f(tk−na

) −χ̂f
1,1(tk) . . . −χ̂f

na,nα
(tk) uf

0,0(tk) . . . uf
nb,nβ

(tk)
]⊤

Note that in IV based identification methods, the optimal choice for the instrument is the noise-
free version of the regressorϕ(tk) (Söderstr̈om and Stoica (1983).

Step 5: The solution of the IV estimation equations can be stated as:

ρ̂(τ+1)(N)=

[
N∑

k=1

ζ̂f(tk)ϕ̂⊤

f (tk)

]−1
N∑

k=1

ζ̂f(tk)yf(tk)

whereρ̂(τ+1)(N) is the IV estimate of the process model associated parameter vector at iteration
τ + 1 based on the prefiltered input/output data.

Step 6: If ρ(τ+1) has converged or the maximum number of iterations is reached, then stop, else
increaseτ by 1 and go back to Step 2.

4 IDENTIFICATION OF A RAINFALL /RUNOFF RELATIONSHIP IN A RURAL CATCHMENT

Given the total rainfall datau and the outlet flow datay sampled at timestk, k = 1, . . . , N , the
goal is to estimate the rainfall/runoff relationship. In the given case, the sample time is 6 minutes,
the flow unit isl/s and the rainfall is expressed inmm. The data measured during the year 2008
are shown in Fig 2.
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Figure 2: Rainfall and flow data for the Hohrain catchment (Alsace,France) during 2008

4.1 Catchment description

The studied Hohrain catchment area is located in the Alsatian vineyard (Eastern part of France,
latitude 47579 N; longitude 007173 E; altitude 284 m). The area of the catchment is 42 hectares.
Exceptional annual precipitations maximally reached 867 mm (1999) and minimally 361 mm
(1953). The average annual rainfall calculated since 1946 is 600 mm. The mean slope of the
catchment is 15%. Geologically, Ẅurm loamy loess and Oligocene clayey conglomerates and
marls, as well as compact calcareous substrate largely dominate in the upper and lower parts of
the catchment, respectively. The main soil type is mostly calcareous clay loams with medium
infiltration capacity. 68% of the hydraulic catchment are covered by vineyards (Figure 3). The
land use shows a gradient from mostly forested areas and partly orchard at the upstream of the
basin to agricultural and vineyard areas nearer to the outlet. With more than 120 farming plots,
it should be noted that the road network is dense, mostly impervious and represents about 6%
of the area of catchment. The catchment can be qualified as dry catchment with no permanent
flow (Grégoire et al. (2010)). The hydrological functioning can be summarized in three steps: i)
first of all no river network is observed and no discharge occurs without rainfall, ii) then, from a
total rainfall depth of 4 mm only the road network contributes to the discharge, iii) finally, over a
total rainfall depth of 8 mm, the number of fields contributing to the discharge increases with both
intensity and total rainfall depth. The catchment is depicted in Fig. 3.

Figure 3: Hohrain catchment (Alsace, France)

2048



V. Laurain et al. / A new data-based modelling method for identifying parsimonious nonlinear rainfall/flow models

4.2 Preliminary study

Over the70000 samples acquired, only5000 are greater than0.3 l/s and are relevant for the iden-
tification process. The dataset has to be split into identification data (on which the identification
algorithm will be run) and validation data. The identification data needs to include the widest
possible dynamic range and therefore needs to incorporate both low rainfall events and strong
rainfall events. Consequently, the chosen identification data are exposed in Fig. 2 and all the
whole dataset is used for the validation of the estimated model. The accuracy of the estimated
models is computed using the NASH coefficient defined as (Nash and Stucliffe (1970)):

NASH = 1 −
‖ŷ(tk) − y(tk)‖

var(y(tk))
. (6)

Accordingto section 3.2, a preliminary study is needed in order to determine i)the choice of the
scheduling variables, ii) the pure delay of the system and iii) the orders of the system. Trying to
optimize all three choices simultaneously is an impossible goal considering all possible combina-
tions of scheduling variables. Therefore, the choice of the delay and of the orders will be treated
separated from the choice of the scheduling variables.

Order determination: The choice of orders is driven using the assumption that the best LPV
model and the best linear model have the same ordersnb andna and delayd. This is mainly mo-
tivated by the fact that the linear model is a truncation of a more precise LPV model (fornα = 0
andnβ = 0).
Both the orders and the delay of the model are computed in an automated manner by identifying
linear models and minimizing the Young’s Information Criterion (YIC) defined as (Young and
Jakeman (1980)):

Y IC = log
var(ŷ(tk) − y(tk))

var(y(tk))
+ log

1

nθ

nθ∑

i=1

π̂ii

ρ̂i

(7)

whereπii is the ith, ith element of the covariance matrixPρ associated tôρ. The method used
is the LPV-SRIV algorithm wherenα = 0 andnβ = 0 which is equivalent to the SRIV method
(Garnier and Wang (2008)). Minimizing the YIC criterion is equivalent to jointly minimize the
NASHcoefficient on the one hand and the order of the system on the other hand. The results
obtained for this catchment arenb = 1, na = 1 andd = 1.

Scheduling variables determination:The final task of the preliminary study is the definition of
the scheduling variablespi(tk). The expert knowledge states that the system behavior changes
with the moisture of the catchment. Nonetheless, such measure is unaccessible in practice and in
the presented example, the only accessible data are the total rainfall and the outlet flow. Concern-
ing the determination of these scheduling variables, most of the work presented here is largely
inspired by the recent work of P. Young. In Young (2002), the authors propose a Hammerstein
structure (see Fig. 1) where the non-linearity depends on the measured flow in a forecasting con-
text: this hypothesis reflects the fair assumption that the outlet flow is well correlated with the
moisture of the catchment. More recently ( Young (2003) see and the prior references therein),
P. Young proposed a model for simulation in which the nonlinearity depends on output of a lin-
ear tank model obtained from the data with some successful interpretation capability. Therefore,
based on the same correlation assumption as in Young (2003) and expert knowledge, two schedul-
ing variables are proposed to represent as closely as possible the moisture of the field are:

• the outlet flowŷL(tk) simulated using a linear model estimated from the data using SRIV
algorithm and(1 + a0q

−1)ŷL(tk) = b0q
−1u(tk).

• The sum of the past rainfall̄u(tk) =
∑∆

i=0 u(tk−i). ∆ is chosen as the minimum number
of samples maximizing theNASH coefficient for the LPV model. In this application it is
set to 20 samples or 2 hours.

As a conclusion of this preliminary study, the LPV model considered (LPV-OE) is given by (1)
where:

{

A(ŷL(tk), ū(tk), q−1) =1 +(a1,0 +a1,1ŷL(tk)+a1,2ū(tk))q−1

B(ŷL(tk), ū(tk), q−1) = (b1,0 + b1,1ŷL(tk) + b1,2ū(tk))q−1.
(8)
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4.3 Results

In this section, the results exposed will focus in showing i) the relevance of the LPV model and ii)
the relevance of using a consistent method for unknown noise structure. Therefore, the presented
algorithm will be compared to LS based methods which assumeAuto Regressive models with
eXogenous inputs(ARX) where the noise has the same dynamic as the system, whether it is a
linear model (ARX),

(1 + a0q
−1)y(tk) = b0q

−1u(tk) + e(tk), (9)

or a LPV model (LPV-ARX)

A(ŷL(tk), ū(tk), q−1)y(tk) = B(ŷL(tk), ū(tk), q−1)u(tk) + e(tk). (10)

These models are not realistic in practical applications, but they remain widely used because of
their simple algorithmic. On the other side, they are so far the only alternative to IV methods
when estimating LPV models. The ARX models are estimated using LS methods while the Lin-
ear/LPV OE models are estimated using the presented SRIV/LPV-SRIV algorithm. The different
NASHcoefficients computed on the validation dataset from the linear ARX and OE1 models are
NASHARX = 0.54 andNASHOE = 0.63 respectively. Both linear models are unable to ac-
curately fit the data as they cannot model the change of dynamics in the system according to the
amount of rain. Nonetheless, the algorithm used for parameter estimation indubitably plays an
important role as the model estimated using the SRIV method fits the data much better than the
one stemming from the least squares technique.
When estimating theLPV-OEmodel, using the presented algorithm, the computedNASH coef-
ficient isNASHLPV −OE = 0.84. Concerning theLPV-ARXmodel, the LS method was unable
to provide a stable model and therefore the results are not valid.
Fig. 4(b) and 4(a) show the response of the estimatedLPV-OEmodel and linear OE model for an
important rainfall (used for the estimation) and a small rainfall (not used for the estimation) events
respectively. It can be seen that the results corroborate the assumption that the chosen scheduling
variables represent well the moisture of the catchment.
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Figure4: Comparison of linear and LPV models

Moreover, the presented model is compared to the nonlinear model proposed in Young (2003)
which can be parented to an advanced Hammerstein model. On the validation set, theNASH

coefficient obtained for this Hammerstein model isNASHHamm = 0.835. One of the advantage
in using a full LPV model over an Hammerstein structure can be depicted in Fig. 5. The Hammer-
stein model only allows changes in the amount of the water reaching the outlet with a fix dynamic
constraint while the LPV model allows a large dynamic variation which results in a slightly better
fit of the model on this event. Nonetheless, some further investigation is needed to emphasis the
physical legitimacy of one or the other model and the only conclusion that can be drawn out is
that both models present equivalent statistical performances.

1LinearOE model:y(tk) = b0q−1

(1+a0q−1)
u(tk) + e(tk)
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Figure 5: Comparison between full LPV model and Hammerstein model

5 CONCLUSION

This paper has presented a new algorithm for consistently estimating LPV model when the as-
sumed noise model is unknown or false. The theoretical results from (Laurain et al. (2010)) were
successfully applied to a dataset from a vineyard catchment. The algorithm based on the refined
instrumental variable algorithm outperforms the existing algorithms based on least squares algo-
rithm: it leads to consistent estimates under harsh noise conditions. Moreover, some scheduling
variables were introduced and their correlation with the moisture of the field has been verified.
In order to completely fulfill the data-based mechanistic process, the identification of continuous-
time LPV models directly deriving from the first principle laws of physics is intended.
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Abstract: Many complex physical systems such as biological systems are characterized both
by incomplete models and limited empirical data. Accurate prediction of the behavior of such
systems requires exploitation of multiple, individually incomplete, knowledge sources. Our ap-
proach, called approximate-model-based adaptation, utilizes case-based reasoning to provide an
approximate solution and model-based reasoning to adapt this approximation into a more precise
solution. This approach is implemented in CARMA, a decision-support system for grasshopper
infestation advising which models experts and has been successfully used since 1996. Initially fo-
cused on rangeland grasshoppers within the state of Wyoming, CARMA’s capabilities have been
extended to support the development and implementation of more environmentally friendly and
sustainable strategies and to support advising in nine additional western U.S. states. This paper
details our approach to scaling CARMA to the wider geographic region. Prior research indicated
that completeness of the model-based knowledge used for matching and adaptation is more impor-
tant to CARMA’s accuracy than coverage of the case library. Given the importance of the model
as a tool for refinement and accuracy, and that the cases are mostly void of region-specific infor-
mation, our approach is thus to continue using the cases without changes as a general source of
approximate predictions, and to extend the region-specific historical information required by the
model as necessary to provide regional accuracy. The relative ease with which CARMA has been
scaled thus far lends confirmation to the fact that CARMA’s modeling of the experts is accurate.

Keywords: scalability; environmental decision support; case-based reasoning; model-based rea-
soning; sustainable grasshopper management

1 INTRODUCTION

CARMA, short for CAse-basedRangeland grasshopperManagementAdvisor, is an advisory
system for grasshopper infestations that has been successfully used since 1996 (Hastings et al.
[2002]). CARMA employs a variety of artificially-intelligent (AI) techniques to provide advice
about the most environmentally and economically effective responses to grasshopper infestations.
In the process, CARMA illustrates an approach to providing advice concerning the behavior of
a complex biological system by leveraging multiple, individually incomplete, knowledge sources
(Hastings et al. [1996]) including the introduction of a technique known asapproximate-model-
based adaptationwhich integrates case-based reasoning (Aamodt and Plaza [1994]; Kolodner
[1993]) with model-based reasoning for the purpose of prediction within complex physical sys-
tems. Approximate-model-based adaptation is defined and contrasted with perfect-model-based
adaptation by Branting [1998].

CARMA was designed with usability as a primary goal with the intention being to present an in-
terface so intuitive that it completely eliminates the need for a user manual. Recent “non-biased”
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survey results (Hastings et al. [2010]) using a modified online form of the desirability toolkit
(Benedek and Miner [2002]) suggest that the approach employed in CARMA’s interface is a suc-
cess. In 2003 CARMA was expanded to include a prototype cropland grasshopper advising mod-
ule (Hastings et al. [2003]) in order to handle situations when grasshopper populations build up at
the rangeland-cropland interface and spread into cropland such as small grains. Furthermore, the
graphical user interface (GUI) has been converted to Java in a manner which illustrates a technique
for integrating an artificially-intelligent Lisp reasoner with a Java GUI (Hastings and Latchinin-
sky [2009]). The implementation follows a philosophy calledplatform freedomwhich emphasizes
freedom from both platform dependence and software costs, and in the process demonstrates an
approach to creating a web-capable Lisp application with an appealing GUI.

Initially focused on rangeland grasshoppers within the state of Wyoming, CARMA’s capabili-
ties have been extended to support the development and implementation of more environmentally
friendly and sustainable strategies, and to support advising in nine additional western U.S. states:
Colorado, Idaho, Montana, Nebraska, New Mexico, North Dakota, Oregon, South Dakota, and
Utah. The regional extension increases CARMA’s overall coverage from 97K square miles (253K
km sq) to 963K square miles (2494K km sq). This paper details our approach to scaling CARMA
to the wider geographic region. Prior research indicated that completeness of the model-based
knowledge used for matching and adaptation is more important to CARMA’s accuracy than cov-
erage of the case library. Given the importance of the model as a tool for refinement and accuracy,
and that the cases are mostly void of region-specific information, our approach is thus to continue
using the cases without changes as a general source of approximate predictions, and to extend
the region-specific information required by the model as necessary to provide regional accuracy.
The relative ease with which CARMA has been scaled thus far lends confirmation to the fact that
CARMA’s modeling of the experts is accurate.

Sections 2 through 4 describe the problem domain and CARMA’s evolving role as a decision sup-
port tool in the world of sustainable grasshopper pest management. Section 5 details CARMA’s
problem-solving approach as modeled after domain experts. Our approach to scaling CARMA is
described in section 6, followed by a discussion in section 7.

2 GRASSHOPPERS AS ECONOMIC PESTS

Competing with humans and livestock for forage and crops, grasshoppers (Orthoptera: Acridi-
dae) are a serious economic problem in 17 U.S. states west of the Mississippi. They are estimated
to destroy annually about 25% of the available rangeland forage in the U.S., at an inflation ad-
justed cost of US$1 billion (Hewitt and Onsager [1983]). Currently, the only efficient strategy
to deal with a grasshopper outbreak consists in the use of insecticide applications. During the
1986-88 outbreaks, 20 million acres of western rangeland were treated with 1.3 million gallons
of insecticides at a cost of US$75 million. Besides their high economic cost, large-scale insec-
ticidal programs that “blanket” grasshopper infestations may be detrimental to the environment
(USDA [2002]) and can even aggravate grasshopper outbreaks over the long-term (Lockwood
et al. [1988]).

3 CARMA: GRASSHOPPER DECISION SUPPORT

CARMA provides the end-user with advice regarding grasshopper population management op-
tions in an economically and environmentally sound fashion. Historically, rangeland infestations
were considered treatable when grasshoppers occurred at densities of eight or more grasshoppers
per square yard. While this treatment threshold was thought to make sense from a protectionist
point of view (i.e., protect the existing forage at all costs so as not to risk forage shortages), it
did not always make economic sense (Lockwood and Schell [1995]). CARMA conducts detailed
analysis of infestations looking at a number of factors including grasshopper densities as well
as range productivity in order to provide an economic analysis of an infestation. In cases where
treatment costs will outweigh the estimated value of forage saved by treatment, CARMA advises
a “no treatment” option, which provides the greatest environmental savings of all.
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4 CARMA AND SUSTAINABLE PEST MANAGEMENT

In addition to conventional, blanket applications of broad-spectrum insecticides like malathion
and carbaryl, CARMA considers an option called Reduced Agent and Area Treatments (RAATs)
(Lockwood and Schell [1997]). In fact, CARMA was instrumental in developing the RAATs
strategy. RAATs is a method of integrated pest management (IPM) for rangeland grasshoppers in
which the rate of insecticide is reduced from conventional levels as untreated swaths (refuges) are
alternated with treated swaths. RAATs works both through chemical control, meaning grasshop-
pers are killed in treated swaths and as they move out of untreated swaths, and conservation
biological control, which allows predators and parasites preserved in untreated swaths to suppress
grasshoppers. Less insecticide in the environment lowers the risk to native species (including fish
and wildlife), water quality, and humans. The untreated swaths provide a refuge for organisms
with lower mobility than grasshoppers, and even those organisms that move into the treated swaths
will be largely unaffected unless they feed on the foliage. The untreated swaths harbor species
essential to rangeland ecosystems, including bio-control agents of grasshoppers and weeds. Low
densities of surviving grasshoppers allow predators and parasites in the untreated refuges to re-
colonize and thereby reestablish natural regulation of grasshopper populations. For these reasons,
RAATs programs also may sustain higher densities of birds than blanket applications. This IPM
approach (RAATs) can reduce the cost of control and the amount of insecticide applied to our
rangelands from 50 to 75% (Lockwood et al. [2002]). In 2003, the RAATs strategy was applied
to 400,000 acres in Wyoming which saved half a million US dollars for local agriculturists. The
contribution that CARMA has played and continues to play in supporting the development and
implementation of sustainable pest management strategies such as RAATs is detailed in Hastings
et al. [2009]. RAATs became the preferred option in the USDA-APHIS Environmental Impact
Statement when grasshopper control is required (USDA [2002]). CARMA is the only pest man-
agement software that includes RAATs as an option and an open-ended capacity for user-based
treatment updates. In fact, Hopper (USDA [2004]), the only other grasshopper pest management
tool of which we are aware, never included RAATs and its development has been indefinitely
suspended by USDA-APHIS.

5 CARMA MODELS THE EXPERTS

CARMA is modeled after grasshopper pest management experts and interacts with users through
the same sort of guided consultation employed by experts. The user is queried for information as
needed in order to satisfy goals in an internal goal structure with the top-level goal being a com-
pleted consultation (or treatment recommendation). Much of the user input is used to construct an
infestation case.

Briefly, the main steps in a consultation (as modeled after experts) are:

1. Determine the relevant facts of the infestation case from information provided by the user
by means of heuristic rules.

2. Predict the proportion of available forage that will be consumed by each distinct grasshop-
per population using approximate-model-based adaptation.

3. Compare total grasshopper consumption with the proportion of available forage needed by
livestock to determine if competition for forage will occur.

4. If the predicted forage consumption will lead to economic loss, determine which possible
treatment options are excluded in the current situation.

5. Provide an economic analysis for each viable treatment option and recommend the treat-
ment or treatments that are most economical.

For a detailed description of the rangeland grasshopper infestation advising task and the imple-
mentation of the consultation process within CARMA, the reader is referred to Hastings et al.
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[2002]. Approximate-model-based adaptation from step 2 is most relevant to the later discussion
on scaling CARMA and is thus described in greater detail in the following subsection.

5.1 Approximate-model-based Adaptation

Our protocol analysis indicated that entomologists estimate forage consumption by comparing
new cases to prototypical infestation scenarios. These prototypical cases differ from conventional
cases in two important respects. First, the prototypical cases are not expressed in terms of observ-
able features (e.g., “Whenever I take a step, I see six grasshoppers with brightly colored wings
fly”), but rather in terms of abstract derived features (e.g., “Approximately nine nymphal over-
wintering grasshoppers in the adult phase per square yard”). Second, the prototypical cases are
extended in time, representing the history of a particular grasshopper population over its lifes-
pan. Each prototypical case is therefore represented by a “snapshot” at a particular, representative
point in time selected by the entomologist. In general, this representative point is one at which the
grasshoppers are at a developmental phase in which treatment is feasible.

CARMA begins a consultation by eliciting information to determine the relevant features of a new
case. CARMA can then employ approximate-model-based adaptation whereby the causal model
assists case-based reasoning in four different ways: case factoring; temporal projection; featural
adaptation; and critical-period adjustment. The assumption underlying approximate-model-based
adaptation is that the causal models associated with a biological or other partially understood
systems may be accurate in the neighborhood of a case, even if the models are insufficient for
accurate prediction throughout the entire feature space.

1. Factoring Cases into Subcases. CARMA’s consumption prediction module first splits the
overall population into subcases of grasshoppers with distinct overwintering types (i.e.,
overwintering as nymphs or eggs), since forage consumption by those that overwinter as
nymphs is much different from consumption by those that overwinter as eggs.

2. Temporal Projection. Before performing case matching and adaptation in order to predict
the forage loss of a subcase, CARMA retrieves all prototypical cases whose life history
(i.e., overwintering type) matches that of the subcase, and projects the prototypical cases
forwards or backwards to align their average developmental phases with that of the new
subcase.

3. Featural Adaptation. The consumption predicted by the best matching prototypical case is
modified to account for any featural differences between it and the subcase. This adapta-
tion is based on the influence of each feature on consumption as represented by featural
adaptation weights learned through hill-climbing (Branting et al. [1997]).

4. Critical-Period Adjustment. Consumption is only damaging if it occurs during the critical
forage growing period of a rangeland habitat. The forage loss predicted by a prototypical
case must be modified if the proportion of the lifespan of the grasshoppers overlapping the
critical period differs significantly in the new case from the proportion in the prototypical
case.

For a more complete description of approximate-model-based adaptation in CARMA, see Brant-
ing et al. [1997].

6 SCALING CARMA

In order to scale CARMA’s reasoning capabilities to cover a broader geographic area, the portions
of CARMA affected by changes in location obviously need to be considered. While this might
otherwise be a daunting task for systems which attempt a more precise form of simulation, an
extension is actually quite manageable for CARMA given the generality of its design in dealing
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with domain concepts. For example, rather than reasoning with individual grasshoppers species
– a level of granularity that when scaling would require adding new species because individual
species vary from state to state and even location to location within a state – CARMA reasons
with a general categorization of grasshopper species (i.e., bandwing, slantfaced and spurthroat)
that are fully applicable across the entire western U.S.. This generality plays itself out throughout
CARMA and greatly supports its ease of scalability.

Because CARMA’s primary reasoning task is approximate-model-based adaptation, our work on
scaling CARMA focuses on the effects of applying this task to new locations. The role of location
in this task and our approach to scaling are described in the following subsections.

6.1 Determining relevant case facts

As mentioned in the consultation steps in section 5, before performing approximate-model-based
adaptation, CARMA determines the relevant facts of a new case based on information provided
by the user. Several case attributes default to historical values for the location. These historical
values are presented to the user, at which time the user has the option to override the default. The
absence of historical information for a location would prevent a user from seeing what constitute
reasonable conditions (or inputs) for their location or surrounding locations thereby preventing
an informed choice, and could cause CARMA’s performance to degrade drastically as the user
is more likely to provide values which differ greatly from what would be reasonable for their
location. Given the importance of this historical information, CARMA is simply not programmed
to function without it.

The primary location-specific historical information required by CARMA and its relevance to the
grasshopper advising task are as follows:

1. Infestation history: A higher frequency of outbreaks for a location suggests a greater poten-
tial for damage given the presence of grasshoppers for that location.

2. Historical range productivity: Locations with higher range forage productivity are better
able to replace, through rapid plant growth, any forage consumed by grasshoppers.

3. Historical weather information: Weather patterns for temperature and precipitation influ-
ence both infestation frequencies and range productivity. Variations from historical weather
values suggest the potential for a greater or lesser likelihood of grasshopper damage, e.g.,
lower than average precipitation amounts for a location given average conditions for other
relevant factors will negatively impact forage production and positively influence grasshop-
per survival and thus suggests an increased likelihood of an effect from grasshopper con-
sumption of forage.

6.2 Location within the Cases

Although CARMA’s cases were originally constructed with Wyoming infestation scenarios in
mind, the fields within the cases are almost entirely location neutral. The only location-dependent
fields are the following:

1. Infestation location: all of CARMA’s cases are centered at LaGrange, WY,

2. Date: the dates are representative of outbreaks which could occur at LaGrange with the
dates varying according to the timing and type of outbreak represented, and

3. Critical period dates: all of the cases, because they are centered at LaGrange have a begin-
ning critical period date of June 12.
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The other case fields vary simply based on the specifics of the outbreak being represented inde-
pendent of the location of the outbreak, e.g., one case might have a per-square-yard grasshopper
density of 12 while another might have a density of 35. Even the fields from the previous sub-
section (i.e., range value, infestation frequency, temperature, and precipitation) which default to
historical values are location neutral when viewed in the context of a case. For example, range
value is location neutral in the sense that a range value of “moderate” for a location in Wyoming
has the same meaning as a range value of “moderate” for a location in Idaho.

6.3 Approach to Scaling

It was apparent that in extending CARMA, historical information would need to be augmented
as appropriate for any new location added to CARMA. We chose to represent histories on a state
by state basis because the extension has been handled incrementally state by state. For each new
state, CARMA has seen the addition of state-specific infestation history maps, historical range
productivity maps, and historical weather information (the extension thus far has resulted in the
addition of histories for 147 weather stations per state on average). In addition, CARMA’s user
interface has been generalized beyond Wyoming to dynamically handle and display state-specific
information, e.g., the location elicitation window has been modified to access and display the road
map for the state selected by the user.

Scaling the historical information and related user windows has been relatively straightforward
and has required minimal adjustments to the code itself, although the handling and conversion
of the historical information itself has been somewhat time consuming. The scaling of the input
windows was subsumed by the overall revamping of the user interface mentioned in section 1 and
would have otherwise required more work to generalize to multiple states. CARMA’s infestation
history maps are generated from the USDA’s ArcGIS files by first exporting to a flat image format
already recognized by CARMA, and then scaling for display purposes. In the future, it would be
ideal to augment CARMA so that it handles GIS source formats more directly. CARMA’s existing
weather histories for Wyoming had years ago been tediously hand coded into a text file from a
climate history textbook. At the outset of the recent scaling process, conversion code was written
to transform information from digital climate center files into the form required by CARMA.

But, what to do with the cases? CARMA’s existing cases are most definitely Wyoming cases.
Would an extension require state-specific cases or are the cases general enough to avoid greatly
augmenting the case library? Prior research indicated that completeness of the model-based
knowledge used for matching and adaptation is more important to CARMA’s accuracy than cov-
erage of the case library (Branting and Hastings [1994]). Based on the results of this research,
CARMA’s case library for the initial releases of CARMA for Wyoming was kept justifiably small.
For Wyoming, the model was powerful enough to avoid augmenting the cases. But for a larger
region, is the model powerful enough (when bolstered with the extended region specific informa-
tion) to entirely handle scaling CARMA to new regions without developing state or region specific
cases? Surprisingly, the answer is yes! The key turns out to be a component within critical period
adjustment.

Although the cases were developed for Wyoming, as previously mentioned they are mostly loca-
tion neutral. A grasshopper outbreak of similar magnitude in Wyoming will play out in a similar
fashion in other western states given similar characteristics - the only features that will vary be-
cause of the difference in location are the dates at which the outbreaks occur and the critical period
dates. For example, an outbreak near Ogallala, Nebraska will occur earlier in the year than La-
Grange, Wyoming, and will have an earlier beginning critical period date because phenological
events occur earlier in the year at Ogallala. The ability to predict the timing of biological events
for genetically identical organisms is sometimes described by Hopkins’ bioclimatic law (Hopkins
[1920]) which states that phenological events vary at a rate of four days for each degree of lati-
tude, each five degrees of longitude, or each 400 feet of altitude, with events being later northward,
eastward, and upward.
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The critical period of a specific parcel of rangeland is determined by the parcel’s location (i.e.,
latitude and elevation). For Wyoming, CARMA accounts for differences in location from cases
centered at LaGrange, WY by shifting critical period dates using an adjustment based on bio-
climatic law. Longitude plays a negligible role when dealing with rangeland grasshoppers, and
according to the domain experts (Dr. Jeffrey Lockwood and Dr. Alexandre Latchininsky), can be
entirely eliminated from the adjustment. CARMA’s function for calculating the date adjustment
based on differences in location is as follows:

function DateLocationAdjustment(location)
return (locationlatitude − LaGrangelatitude) ∗ 4

+(locationelevation − LaGrangeelevation) ∗ 0.007

This adjustment works well for Wyoming, and in the judgment of the experts, is applicable to the
entire western U.S. region within which rangeland grasshoppers are of concern. After temporal
projection is applied, CARMA adjusts the date and the critical period dates of the new case based
on the adjustment specified by this function. These adjusted dates are then used internally in
performing critical-period adjustment.

7 DISCUSSION

Although not initially created with future extensions in mind, the extension of CARMA has been
quite natural given CARMA’s inherent scalability which is a combination of the scalability of the
problem-solving approach and the implementation.

7.1 Scalability with approximate-model-based adaptation

CARMA’s scalability beyond Wyoming is tightly bound to the applicability and relevance of the
problem-solving approach (i.e., approximate-model-based adaptation) within this domain over
the entire region. The experts, on which CARMA’s approach is based, use this technique while
traveling throughout Wyoming and beyond, and thus the scalability of CARMA itself is in fact
a product of the scalability of the approach employed by experts. The effort required to scale
CARMA (analogous to asking an expert to problem solve in different regions), is thus tied to the
accuracy of CARMA’s initial modeling of the experts’ process. The fact that CARMA has been
scaled with relative ease without changes to the model or the cases lends confirmation to the fact
that CARMA accurately modeled the experts in the first place.

7.2 Scalability of the implementation

The implementation is a fairly direct by-product of the problem-solving approach, but nevertheless
implementation choices have a strong effect on scalability. Briefly, CARMA’s implementation
scalability relates to:

1. The generality of CARMA’s design in dealing with domain concepts: CARMA was not
initially developed to be so specific that new models or cases were required to handle low-
level processes and features within specialized regions.

2. The applicability and relevance of the domain concepts in the cases and model throughout
the new regions (e.g., range values).

3. Minimal location specific info in cases which can be applied to new locations by the date
adjustment component within the model.

4. The availability of historical regional information for the new regions without which exten-
sions to such regions would not be possible.
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5. The technologies used: the scaling of CARMA would have been hampered had CARMA
not evolved through modern technologies that would benefit its long-term existence via plat-
form freedom (i.e., freedom from platform dependence and software costs) as mentioned in
section 1. Without long-term stability, the extensions would not have been likely.

To further elaborate on item 1, based on the technique employed by experts, CARMA reasons
with grasshopper categories rather than individual species in a manner which is representative of
grasshopper populations throughout the western U.S.. Despite the fact that there are more than
500 grasshopper species in North America, only about 20 of them are recurrent economic pests
throughout the West. In Wyoming, eight species are of major economic importance. Most of these
species are also the main grasshopper pests in the surrounding states. The fact that the complex
of pest species varies insignificantly from one state to the next further confirms the robustness of
the initial implementation and contributes to the scalability of CARMA beyond Wyoming.

7.3 Scalability of approximate-model-based adaptation in other domains

For the task of rangeland grasshopper infestation advising, CARMA has not required new region-
specific cases. A positive in that respect is that CARMA scales to new locations for which ex-
pertise necessary for formulating regional cases is otherwise hard to come by or entirely lacking.
Obviously, this makes extensions to new regions not only possible, but fast. However, the fact
that CARMA has not needed new cases or models is as much a product of the problem domain
as the reasoning approach (i.e., approximate-model-based adaptation). Additions to CARMA’s
cases and model were not required, and this works well for this problem domain and geographic
region. CARMA reasons based on the relevant attributes of an existing and observable grasshop-
per population and provides suggestions based on what it predicts the grasshopper population will
do. CARMA factors in, but is only required to minimally account for, any additional hatching
that grasshoppers might do. However, if the problem were slightly different, regional cases or
models might be required. An example is the task of predicting, prior to hatching, the number
of grasshoppers that will be seen in a location on a specific date. While in temperate latitudes of
Wyoming, Montana and other surrounding states where all grasshoppers are univoltine, certain
grasshopper species may have more than one generation per year in southernmost locations such
as south Texas or Arizona. For such a task, approximate-model-based adaptation would likely be
applied on a more regional basis by plugging in regional cases or models.

7.4 Evaluation of the Model

The “accuracy” of CARMA’s extension has not been assessed. Such an assessment represents
a challenge to say the least. Ideally, we would attempt to determine the accuracy of CARMA
in modeling the problem domain itself. Unfortunately, such an evaluation is complicated by the
absence of empirical data against which to measure CARMA’s predictions, and is in fact part of the
rationale behind the expert-system approach employed by CARMA in the first place. Gathering
such data would be a monumental undertaking in and of itself.

Since CARMA aims to model experts and not the domain directly, an evaluation could instead
focus on CARMA’s accuracy in modeling experts. Such an evaluation was previously performed
for Wyoming (Branting et al. [1997]). Surveys were distributed to various experts to determine
the amount of forage loss expected in various prototypical scenarios. CARMA was then tuned
to see how accurately it could model those experts. The exercise revealed a couple things. Most
importantly, it was found that CARMA can be tuned to accurately model any expert. A second and
most distressing finding was that the predictions for these situations varied widely – some experts
routinely predicted higher forage losses, while others predicted lower. It was hypothesized that the
predictions were influenced by each expert’s risk aversion (i.e., a risk-averse expert would predict
a higher forage loss knowing that a treatment could be applied to end a grasshopper infestation
and thus not take the risk of predicting an overly low forage loss). CARMA was ultimately made
risk-neutral by tuning it on the median of the expert predictions.
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In CARMA’s extension to new states, an initial survey effort failed to elicit an adequate response.
Given that experts felt that CARMA’s approach was uniformly applicable to the new states, the
survey effort was abandoned and the focus was turned toward the extensions. However, had the
surveys elicited a response, it is highly likely that the returns would have been problematic in that
they would have varied widely from state to state (and expert to expert) suggesting that CARMA
be tuned individually for each state, not because there is something different going on in each
state, but simply because each expert has a varying aversion to risk. It would be preferable to
determine how effectively CARMA models that one perfect expert who is intimately familiar
with all of the regions in the western U.S., but no such expert exists.

8 AVAILABILITY AND STATUS

The most recent version of CARMA, 5.051, with rangeland grasshopper advising capabilities for
Colorado, Idaho, Montana, Nebraska, New Mexico, North Dakota, Oregon, South Dakota, Utah
and Wyoming is available free of charge for noncommercial purposes and can be downloaded and
installed from http://carma.johnhastings.org or run as a Java Web Start application.

Since its inception in 1996, CARMA has been presented to pest managers in all 17 western states
in which grasshoppers present economic problems. Future work may involve extending CARMA
to additional western U.S. states beyond the ten states covered in version 5.051, or adding the
ability to grab real-time location specific information (e.g., weather information).

9 SUMMARY

As detailed, CARMA is a grasshopper pest management support tool which has been extended
from its original target location of Wyoming in order to provide rangeland grasshopper pest man-
agement capabilities in nine additional western U.S. states. CARMA’s core reasoning approach,
called approximate-model-based adaptation (a combination of case-based and model-based rea-
soning) has been scaled accordingly. Surprisingly, the model and cases themselves did not require
modification due to the robustness of the original expert approach as modeled by CARMA. In-
stead, the extension required the addition of region-specific historical information as required by
the model in order to support accurate user input. The relative ease with which CARMA has been
scaled to a much wider geographic area speaks favorably of the approach used by experts, but also
lends confirmation to the accuracy with which CARMA modeled the experts in the first place. Al-
though the scaling went quite smoothly in this domain, scaling within other biological domains
might require additional work. However, the flexibility of approximate-model-based adaptation
should support scalability in such domains by simply plugging in additional cases or models.
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Abstract: In this paper we present a flexible CBR shell for Data-Intensive Case-Based Reason-
ing Systems which is fully integrated in an Intelligent Data Analysis Tool entitled GESCONDA.
The main subgoal of the developed tool is to create a CBR Shell where no fixed domain exists and
where letting the expert/user creates (models) his/her own domain. From an abstract point of view,
the definition of the CBR can be seen as a methodology composed by four phases and each phase
offers different ways to be solved. Then, since the CBR shell is integrated in GESCONDA, it in-
herits all its functionalities which cover the whole knowledge discovery and data mining process
and also, CBR can complement its phases with this functionality. As a result, GESCONDA be-
comes an intelligent decision support tool which encompasses a number of advantages including
domain independence, incremental learning, platform independence and generality.

Keywords: Instance-Based Reasoning Shell; Intelligent Data Analysis; Data Intensive Case-Based
Reasoning; Intelligent Decision Support System

1 INTRODUCTION

1.1 Experiential knowledge in Environmental Processes Management and Operation

Management of environmental processes is a very difficult task, due to the complexity of the fea-
tures involved in those systems, such as biological, chemical, physical, electrical, or ecological
ones (detailed in Sànchez-Marrè et al. [2008]). Former mathematical control models have been
used in their supervision and management, but some limitations of these approaches have been
outlined. The main drawbacks are the lack of management of qualitative information, and the dif-
ficulty of using the expert and/or experiential knowledge about the process, which human experts
usually obtain during several years of process operation.

The high quantity of information and implicit knowledge patterns contained in large databases
coming from the monitoring of any dynamical environmental process is remarkable. Historical
data collected about meteorological phenomena in a certain area, or about the performance of a
wastewater treatment plant, or about characterizing environmental emergencies, or about geomor-
phological description of seismic activity are some examples.

Thus, most environmental systems can only be managed and supervised by experts using their
own experience in the resolution of similar situations. These experts are not always accessible
when dealing with risk situations, and it is crucial to record each new experience to learn about
the process, while reusing this specific knowledge in the future. This is the reason why many
artificial intelligence (AI) techniques have been used in recent past years trying to solve environ-
mental processes management problem. Among those techniques, Case-Based Reasoning (CBR)
has emerged as a very promising one. In environmental domains, exceptional situations com-
monly happen but there are not big amounts of data about these situations. Therefore, CBR could
be more appropriated because it does not generalize the data but pretends to use specific cases in
a particular domain to solve new cases. This analogical reasoning technique shows several ad-
vantages, like building solutions not from scratch, as other AI techniques, such as expert systems,
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etc., and that the system is getting more reliable to solve problems as it is always learning new
experiences (incremental learning).

Therefore, reliable Intelligent Environmental Decision Support Systems (IEDSS) should integrate
this experiential knowledge of environmental processes gained through years of operation and
management. Thus, Case-Based Reasoning functionality is a key component to be integrated in
the building of reliable IEDSS.

1.2 Case-Based Reasoning

In this paper, a flexible and adaptable CBR shell integrated in a previous Knowledge Discovery
and Data Mining tool is presented. This CBR shell is general enough to be parameterized and
adjusted for the needs of whatever environmental process involved. From this goal two subobjec-
tives are derived. The first is the design of a CBR shell being as flexible as possible in two senses.
First, being extensible with new algorithms and highly customizable by the end-user. The sec-
ond is the integration in GESCONDA, allowing the simultaneous use of CBR and GESCONDA
functionality.

”A case-based reasoner solves new problems by adapting solutions that were used to solve old
problems” by Riesbeck and Schank [1989]. According to Mántaras et al. [2006] and Aamodt and
Plaza [1994], case-based reasoning, a reasoning paradigm and computational problem solving
method, solves new problems by adapting previously successful solutions to similar experienced
problems. CBR is gaining attention, since it does not require an explicit domain model and elici-
tation becomes a task of gathering historical cases, as described in Watson and Marir [1994].

The CBR formalization is summarized in a basic CBR system reasoning cycle, proposed by
Aamodt and Plaza [1994], called the ”4 RE’s”. This cycle has been the model for all the CBR
systems that have been developed. The cycle is composed by the following four steps: REtrieve,
REuse, REvise and REtain. Following the 4Re’s cycle, the process starts with a new problem.
The system retrieves the most similar previous situations, then the system reuses their solutions
adapting those to the new problem. Once the proposed solution is applied, it can be evaluated
(revise) and the system learns whether the proposed solution was appropriated to the new problem
retaining this situation. In Case-based reasoning a case normally indicates a problem situation,
or a previously experienced situation. Cases are adapted and learnt to solve future scenarios by
simulating analogical reasoning, as described in Althoff [1999]. The great interest is drawn by
the necessity of modeling human reasoning in Artificial Intelligence systems and particularly in
Intelligent Decision Support Systems (IDSS), even in real-time IDSS.

Besides, most existing Case-Based Reasoning implementations focus on an specific domain, or
at least those that want to cope with all CBR cycle. So, our purpose is to create an independent
domain CBR Shell where the expert/user adapts her/his own domain. Hence, for a particular
application domain, an intelligent decision support system is instantiated and the user provides
a set of previously solved cases and configures the system in order to optimize his/her current
domain management.

So far CBR has been introduced, the final subobjective is to integrate this flexible shell in a Knowl-
edge Discovery in Databases (KDD) tool, called GESCONDA. This flexibility allows the tuning
of the CBR system to get a better accuracy and reliability when solving management and opera-
tion tasks for each particular environmental process management. Additionally, it benefits from
the fact that it is integrated in a KDD tool, and some preprocessing techniques like some variable
transformations and the variable relevance determination by means of some feature weighting
techniques, can be also applied to improve the results of the IDSS.

In Sànchez-Marrè et al. [2004] is described that GESCONDA was conceived to deal with environ-
mental datasets. Therefore, the integration of the Case-Based Reasoning skills into GESCONDA
tool is a first step to evolve GESCONDA from a data mining tool to a complete system for the
development of IEDSS. Thus, not only the hidden knowledge models in the data can be discov-
ered, but also they can be used for diagnosis and problem solving tasks. From a functional point
of view, taking into account the type of problem that the IEDSS solves, an IEDSS aims to control
or supervise a process in real-time (or almost real-time), facing similar situations. In general the
end-user is responsible for accepting, refining or rejecting system solutions. This responsibility
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can decrease, thereby increasing IEDSS confidence over time, as long as the system is facing
situations that were successfully solved in the past (real validation).

The paper is organized as follows: next subsection introduces others related tools. The following
section 2 briefly introduces GESCONDA. Section 3 presents the CBR shell: its main features and
phases. In section 4 two databases are used to evaluate the whole system. Finally, section 5 points
out some conclusions and future work.

1.3 Related Work

In the literature, it is possible to find a wide range of systems that provide help in the data mining
stage, but not all provide full support for both the data mining and diagnosis, or problem solving
tasks of an intelligent decision support. Among these systems, we emphasize the non-commercial
suites. Probably the most known are Weka [2009] and RapidMider [2010]. Weka is a system that
contains tools for data pre-processing, classification, regression, clustering, association rules, and
visualization. It is also well-suited for developing new machine learning schemes. In addition, it
is offered as a API, so the functionality of Weka has been used for solving real-world data mining
problems. RapidMiner (Yale) is a system for knowledge discovery and data mining. It fully
integrates the Weka library. RapidMiner offers data Integration, analytical ETL, data analysis
and reporting. Another less famous system is KEEL [2009] that contains a big collection of
classical knowledge extraction algorithms, preprocessing techniques, computational intelligence
based learning algorithms, including evolutionary rule learning algorithms, and hybrid models. It
allows to perform a complete analysis of any learning model, including a statistical test module
for comparison. In Alcalá-Fdez et al. [2009] there is a comparison of the most popular tools (by
KD nuggets [2010]), where Keel is compared against WEKA, RapidMiner and others as KNIME
[2010] and Tanagra [2004]. The comparison analysis shows that WEKA and Tanagra do not
provide statistical tests and WEKA and RapidMiner have a lack in post-processing. Finally, none
of them provides a mechanism to combine the results of the algorithms as GESCONDA does.
Also, these systems allow both supervised and unsupervised learning algorithms, but just one
attribute can be treated as a diagnosis, class or solution. However, GESCONDA introduces the
multi-attribute as solution with CBR, and the authors are not aware of any previous IDSS that
integrates a Case-Based Reasoning in a knowledge discovery tool.

There are some CBR shells available in the literature. Some of them are commercial products
deployed in software companies (Remind, CBRExpress, Esteem etc.), while others are academic
products developed by some academic research groups (Caspian, JColibri, IUCBR, AIAICBR,
myCBR, etc.). Nevertheless, most of them do not allow implementing the whole basic CBR cycle
in a very flexible way: retrieval, reuse, revise and retain. Since the research lines are focused on the
retrieval step and the case base maintenance, not so many shells cope with all the phases, or at least
the generic ones. jColibri2 [2009] is probably the strongest competitor as far as functionalities are
concerned. Nowadays, JColibri2 is in fact one of the most popular shells, at least as an academic
tool. Also, it is more used as an API and receives contributions from others entities extending its
functionality. The case structure for all of the reviewed systems is built up with a list of attributes.
Some of these systems support text as CBRExpress, ReMind and AIAICBR [2004]. But only
JColibri2 and IUCBR [2009], along with our system, have extra attributes for assessing CBR
algorithms. The last thing that can be remarked is that not all of the systems allow the solution to
contain more than one attribute, such as AIAICBR or myCBR.

2 THE GESCONDA SYSTEM

GESCONDA is the name given to the Intelligent Data Analysis System with the aim of making
Knowledge Discovery (KD) and intelligent data analysis. Although in the literature other KDD
tools exist, none of them integrate, like GESCONDA , statistical and AI methods, the possibility of
explicit management of the produced knowledge in Knowledge Bases (KB), mixed techniques that
can cooperate among them to discover and extract the knowledge contained in data or dynamical
data analysis in a single tool, allowing interaction among all methods as it is shown in Sànchez-
Marrè et al. [2004]. Most of the results of the algorithms are included in the data as a new variable.
Therefore, this new knowledge can be used afterwards in the implementation of reliable Intelligent
Decision Support Systems.
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On the basis of previous experiences, GESCONDA was designed as a multi-layer architecture
of 4 levels connecting the user with the system or process, as it is introduced by Gibert et al.
[2006]. The first level covers methods related to data filtering, including data cleaning through
statistical tools, treatment and analysis of missing data and/or outliers; management and variable
transformations; and graphical representations. In this pre-processing, different feature weighting
approaches (supervised and unsupervised) are provided. The second level involves recommen-
dation and meta-knowledge management. It supports the formal definition of problem goals,
meta-knowledge of variables and examples and a recommender method that helps to select an
appropriate method for data analysis is provided, parameter setting, and domain knowledge elici-
tation. The next is the knowledge discovery level. It includes several statistical, machine learning
and data mining algorithms of classification and clustering, different bagging techniques, decision
tree induction or rule based reasoning, among others, as well as some mixed techniques. The last
level concerns the knowledge management that makes possible the integration of different knowl-
edge patterns for a predictive task, or planning, or system supervision, as well as the validation of
the knowledge patterns produced in the previous steps. User interaction is important in this phase,
and the system supports it.

The last version of GESCONDA software has been developed in Java 5 following the Model-
View-Controller (MVC) architecture pattern. In addition, it uses a LGPL library (jfreechart) for
creating the graphics. About the implementation it is worth to mention that it is multithreading,
that is being able to run different processes in parallel.

3 THE CBR SHELL

As it was mentioned before, the objective could be divided in two subobjectives: creating a CBR
shell as flexible as possible and integrating it in GESCONDA. As GESCONDA is a KDD tool
oriented to the data, the algorithms are based on the data without using complex structures or
extra information about the domain (domain knowledge), so it is a Data Intensive CBR system.

We consider this shell flexible for two reasons. First, the design is conceived to allow the extension
of different approximations in any phase of the cycle. Second, the existent techniques are highly
customizable. To ease this customization, there is a configuration file where all the parameters that
concern the selection of the methods to use in CBR can be set. Also, it can be done through the
interface that it is integrated in GESCONDA. Figure 1 depicts the whole CBR cycle in a schematic
way, and some of the parameters which can be customized at each step. Besides, it is indicated
where the files could be required, either for a single cycle or when launching a battery of cases
(see detailed description of the whole system in Sevilla [2009]).

In the following subsections the main features and methods of the CBR shell will be detailed: case
structure, case library, and the four steps of the classical CBR cycle. To conclude, utility attribute
and its use modes are introduced.

3.1 Case Structure

A case is a contextualized piece of knowledge that represents an experience. Normally, the case
structure is divided into Case Description and Case Solution. Although, other attributes are inter-
esting to improve the CBR performance such as the evaluation or the utility of the case.

The GESCONDA structure cannot be modified to guarantee the smooth running, in order to allow
simultaneously using both the GESCONDA functionality and the CBR one. For this reason, the
case structure has been adapted to the instance structure of GESCONDA what implies modifying
the typical CBR model and reorganizing it to wrap the GESCONDA model.

From now on, the data structure called instance is shared, which is a vector of attribute-value
pairs. These attributes can be continuous or discrete, and any of the discrete attributes can be
selected as a class to be used in supervised learning in GESCONDA. Therefore, it was necessary
to create a structure that allows to define which attributes belong to the case description or to the
case solution part. This extra information can be introduced by the user manually through the
interface or either be loaded by an xml file (see in figure1 Descriptor file). Besides the definition
of description and solution of the new problem, it is possible to define other CBR attributes, such
as evaluation and utility.
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Figure 1: CBR architecture schema
3.2 Case Library

The system maintains the memory as it is done in GESCONDA which is a list or, in CBR terminol-
ogy, a flat memory. The design and implementation allow an easy integration of other indexation
schemes. There is a parameter to select the indexation type. But, at the moment, only flat in-
dexation is implemented. Our next step is to integrate two types of indexation: Self Organizing
Maps (SOM) and Hierarchical Structures. SOM described in I.K.Fodor [May, 2002], is especially
useful to establish previously unknown linear and non linear relations among the cases. Hierar-
chical structures make the matching process and retrieval time more efficient as stated in Veloso
and Carbonell [1993].

3.3 Retrieve

In general, retrieval phase involves finding the most similar case/s to a given new case. Usually
this task is divided in two parts. First, a pre-selection of case set is made, depending on which in-
dexation type is performed. Second, the retrieved cases are chosen from the last selection, filtering
the cases which best match according to a similarity measure (nearest neighbour algorithm).

This software offers the possibility to define: the number of cases to retrieve, the maximum
allowed distance, the weights of the attributes (manually or with GESCONDA implemented
methods) and/or attribute standardization. The list of the retrieved cases is sorted by the similarity
degree regarding the given case. The user can also select the similarity function (and its own
parameters) to be used among the following:
L’Eixample. This distance is deeply described in Sànchez-Marrè et al. [1999]. It is an hetero-
geneous distance sensitive to weights. The most important parameter is a threshold, alpha, that
defines the boundary for using quantitative or qualitative values for continuous attributes.
Minkowsky. The user can choose: to use weights, standardizing data and defining the variable
power to specify the distance type. Power = 1 is the Manhattan distance and power=2 is the
Euclidean distance – which is the most commonly used.
Cosinus This distance measures the degree of similarity along one space direction. It could be
useful for some particular domains.
Canberra. Normalized distance often used for data scattered around the origin, introduced in
Lance and Williams [1967].
Clark. Normalized distance sensitive to small changes close to the origin, explained in Eiden-
berger [2003].
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3.4 Reuse

Reuse is inherently one of the most complex tasks in the CBR cycle since it requires a deep
understanding of the represented situation in the retrieved case/s, in order to be able to modify
their solutions. All this understanding is typically a domain dependent task. Thus, it is important
to define generic reuse methods or methods which would be automatically able to capture the
domain knowledge. In general, it is considered that the CBR inference is based on the principle
as stated in Schank [1982]; Mántaras et al. [2006]; Lieber [2007]:

Similar problems have similar solutions

The adaptation of the retrieved case solutions focuses on the differences among the past and the
new case and, also, what part of retrieved cases can be transferred to the new case. The selection
of the cases to be used for adaptation among the retrieved cases can be guided by its utility at-
tribute, by its evaluation, by its distance or either selected by the user. Once the retrieved cases are
selected, the user can customize the adaptation algorithm to use it either for all solution attributes
or customized for each one. In the literature, the reuse task is usually classified into the following
types:
Null or Copy: the solution of the retrieved cases is directly transferred to the new case as its solu-
tion. Thus, the small differences are abstracted and they are considered as non relevant. So, this is
a trivial type of reuse, but is widely used in many CBR systems since it is not domain dependent.
In our CBR shell it is possible to apply this kind of method. When there is more than one retrieved
case, a mean or mode value is computed.
Transformational Reuse: these methods transform the retrieved solution data into a new solu-
tion. The first approach developed in this CBR shell, domain independent, is the Weighted Mean
(Mode). The cases with high weight are more relevant (they influence more in the solution). This
relevance could be chosen by the user. In spite it was conceived to be used with the evaluation,
utility attribute and/or the distance to the new case. In order to be more generic, any attribute could
be used as a parameter to weight the cases. In addition a formula module is provided where the
formula for numerical attributes are defined by the user, thus allowing to create a suitable solution
for adaptation. This formula model can be useful for environmental domains where there are inter-
relations among the attributes. For example, if two variables have the relation vi1/vi2 = vj1/vj2
then – if the new case is j, and v1 and v2 are the solutions – then one of the variables could be
solved by the formula.
Derivational Reuse: it reproduces the algorithms or methods that have been used to produce the
retrieved solution. This adaptation is not based on the data but on how the solution of the retrieved
case was assessed. Thus, this kind of reusing requires a more complex structure than the cases
that this tool is dealing with. Also, the planning sequence that generated the original solution has
to be stored in memory along with the solution. This approach, sometimes called reinstantiation,
can only be used for cases that are well understood. This kind of reuse is not available in our CBR
shell because it involves complex structures and domain knowledge.

3.5 Revise

This part of the cycle consists in the evaluation of the proposed solution to the new case. There-
fore, it is indeed an important issue, because it is the opportunity to learn whether the previous
task has performed correctly or not. It is supposed that this evaluation takes place after the solu-
tion is applied in a real environment, and then an expert evaluates how correct it has been. This
phase is maybe the most difficult to deal with, because there is no automatic and generic methods
implemented in the literature. Most of the CBR shells let the user do it himself or even avoid this
part. Some systems simulate how the performance of the proposed case is, but it is needed domain
knowledge to reproduce the real-world.

Two approaches are proposed and both include the evaluation attribute. Since this attribute it is
optional, this phase could be avoided. The first looks at the evaluations of used cases to set up
this new case and combine them. The second has to do with the testing mode (see 3.8) or the use
of a case from the library; making in both cases possible to compare the estimated solution with
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the real one and then evaluate it. In both approaches, the evaluation depends on the number of
solution attributes and their types.

3.6 Retain

Learning by (own) experience is the last task. In each domain and application it is necessary to
decide what, when and how a new experience has to be stored. Sometimes it is not worth to store
it, i.e. the new case is almost equal to another case in the library. That is the reason for creating
a functionality where the user can indicate waht the learning criteria are. The user has three
options: to learn, not to learn o to learn if some specified conditions are satisfied. To the end user,
a condition consists in three strings at any moment: name, operator or function, possible value
(i.e, ”similarity”, ”smaller”, ”0.8”) and he/her must decide through the interface which conditions
to use with their operators and values. Some of the conditions that are currently implemented
are: based on the similarity to other cases or on evaluation or on utility and a recursive cluster
elimination algorithm (RCE) described in Lim et al. [1991].

We present a flexible implementation where a developer user can add new “learning conditions”.
There is an xml file (see conditions.xml in figure1) where each condition is described and it will
be loaded into the interface. Therefore, there are the condition definitions within the file: each
condition has a name and a list of operators (function name) and, for each operator, a value list or
a number. Also, the default operator and value to be used. In addition, the name of the Condition’s
subclass where it is implemented is specified. This is a general formalization in order to not restrict
what a condition could be. Hence, the retain algorithm only asks whether they are satisfied or not.
Finally, the new case is retained if all the conditions are satisfied. This functionality will be
reused to add deletion policies that will work offline or on demand. Some other algorithms will be
integrated, such as those introduced in Smyth and McKenna [1999]; Orduña and Sànchez-Marrè
[2008, 2009].

3.7 Utility

”The utility problem in artificial intelligence system occurs when knowledge learned in an attempt
to improve a system’s performance degrades performance instead”, by Minton [March 1990]

”Utility” is a concept that tries to keep the usefulness of the case in the case base. This attribute
may be useful, in many phases of CBR such as in retrieve and adaptation, to select more use-
ful cases by giving them more relevance. Also, in the retain phase and case maintenance, by
deleting those that are not so useful. However, always selecting the most useful cases creates the
exploration vs. exploitation trade-off dilemma.

Our approximation expects to cover most of the domains by providing a flexible definition. Fi-
nally, some parameters are defined for all cases: number of times that a case has been retrieved,
used for adaptation, used in a successful adaptation (that involves the evaluation attribute), its date
of creation and its last use. The flexibility is due to the fact that the user can configure which are
the parameters to be taken into account. In addition, in case that utility is defined as a frequency
(as described in de la Rosa et al. [2007]), then a combination of numerical parameters is chosen,
including the times that the CBR has been run.

3.8 Modes of use

First of all, the CBR shell can be run directly from the command line or either through the
GESCONDA GUI. In both cases the performance is the same, and the configuration can be done
through a config file (represented in figure 1). Also, in GUI mode the configuration could be set
up through the interface.

It is possible to introduce a new case or a list of them (to launch a battery) to compute the CBR
results or even use cases that belong to the case base, specifying whether they should be kept in the
library. Also, if the cases come from the case base, there is the possibility to assess the evaluation
according the similarities between the proposed solution and the real one. In addition, a test mode
is included, where the solution attributes are duplicated with the proposed solutions. Thus, the
observed and predicted solution can be compared and the following results can be calculated:
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discrete solutions assess the percentage of success and continuous attributes the mean average
error (mae), mean square error (msq), root means square deviation (rmsd), normalized root mean
squared deviation or error (nrmsd), coefficient of variance (cv).

4 PRELIMINARY EVALUATION

The presented results come from two environmental domains and have been analyzed using CBR
for predicting the solution attributes of each one of the instances of the databases.

The first one was the Abalone dataset. This database predicts the age of the abalone, measured
as the number of rings, from some physical measurements. The abalones are a kind of mollusk,
which in some world areas is considered as an endagered species. Therefore, a good estimation
of the age of the abalones could have a great ecological impact. The Abalone Dataset [1994]
from the UCI repository contains 4177 instances and 9 attributes (1 discrete, 8 continuous). In
Clark et al. [1996] the authors propose to discretize the Rings attribute solution. In Waugh [1995],
it is shown that the results fluctuate around 65%. In the experimentation, summarized in table
1, several CBR configurations using the developed CBR shell, like the similarity measures, the
number of retrieved cases and the use of estimated weights using different methods were analyzed.
As it can be seen in table 1, the accuracy results in the prediction of the age of abalones could
range from 63.5% to an 82.6%, and for continuous results the p-values of the Student’s T test
are shown. Thus, it is very significant that the flexibility offered by the CBR shell could help the
environmental scientist to find the most suitable configuration and to tune of the CBR system for
making a better estimation of the age of the abalones.

Table 1: Results of applying different CBR configurations to Abalone dataset. The ”Solution” column
remarks whether the attribute Rings is continuous with ”C” or either discrete by the number of classes. *
values are assessed with the continuous values, later encapsulated into the 3 groups (<8; [9,10]; >11) and
compared with the real values.

Distance Num.Retrieves Weigths Solution Success (%) T test Other
Euclidean 3 - Sex, Rings(C) 73.9 0.08
Euclidean 3 - Sex 77.4
Euclidean 3 - Rings(3) 83.7
Euclidean 5 - Rings(C) 63.5* 0.04
L’Eixample 3 PROJ Rings(3) 82 α =0.8
L’Eixample 5 PROJ Rings(3) 80.8 α =1
L’Eixample 3 CVD Rings(3) 82.6 α =0.8
Canberra 3 - Rings(3) 80
Cosinus 3 - Rings(C) 64.5* 0.42
Cosinus 5 - Rings(3) 79.3

The second dataset comes from a real wastewater treatment plan and contains 302 instances, 19
attributes (2 discrete) and 1471 missing values. For all the tests, the data have been standard-
ized. A wastewater treatment plant is an environmental system, which is normally very difficult
to manage and supervise, because many features are interacting (chemical, biological, physical,
electrical, etc). In this database, the goal was to make a reliable diagnosis and to propose an
output value for the 3 main control variables: Waste Activated Sludge flow (WAS), Recirculation
Activated Sludge Flow (RAS), and Average Aeration flow (Qmedia), given a set of descriptive
variables of the process. In the experimentation, summarized in table 2, several CBR config-
urations using the developed CBR shell, like the similarity measures, the number of retrieved
cases, the use of estimated weights using different methods, the missing treatment of data, and
the different adaptation schemes were tested. As a results, different error rates have been obtained
(see section 3.8). Therefore, it is clear that the flexibility offered by the CBR shell helps the en-
vironmental scientist to find the most suitable configuration and to tune of the CBR system for
controlling and supervising the wastewater treatment plant in a more reliable way.

5 CONCLUSIONS AND FUTURE WORK

The development of a flexible CBR shell for Data-Intensive Case-Based Reasoning Systems has
been presented as well as its integration within a KDD Tool (GESCONDA). Additionally, the
proposed tool is able to be adapted to each target domain in an easy way and highly customized.
The integration in GESCONDA benefits the CBR performance because it can use its functionality.
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Table 2: Results of applying different CBR configurations to Wastewater dataset. Missing: ignore (ignores
every instances that have any missing), mean (replace missing data by the mean/mode). The error rates are
between [0..1], being the lower the better.

Solution Attributes Parameters Distance mae mse cv
WAS num.retrieves:10 Euclidean 0,04721 0,01452 0,00539
RAS missing:mean no weights 0,02124 0,00689 0,01721
Qmedia adaptation:mean 0,09359 0,01894 0,00205
WAS num.retrieves:5 Euclidean 0,04594 0,01404 0,00530
RAS missing:mean weights:ueb1 0,01694 0,00655 0,01678
Qmedia adaptation:mean 0,10119 0,02094 0,00215
WAS num.retrieves:5 Euclidean 0,04594 0,01404 0,00530
RAS missing:mean weights:ueb1 0,01694 0,00655 0,01678
Qmedia adaptation:weightedmean 0,10119 0,02094 0,00215
Filtered Data: Deleted Attributes with missing values > 50% & instances with missing values>80%
WAS num.retrieves:10 Euclidean 0.04244 0.01227 0.00575
RAS missing:none no weights 0.02138 0.00763 0.02047
Qmedia adaptation:mean 0.09825 0.01887 0.00246
WAS num.retrieves:10 L’Eixample 0.04558 0.01302 0.00534
RAS missing:mean α = 0.8 0.02181 0.00734 0.01856
Qmedia adaptation:weightedmean no weights 0.08726 0.01635 0.00199
WAS num.retrieves:5 Euclidean 0.03583 0.00935 0.00623
RAS missing:mean weights:ueb1 0.02088 0.00902 0.02400
Qmedia adaptation:mean 0.10037 0.02113 0.00298
WAS num.retrieves:5 Euclidean 0.04564 0.01308 0.00556
RAS missing:mean no weights 0.02285 0.00892 0.02051
Qmedia adaptation:weightedmean 0.09056 0.01705 0.00204
WAS num.retrieves:10 Euclidean 0.04495 0.01307 0.00534
RAS missing:mean weights:ueb1 0.01909 0.00727 0.01847
Qmedia adaptation:weightedmean 0.09246 0.01811 0.00209

Most of the algorithms in GESCONDA store the results as a new attribute, improving CBR power
by using this new attribute. For instance, having a classification algorithm which has just tagged
all cases in n classes, this new class attribute could be helpful for measuring the distance between
similar individuals.

Eventually, it is worth to mention that the CBR shell lets the users to model whatever domain,
including high dimensional domains and long datasets. Especially mentionable is the possibility
to use all the available capabilities within the Intelligent Data Analysis tool (i.e., GESCONDA
software) making easier the task of data preparing, data filtering, feature weighting, data visual-
ization, etc., which becomes a not commonly found feature in most of available CBR shells in the
literature.

Summarizing, the integration of this flexible CBR shell into GESCONDA provides it with actual
reasoning abilities. It evolves GESCONDA to a useful Intelligent Decision Support System. Since
GESCONDA was conceived to support environmental databases and CBR works with the same
data model, the result is a system suitable for environmental domains.

At present GESCONDA is integrating a rule based reasoning that could be used by CBR adapta-
tion to generate the new solution. Also, other internal features of the CBR shell will be improved.
For instance, the case library structure and the introduction of the deletion policies. Other skills
to make possible the monitoring of the system and the capability of generating some graphical
charts about several important parameters of the system (case library size, retrieval time, etc.) will
be available in next releases of the tool.

REFERENCES

Aamodt, A. and E. Plaza. Case-based reasoning: Foundational issues, methodological varations
and system approaches. AI Communications. IOS Press, 7(1):39–59, 1994.

Abalone Dataset. archive.ics.uci.edu/ml/datasets/Abalone, 1994.
AIAICBR. www.aiai.ed.ac.uk/project/cbr/CBRDistrib, 2004.
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Abstract: Environmental problems and the related adaptation strategies have grown in 
importance and complexity during the last years. The large amount of data and information 
that needs to be handled and integrated requires specific methodologies and tools. Several 
research and application activities are undergoing worldwide for the development of 
Decision Support Systems (DSSs) that allow management of multiple and different data in 
order to aid decision-making. In this paper the following DSSs using fuzzy models based 
Artificial Intelligence to address environmental problems will be presented. SYRIADE is a 
Spatial DSS for Regional Risk Assessment of degraded land supporting the inventory and 
assessment of contaminated sites and mining waste sites at regional scale. DESYRE 
addresses the main phases of contaminated sites’ remediation process, e.g. analysis of 
social and economic benefits and constraints, site characterization, risk assessment, 
selection of best available technologies, analysis of residual risk and comparison of 
different remediation scenarios. MODELKEY is a GIS-based DSS that supports the EU 
Water Framework Directive (WFD) implementation by allowing the environmental quality 
evaluation of fluvial ecosystems and the prioritization of hot spots along the river basin. 
Finally, the CMCC DSS supports the identification and prioritization of climate change 
impacts and risks on coastal zones, in order to guide the definition of appropriate 
adaptations strategies. 
 
Keywords: Decision support systems, fuzzy logic, artificial intelligence, environment, GIS.   
 
 
1. INTRODUCTION 

 
There is a growing desire to develop effective and efficient computational methods and 
tools that facilitate environmental analysis, evaluation and problem solving. Environmental 
problems of interest may include concerns as apparently dissimilar as revitalization of 
contaminated land, evaluation of the impacts of climate change and effective management 
of inland and coastal waters. The approach to effective problem solving in both of these 
examples can involve the development of what are commonly called Decision Support 
Systems (DSSs). 
A DSS is a system for helping to choose among alternative actions. There are many DSS 
application areas, possible approaches to making decisions, and levels at which decisions 
can be supported. A DSS might support decision-making for a specific problem or type of 
problems. DSSs for environmental problems and, more specifically, for risk assessment and 
management, are always related to complex problems where physical status of environment 
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as well monitoring and modelling data and decision maker’s preferences need to be 
accounted simultaneously. To solve such multifaceted problems the use of Artificial 
Intelligence based models is a widely adopted solution as stated by Haupt et al. [2008].  
The research field of artificial intelligence range from simple classification tools to 
complex neural networks, it involves many different approaches such as fuzzy logic and 
Bayesian networks. One of the most used techniques in environmental risk based DSSs is 
the adoption of fuzzy logic based Multi-criteria decision analysis (MCDA) (see Figueira 
[2005] and Linkov [2004]). MCDA includes a large class of methods for the evaluation and 
ranking or selection of different alternatives that considers all the aspects of a decision 
problem involving many actors (Giove [2009]). Basically MCDA consists in the 
application of aggregation and weight operators to the different criteria and decision 
maker’s preferences. MCDA for environmental problems has its better application when its 
aggregation and weight issues are faced by the use of fuzzy logic techniques. Fuzzy logic, 
presented by Zadeh [1965], is a form of multi-valued logic which relates to fuzzy set theory 
in contrast with classical set theory, in order to deal with approximate reasoning. Fuzzy 
logic is particularly adapt for environmental problems because of the high level of 
uncertainty and approximation. Many other techniques exists to deal with uncertainty, the 
most widely used are Monte Carlo methods, Bayesian networks and Probabilistic models. 
All of them are based on known probability density functions (PDFs). Specifically, in 
Monte Carlo methods random events are iterated repeatedly in order to infer the final 
result,  Bayesian networks are systems based on knowledge about conditional probabilities 
between the variables, and in Probabilistic models PDFs are interrelated by system of 
equations in order to define the final results. 
Building DSSs like the ones presented and discussed in this article by the use of one of the 
aforementioned probabilistic methods would have involved the definition of many PDFs 
and the presence of a sufficient amount of data to perform a statistical analysis. 
Nevertheless, both these preconditions are not satisfiable in environmental analysis because 
of the nature of the data and the presence of subjective uncertainty. For this reason, in the 
four mentioned DSSs fuzzy logic has been chose to deal with the peculiar type of 
uncertainty present in MCDA. MCDA algorithms take into account values selected by 
decision makers and experts, and are therefore affected by subjective uncertainty (see Lehn 
and Temme [1996] and de Siqueira and de Mello [2006]). This kind of uncertainty differs 
from probabilistic uncertainty because it is mainly related to human perceptions and 
thoughts.  
Another aspect which must be taken into account in environmental risk assessment and 
management related DSSs is the spatial extent of the elements involved in the system. It is 
a matter of fact that environmental problems are strictly related to land type and shape but 
also to the presence of different types of matrices like ground water, superficial water, air 
and any environment related entity which may participate in hazardous scenario. To be able 
to deal with such spatial issues the use of Geographic Information Systems (GIS) is the 
most widely adopted solution. GISs are systems able to capture, store, analyze, manage, 
and presents spatial data. Basically a GIS framework is a system including a mapping 
software along with spatial based assessment tools which allow the inspection of relations 
between spatial objects (see Chang [2007]). Environmental risk assessment DSSs make 
widely use of GIS frameworks, in some cases the DSS functionalities are directly 
developed inside such frameworks because of the predominance of the spatial aspects of 
these problems.  
In this paper four environmental DSSs for risk assessment based on MCDA and fuzzy logic 
techniques by the use of GIS frameworks are presented in order to clarify the role and the 
strengths of such instruments in this type of problems. These DSSs are mainly related to 
risk assessment and management, they spread along different types of environmental 
problems and different types of technical solutions and are therefore an interesting set for 
this illustrative purpose. 
  
 
2. THE SYRIADE DSS 
 
The SYRIADE (Spatial decision support sYstem for Regional rIsk Assessment of 
DEgraded land) project is a project funded by EU Joint Research Center (JRC) in order to 
apply the EU Soil Thematic Strategy. The EU Soil Thematic Strategy concerns the 
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protection of soil by introducing a Risk-Based Land Management framework. It has been 
adopted by the European Commission in 2006 and states that European Member States 
shall be required to identify the contaminated sites in their national territory and, basing on 
a common definition and a common list of potentially polluting activities, establish a 
National Remediation Strategy. Accordingly, a Spatial decision support system was 
developed within the SYRIADE project which is intended to be an aid for national and 
regional authorities in the inventory and assessment of (potentially) contaminated sites and 
mining waste sites at regional scale. 
The SYRADE DSS was implemented within a GIS platform and includes a set of tools 
which support the developed spatially resolved regional risk assessment methodology. The 
overall objective of the system is the ranking of potentially contaminated sites for priority 
of investigation, when no information on characterization and risk by site specific 
methodologies is available. 
The SYRIADE DSS is based on MCDA where the alternatives to be ranked are the 
different risk values related to sources generating hazard. Risk is evaluated by the 
aggregation of criteria related to the different elements characterizing the risk scenario 
(source, pathway and target), normalized by the use of fuzzy membership functions. 
Because risk is not linearly related its defining criteria, a non linear aggregator have been 
used. The adopted aggregation function is the Choquet integral which is able, by the use of 
a mapping between criteria values and scores established by environmental experts, to 
mimic such non linear behaviour and supply a complete ordered ranking of the alternatives. 
The Choquet integral is a discrete fuzzy integral introduced by Choquet [1953], it 
generalizes additive operators, such as the OWA or the weighted mean, and is perfectly 
suitable in situations where adversarial and synergic effects are present between the criteria 
to be aggregated. 
The SYRIADE methodology has been applied to Upper Silesia region in Poland which was 
selected since it is an acknowledged hot spot area in the context of environmental impacts 
from multi-source environmental contaminants from industrial activities. The application to 
the selected case study proved to be reliable and consistent with the environmental experts 
expected results. The regional targets and their relevant attributes were identified and 
spatially characterized. Moreover, the application of MCDA methodologies allows to take 
into account both relations between criteria and expert’s judgments, and the Choquet 
integral allows to parameterize non monotonic measures defined by the experts involved in 
the project. 
 
 
3. THE DESYRE DSS 
 
DESYRE (Decision Support sYstem for the REqualification of contaminated sites) is a 
project funded by the Italian Ministry of Science & Technology (MIUR) aimed at 
performing integrated management of contaminated mega-sites. The project comprises the 
creation of a Decision Support System, called  the DESYRE DSS, which supports decision 
makers during the main phases of the remediation process, more precisely in the analysis of 
socio-economic benefits and constraints, in the site characterization, in risk assessment, in 
the selection of the best available technologies, in the creation of sets of technologies to be 
applied, in the analysis of the residual risk and finally in the comparison of different 
remediation scenarios. The DESYRE DSS is a GIS-based intelligent system which makes 
use of Multi-criteria decision analysis and fuzzy logic techniques to fulfil its goals. 
The DESYRE DSS is a modular system composed by six interconnected modules each 
corresponding to a different step inside the remediation process. Although every module 
has its peculiar characteristics they are all based on spatial analysis tools. A geo-database 
has been designed to contain both the environmental and socio-economic characteristics of 
the land of concern. The socio-economic data are assessed by the application of a fuzzy 
logic analysis which generate a tool designed for decision makers that compares different 
land use options and outlines possible scenarios linked to alternative uses of the considered 
site. Within the risk assessment module the application of an original risk assessment 
methodology provides the estimation of risk spatial distribution. A risk-based partition of 
the site of concern, based on risks related to contaminants in soil and groundwater, is 
supplied to aid the definition of the remediation technologies plan. Selection and 
comparison of suitable remediation technologies and creation of technology sets are 
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obtained by the use of a Multi-Criteria Decision Analysis algorithm guided by 
environmental experts insights. 
The DESYRE DSS has been adopted to study two differently scaled mega-sites within the 
Porto Marghera inland (Venice, Italy). The application of the methodology to sites of 
different dimension have proved that the methodology is robust enough to be seamlessly 
applied to different scale of analysis Among the future developments of the software, the 
improvement of the socio-economic module and the adoption of a MCDA methodology for 
the integration of the DESYRE results are considered of high interest. As far as the socio-
economic module is concerned, its constraints should be lessen in order to made it more 
adaptable to different socio-economic contexts, while in the case of the MCDA 
methodology, it should allow users to integrate the results of the different modules in order 
to facilitate comparisons between scenarios. 
 
 
4. THE MODELKEY DSS 
 
MODELKEY (Models for assessing and forecasting the impact of environmental key 
pollutants on freshwater and marine ecosystems and biodiversity) is an Integrated Project 
with 26 partners from 14 European countries, funded by the European Commission within 
the Sixth Framework Programme in order to support the implementation of the European 
Water Framework Directive (WFD). 
The WFD aims at achieving a ‘good’ ecological status in all European surface waters by 
2015 and to this end asks water managers for carrying out various monitoring, assessment 
and management tasks. In order to classify the ecological status of water bodies a set of 
heterogeneous information and data on biological, chemical, physico-chemical, 
hydromorphological and ecotoxicological quality elements need to be gathered and 
integrated. Moreover socio-economic information have to be taken into account in 
economically analysing water uses and in setting up realistic and achievable management 
objectives. 
The MODELKEY project methodology is based on the implementation of an Integrated 
Risk Assessment (IRA) methodology based on a Weight of Evidence (WoE) approach ( 
Burton [2002]). The methodology has been implemented within an environmental DSS 
developed inside the uDig GIS framework. The mathematical infrastructure realizing the 
WoE approach is based on a complex Fuzzy Inference System (FIS) which elaborates 
environmental and socio-economic status of fluvial ecosystems. Inside the system the 
Choquet integral has been widely adopted to mimic the non linear relations between the 
heterogeneous criteria taken into account. Moreover a prioritization procedure aiming at 
identifying hot spots along the river basin through integration of both environmental and 
socio-economic information is included in the DSS. This prioritization ranking is obtained 
by the use of a weight matrix which allows the simultaneous interpolation of many 
environmental and socio-economic indicators.  
The MODELKEY DSS has been applied to three different river basins representing three 
typical situations along the European inland. The three selected case studies are the Elbe 
river in Czech Republic and Germany, the Scheldt crossing France, Belgium and 
Netherlands and the Llobregat river located in Spain. End-users and stakeholders related to 
the three river basins have been also involved in the evaluation of the results obtained by 
the DSS applications. Risk-based and GIS-based functionality has been highly appreciated. 
Output produced by applying both procedures (integrated risk and prioritisation) at basin 
scale are shown on dedicated GIS maps that can be easily compared. At site-specific scale 
intermediate results can be explored through dedicated visualisation tools. Moreover the 
inclusion of the Fuzzy approach that provides status evaluations based on probability 
distributions on WFD status classes taking into account uncertainty has been considered 
scientifically sound and effective for management and communication purposes. 
 
 
5. THE CMCC DSS 
 
The CMCC DSS is funded by the Euro-Mediterranean Centre for Climate Change (CMCC, 
www.cmcc.it), a national (Italian) research centre devoted to the study of climate change 
and its impacts, focusing on the Mediterranean region. The main aim of the CMCC-DSS is 
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the integrated assessment of climate change impacts and risks on coastal zones at the 
regional scale, in order to support the definition of appropriate adaptation strategies. 
Accordingly, the CMCC-DSS may be considered a useful tool for the implementation of 
Integrated Coastal Zone Management (ICZM) in Europe and in the Mediterranean. ICZM 
is a dynamic multidisciplinary process based on an ecosystem approach that aims at protect 
and preserve the ecological, economic, social and cultural systems of the coastal zone, 
taking into account also a long time perspective that should consider climate change as 
major driving force (COM [2002]). 
The CMCC-DSS is based on a conceptual framework that integrates tools and 
methodologies for the identification of potential climate change impacts and the assessment 
of bio-physical and socio-economic coastal vulnerability, in order to rank relative risks in 
the considered region. The framework structure is composed of 3 main phases: the 
Scenarios Construction phase which is aimed at the definition of future climate scenarios 
for the examined case study area at the regional scale, the Integrated impact and risk 
assessment phase which is aimed at the prioritization of impacts, targets and affected areas 
at the regional scale, and the Risk and impact management phase which is devoted to 
support the definition of adaptation strategies for the reduction of risks and impacts in the 
coastal zone, according to ICZM principles.  
The core of the CMCC-DSS is a Regional Risk Assessment methodology (RRA) that is 
based on MultiCriteria Decision Analysis (MCDA) in order to estimate the relative risks in 
the considered region, compare different impacts and stressors, rank targets and exposure 
units at risk and select those risks that need to be investigated more thoroughly.  
The main output of the RRA is the development of GIS-based Risk maps. Risk mapping is 
obtained through the integration of Hazard maps representing the exposure to climatic 
changes against which a system operates (e.g. inundation level) and Vulnerability maps 
representing the spatial distribution of environmental and socio-economic vulnerability 
factors. 
The RRA methodology and the CMCC-DSS were applied to a case study region 
represented by the coastal area of the Northern Adriatic Sea (Italy). The application to the 
case study included the use of downscaled climate, circulation and morphodynamic models 
for the analysis of inundation, storm surge and coastal erosion processes, and of 
biogeochemical, trophic and fate and transport models, in order to assess climate change 
impacts on water quality. Moreover it includes the analysis of site-specific physical, 
ecological and socio-economic characteristics of the territory (e.g. coastal topography, 
geomorphology, presence and distribution of vegetation cover, location of artificial 
protection) and of local vulnerable receptors (e.g. beaches and dunes, wetlands, protected 
areas). Experts and decision-makers opinion take place, directly or indirectly, in every step 
of the RRA process (i.e. from hazard characterization to vulnerability assessment and risk 
ranking) and is particularly important for the selection of the aggregation functions and for 
the assignation of weights and scores to risk assessment parameters. 
  
 
6. DISCUSSION AND CONCLUSIONS 
 
The complexity and quantity of data related to environmental risk assessment and 
management processes requires the use of peculiar decision aid systems. Such systems are 
identified as Decision Support Systems which are the most widely used tools in this type of 
assessments. Among the many typologies of DSSs this paper has presented a set of GIS 
based DSSs characterized by the use of Fuzzy logic techniques inside Multi-criteria 
Decision Analysis infrastructures.  
All of the presented systems are useful tools for decision makers as they supply a 
standardized framework which guides them along the decisional process. Decision makers’ 
preferences and experts’ judgments are taken into account in the calculations made by the 
decision algorithms. This is a crucial aspect in order for results to adhere to the decision 
makers’ insights. Another important advantage related to these systems is the use of fuzzy 
logic which is able to deal with subjective uncertainty related to the values provided by 
decision makers and experts. Moreover, fuzzy memberships allow to present the obtained 
results in an effective way (e.g through pie charts displaying the different degrees of 
membership instead of just displaying the most probable value only ). 
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On the other hand, Fuzzy logic can also be a disadvantage for the systems. Fuzzy results, in 
fact, can be deceiving and, in some cases, taking a decision based on such evaluations can 
be a non trivial task. Moreover, the calibration of fuzzy logic based MCDA systems needs 
the assignment of thresholds and weights by decision makers and experts which can be as 
tedious as error prone. 
The development of the presented DSSs have been challenging, mainly because of the use 
of geo-referenced data. In this respect, it is very important to chose the correct set of 
libraries and tools to be used since the beginning of the development process in order to 
avoid using non reliable or unstable technologies and end up with a non functioning 
product. 
As far as the validation of the systems is concerned, three different aspects can be elicited: 
models, structure and results. Many of the presented systems make use of mathematical 
models which have been validated through experimental data. The structures of the DSSs 
have been examined by project involved end users (e.g. end users have tested different 
MODELKEY DSS prototypes and provided feedbacks by filling in dedicated 
questionnaires in order to improve subsequent software releases). Finally, as far as the 
validation of results is concerned, the results obtained by the application of the systems 
among the case studies have been assessed by case studies’ experts in order to establish if 
final results were coherent with the actual situations. 
To improve the reliability of these instruments, an assessment may be performed in order to 
examine uncertainty. To this end a sensitivity analysis should be performed which is 
supposed to give interesting information about precision and robustness. 
Many enhancements can be done in order to increase the overall quality of the presented 
instruments. In particular, prediction modules should be included which, by the use of 
information regarding the present situation and the application of fuzzy logic based 
algorithms, should predict future scenarios. Also the spatial relations information should be 
more consistently introduced inside the fuzzy logic MCDA models toward the obtainment 
of results which are more strongly related to the underlying environment. 
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Abstract: More and more, the analysis of clustering results becomes difficult as the number of
variables considered increases, and the number of classes is not low. Sometimes concept induction
methods are used to associate concepts to every class and use to be expressed as boolean expres-
sions, easy to understand and supposedly providing good support to decision making. It has been
seen that most of the concept induction algorithms priorize the compacity of the final expressions,
as well as their predictive power. However, for descriptive purposes, when the meaning of classes
has to be recognized and understood by the expert, this is not the best approach, since compacity
directly implies elimination of redundancies or strong associations, while comprehension of the
class is mainly based in understanding how variables interact among them inside the class. Here a
method to induce conceptual descriptions of classes is proposed, providing non-minimal descrip-
tions of the classes, but richer ones including the characteristics that distinguishes a class from the
others, in such a way that expert can easily recognize the essence of the class, and conceptualize
it on the bases of local interactions among all variables observed inside every class. This kind of
interpretations provide an excellent support for later decision support systems.

Keywords: Knowledge Discovery and Data Mining; Hierarchical clustering; class interpretation;
Induction rules; Waste Water treatment plants.

1 INTRODUCTION

In automatic classification where the classes composing a certain domain are to be discovered,
one of the most important required processes and one of the less standardized, is the interpretation
of the classes (Gordon [1994]), closely related with validation Volle [1985.], and critical in the
later usefulness of the discovered knowledge. The interpretation of the classes, so important
to understand the meaning of the obtained classification as well as the structure of the domain,
used to be done in an artistic-like way Hand [1996]. But this process becomes more and more
complicated as the number of classes grows. This work is involved with the automatic generation
of useful interpretations of classes in such a way that decisions about the action associated to a
new object can be modeled and it is oriented to develop, in the long term, intelligent decision
support systems.

The presented proposal integrates different findings from a series of previous works: Pérez-
Bonilla and Gibert [2007] proposed a single methodological tool which takes advantage of the
hierarchical structure of the clustering to overcome some of the limitations observed in Gibert
et al. [1998], Gibert [1996]. In the present work, for the first time, the whole proposal, named
Conceptual Characterization by Embedded Conditioning (CCEC), is applied to a real environ-
mental data set and different possibilities for integrating knowledge from one iteration to the
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following one are exhaustively compared and evaluated. For the first time this work presents a
depth analysis of the quality of the solutions provided by 5 different strategies, both considering
structural quality criteria, as confidence or support of the provided descriptions as well as more
semantic criteria, as the proximity towards the descriptions provided by the experts.

This paper is organized as follows: After the introduction, the methodology is presented in §2. §3
introduces the waste water treatment plant (WWTP) of the case study and the data used. Results
of applying CCEC to the data described are given in §4. Finally in §5 the conclusions and the
future work are addressed.
2 FORMAL FRAME

The standard input of a clustering algorithm is
a data matrix with the values of K variables
X1 . . . XK (numerical or not) observed over a
set I = {1, . . . n} of individuals. Variables are
in columns, while individuals in rows. Cells
contain the value (xik), taken by individual
i ∈ I for variable Xk, (k = 1 : K). The set of
values of Xk is named Dk = {ck

1 , ck
2 , ..., ck

s}
for categorical variables and Dk = rk for nu-
merical ones, being rk = [minXk,maxXk] the
range of XK . A partition in ξ classes of I
is denoted by Pξ = {C1, ..., Cξ}, and τ =
{P1,P2,P3,P4, ...,Pn} is an indexed hierar-
chy of I. Finally, P2 = {C1, C2} is a binary
partition of I. Usually, τ is the result of a hier-
archical clustering over I, and it can be repre-
sented in a graphical way as an horizontal cut of
the corresponding dendrogram (or hierarchical
tree, see Figure 1, Pérez-Bonilla et al. [2008]).

0

2418.461

4836.922

cr360
cr358

cr362

cr357

cr353

cr361
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Figure 1: Dendrogram
[τEnW,G

Lj3,R2 ].

CCEC is a methodology globally described in Pérez-Bonilla et al. [2008] that takes advantage
of the existence of τ to generate conceptual interpretations of a of a given partition P ∈ τ in
terms of formal descriptions. CCEC uses the property of all binary hierarchical structure that
Pξ+1 has the same classes of Pξ except one, which splits in two subclasses in Pξ+1. The binary
hierarchical structure represented in τ is used in CCEC to discover particularities of the final
classes step by step by analyzing the hierarchy top-down. It uses Boxplot based discretization
(BbD), see Gibert and Pérez-Bonilla [2006]), as an efficient way of transforming all numerical
variable into qualitative ones in such a way that every resulting qualitative variable maximizes the
association with the reference partition. See Gibert and Pérez-Bonilla [2006] for details. Briefly,
main idea is to use as cut-points the extreme values (minimum and maximum) that the numerical
variable locally takes in every class of P . BbD is the kernel of Boxplot based induction rules
(BbIR) (presented in Pérez-Bonilla and Gibert [2007]). It is a method for inducing probabilistic
rules (r : xik ∈ Ik

s
psc−→ C, being psc ∈ [0, 1] the certainty degree of r). The produced rules

have a minimum number of attributes in the antecedent, and those are formalized on the basis
of the intervals induced by BbD for every variable. The CCEC methodology was formalized in
Pérez-Bonilla et al. [2008]. Here an algorithmic version is presented:

1. Consider the top of the tree: ξ = 1; P1 = I; AP1 = {A1 : true}
2. Go down one level in the tree, by making ξ = ξ + 1 and so considering the new Pξ. Being

τ an indexed hierarchy, Pξ is embedded in Pξ−1 in such a way that there is a single class
of Pξ−1, namely Cξ−1

t , splitting in two new classes of Pξ, namely Cξ
i and Cξ

j and all other
classes Cξ

q , q 6= i, j, are common to both partitions and Cξ
q = Cξ−1

q ∀q 6= i, j. Consider
the restricted partition P∗ξ = {Cξ

i , Cξ
j }. It holds that P∗ξ ⊂ Pξ and when ξ = 2, P∗ξ = Pξ.

As in previous iteration the class Cξ−1
t = {Cξ

i ∧ Cξ
j } was already distinguished from the

rest by proper concept, it is enough to find distinction between Cξ
i and Cξ

j .
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3. Use BbD (Gibert and Pérez-Bonilla [2006]), to find (total or partial) characteristic values
regarding P∗ξ Gibert et al. [1998] for all numerical variables.

4. Use BbIR, to induce a knowledge base R(P∗ξ ) describing both classes {Cξ
i , Cξ

j }.
5. Search the best rule for each class of the restricted partition P ∗ξ = {Cξ

i , Cξ
j }. In the next

section several criteria are presented to determine them. Name A
∗ξ

i and A
∗ξ

j the antecedents
of the rules selected for Cξ

i and Cξ
j respectively.

6. Integrate A
∗ξ

i and A
∗ξ

j with the father’s concept from previous iteration. Compound con-
cepts are associated to Cξ

i and Cξ
j :

Aξ
i = Aξ−1

t ∧A
∗ξ

i ; Aξ
j = Aξ−1

t ∧A
∗ξ

j (1)

Description of both Cξ
i and Cξ

j inherits the properties of the father class Cξ−1
t .

7. Build the concepts system:

APξ
= APξ−1\{Ct : At} ∪ {Cξ

i : Aξ
i , C

ξ
j : Aξ

j}

8. Go down one level in the tree, by making ξ = ξ + 1 and so considering Pξ+1. Return to
step 2 and repeat until Pξ = P , P target partition to be interpreted.

9. Finally, APξ
= {C : AC ∀C ∈ Pξ} and also, the concepts system can be associated to a

rules system R(Pξ) = {r tq r : A
p(r)−→ C ∀C ∈ Pξ}.

The set of concepts APξ
can, in fact, be considered as a domain model which can support later

decision-making Power [2002] on the application domain. As a standard treatment is previously
associated to every class by experts, evaluation of APξ

on new objects can help for treatment
assignment. In this context, the possibility of easily interpreting and understanding the classes is
critical. The proposed method provides simple and short rules which use to be easier to handle
than those provided by other inductive methods.

2.1 Finding best concept at every iteration

The quality of a single rule r : AC(i)
p−→ C is evaluated according to 3 criteria:

Support (Sup): is the proportion of objects in I that satisfy the antecedent of the rule, Liu et al.

[2000]. Sup(r) = card{i ∈ I tq AC(i)=true}
n . It measures the popularity of a rule.

Relative covering (CovR): is the proportion of objects in class C that satisfy the antecedent of

rule. CovR(r) = card{i ∈ C tq AC(i)=true}
nc

. It measures the coverage of the rule inside a certain
class.

Confidence (p(r)): proportion of objects in the antecedent (AC(i) = true) that belong to C,

Liu et al. [2000]. p(r) = card{i ∈ C tq AC(i)=true}
card{AC(i)=true} . It measures the correctness of r.

The quality of a Knowledge Base is evaluated according to 3 summarizing criteria:

Average confidence: p(R) =

∑
∀r∈R(Pξ)

p(r)

nR
=

∑
∀r∈R(Pξ)

card{i ∈ C tq AC (i)=true}
card{AC (i)=true}
nR

Total Support: SupT (R) =
∑
∀r∈R Sup(r) =

∑
∀r∈R

card{i ∈ I tq AC(i)=true}
n

Global covering: CovGlobal(R) =

∑
∀C∈Pξ

card{i ∈ C tq AC(i)=true}×nc

n

Five different methods of selecting best concepts and combining with the knowledge of previous
iteration are considered:
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Best Global concept and Close-World Assumption (BG &CWA): Restrict the search to the
set of certain rules (p(r)=1) S(P∗ξ+1) ⊂ S(R∗ξ+1). Choose the rule that maximizes the relative
covering in S(P∗ξ+1). Use a Closed-World Assumption (CWA) to conceptualize the complemen-
tary class by means of the negation of selected concept.

Best local concept and no Close-World Assumption (BL &noCWA): Choose the rule that
maximizes the relative covering inside SCi(P∗ξ+1) = {r ∈ S(P∗ξ+1) | r : AC(i)

p−→ Ci} and

SCj (P∗ξ+1) = {r ∈ S(P∗ξ+1) | r : AC(i)
p−→ Cj}.

Best local concept and Close-World Assumption (BL &CWA): Choose the rule that maxi-
mizes the relative covering in both SCi(P∗ξ+1) and SCj (P∗ξ+1). Use a CWA to add the negation
of the concept selected for the complementary class.

Best local concept and partial Close-World Assumption (BL &partial-CWA): Includes the
same concepts as the Best local concept and Close-World Assumption except when the selected
concept refers to the same variable for the two classes. In this case the original concept is kept.

Best local-global concept and Close-World Assumption (BL+G &CWA): Includes the same
variables as the BL &partial-CWA except when the selected concepts refers the same variable for
both classes. In this case the best concept is kept and the negation is added to the complementary
class.
3 CASE STUDY

A case study in this paper was the pilot plant, located in Domd̄ale-Kamnik waste water treatment
plant in Slovenia. A scheme of the pilot plant with sensors and actuators is shown in Figure 2.
In the pilot plant the moving bed biofilm reactor (MBBR) technology is tested for the purpose
of upgrading the whole plant for nitrification and denitrification. The pilot plant with the volume
of 1125 m3 consists of two anoxic and two aerobic tanks that are filled with the plastic carriers
on which the biomass develops, a fifth tank, which is a dead zone without plastic carriers and a
settler. The total air flow to both aerobic tanks can be on-line manipulated in such a way that
oxygen concentration in the first aerobic tank is controlled at the desired value. The waste water
rich with nitrate is recycled with the constant flow rate from the fifth tank back to the first tank.
The influent to the pilot plant is waste water after mechanical treatment, which is pumped to the
pilot plant. The inflow is kept constant to fix the hydraulic retention time. The influent flow rate
can be adjusted manually to observe the plant performance at different hydraulic retention times.
The database used in this study consists of 365 daily averaged observations from the 1st of June
2005 to the 31th of May 2006. Every observation includes measurements of the 16 variables that
are relevant for the operation of the pilot plant. The variables are:

• NH4-influent: ammonia concentration at the influent of the pilot plant(pp) (3 in Fig. 2).

• Q-influent: waste water influent flow rate of the pp (7 in Fig. 2).

• TN-influent: concentration of the total nitrogen at the influent of the pp (4 in Fig. 2).

• TOC-influent: total organic carbon concentration at the influent of the pp (5 in Fig. 2).

• Nitritox-influent: measurement of the inhibition at the influent of the pp (6 in Fig. 2).

• h-waste water: height of the waste water in the tank (no Fig. 2).

• O2-1aerobic: dissolved oxygen concentration in the 1st aerobic tank (3rd tank) (12-Fig. 2).

• Valve-air: openness of the air valve (0-100%), highly related with Q-air (V2 in Fig. 2).

• Q-air: total air flow that is dosed in both aerobic tanks (1 in Fig. 2).

• NH4-2aerobic: ammonia concentration in the second aerobic tank (9 in Fig. 2).

• O2-2aerobic: dissolved oxygen concentration in the 2nd aerobic tank (4th tank)(13-Fig. 2).

• TN-effluent: concentration of the total nitrogen at the effluent of the pp (no in Fig. 2).

• Temp-waste water: temperature of the waste water (14 in Fig. 2).

• TOC-effluent: total organic carbon concentration at the effluent of the pp (no in Fig. 2).

• Freq-rec: frequency of the internal recycle flow rate meter (no in Fig. 2).

• FR1-DOTOK-20s (Hz): frequency of the motor that pumps the waste water into the plant.
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The data base was clustered in a previous work in order to identify typical situations that could
improve decision making, since managing WWTP is difficult in general and requires great ex-
pertise. See Metcalf and Eddy [2003] for details on the problematics related with management
and control of WWTP and the difficulties of finding global mechanistic models. In Gibert [1996]
clustering based on rules was used with the following Knowledge Base:
KB = {r1 : ((and(>= (NH4− 2aerobic)10.0)(> (TN − effluent)18.0)) → Mmonia),

r2 : ((and(< (NH4− 2aerobic)10.0)(> (TN − effluent)18.0)) → Nitrogen)}
with 38 objects satisfying r1, 80 objects satisfying r2 and the final dendrogram of Figure
1 (see details in Pérez-Bonilla et al. [2008]). A final partition in 4 classes was P4 =
{Cr353, Cr357, Cr358, Cr360} is obtained. Experts provided the following interpretation:

• Cr353, represents the plant operation under the high load. In this case influent nitrogen concentrations
are high and also influent flow rate is quite high as well. Even though the oxygen concentration in the
aerobic tanks are high this can not decrease the effluent nitrogen concentrations. It means that, when
the plant is overloaded, high effluent concentrations at the effluent can be expected.

• Cr357, represents the situation when the influent flow rate is low, that is, when the hydraulic retention
time of the plant is high. In this case, as oxygen concentration in the aerobic tank is high enough, quite
low effluent nitrogen concentrations can be obtained. In front of low influent flow rate, the effluent
concentrations can be low if the oxygen concentration in the aerobic tanks is high.

• Cr358, explains the situation when the waste water temperature is low. In this case nitrogen removal
efficiency of the plant is rather low. This happens because microorganisms in the tanks do not work
so intensively in cold conditions and therefore higher concentrations at the effluent can be expected.

• Cr360, shows the situation when the waste water temperature is high. In warmer conditions the
microorganisms in the plant work faster, so the effluent nitrogen concentrations can be low even when
the oxygen concentrations in the aerobic tanks are quite low.
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Figure 2: MBBR (Moving Bed Biofilm Reactor) pilot plant with sensors and actuators.

4 RESULTS

In this section CCEC has been applied to the data of the plant by testing the 5 aggregation criteria
presented before and compared with the interpretation provided by the experts from scratch. The
descriptions obtained for every class with the different methods are shown in Table 3. Results
for intermediate iterations are presented in Pérez-Bonilla et al. [2008]. Table 1 shows quality
indicators of the results (Confidence, Support and Coverage). The method that gives the most
similar interpretation to those provided by the expert is the Best Local-Global and Close World
Assumption (BL+G &CWA), which from a technical point of view also seems to represent the
more equilibrated option with the second higher values in both global coverage and support. The
greatest Global coverage is from Best Local and Close World Assumption, but this interpretation
is redundant. So the best interpretation is the one obtained using BL+G &CWA.

5 CONCLUSIONS AND FUTURE WORK

In this paper a methodology to generate automatic conceptual interpretations of a group of classes
is presented. Concepts associated with classes are built taking advantage of hierarchical structure
of the underlying clustering. The Conceptual characterization by embedded conditioning Pérez-
Bonilla and Gibert [2007], is a quick and effective method that generates a conceptual model of
the domain, which will be of great support to the later decision making based on a combination
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Figure 3: Knowledge base induces by 5 methods
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Table 1: Comparison among the 5 proposals
Met. Ruler Concec. #{i #{A

ξ
C
∩ nc p(r) Sup(r) CovR(r)

∈ A
ξ
C
} i ∈ C}

BG rCr353 Cr353 220 99 122 45,00% 60,27% 81,15%
rCr357 Cr357 98 46 50 46,94% 26,85% 92,00%

& rCr358 Cr358 6 6 93 100% 1,64% 6,45%
CWArCr360 Cr360 38 33 100 86,84% 10,41% 33,00%

(p(R)) 69,70%
Suma 362 184 365 99,18%
(CovGlobal(R)) 50,4%

BL rCr353 Cr353 27 27 122 100% 7,40% 22,13%
& rCr357 Cr357 1 1 50 100% 0,27% 2,00%
no rCr358 Cr358 6 6 93 100% 1,64% 6,45%

CWArCr360 Cr360 3 3 100 100% 0,82% 3,00%

(p(R)) 100%
Suma 37 37 365 10,14%
(CovGlobal(R)) 10,1%

BL rCr353 Cr353 309 122 122 39,48% 84,66% 100,00%
& rCr357 Cr357 101 48 50 47,52% 27,67% 96,00%

CWArCr358 Cr358 299 91 93 30,43% 81,92% 97,85%
rCr360 Cr360 220 99 100 45,00% 60,27% 99,00%

(p(R)) 40,61%
Suma 929∗ 360 365 254,52%∗∗
(CovGlobal(R)) 98,6%

BL rCr353 Cr353 309 122 122 39,48% 84,66% 100,00%
& rCr357 Cr357 101 48 50 47,52% 27,67% 96,00%

parc. rCr358 Cr358 114 62 93 54,39% 31,23% 66,67%
CWArCr360 Cr360 35 29 100 82,86% 9,59% 29,00%

(p(R)) 56,06%
Suma 559∗ 261 365 153,15%∗∗
(CovGlobal(R)) 71,5%

BL rCr353 Cr353 309 122 122 39,48% 84,66% 100,00%
+G rCr357 Cr357 101 48 50 47,52% 27,67% 96,00%
& rCr358 Cr358 114 62 93 54,39% 31,23% 66,67%

CWArCr360 Cr360 220 99 100 45,00% 60,27% 99,00%

(p(R)) 46,60%
Suma 744∗ 331 365 203,84%∗∗
(CovGlobal(R)) 90,7%

of BbD and an interactive combination of concepts upon hierarchical subdivisions of the domain.
Benefits of this proposal are specially interesting in the interpretation of partitions with a large
number of classes. Automatic generation of interpretations cover the important goal of KDD of
describing the domain Fayyad and et alt. [1996]. However, in this proposal a direct connection
between the generated concepts and the automatic rules generation allows direct construction
of a decision model for the later class prediction. As a matter of a fact, automatic production
of probabilistic or fuzzy classification rules regarding concepts provided by CCEC is direct, as
discussed in Gibert and Pérez-Bonilla [2005]. By associating an appropriate characteristic to every
class, a model for operating the waste water treatment plant on a concrete day is obtained upon
a reduced number of variables together with an estimation of the risk associated to that decision
(which is related with the certainty of the rule). In this work 5 different criteria for selecting
the variable to keep at every iteration are assessed and exhaustive comparison among those 5
criteria is presented, either in terms of approaching expert’s descriptions as well as validating
structural goodness of results, by means of confidence, support and covering: Best Local-Global
and Close World Assumption (BL+G &CWA), is the most equilibrated option for the technical
point of view and the one with better approaches exper’ts comprehension. Comparisons of results
provided by CCEC with BL+G &CWA and other methods are presented in Gibert et al. [2006].
Logistic Regression, Decision Trees and the Discriminant Analysis provide results much more
disconnected from the interpretation proposed by the expert than the results provided by CCEC.
Preliminary tests with other classical inductive methods evidenced the need to develop CCEC,
since, as mentioned in the abstract, traditional rules-inductive methods priorize the predictive
power of the final rules as well as the compacity, and usually, they hid redundant variables in
the final rules. This is of course a very sound approach when prediction is the main goal of rules
induction. But produces low performances for comprehensive purposes. From our experiences we
could clearly observe that one of the most informative characteristics of a class, to permit expert’s
conceptualization, is the local relationships among redundant variables appearing in the different
classes. For that reason, CCEC is a proposal that do not guarantee the most compact concepts, but
provides solutions that may include class-redundant variables. Finally the methodology guarantee
that important variables at the output are also included in the final description. In long term, the
proposal could be extended to keep more than two variables per iteration. Formal comparison
with other classical rules-inductive methods, like Prism, Rules or CN2 is currently in progress to
better show these effects.
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Abstract: Environmental Decision Support Systems (EDSS) are one of a suite of tools that 
natural resource management (NRM) practitioners may use to support the development of, 
or help report on the success, of NRM programs. This paper outlines two DSS that are 
being developed for state government or NRM agencies in Australia to assist them to 
develop, implement and manage programs aimed at improving resource condition. IBIS is 
an EDSS that models ecological outcomes of environmental flows. VegBN models the 
effectiveness of NRM interventions on native vegetation quality on private land in northern 
Victoria. The underlying model base of each EDSS is comprised of Bayesian Network 
(BN) models linked with other BN or component models. Bayesian networks have proved 
to be a flexible and highly valuable approach to modelling such highly complex and 
uncertain environmental systems. They are an approach that can add rigour and 
transparency to decision-making processes and have in Australia gained considerable 
interest from researchers as well as government and other organisations involved in the 
management of natural resources. 
 
Keywords: Environmental Decision Support Systems; Bayesian Networks; model 
development   
 
 
1. INTRODUCTION 
Researchers are increasingly required to analyse and present data in a way that reflects the 
need of natural resource management (NRM) practitioners. By offering a way of exploring 
and explaining trade-offs or impacts and providing a transparent, visible and accessible 
collection of models, visualization and other tools Environmental Decision Support 
Systems (EDSS) have the potential to support improved management of natural resources. 
They can also be used to focus discussion and enable integration by researchers and 
stakeholders. 
 
This paper reports on two EDSS being developed for application to real-world natural 
resource management issues: IBIS and VegBN. IBIS is an EDSS that models ecological 
outcomes of environmental flows. Applications of IBIS are being developed for three 
wetlands systems in inland New South Wales (NSW), Australia. The Victorian Native 
Vegetation Change EDSS (VegBN) is being developed as part of the Landscape Logic 
research hub (www.landscapelogic.org.au; Accessed 22 March 2010) and models the 
effectiveness of NRM investments aimed at improving native vegetation quality on private 
land in northern Victoria in the light of macrodrivers (e.g. climate and demographics). .  
Both DSS are being developed to support NRM decision-makers explore the factors 
influencing ecological outcomes and, through the use of scenario modelling, develop 
alternate management interventions aimed at achieving maintenance and/or improvement 
of wetland ecology (IBIS) and native vegetation quality (VegBN) (Table 1). 
 
2. DSS DEVELOPMENT 
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A similar process is being used to develop the two EDSS (Figure 1). Researchers and 
EDSS users scoped the focus issue(s) and scale of the EDSS which informed the 
development of the EDSS framework. The EDSS models are comprised of Bayesian 
Networks (BNs) either linked with other BNs (VegBN) or other types of models (IBIS).  
 
Table 1. Intended use of the IBIS and VegBN EDSS (X – minor role, XX – moderate role, 

XXX – major role). 
Role of the DSS IBIS VegBN 

Scenario modelling  XXX XXX 
Facilitation / group consensus building - - 
Collection of models, visualisation methods and other tools  X X 
Allow transparent  analysis  XXX XXX 
Project memory  X XX 
Capture and test assumptions  XXX XX 
Focus for integration across researchers and stakeholders  X XXX 
 
Bayesian Networks are one approach 
that is increasingly being used in 
environmental modelling, particularly 
where focus is on the interface 
between science and management. 
The strengths and limitations of BNs 
have been well documented (e.g. 
Uusitalo, 2007; Kumar, et al. 2008; 
Ticehurst et al. 2008). In the 
development of the IBIS and VegBN 
EDSS they have proved to be a useful 
tool with which to explore and 
communicate logic (e.g. causality and 
model structure) across a wide range 
of audiences, from experienced 
numerical modellers to NRM 
practitioners and other stakeholders 
who may have no (or limited) prior 
modelling experience. The capacity 
of BNs to use different types and 
sources of data from diverse 
disciplines (e.g. social science and 
ecology), and explicitly represent 
uncertainty has the potential to 
support NRM by describing realistic 
outcomes and adding flexibility to the 
decision-making process. Major 
challenges to the use of BNs in 
modelling complex environmental 
systems include the elicitation of 
expert knowledge and updating of 
beliefs in large networks, incomplete 
data sets with which to train the 
network, and the difficulty of 
incorporating feedback loops (Kumar, et al. 2008).  
 
The general process used to develop the BNs implemented in the IBIS and VegBN EDSS – 
steps 1 to 6 and 10 to 11 in Figure 1 – has been discussed in detail by Ticehurst et al. 
(2008). BNs were developed using the Netica© software (http://www.norsys.com/; 
Accessed 22 March 2010). This software supports the rapid development and testing of 
BNs and use for either inference or diagnosis. It is not possible to link BNs to other models 
[BN or otherwise] in Netica and for reasons discussed by Kumar et al. (2008) and others, 
namely the large increase in network size and required knowledge it is also problematic to 
incorporate temporal dynamics and feedback loops (an essential capacity of the IBIS 
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Develop other models (as 
appropriate) in ICMS

Step 8

Develop user interfaceStep 9

Scenario analysisStep 10

Monitor and ObserveStep 11  
Figure 1. EDSS development process (adapted 
from Ticehurst et al [in press]). Step 8 is only 

implemented for the IBIS EDSS. 
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EDSS) into BNs developed within Netica. The EDSS models have thus been coded using 
the Integrated Component Modelling System (ICMS) an object oriented based approach to 
model building and delivery (Reed et al. 2000). A graphical user interface (GUI) has been 
constructed for both EDSS which allows users to create and run scenarios, and facilitates 
their analysis of model outputs and behaviour. 
 
3. ENVIRONMENTAL FLOWS AND WETLAND RESPONSE (The IBIS EDSS) 
The IBIS EDSS is being developed to predict the ecological outcomes of environmental 
flows in wetland systems in NSW. The EDSS development project has had two phases. In 
Phase 1, the methodology was developed and prototype EDSS applications were developed 
for the Gwydir Wetlands and Narran Lakes. Client requirements and methodology were 
then refined for the second phase of the project which involved three applications are being 
developed: one each for the Gwydir Wetlands, Macquarie Marshes and Narran Lakes. A 
discussion of the prototype Narran Lakes application is provided in Merritt et al. (2009). 

 
 The purpose of the IBIS EDSS is to enable 
the primary user of the EDSS (managers 
from the NSW Department of Environment, 
Climate Change and Water [DECCW]) to 
compare scenarios relating water delivery 
(volume and timing) to ecological outcomes 
in order to provide a consistent, transparent 
and scientifically rigorous decision-making 
process. The EDSS houses models and data 
from DECCW (and other) research 
programs and is being developed to allow 
updates over time as information and 
knowledge improve. 
 
3.1 Model Structure 
IBIS links outputs from hydrological 
models (producing daily time series of 
inundation area, flow, and volume), to 
ecological response models (ERM) (Figure 
2). The ERM are Bayesian networks 
representing important ecological function, 
vegetation species and communities, and 
waterbird and fish species in the wetland 
system.  
 
A major criticism of BNs in the scientific 
literature has been the inability to 
incorporate temporal dynamics or feedbacks 

in the network (e.g. Uusitalo et al. 2007; Kumar et al. 2008). Given that most complex 
environmental systems (e.g. wetlands, estuaries) are highly dynamic in their behaviour – 
further complicating the task of the managers of these systems – greater emphasis is 
starting to be placed on developing dynamic BNs (e.g. Shihab, 2008). In the IBIS EDSS we 
implement BNs within a dynamic domain. Time-series data from the hydrology model is 
summarised into ecologically important events based on inundation depth thresholds. 
Outcomes of the ERM for the first event inform the modelled ecological response to the 2nd 
event and so on. This is demonstrated for the Gwydir Wetlands IBIS application later in 
this paper. This allows users of the EDSS to track ecological response over time for 
different environmental water delivery scenarios. 
 
The IBIS EDSS is being used to build applications for three systems (the Gwydir 
Wetlands, Macquarie Marshes and Narran Lakes). To date, the implementation of the 
EDSS architecture to different wetland systems has been relatively straightforward. This 
has in part been facilitated by a common issue across the three systems – that being the 
delivery of environmental water to ecological assets – and a consistent approach to 
development of the component models. The flexible nature of Bayesian Networks mean 
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Figure 2. Structure of the IBIS DSS
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that very different ecological response models can be developed and implemented within 
the IBIS framework as long as they are driven by data produced by the hydrological model. 
Across the three applications of IBIS that are being built we are developing models for 
species and communities and whole wetland function, The BNs can be quite simple habitat 
condition models as implemented in the Gwydir Wetlands application to a more detailed 
and mechanistic model of the factors affecting recruitment of waterbird fledglings 
implemented in the Narran Lakes (Merritt et al. 2009). 
 
3.2 Gwydir Wetlands IBIS Application 
Simple use of objects and links are used to develop the models underlying an IBIS EDSS 
application. Figure 3 shows the structure of the Gwydir Wetlands application currently 
under development. Vegetation maps together with flooding patterns predicted from a 
hydrodynamic model of the Gwydir Wetlands were used to define discrete storages to 
represent in the EDSS. The NSW Office of Water is building an Integrated water Quantity 
and Quality Model (IQQM – Simons et al. 1996) of the Gwydir Wetlands representing the 
defined storages in the model network. IQQM outputs of daily flow, inundation area, and 
inundation depth are loaded into the storage ( ) objects in the EDSS model. This data is 
passed through routines that summarise the time-series data into ecologically relevant time 
periods (i.e. flow events). The ERM ( ) use this information to describe the likely 
ecological response to the hydrology regime. In Figure 3, vegetation ERM are linked to 
each of the storages. 

 
Figure 3. Structure of the Gwydir Wetlands application of the IBIS DSS.  
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The vegetation response models in the Gwydir Wetlands application of the IBIS EDSS are 
based on the CCARP database (Rogers 2009a,b) which considered four components of the 
inundation regime: flood duration (number of months), flood timing (month), flood area 
index and the inter-flood dry period (number of months). An example of the ERM for the 
storage S6 (Figure 4) shows that the maintenance and survival of both Bolboschoenus 
fluviatilis (Marsh club-rush) and the weed species Phyla canescens (Lippia) 
(Bolboschoenus MS (S6) and Pcanescens MS (S6) respectively in Figure 4) are determined 
by all four components of the inundation regime. The reproduction and recruitment of B. 
fluviatilis (Bolboschoenus RR (S6) in Figure 4 is determined by the duration, depth and 
timing of inundation. 

4. The Landscape Logic EDSS 
Landscape Logic is a research hub funded by the Australian federal government CERF 
program. The project aim is to “improve the way scientific information is used as an aid to 
decision making, and to establish links between management actions and natural resource 
condition” (www.landscapelogic.org.au; Accessed 22 March 2010). One theme of the 
research hub aims to integrate new and existing knowledge on the efficacy of management 
interventions and model the impact of these interventions on resource condition (focusing 
on native vegetation and aquatic health). The primary modelling technique selected at the 
outset of Landscape Logic were BNs because they can be used to integrate across complex 
systems and scientific disciplines, communicate predictions effectively, and thus assist 
catchment managers make informed management decisions (Ticehurst and Pollino, 2007).  
 
The audience for Landscape Logic research outcomes are primarily the natural resource 
management (NRM) agencies that work with community and partner organisations to 
implement and manage programs aimed at improve natural resource condition. Software 
interfaces for the BN models are being developed to assist users run the models, interrogate 
the data and assumptions used to develop the BNs and interpret the model predictions. 
Ultimately, it is intended that the tool will assist NRM agencies quantify the impact of their 

 
Figure 4. Ecological response model for the S6 storage. 
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investments on natural resource condition and estimate the likely impact of future 
investment strategies, a reporting requirement of the Australian Government. 
 
Two EDSS are being developed as part of the Landscape Logic project: the Tasmanian 
Aquatic Condition EDSS (TasBN) and the Victorian Native Vegetation Change EDSS 
(VegBN).  VegBN models the effectiveness of NRM interventions on native vegetation 
quality on private land in northern Victoria, Australia, whilst TasBN simulates the impact 
of land, estuary and river use on water quality and aquatic health. Conceptually both EDSS 
are similar: BNs are the integration tool and both implementations are based on linking 
output probability distributions from one model to another. However, due to the different 
way in which spatial aspects are represented and how scenarios are constructed and results 
are viewed, VegBN and TasBN have been developed as separate EDSS with tailored GUI. 
The VegBN DSS is discussed in more detail below. 
 
4.1 Drivers of native vegetation change in Victoria 
Understanding how past human activities and environmental events have altered native 
vegetation extent and quality is critical for managing native vegetation into the future. A 
retrospective analysis of native vegetation change in three NRM regions in northern 
Victoria (undertaken by researchers at the Victorian Department of Sustainability and 
Environment [DSE]) identified changes in native vegetation over time, and related these 
changes to land use and management 
practices. This knowledge, together with 
social research that identified why past 
and present management practices were 
adopted, (undertaken by researchers at 
Charles Sturt University [CSU]) will be 
used to support future decision-making 
by the NRM regions. 
 
The VegBN EDSS is being developed to 
evaluate the effectiveness of NRM 
interventions on native vegetation 
quality, in light of other influences (e.g. 
climate, and/or demographics). One 
application of the EDSS is in 
development covering three case study 
areas in northern Victoria, Australia. The 
EDSS consists of three linked BNs 
(Figure 5). The Landholder Actions BN 
represents the factors influencing a 
landholders’ decision to implement 
revegetation, protect remnant native 
vegetation or promote the natural 
regeneration of native vegetation. The 
Current Vegetation Quality BN estimates 
the current state of native vegetation 
based on the level of works being 
undertaken by landholders in conjunction 
with climate and environmental 
conditions (Figure 6). This generates 
inputs to the Change in Vegetation 
Quality BN – an implementation of the 
state-and-transition BN developed by researchers at the University of Melbourne and DSE 
to look at native (non-riparian) woodland vegetation dynamics at a site.  
 
The purpose of the Landholder Actions and Current Vegetation Quality BNs are to 
describe what the vegetation quality looks like now within the landscape (private land in 
rural northern Victoria) and explain the social and environmental context for the current 
condition. Given the likely current condition, the Change in Vegetation Quality BN can be 
used to explore how a site will respond to interventions. 
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Figure 5. Structure of the Gwydir Wetlands application of the IBIS DSS.  

 
5. DISCUSSION AND CONCLUSION 
This paper has outlined two Environmental Decision Support Systems being developed to 
support aspects of natural resource management in Australia. The nature of the two tools 
belong more to the ‘static’ category described by Sànchez-Marrè et al. (2008) of Intelligent 
Environmental Decision Support System (IEDSS) where the intention of the tool is to 
support decision-making of water managers (IBIS) and NRM agencies involved in 
management of native vegetation (VegBN) through scenario modelling and exploration of 
the magnitude and sensitivity of model responses. The EDSS are not intended to be used on 
a day-to-day basis: for example the IBIS DSS is intended to be used for planning over 
annual to decadal time periods. It could be used to predict the ecological response to 
augmenting a natural flood event but not in real-time as it is not linked to live-flow data 
information. This is in accordance with its intended use as a strategic planning tool and 
consistent with the way the hydrological and ecological linkages within the wetlands work 
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(i.e. ecological responses to hydrological events occur over week to month or longer 
periods).  
  
A criticism of some IEDSS is that they can be very specific (e.g. Sànchez-Marrè et al. 
2008). Whilst this is true, there is a compromise between generality of design and 
modelling approach and the need for an approach tailored to the audience who will use the 
tool (or its outputs). The latter requires considerable effort throughout the development 
process to understand how they will use it, what is the management environment in which 
they operate, and the nature of the system being modelled.  
 
IBIS and VegBN both use BNs in the modelling framework. In Australia there has been a 
large interest in BNs within all levels of government (local, state and federal) and other 
groups or individuals involved in natural resource management over the last five years. 
From our experience in building EDSS in Australia, there is no other approach as well 
suited to modelling highly complex and uncertain systems where social, political and 
management context is as important to defining outcomes as (for example) as the physical 
system. BNs are capable of providing transparency and rigour to the decision-making 
process which, together with explicit representation of uncertainty and their inherent 
compatibility with adaptive management processes, makes them an attractive tool for 
decision-makers. As developers of integrated environmental models they have proved 
invaluable to us, allowing us to work with researchers and practitioners across a range of 
disciplines (including ecologists, economists, hydrologists and social scientists) and, in the 
case of the IBIS EDSS, develop state of the art integrated hydrological-ecological models 
which will support the environmental flows decision-making process of the NSW 
Department of Environment, Climate Change and Environment (DECCW) in inland 
wetland systems in NSW, Australia.  
 
ACKNOWLEDGMENTS 
The Change in Vegetation Condition BN developed by Libby Rumpff at the University of 
Melbourne is being implemented in the Victorian Native Vegetation Change EDSS 
(VegBN). The Landscape Logic hub is funded by the Australian Government Department 
of Environment, Water, Heritage and the Arts (DEWHA) through the Commonwealth 
Environment Research Facility program. The development of the Gwydir Wetlands, 
Macquarie Marshes and Narran Lakes applications of the IBIS EDSS is funded by the 
Australian Government and the NSW Department of Environment, Climate Change and 
Water under the Rivers Environmental Restoration Program. 
 
REFERENCES 
Kumar, V., A. Holzkaemper, B. Surridge, P.I. Rockett, M. Niranjan, and D.N. Lerner, 

Bayesian challenges in integrated catchment modelling. In Sànchez-Marrè, M., J. Béjar, 
J. Comas, A. Rizzoli, and G. Guariso (eds) iEMSs 2008: International Congress on 
Environmental Modelling and Software, International Environmental Modelling and 
Software Society (iEMSs), pp 362-371, 2008. 

Merritt, W.S., C. Pollino, S. Powell and S. Rayburg, Integrating hydrology and ecology 
models into flexible and adaptive decision support tools: the IBIS DSS. In Anderssen, 
R.S., R.D. Braddock and L.T.H. Newham (eds) 18th World IMACS Congress and 
MODSIM09 International Congress on Modelling and Simulation. Modelling and 
Simulation Society of Australia and New Zealand and International Association for 
Mathematics and Computers in Simulation, July 2009, pp. 3858-3864. ISBN: 978-0-
9758400-7-8. http://www.mssanz.org.au/modsim09/I11/merritt_I11.pdf      

Reed, M., S.M. Cuddy, and A.E. Rizzoli, A framework for modelling multiple resource 
management issues – an open modelling approach. Environmental Modelling and 
Software, 14, 503-509, 2000 

Rogers, K. Water Regime Requirements for Selected Floodplain Wetland Plants at the 
Macquarie Marshes. In: Rogers, K., Ralph, T., Miller, L. and Kelleway, J. 2009. Water 
Regime Requirements of Selected Floodplain Wetland Biota in the Macquarie Marshes, 
with reference to Climate Variability and Climate Change. Aquatic Ecosystems Climate 
Change Adaptation Research Project (CCARP) Draft Report, February 2009. Rivers and 
Wetlands Unit, Department of Environment and Climate Change NSW, 2009a. 

2094



W.S. Merritt et al. / The value of using Bayesian Networks in Environmental Decision Support Systems to 
support natural resource management. 

Rogers, K. 2009b. Water Regime Requirements for Selected Waterbirds at the Macquarie 
Marshes. In: Rogers, K., Ralph, T., Miller, L. and Kelleway, J. 2009. Water Regime 
Requirements of Selected Floodplain Wetland Biota in the Macquarie Marshes, with 
reference to Climate Variability and Climate Change. Aquatic Ecosystems Climate 
Change Adaptation Research Project (CCARP) Draft Report, February 2009, 2009b. 

Sànchez-Marrè, M., J. Comas, I. Rodriguez-Roda, M. Poch, and U. Cortés, Towards a 
framework for the development of intelligent environmental decision support systems. 
In Sànchez-Marrè, M., J. Béjar, J. Comas, A. Rizzoli, and G. Guariso (eds) iEMSs 2008: 
International Congress on Environmental Modelling and Software, International 
Environmental Modelling and Software Society (iEMSs), pp 398-406, 2008. 

Shihab, K, Dynamic modelling of groundwater pollutant with Bayesian networks. Applied 
Artificial Intelligence, 22, 352-376,2008. 

Simons, M., G. Podger and R.Cook, IQQM – a hydrologic modelling tool for water 
resource and salinity management. Environmental Software, 11(1-3), 185-192, 1996. 

Ticehurst, J.L., R.A. Letcher, and D. Rissik, Integration modelling and decision support: a 
case study of the Coastal Lake Assessment and Management (CLAM) tool. Mathematics 
and Computers in Simulation, 78, 435-449, 2008. 

Ticehurst, J.L. and C.A. Pollino. Build collaborative models or capacity? Comparison of 
techniques for building bayesian networks for the Natural Resource Management 
regions of Australia. In Oxley, L. and Kulasiri, D. (eds) MODSIM 2007 International 
Congress on Modelling and Simulation. Modelling and Simulation Society of Australia 
and New Zealand, December 2007, pp. 274-880, 2007. ISBN: 978-0-9758400-4-7 
http://www.mssanz.org.au/MODSIM07/papers/5_s45/BuitdCollaborative_s45_Ticehurst
_.pdf 

Uusitalo L, Advantages and challenges of Bayesian networks in environmental modelling, 
Ecological Modelling, 203, 312–318, 2007 

2095



International Environmental Modelling and Software Society (iEMSs)
2010 International Congress on Environmental Modelling and Software

Modelling for Environment’s Sake, Fifth Biennial Meeting, Ottawa, Canada
David A. Swayne, Wanhong Yang, A. A. Voinov, A. Rizzoli, T. Filatova (Eds.)

http://www.iemss.org/iemss2010/index.php?n=Main.Proceedings

Assessing hydrological response to change in
climate: Statistical downscaling and hydrological

modelling within the upper Nile

M. Kigobe a, A. van Griensvenb,

aDepartment ofCivil Engineering, Makerere University Kampala, Uganda, P.O Box 7062
Kampala, Uganda (mkigobe@tech.mak.ac.ug)

bDepartment Hydroinformatics & Knowledge Management, UNESCO-IHE Institute for Water
Education P.O. Box 3015, 2601 DA DELFT, The Netherlands (A.vanGriensven@unesco-ihe.org)

Abstract: The sensitivity of several water resource components to environmental change is cru-
cial to water managers. Water resource sensitivity studies are therefore required to assess how
hydrological regimes will respond to environmental change. As a first attempt in the Upper Nile,
this study explores statistical techniques to downscale climate projections with particular empha-
sis on rainfall simulation for the Kyoga basin, using Generalised Linear Models (GLMs). Despite
noticeable bias in predicting the historical climate, the study results reveal that a warmer climate
will lead to a basin-wide increase in precipitation and subsequent increase in stream flows for the
Mpologoma basin, within the upper Nile.

Keywords:Climate Change, Statistical Downscaling, Hydrological Sensitivity Analysis.

1 INTRODUCTION

The Kyoga basin is located in the Upper Nile and is mainly characterised by inter-annual and inter
decadal variation in precipitation. Water availability in the basin is mainly important for agricul-
ture, fishing, municipal purposes and many other uses. Water availability is highly influenced by
climate variability and climate change presents many challenges for the Nile basin and Africa in
general [Conway and Hulme, 1993; Hulme, 2000; Hulme et al., 2005]. There is little doubt that
climate change will alter the hydrology of the Nile basin, therefore, there is increasing interest in
understanding how the rising concentration of greenhouse gases might affect climate (the mean
and variability of temperature, precipitation, humidity, wind and other climate variables over sev-
eral decades) at local and regional scales in the Nile basin. For the Kyoga basin, human activities
in the catchment have increased over the past century and expected to grow even more rapidly in
the future, hence, water management will become even more important with a changing climate.
The objective of this paper is to show projections of local rainfall under different emission sce-
narios. This is done by means of a sensitivity approach, analyse the associated impact on selected
hydrological variables for a case study of the Mpologoma basin, within the Upper Nile. The rest
of the paper presents a brief description of the Mpologoma basin, a sub-catchment of the Kyoga
basin in section 2, followed by the methodology in section 3 and the results and discussions in
sections 4 and 5 respectively.

2 KYOGA BASIN

The Kyoga basin (Figure 1) is 51,283km2 in size and composed of several sub-basins. The
biggest tributary inflow into the basin (approximately 90 % of the total inflow) is the Victoria Nile
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flow, which drains into the Kyoga catchment, as a controlled release at Owen Falls dam. The
average total inflow into Lake Kyoga is estimated at about 1,420m 3/s, with the Victoria Nile
contributing about 85 %. Other tributary flows contribute about 4 % and precipitation over the
lake accounts for the remaining 11 %. The most significant tributary flow is mainly from the Mt.
Elgon ranges (in the Eastern parts of the basin on the borders of Uganda and Kenya). The average
annual basin precipitation is about 1,300mm and the highest precipitation falling over the Kyoga
basin is received over the Elgon Mountain ranges. The Kyoga basin faces high evapotranspiration
from the swamp vegetation. The Lake is not regulated and the outflow from the Kyoga basin is
naturally controlled by the exit of Lake Kyoga which drains into the Kyoga Nile and later joins
Lake Albert, along the Nile river system.

Figure 1:Precipitation gauge network for 110 rainfall sites

3 METHODOLOGY

3.1 Rainfall modelling at daily time step

A number of methods are widely reported for estimating climate change. An extensive review
of the several techniques involved in representing regional and local scale processes when using
climate models is given by Fowler and Kilsby [2007]. General Circulation Models (GCM) out-
puts, especially precipitation are not suitable for use in assessing hydrological response to climate
change due to the coarse spatial resolution of the GCM outputs. To achieve better projections, one
possibility is the use of precipitation outputs from Regional Climate Models (RCM). Despite the
general absence of such models (RCMs) for the Kyoga basin, there are a number of other issues
related to the use of RCMs for the Kyoga basin, including the requirement of large numbers of
rainfall sequences. Secondly RCMs run on grid resolutions that are not adequate for local scale
studies. Therefore, this study is focused on the projection of local scale rainfall at multiple sites
in the Kyoga basin using statistical downscaling. Additionally, a detailed data set was available
in the Kyoga basin to facilitate spatial-temporal modelling. This was done by applying the GLM
models developed by Chandler and Wheater [2002]; Chandler [2006].
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Generalised LinearModels (GLMs) can be regarded as multi-state Markov models which, with
appropriate extensions, can include dependencies among multiple sites within a region. In the
framework suggested by Stern and Coe [1984] and subsequently extended by Chandler and
Wheater [2002], the application of a GLM to daily rain gauge data involves identifying, for each
day in the rainfall record, the distribution of rainfall at each site and then specifying a plausible
inter-site dependence structure that preserves the single-site distributions. The distributions them-
selves are constructed by relating the parameters of distribution functions for rainfall occurrence
and amounts to related quantities, called covariates. Typical examples of covariates include rain-
fall on previous days, the time of the year, the altitude of the site, and regional and global climate
indices. The procedure involved is a two-step approach:(a). To model the temporal pattern of wet
and dry days at a site, a logistic regression model is generally used. IfPi denotes theprobability
of rainfall occurrence on theith day ina dataset of rainfall, conditioned on a covariate vectorx

′
,

the modelis given by

[
Pi

1− Pi

]

= x
′

β (1)

whereβ is avector of parameters to be estimated. Any Markov chain model can be written in the
form of Equation 1 by including binary covariates representing wet or dry states on previous days
[Chandler, 2002];(b). If the ith day iswet then the corresponding rainfall amount is generally
represented by a gamma distribution with meanμi, where

ln(μi) = ξ
′

γ (2)

Fora covariates vectorξi and acoefficient vectorγ. The gamma distribution has a shape parame-
ter. The shape parameter is often fixed at a constant value for each observation. Rainfall processes
are commonly affected by the interacting effect of two or more covariates. For example, if the
autocorrelation in rainfall amounts is, say, strongest during the rainy season, the GLM coefficient
representing the effect of the previous days rainfall would vary with the seasonal covariates. In
general, this kind of interaction can be incorporated by adding an additional covariate which is
the product of two interacting covariates [Chandler, 2005; Yang et al., 2005]. The presence or
absence of such interactions may reveal valuable information about the mechanisms driving the
rainfall processes.

After GLM models are developed for a particular region, they can be extended to downscale
GCM projections by means of statistical downscaling. Statistical downscaling applies empirical
(statistical) relationships to bridge the large-scale features (predictors) simulated reliably by the
GCMs (such as geopotential height fields, sea level pressure, humidity) and regional or local
climate variables (predictands, such as temperature and precipitation at a certain location). This
involves developing time-invariant relationships between large scale climate variables and local
scale climate variables with the assumption that the large scale variables are reliably simulated and
the relationships remain constant under a changing climate. The result from this strategy is daily
simulations of rainfall at multiple sites; which can them be used to assess the impact of climate
change at several sites in the Kyoga basin. The sensitivity of the basin hydrology was investigated
using a distributed hydrological model which is briefly described in the following section 3.2.

3.2 Hydrological modelling on daily time step

The SWAT model was used for this study. The model is based on three major components: (i)
the sub-basin itself; (ii) reservoir routing and (iii) channel routing. The sub-basin component is
composed of eight modules: hydrology, weather, sedimentation, soil temperature, crop growth,
nutrients, agricultural management, and pesticides. Only the hydrology and weather components
are relevant to this study. The hydrology module is able to reproduce the following processes:
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surfacerunoff, percolation, lateral subsurface flow, groundwater flow, evapotranspiration (ET)
and transmission losses (Figure 2).
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Figure 2: Schematic flow pathways for water movement in SWAT (adapted from Neitsch et al.
[2000])

For this study, surface runoff was simulated based on the USDA Soil Conservation Service (SCS)
Curve Number theory. The development and application of the curve number is well documented
[SCS, 1972] and it is a standard hydrologic analysis technique extensively tested in the United
States for small to medium sized catchments. Percolation is modelled with a layered storage
routing technique combined with a crack flow model; lateral subsurface flow; groundwater flow
to streams from shallow aquifers; potential evapotranspiration by the Hargreaves, PriestleyTaylor
and Penman-Monteith methods; snowmelt; transmission losses from streams; and water storage
and losses from ponds [Arnold et al., 1998].

The model operates at three spatial levels: basin, sub-basin and HRU. An HRU is a fraction of
the sub basin that can be represented by a unique combination of soil and land use and has no
physical location in the sub-basin. The program calculations follow these levels: (1) the fluxes
of each HRU (per surface unit) and (2) the fluxes (outputs of previous step) are aggregated to
sub-basin output, conditioned on the fractions of the HRUs, (3) the sub basin outputs are then
routed through river reaches according to the river network. A detailed description of the model
given by Arnold et al. [1998]; Arnold [2005] and Neitsch et al. [2000]. A detailed discussion of
previous applications is given by Gassman et al. [2007].

In the Kyoga study, model calibration and uncertainty analysis, was conducted using the sequential
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uncertainty fittingprogram SUFI-2 [Abbaspour, 2007; Abbaspour et al., 2008]. SUFI-2 is a tool
for sensitivity analysis, multi-site calibration and uncertainty analysis. The tool is capable of
dealing with many parameters and many variables (for example, flow, sediments, water quality,
etc) for many gauging stations simultaneously and Latin Hypercubes samplings is used to draw
independent parameter sets [Abbaspour, 2007].

4 RESULTS

4.1 GLM Model Structures for the Kyoga basin

The occurrence and amounts models fitted by rainfall zones were predominantly similar (Table 1),
except for the additional parameter required to model the spatial correlation structures. The oc-
currence and amounts models fitted to the rainfall zone B are shown in Table 1. The performance
of GLM models for rainfall zone D are shown in Figure 2. Except for the month of September
and Site-14 the model residuals lie within the 96% confidence interval (Figure 3).
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Figure 3: Pearson residuals of the occurrence model (left) and Amounts model (right) perfor-
mance by month, by site and by year, over the rainfall zone D. The dotted lines indicate the 95%
confidence intervals.

4.2 Projected climate change

Uganda is divided into several rainfall zones according to Basalirwa [1993] and the rainfall sites
in each zone have homogeneous statistical properties. The Kyoga basin is covered by seven zones.
Daily rainfall data for 30 sites was used to develop GLM models for rainfall zones D and F (Figure
2). The GLM models were later used for statistical downscaling of GCM projections. For each
site 100 simulations were run for the 2020s, 2050s, and 2080s based on several GCMs outputs of
the fourth assessment report of the Intergovernmental Panel on Climate Change (IPCC) [IPCC,
2007] under the A2 emission scenarios.

The ability of different GCMs to simulate historical climate was investigated by using simulation
results for the 1961-1990 period for the Kyoga basin. Model performance varied by location
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Table1: Occurence and Amounts models for rainfall zonesB

OccurrenceModel Amounts Model
Model Predictor Covariate Value Covariate Value
Constant -1.699 2.219
Fourier sine component 1 for E 1 -0.509 1 0.497
Fourier sine component 1 for N 2 0.359 2 -0.359
Fourier cosine component 1 for E 3 0.383 3 -0.231
Fourier cosine component 1 for N 4 0.643 4 -0.448
Fourier sine component Altitude 5 0.143 5 -0.038
Fourier cosine component Altitude 6 0.173 6 -0.126
Monthly Indicator [Month] Jan [7] 0.184 Jul [7] 0.123

Nov [8] 0.143 Aug [8] 0.096
IOD West (Monthly) 9 0.182 9 0.070
Average Temperature (Reanalysis) 10 0.038 10 0.038
Relative Humidity (Reanalysis) 11 0.160 11 0.048
Mean Sea Level Pressure (Renalysis) 12 0.035 12 0.021
Daily half-year cycle, cosine component 13 -0.323 13 -0.099
Daily half-year cycle, sine component 14 -0.070 14 -0.023
Mean of I(Y[t-1]>0) 15 2.428 15 0.220
Mean of I(Y[t-2]>0) 16 0.591 16 -0.098
Mean of I(Y[t-3]>0) 17 0.378 17 0.068
Mean of I(Y[t-4]>0) 18 0.062 18 -0.023
2 Way Interaction [1 - 3] -1.167 [1 - 3] 0.787

[1 - 4] -0.335 [1 - 4] 0.089
[2 - 3] -0.110 [2 - 3] -0.070
[2 - 4] 0.587 [2 - 4] -0.124
[1 - 5] -0.466 [1 - 5] 0.065
[2 - 5] -0.173 [2 - 5] 0.180
[3 - 6] 0.451 [3 - 6] -0.079
[4 - 5] -0.014 [4 - 5] -0.002
[1 - 6] -0.840 [1 - 6] 0.881
[2 - 6] -0.158 [2 - 6] -0.291
[4 - 6] 0.446 [4 - 6] -0.352
[7–10] -0.020 [7–10] -0.174
[8–10] -0.209 [8–10] -0.078
[7–15] -0.067 [1–15] -0.220
[8–15] 0.029 [8–14] -0.050

[10–13] -0.016 [7–12] 0.003
[11–13] 0.001 [8–12] 0.029
[10–14] 0.018 [10–13] -0.037
[11–14] -0.010 [10–14] -0.078
[13–15] 0.295 [11–13] 0.016
[14–15] -0.177 [10–14] 0.025
[15–16] -1.105 [11–14] 0.127
[15–17] -0.500 [13–15] -0.116
[11–15] -0.130 [13–16] -0.049
[10–16] -0.303 [14–16] -0.023
[12–15] -0.279 [15–16] 0.061

‘Soft’ thresholdfor +ve values 0.500 0.500
Spatial dependence 7.225 0.795
Dispersion parameter 0.122

and ingeneral GCMs have varying skills in simulating the present climate for several regions in
the Kyoga basin. Although no model is better than another, inter-model variation and regional
variations were are expected and it is reasonable to assume higher confidence in GCM models
that had the least bias (≈ 1) in simulating the historical climate. Based on this assumption,
three GCM models, that is, CSIRO.MK3 [Gordon et al., 2002], MPIM.ECHAM [Roeckner and
Coauthors, 2003], and UKMOHADCM3 [Gordon, 2000; Gordon et al., 2002] were selected to
predict changes in observed basin water resources under the A2 emission scenarios. The other
GCMs tested to estimate historical climate show that the bias in simulating the historical pattern
ranges from 0.12 to 1.17 (Table 1). There was some variations in GCM precipitation estimates of
historical pattern for the Mpologoma, the GFLD performing poorest (according to bias) among
all GCMs.

In general all GCM tend to under-simulate the June – July precipitation amounts. The seasonal
and annual changes in precipitation changes are summarised in Table 2. Average projections
of precipitation vary by season. The projected annual changes in precipitation over the entire
basin vary from 3 – 19 % for 2020s, -1 – 35% for 2050s and -6 – 65% for 2080s. There are
substantial differences in the simulated quantities of annual precipitation change for each rainfall
site. All predictions show a relative increase in annual precipitation for 2020s, 2050s, 2080s,
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exceptfor the HADCM3. For the HADCM3, precipitation predictions are highest during the
2050s. The HADCM3 generally predicts a decline in precipitation for the 2080s. The reason
for the disparate predictions of the HADCM3 for the 2080s is unclear. The highest percentage
increase in precipitation is observed for the MAM and SON seasons, which also correspond to the
two rainfall seasons.

Table 2: [Left] Percentage change in seasonal precipitation for Mpologoma basin (Rainfall zone
D and F in Figure 2); [Right] Bias from GCM experiments simulations of historical precipitation
for the 1961–1990 period for Mpologomabasin.

CSIRO.MK3 GCM BIAS (1960-1990)
Season↓ 2020s 2050s 2080s Season↓

DJF 9 -1 3 DJF 0.91
MAM -4 0 34 MAM 1.00

JJA -2 -2 -7 JJA 0.61
SON -11 -2 51 SON 0.88

ANNUAL 3 -1 26 ANNUAL 0.88
MPIM.ECHAM GCM BIAS (1960-1990)

Season↓ 2020s 2050s 2080s Season↓
DJF 12 7 4 DJF 1.03

MAM 41 69 116 MAM 1.17
JJA -10 -10 -12 JJA 0.52

SON 14 39 87 SON 1.13
ANNUAL 19 35 65 ANNUAL 1.02

UKMO.HADCM3 GCM BIAS (1960-1990)
Season↓ 2020s 2050s 2080s Season↓

DJF -7 -9 0 DJF 1.61
MAM 27 56 -19 MAM 1.18

JJA -3 -6 -1 JJA 1.14
ANNUAL 19 36 -6 ANNUAL 1.16

4.3 Sensitivity of hydrological variables

Daily hydrological model runs were made using an existing/calibrated SWAT model for the Mpol-
ogoma basin [Kigobe, 2009]. Calibration statistics for the Mpologoma model are shown Table 3.
Daily simulations were run for the current period (1960 - 1990) - referred to as the baseline period,
and for the future periods, i.e (2010 – 2040, 2040 – 2070 and 2070 – 2100) - referred to as the
climate projection periods. Simulated variable were aggregated to give monthly statistics of water
resources variables (including stream flow, evapotranspiration, soil water, deep aquifer recharge
and water yield). The scope of this paper is limited to stream flows and evapotranspiration alone.

Sensitivity of Evapotranspiration. Evapotranspiration rates are controlled by several variables
including the the available water and energy. A temperature increase leads to higher energy
available for evapotranspiration. Although a warmer atmosphere can hold more water, the actual
changes in evapotranspiration will depend on the humidity levels and the wind patterns. Due to
data limitations, using the Hargreaves method, the simulations for the Mpologoma basin suggest
that annual estimates of evapotranspiration are predicted to increase with increase in temperature
and precipitation. The projected increase in evapotranspiration is on average 6 - 20% for the 2020s
and 2050s, and about 10 - 25% for the 2080s.

Sensitivity of Stream flows. The sensitivity of the average annual runoff using the calibrated
hydrological model is shown in Figure 4. This was obtained using an ensemble of several precip-
itation simulations for three GCM projections for the 2020s, 2050s and 2080s and multiple model
parameter sets. On a monthly scale, the associated prediction uncertainty estimates by the differ-
ent GCM models generally suggest higher uncertainty for high flow simulations (Figure 4). The
projected changes in stream flows differ with GCMs. Simulated stream flows show a consistent
increase in stream flow volumes especially for April to July and October to November. For the
2080 the HADCM predicts the least increase in stream flows.
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To have an indication of water resource availability in the Mpologoma basin, the change in mean
annual runoff was examined. Simulations show a remarkable increase in stream flow and stream
flow variance for the 2050s and 2080s (Table 4). The results suggest that the daily mean flow,
variance of daily flows and skewness of daily flows increases The variance shows a slight increase
for the 2020 periods and a great increase for the 2050s and 2080s. The skewness tends to decrease
for simulated flows at Mpologoma suggesting a reduction in the frequency of extreme events.
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Figure 4:Simulated mean monthly stream flow at Mpologoma for the 2020s, 2050s, 2080s. The
box plots show the spread of simulation ensembles at the 5%, 25%, 50%, 75% and 95% per-
centiles. The shaded area shows the 95PPU for the simulated flows for 1960 – 1990 period.

Table 3: Calibration statistics for Mpologoma basin using apriori parameters.Thep-factoris the
percentage of observations bracketed by the 95% prediction uncertainty. Thed-factor is the aver-
age thickness of the 95PPU band divided by the standard deviation of the measured data;NSE is
Nash Sutcliffe efficiency, andbR2- is an objective function whereb is the slope of the regression
line between measured and simulated variable andR2 is thecoefficient ofdetermination.

Flow station (location) Uncertainty Estimate Objective Function
p-factor d-factor R2 NSE MSE br2

apriori parameterset 0.50 1.53 0.38 0.1 373 0.17
calibration period 0.55 0.86 0.60 0.65 291 0.43
validation period 0.65 0.65 0.47 0.45 138 0.19

5 CONCLUSIONS AND DISCUSSIONS

Thispaperdemonstrates the use of GLM models in downscaling projections of local and regional
rainfall in the Mpologoma basin within the Upper Nile using the A2 emission scenario. The biases
across the different GCMs give a general indication of the simulation strengths and weaknesses,
when using different GCMs to simulate the historical climate. GCMs are still limited in simulating
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Table4: Comparison of basic annual statistics (mean, variance and skewness) of daily stream flow
for Mpologoma basin. The values are averages for CSIRO, ECHAM and HADCM models at the
50th percentile.

Simulation Period Mean (m3/s) St.Dev (m3/s) Skewness
1960 –1990 10.7 7.4 2.0

2020s 12.1 8.7 1.8
2050s 13.3 9.2 1.7
2080s 17.5 13.5 1.4

the chaoticnature of climate and additional work is required to refine GCM models for climate
prediction [Dessai et al., 2009; Harrison Stainforth, 2009].

The sensitivity of the Mpologoma basin to changes in climate has been investigated using the
SWAT model, a semi-distributed hydrological model. This was achieved by driving the hydro-
logical model with projected temperature and downscaled daily precipitation sequences for three
GCM projections for the A2 scenario. Simulated evapotranspiration rates and stream flow suggest
major shifts in hydrological regimes, with a tendency to result in significantly higher monthly
average flows and higher evapotranspiration rates. This may subsequently lead to variation in the
timing of floods and droughts. Using the 95% prediction uncertainty, the results generally suggest
higher uncertainty for high flows. The simulation results presented suggest that even with a high
increase in precipitation, excessive evapotranspiration might lead to a decline in other hydrologi-
cal variables such as soil moisture. This may pause serious concerns for food security and water
resource sustainability. Therefore, adaptation strategies in and around the Mpologoma basin have
to be developed in the context of other regional challenges that might contribute to water conflicts.
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Abstract: The land-sea interfaces are geographical areas rich in ecosystemic services. 
However, the increase of anthropogenic pressures is frequently the factor explaining 
environmental damages phenomena and generating many use conflicts. The integrated 
coastal zones management has been acknowledged by the different environment 
international conferences as a sustainability framework. Integration is the key concept on 
which must be based the reformulation of scientific knowledge required for supporting 
sustainable governance. That directly questions on the pertinent methods and tools to build 
for contributing to those decision making processes. 
This paper explores these topics by focusing on the example of the fresh water share in the 
Charente river catchment in France. More concretely, we will focus on the consequences of 
the fresh water availability for the shellfish farming sector during the summer period. Fresh 
water represents the main means of nutrients transportation and a salinity regulator of the 
estuarine water masses. Both mechanisms can have effects on the recruitment and growth 
of cultivated animals. Using an integrative platform of dynamic modelling, the objective of 
this paper is (1) to build a model integrating relationships between the water 
hydrodynamics at the Charente watershed scale, the bio-economy of the shellfish farming 
activity, the internal use competition for fresh water and the external forcing of the system; 
(2) to assess the economic impacts supported by the shellfish farming sector linked to 
environmental modifications represented by the associated cost (or benefices) related to 
gaps between economic performances and productive production functions initially 
targeted and (3) to propose prospective scenarios of sustainable management trajectories 
supported by simulation procedures. All modelling developments will be assured by the 
ExtendSim numerical modelling platform 
 
Keywords: modelling, water management, IZCM, shellfish farming, use conflicts 
 
 
1. INTRODUCTION 
 
The coastal zones are generally areas rich in natural resources and supporting different 
ecosystem services. They increasingly attract many anthropogenic activities leading to 
more environment pressures, user conflicts and sustainability failures. The analysis of this 
paper are developed in the European SPICOSA FP6 project which aims to provide an 
holistic research approach for integrated assessment of Coastal Systems in support to 
sustainability by implementing Integrated Coastal Zone Management (ICZM) policies 
(Cicin-Sain , 1993, UNESCO, 2001,  Christie, 2005 ). Complexity of assessments is 
managed by a holistic systematic modelling based on an oriented-problem approach taking 
into account the interactions between the components of the system and its resulting 
dynamics (Weide, J. van der., 1993). The study site application of the Charente catchment 
in the Atlantic coast, one of the 18 sites studied in the Spicosa project (www.spicosa.eu), 
has been chosen to test the modelling platform developed. The core issue analysed in this 
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paper is the sustainable fresh water allocation as a main political question treated in the 
local political agenda. This common resource is the support of many ecosystem services. 
However, the catchment presents large hydrological variability and its water flow generally 
decreases sharply in summer when water demand is the highest (Labbé et al., 2000). This 
processes lead to water scarcity, drying out of some parts of the catchment and, conflicts 
between water users, mainly between agriculture and shellfish farming (Bouba-Olga et al., 
2006). Agriculture is an important economic activity at the territory while the local 
shellfish farming represents the first oyster production in France (Girard et al 2005) and in 
Europe. This economic weight gives to these activities an important local political 
representation. 
 
The local water management plan regulates the fresh water uses by implementing technical 
mechanisms of monitoring and restrictions in case of shortage (Labbé et al., 2000). The 
allocation is determined by a hierarchical priority of satisfaction for the following needs: 
(1) for households consumption and tourists, (2) for ecological needs to guarantee a good 
ecological functioning of the coastal ecosystems (rivers, saltmarshes, nurseries, coastal 
water productivity), (3) as inputs for important sectors structuring the local economy, 
mainly irrigated agriculture and shellfish farming, for which freshwater represent an 
important supplier of nutrients for oyster growth (Raillard and Menesguen, 1994). This 
system is highly determined by external forces such as the increase of touristic demand, the 
higher agriculture specialisation in irrigated crops due to the high prices of maize and other 
irrigated crops and obviously the  climate change that increases the risk of drought. 
 
In this context, this model explores sustainable management options of freshwater 
allocation in the Charente catchment by integrating (i) the ecological structure of the basin 
by a hydrology module, (ii) farming and shellfish farming modules considering their 
economic and ecologic dimensions, (iii) a module of drinking water demand, and (iv) a 
governance module implementing rules and feed-backing to user behaviours. This paper 
only focuses on the assessment of economic impacts suffered by the shellfish farming 
sector due to fresh water availability. This sector is placed in the downstream part of the 
catchment and consequently the fresh water flowing in the oyster areas directly depend on 
the other upstream water uses. The objective of this paper is to structure the shellfish 
farming module in order to simulate the economic effects of the variability of freshwater 
availability. The connexions of the different modules (e.g. hydrology - primary production 
- shellfish farming blocks) are not calibrated yet. However, the modularity of this 
modelling system allows appraising and calibrating each component separately. In this 
application use of the model, temperature and chlorophyll a are used in this preliminary 
stage as the main inputs of the biologic sub-model for testing the shellfish farm block 
functioning. The modelling platform used in this work is the ExtendSim simulation 
software. 
 
 
2. MODEL DESCRIPTION 
 
2.1 The ExtendSim platform  
 
The ExtendSim modular simulation platform is based on a structure comprising  blocks that 
interact by functional links. It offers two ways of modelling: (i) by using standard pre-
programmed blocks stored in different libraries or (ii) by building “custom” blocks in 
ModL language, close to C language. This second way of programming is more adapted for 
modelling of complex systems into a problem oriented approach using databases and 
integrating (not necessarily coupling) different dimensions and scales. Dynamics are 
generated by feedback loops endogenously determined or by concrete rules previously 
determined. The model can simulate different political options related to the local 
freshwater management. The model is structured by modular and hierarchical blocks. New 
processes (natural or anthropogenic) can be progressively added. The core block of the 
model is the hydrologic component which is able to calculate the river flow considering 
climatic conditions. This flow is modified by different uses, mainly by the irrigated 
agriculture and the domestic consumption. The remaining freshwater supports the needs of 
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the shellfish farming sector, the aquatic ecosystem and the recreational activities. Figure 1 
illustrates this system graphically. 

 

 
Figure 1: The global Extend water management model in the Pertuis Charentais region 

 
Feedbacks from the “governance block” to users generate the dynamic of the system over 
time. The different scenarios built by a participatory process with stakeholders will explore 
the effect of those dynamics in order to support the knowledge required to improve the 
actual management processes. This paper focuses on the shellfish farming block to 
illustrate the methodology and the potential results, which can be obtained using the 
modular structure of the model. 
 
2.3 The shellfish farming module 
 
First developments of shellfish farming modelling have been focused on the decline of the 
shellfish farming performances related to trophic constraints (e.g.: Incze et al., 1981, Smaal 
et al., 1998). Later works have modelled the production dynamics linked to ecosystem 
forces and cultural practices (Raillard et Menesguen, 1994, Gagnery et al., 2004). Recently, 
more sophisticated models couple different ecosystem and economic dimensions (e.g: 
Nobre et al., 2009, Ferreira et al., 2007). The economic structure of those models is based 
on neoclassic microeconomic bases which consider competitive markets, price-takers 
producers, and profit maximization of companies. The modelling approach proposed in this 
paper concerns a larger systematic approach in which shellfish farming is one of the 
components of the model. The objective is (1) to explore dynamics of the global model and 
(2) to focus on the shellfish farming impacts after defining various scenarios. This module 
describes the biologic functioning of the shellfish farming activities which concern both 
production and trading. Production is partially constrained by the freshwater availability 
because it modifies the salinity of coastal waters and it supports nutrients required to 
generate the primary productivity. Trading is a complementary activity consisting in 
buying, conditioning and selling oysters. The weight of trading compared with production 
depends on the individual economic strategies of companies. 
 
At this stage only a global model is considered with no individual information of shellfish 
farming companies. This can be justified by the fact that freshwater scarcity affects all 
companies at the same time and freshwater claims by the sector is collective. This module 
is structured by two main components described separately: the biologic production model 
and the economic adjustment procedures. 
 
 
2.3.1 The biologic component of the model 
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The biologic component of the module concerns the coastal primary productivity (cf. figure 
2) and the oyster population dynamics. The oyster growth is determined by several physical 
and ecological parameters which are modelled by a DEB (Dynamic Energy Budget) block. 
It describes the feeding and the energy stocking resources of oysters and their use for their 
main eco-physiologic functions (growth and reproduction). A simplified version of this 
model has been considered and only the growth function has been used. The generation of 
phytoplankton (nutrients for shellfishes) is conditioned by three main elements:  the 
availability of nutrients (NO3), light and temperature. Nutrients are a state variable in the 
model determined by the NO3 concentration in the water masses and by the freshwater 
flow. An individual variability of growth determines a sub-cohort structure and improves 
the biomass output (Bacher et Gangnery, 2006). The equations and parameters are those 
developed from Kooijman, 2000), later validated for Crassostrea gigas by Pouvreau et al 
(2006), Bacher and Gangnery, 2006), using chlorophyll a concentration as food quantifier. 
 

Nutrient Phytoplankton

Oysters

Salinity

Half saturation of 
nitrate limitation

Phytoplankton max 
growth rate~Light 

effect

Phytoplankton 
ocean

Ocean flow

River flow

Nutrient 
ocean

Ocean flow

Nutrient 
river

Salinity
ocean

Ocean flow

 
Figure 2: The conceptual model of coastal productivity 

 
The coastal productivity, the oyster DEB sub-model and the population dynamics are 
mathematically detailed by the following equations: 
 
dPhy/dt = PhyG x Phy – OAF + PhyOceanExchange ,  (1) 
PhyG= PhyGmax x LightEffect (t) x [ Nut / (Nut + KNut)]   

 OAF is calculated in the DEB Oyster Growth model (2) 
 LightEffect(t) = LightMin + (LightMax – LightMin) x  

x (1 + cos(2p (t – DateMaxLight)/365) / 2 (3) 
 PhyOceanExchange = OceanFlow /Volumebay x PhyOcean - 
 (OceanFlow + RiverFlow) / BayVolume x Phytoplankton  

 
dNut / dt = - PhyG x Phy + NutRiverInput + NutOceanExchange  (4) 

 NutRiverInput           = RiverFlow / Volumebay x NutRiver  (5) 
 NutOceanExchange = OceanFlow / Volumebay x NutOcean -  
   - (OceanFlow + RiverFlow) / Volumebay x Nut  (6) 

dSal/dt = OceanFlow x SalOcean   – (OceanFlow + RiverFlow) x Sal (7) 
 
dL / dt = DEBGrowth (L, T, Phy, Xk)  (8) 
 
L (tStart) =  LengthGrowOutStart  (9) 

 DEBGrowth  is calculated by the oyster DEB block 
 LengthGrowOutStart is estimated to reach the target production 

 
dP / dt = - M x P - HarvestTarget + TRD  (10) 
 
P (tStart) =  PopulationGrowOutStart  (11) 

 HarvestTarget  -> Harvest is done seasonally and calculated to fulfill targeted production 
 TRD is the number of animals traded (sales / purchases). It is an adjustment variable 

corresponding to the gap between the targeted and the current production 
Phy = phytoplankton, G = growth, OAF = oyster assimilation of food, Nt = nutrients, Sal = Salinity. 
L(length) and P (Population) are calculated for each sub-cohort; M= natural mortality rate, T = 
temperature; Xk = inter-cohort growth variability 
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The oyster population dynamics in the model is represented by cohorts (Nunes et at., 2003, 
Bacher and Gangnery, 2006) and sub-cohorts. The inter-cohort growth variability can 
highly modify the global output of companies (Gangnery et al., 2004). Each production 
process takes between 3 and 4 years. Therefore, several cohorts are simultaneously 
managed each period. Almost all sizes and cohorts, including marketable adult oysters are 
continuously available. At the beginning of each production cycle, the new cohort is 
supplied by spat collectors and complementary by hatcheries. A constant natural mortality 
parameter (10 %) has been considered (Raillard and Menesguen, 1994, Gangery et al., 
2004).  
 
 
2.3.2 The economic component of the model 
 
The global production of the local shellfish farming companies reaches 30-35000 tons by 
year but they market 45-50000 tons. Companies “imports” oysters from other regions, 
mainly French. Some big companies are located in several shellfish farming basins and 

transfer oysters to the Charente 
basin from more productive 
areas. Trading activities represent 
a complement of revenues. 
Moreover, they are a key 
adjustment variable in case of 
low production performances. 
The model deals with a balance 
between the production dynamics 
and the economic adaptations that 
companies can implement, 
basically by commercial 
activities. The objective is to 
maintain, at least, constant 
revenues over time. 
 

Companies are supposed to plan their global activity at the beginning of each production 
cycle by fixing a “target production function”. This sort of reference represents the 
production level that companies can expect to reach considering their production functions 
(capital and labour constraints). This target function guides companies to adjust their 
activity depending on the production dynamics, considering environmental hazard. At the 
beginning of a cycle, knowing the growth and the mortality functions (by empirical 
retrospective observations) companies forecast the number of spat required for obtaining 
the oyster production targeted 3 years later. After this initial decision, ex-post changes of 
growth and mortality functions can drive to production gaps compared with the referent 
pattern. Companies can adjust their activity by two ways (cf. figure 3): (1) they can 
purchase animals in case of biomass deficit caused by high mortalities or by a low growth. 
In this case, adjustments lead to associated costs; (2) they can sell animals if favourable 
conditions cause a biomass overproduction. This second possibility generates associated 
revenues. These adjustments generally occur at three production stages: at the beginning of 
a cycle (spat), at the middle of a cycle (half-breeding animals) and at the end of a cycle 
(marketable adult animals). Mathematically, the economic deficit / surplus can be 
formulated as follows: 
 

ES = [ tN · tW - ∑ ( o
ijN · o

ijW )]· P · e (12) 

 
ES is the economic surplus resulting from gaps between the targeted (t) and the current 
observed (o) production, N is the number of oyster and W their individual weight. Indices 
ij refer to cohorts “i” and sub-cohorts “j”. P is the mean price of oysters and e is the 
elasticity price. This assessment is done at the three main production stages which are spat 
collection, half-breeding and final adult oysters. The model generates a database which 
describes the livestock structure and assesses if the global production of companies 
corresponds to the target production function. The gap /surplus of biomass related to this 
target production function multiplied by the market prices of animals determines the total 
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Figure 3: Scheme of the economic adjustments of 
shellfish farming companies into a complete 
production cycle 
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cost / revenues associated to this dynamics. The economic results of the shellfish farming 
sector, as other socioeconomic and environmental indicators from other blocks, will be 
considered in the governance block for simulating sustainable management scenarios. 
Schematically, the Extend shellfish farming module work in broad outline as described 
below.  
 
(1) Sets all the ShellFish 
Farm simulation 
parameters: Database 
History tables, Sub-cohort 
numbers and Xk 
variability, (2) Estimation 
of initial value of spat 
depending on production 
target, (3) Grow-out start: 
at chosen date, inputs spat, 
oyster sub-cohorts, (4) 
DEB growth model: 
calculates the growth of 
oyster for each sub-cohort; 
(5) Calculates evolution of 
population and length of 
oyster sub-cohorts 
considering all modeled 
processes, (6) Calculates 
the total harvest of the 
sector by economic cycle 
and by season, (7) 
Calculates the biomass standing stocks and grades stock by weight for sale, (8) Mortality 
parameters (9) Economic assessment of shellfish farm gain or loss 
 
 
3. MODEL CALIBRATION AND OUTPUTS 
 
The objective of this preliminary work consists in structuring and calibrating the main 
processes of the shellfish farming module. At the beginning of the simulations, the stock 
biomass cultivated starts from zero and increases until reaching a stable level if there are no 
changes in the system. Oysters grow from the spat stage until the commercial size after 3 
years. Inter-individual variability of growth produces several different sizes into each 
cohort. As a result, producers can offer a diversity of grades. The model deals with a 
number of oysters by sub-cohort and by size, but the biomass equivalent can be calculated 
any time. 

 

Figure 4: The shellfish farming module into the global 
water management model 
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One of the main technical operations of companies consists in recurrently grading oysters 
in order to control and manage their stocks Adult animals are graded in five commercial 
categories depending of their unitary weight: C5 (30-40 gr), C4 (46-65 gr), C3 (66-85 gr), 
C2 (86-110 gr), C1 (111-150 gr) and C0 (up to 150 gr). Too big animals or smaller than 30 
gr are generally not marketable. There are no particular commercial sizes targeted by 
companies. The diversity of oyster sizes produced can satisfy different preferences of 
consumers. At each time step, the “grading block” of the model assesses the structural 
composition of the livestock cultivated, by cohort and by size. All individuals are 
“virtually” ranged in a database and a global balance can be made. Those operations are 
required by companies for adjusting their production and commercial activities to their 
economic objectives.  
 
Considering the global production targeted by companies, the model calculates the eventual 
gaps of the current production if at least one of the following conditions operates: (1) if the 
spat collection is not sufficient for supplying producers and (2) if the oyster growth is 
lower than usual. Figure 7 shows that a dynamic considering only the production volume. 
At the beginning of the simulation companies present deficits until reaching the stable 
normal production cycles. Afterwards, if spat collection and growth are sufficient, 
considering normal environment conditions, companies are supposed to reach the 
production level targeted. 

 
At this development stage, 
economic balances are made 
each year considering 
different marketing seasons. 
The more important 
commercial period concerns 
Christmas (in which 
consumption of shellfish is 
part of the culinary 
traditions) and concentrates 
almost 50 % of the total 
annual revenue of 
companies. The importance 
of the other intra-annual 
commercial seasons depends 

on the demand and on the biologic processes of oysters. For instance, during reproduction, 
oysters are thinner and whitish and are generally not marketable. If no deficits are 
observed, the sum of production of all intra-annual seasons should be equal or higher than 
the global production initially targeted. In case of deficit the model considers no adjustment 
limitations and then companies can buy oysters to find again their targeted production 
trajectory (cf. figure 3). Associated costs or revenues will be calculated more accurately 
under new developments of the model considering the intra-annual seasons. 
 
 
4. CONCLUSION AND DISCUSSION 
 
This paper presents the main structure and the actual developments of a shellfish farming 
bio-economic module into an integrated freshwater management model. The main efforts 
were focused on structuring all the blocks of the system under a common interdisciplinary 
framework. The modular structure of the model represents a functional way for structuring 
and calibrating the internal processes of each module. An application to the shellfish 
farming module has been presented in this paper by formulating its different biologic and 
economic dimensions. Using sub-models and parameters of the literature, our model 
represents the bio-economic processes correctly. However, a more complete appraisal 
process will be required for calibrating the functional connexions between the shellfish 
farming, the hydrologic and the primary productivity blocks. The global results of the 
shellfish farming companies depend on this relationship chain. 
 

Figure 7: Economic balance of production of the 
global sector 
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The model estimates the annual surplus or deficits of shellfish farming companies by intra-
annual seasons. However, real adjustments of companies occur into a multiannual 
production cycle (at the beginning, the half and the end of a cycle). New developments of 
this module will be required for moving from an intra-annual to a multi-annual frame 
integrating the historical dynamics of biomasses cultivated by cohort. The satisfaction of 
the shellfish farming sector can be measured by a binary indicator equal to 1 if companies 
globally reach their initial economic objectives and 0 otherwise. In the global model this 
indicator constitutes a determining factor to modify the freshwater allocation by the 
“governance block”. Consequently, feedback effects to other blocks of the system can be 
derived from management changes due to shellfish farming claims. The ExtendSim 
platform is particularly well adapted to implement integrated assessments considering 
simultaneously outputs from all blocks and their different, ecologic and socioeconomic 
dimensions. 
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Abstract: A framework of climate change (CC) analysis is developed using the Decision 
Support Framework models of the Mekong River Commission (SWAT hydrological, 
IQQM basin simulation and hydrodynamic iSIS models) to analyze impacts of CC and 
water resources development on Mekong flow regime. This analysis is based on six model 
run scenarios defined as combinations of a development scenario, either baseline or 20-year 
plan and a climate dataset, either observed or from regional downscaling model simulating 
the past in 1985-2000 or projecting the future climate in 2010-2050. The projected climate 
shows a slight increase in precipitation throughout the Mekong basin except in the delta. 
Temperature is projected to increase by 0.023°C/year. During the high-flow season, 
impacts of CC and development are in contrasting directions. The development brings a 
decrease of about -8 to -17% of river flow but CC increases +2 to +11%. The combined 
effect causes changes in discharge from +3% to -13% depending on CC scenarios and 
location of stations. In the low-flow season, both CC and development will increase river 
flow, with +30 to +60% due to development and +18 to +30% due to CC. The combined 
effect is up to +40 to +76%. While development reduces the flooded area, CC will make it 
larger in a wet year. Salinity intrusion area in the delta could be larger in a dry year under 
CC but development can reduce the affected area. The analysis shows that adaption 
strategies are needed to achieve the development objectives under CC conditions. 
 
Keywords: Mekong River Basin; Climate change; Development impacts; Flow regime., 
Decision Support Framework   
 
 
1. INTRODUCTION 
 
The Mekong river is one of the world’s largest rivers with a length of 4,800 km and a basin 
area of 795,000 km2 extending over six countries: China, Myanmar, Lao PDR, Thailand, 
Cambodia and Viet Nam (Fig. 1). In 2006, a population of over 60 million depended on the 
Basin resources for their livelihoods. In Cambodia, the Great Lake, linked to the Mekong 
River by the Tonle Sap River, covers an area varying from 3,000 km2 in the dry season 
(November-April) to 15,000 km2 in the wet season (May-October), and is considered the 
heart of the Mekong basin. In Viet Nam, the Mekong Delta is the most important rice 
producing region in the country. However, the Mekong annual volume of 475,000 million 
m3 is irregularly distributed with about 87% in the high flow season (June-November) and 
only 13% in the low flow season (December-May). Because of such seasonal variations 
induced by the monsoonal regime, many hydropower and irrigation reservoirs have either 
been constructed or are being planned for redistributing water volume between the high-
flow and low-flow seasons. These infrastructures are expected to significant alter land uses 
and ecosystems in the basin. This paper presents a modelling framework to analyse the 
impacts of different development and climate change scenarios on the Mekong flow. 
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2. MATERIALS AND METHODS 
 
2.1 Framework of development and climate change scenario analysis 
 
In the framework of climate change (CC) scenario analysis, a model run scenario is defined 
by a combination of a development scenario and a climate dataset. The basin development 
scenarios are Baseline (BL) or future 20-year development (DEV) under the Basin 
Development Program (BDP) of the Mekong River Commission (MRC). The climate 
datasets include either observed hydro-meteorological data from the past 1985 - 2000 or 
projected data by the regional climate model (RCM) for 1985-2000 (simulation period) or 
future 2010-2050 (projection period). In total, six model run scenario (Fig. 2) were 
implemented to provide the comparison presented in Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Framework of climate change scenario analysis. 

  
 

Figure 1. Mekong River Basin and longitudinal profile of the Mekong River (MRC, 2005). 
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Table 1. Purposes of model run comparison 
    
Comparison Purposes 

S2 and S1 Demonstrate that the adjustment applied to the RCM data of 1985 - 2000 
is appropriate for simulating the hydrological impacts in the past and 
could be applied for future RCM projections. 

S3 with S2a Identify impacts of Development compared with Baseline without 
climate change.

S4 with S2 Identify impacts of climate change if Baseline conditions are remained in 
the future. 

S5 with S4 Identify impacts when Development is implemented under climate 
change 

S6 with S5b Analyse effects of adaptation strategies to climate change on 
Development

Note:  a To keep same source of climate data in comparison, S2 is used instead of S1. 
b This comparison is not presented in this paper because the adaptation strategies 

require further revision of agricultural production systems and hydropower options under 
new flow regime of scenario S5 that will be done under the new studies on adaptation.  
 
2.2 The models 
 
Since 2004, the Decision Support Framework (DSF) has been used at the MRC to analyse 
the Mekong flow regime under different development scenarios (Halcrow, 2004). The DSF 
integrates geo-referenced hydro-meteorological records, topographic, land use, socio-
economic and environmental data. The core component of the DSF is a model package 
comprising 3 models: (i) the “Soil and Water Assessment Tool” (SWAT) hydrological 
model (Neitsc et al., 2001) which simulates runoff, including snowmelt from observed 
daily climate variables, topography, soils and land cover; (ii) the “Integrated Water 
Quantity and Quality” (IQQM) basin simulation model (Podger and Beecham, 2003) which 
routes catchment flows through the river system, taking into account control structures such 
as dams and irrigation abstractions; and (iii) the iSIS hydrodynamic model (Halcrow/HR 
Wallingford, 1999) which simulates the water level, discharge and salinity in the river 
system from Kratie (Cambodia) to the river mouths, including the Tonle Sap Lake and the 
Cambodia and Vietnamese Mekong Delta. 
 
The SWAT model was set-up and calibrated to 
represent 190 sub-basins in the upper Mekong 
Basin (UMB) upstream of Chiang Saen, 510 
sub-basins in the lower Mekong Basin (LMB) 
between Chiang Saen and Kratie and 63 sub-
basins around the Great Lake in Cambodia. 
Runoff output from SWAT was used as input 
for the IQQM model to generate discharge at 
key stations (Fig. 3). IQQM simulated 
discharge at Kratie and SWAT simulated 
runoff around the Great Lake were used as 
upstream boundary conditions for the ISIS 
hydrodynamic model in the downstream area 
of the Mekong basin, including the delta. 
 
2.3 The basin development scenarios 
 
The Baseline scenario corresponds to the 
infrastructural, socio-economic and bio-
physical conditions of the Mekong basin in 
2000 (MRC, 2009). This scenario accounts for 
(i) physical properties of river network, 
climate and land use conditions, public and 
industrial water demand, irrigated areas, 
cropping patterns, storage characteristics, hydraulic conveyance, flood storage and (ii) 
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Figure 3. Location of key discharge 
stations along the Mekong mainstream in 

the Lower Mekong Basin. 
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water management options, including operating rule curves for storages, water allocation 
policies and operating rules for salinity barriers, based on available information of existing 
infrastructures collected by MRC. In the BL scenario, the total live storage of large 
reservoirs is 9.6 km3), about 2% of the annual Mekong flow (475 km3). Irrigated areas 
extend over 5.3 million ha during the wet season and 2.1 millions ha in the dry season. 
 
The DEV scenario accounts for : i/ the construction of six Chinese dams in the UMB; (ii) 
the development of water infrastructure in the LMB tributaries since 2000 such as Nam 
Theun 2 and Nam Ngum 2 hydropower projects and several irrigation projects, (iii) the 
current development plans of the LMB countries, including 11 dams on the Mekong 
mainstream, realistic diversions and other developments for irrigated agriculture, flood 
control, domestic and industrial water supply planned for the next 20 years. The total live 
storage of the Chinese reservoirs and of the LMB reservoirs included in the DEV scenario 
are about 22.2 km3 and 44.0 km3 respectively. In total, all reservoirs provide a live storage 
of 75.8 km3 (16% of Mekong water) to generate 48,807 MW. Irrigated areas are expected 
to expand by 8% and 18.3% in the rainy and dry season respectively. Data on China dams 
are limited, therefore it is assumed that they will be operated to maximize electricity 
production within the variability of historical inflow data. The mainstream dams in the 
LMB will be constructed and operated in accordance with their current preliminary 
designs.   
 
2.4 The PRECIS Regional Climate Model data 
 
The PRECIS (Providing Regional Climates for Impacts Studies, see Jones et al. 2004) 
appears to be one of the most frequently used regional climate models (RCM) in Southeast 
Asia over the last five years. This RCM was forced by the Global Climate Model (GCM) 
ECHAM4 at its lateral boundaries, under the IPCC SRES scenarios A2 and B2. Climate 
output of the PRECIS RCM includes precipitation, temperature, solar radiation and wind 
speed, produced by the “Southeast Asia SysTem for Analysis, Research and Training” 
(SEA-START) Regional Center. The downscaled grid of the PRECIS model includes 
2,225 cells covering the entire Mekong River Basin at a resolution of 0.2 degree x 0.2 
degree (equivalent to about 22 km x 22 km) for 1985-2000 and 2010-2050. These data 
were processed in three steps: (i) aggregation of data from grid cells to sub-basins; (ii) 
adjustment to match monthly RCM data with observed data during simulation period 1985-
2000 and to fit simulated runoff and flow of model run scenario S2 with that of scenario 
S1; and (iii) adjustment of RCM data for projection period 2010 – 2050 by applying the 
same adjustment method and values in step (ii).  
 
 
3. RESULTS AND DISCUSSIONS 
 
3.1 Climate change projection 
 
After applying the adjustment mentioned above, the RCM projection revealed a slight 
increase in precipitation throughout the Mekong Basin (1.2 – 1.5 mm/year), except in 
Cambodia and in the Vietnamese Delta during the period 2010-2050 compared with the 
period 1985-2000, with higher precipitation depth in scenario A2 compared to scenario B2. 
This implies that the rainy seasons will be wetter. Wetter dry seasons in the UMB with an 
increase of 0.9 mm/year are also projected, but precipitation changes in the LMB are 
insignificant. Temperature is projected to increase by about 0.023°C/year. These rainfall 
and temperature projections are similar to the results obtained by other studies implemented 
over the last few years (Eastham et al., 2008; Mac Sweeney et al., 2008) 
 
3.2 Impacts of development on flow regime without and with climate change 
 
The impacts of DEV were assessed through the characterization of changes in flow regime 
at key discharge stations along the Mekong mainstream. The comparison of the DSF 
models output under scenarios S3 and S2 (DEV and BL without CC) shows that in the 
high-flow season, discharge decreases at all stations with a decrease rate rising from 
upstream to downstream, for examples, 715 m3/s decrease at Chiang Sean (the most 
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upstream station of LMB) and 1,787 m3/s decrease at Kratie (downstream of most 
hydropower reservoirs). In term of percentage, the lower values at downstream stations 
(S3-S2 in Fig. 4, 8% at Kratie compared to 17% at Chiang Sean) show that the proportion 
of water flow regulated by the reservoirs is higher at upstream.  
 
Figure 4. Impacts of development and climate change on high-flow season discharge. 

Figure 5. Impacts of development and climate change on low-flow season discharge. 

Figure 6. Impacts of development and climate change on annual discharge. 
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On the other hand, in the low-flow season, discharge increases at all stations but to a lesser 
extent than the decrease in the high-flow season, although in terms of percentage, the 
increase is much higher (S3-S2 in Fig. 5). On an annual basis, mean discharge decreases as 
a result of increased evapo-transpiration in new irrigation schemes and evaporation losses 
from new hydropower reservoirs under the DEV scenario (S3-S2 in Fig. 6). 
 
With CC, the effects of DEV (S5) on flow decrease in the high-flow season and flow 
increase in the low-flow season (S5-S4 in Figs. 4 and 5) are less pronounced than in the 
absence of CC (S3-S2). However, the effect of CC on development-induced changes in 
annual flow is insignificant (cf. scenarios S5-S4 and S3-S2 in Fig. 6). These results are 
similar in both SRES scenarios A2 and B2, with lower flow changes under scenario B2. 
 
3.3 Impacts of climate change with and without development 
 
Without further development, i.e. the BL will be remained in the future, the discharge 
increases in both high-flow and low-flow seasons (S4-S2 in Figs. 4 and 5). The increase in 
high-flow season is due to change in precipitation in the whole basin, but the increase in 
low-flow season is mainly explained by the increase of precipitation and snowmelt in the 
UMB discussed below. The percentage increase is between 20% and 30% in the low-flow 
season and 7% and 11% in the high-flow season, leading to an overall increase of 10 - 13% 
in the annual discharge at stations upstream of Kratie (S4-S2 in Fig. 6).  
 
Under the DEV, a comparison of model run scenarios S5-S3 reveals similar impacts of CC 
on flow regime as S4-S2. The increase of discharge in the low-flow season is less than that 
found in S4-S2 because more water is available and used in the sub-basins (Fig. 5). On the 
other hand, the discharge increase is greater during the high-flow season than in the case of 
S4-S2 (Fig. 4). This indicates that the water control measures such as reservoirs and 
irrigation systems in the DEV do not fully take advantage of additional flows induced by 
CC. However, these two seasonal changes lead to a similar increase in annual discharge 
ranging from 11% to 14% at most stations like in S4-S2. 
 
3.4 Comparison of impacts of development and climate change 
 
Impacts of both DEV and CC on flow regime are analysed by comparing model run 
scenarios S5 and S2. The combined effect of both DEV and CC results in a 40-70% 
increase of discharge during the low-flow season at stations upstream of Kratie (S5-S2 in 
Fig. 5). On the other hand, flow change in the high-flow season varies according to the CC 
scenarios (A2 or B2). DEV and CC scenarios induce opposite hydrological impacts in this 
season: river flow decreases in response to DEV and increases under CC. Under scenario 
A2, discharge in the high-flow season decreases at upstream and increases at downstream 
of Pakse (S5-S2 in Fig. 4) where the effect of CC becomes stronger than that of DEV. 
Under scenario B2, it decreases at all stations because of lower projected precipitation. 
DEV and CC together result in an increase in the annual discharge at all stations ranging 
from 5 to 10% under scenario A2 and from 0 to 7% under scenario B2. 
 
In summary, in the high-flow season, DEV causes a discharge decrease ranging from 5% to 
18%, CC causes an increase in discharge of between 5% and 14%. The effect of decreasing 
high-flow season discharge by DEV under non-climate change condition (S3 - S2) is 
slightly higher than that under CC conditions (S5 - S4). The combined effects of DEV and 
CC lead to a 2 - 5% decrease (S5 - S2) in high-flow season discharge at stations upstream 
of Pakse, but a slightly smaller increase of 0 - 4% downstream from this station. These 
results indicate that the water volume controlled by DEV in non-climate change condition 
should be better adjusted to control high-flow season discharge under CC. Detailed 
analysis of water use modalities of each development system is required to identify suitable 
options to better adapt to CC, but taking into account the uncertainty in CC projection. 
 
In contrast to the high-flow season, both DEV (S5 - S4) and CC (S4 - S2) result in a similar 
increase of 20 – 40% in the low-flow season discharge at all stations, with an exception of 
lower value at Tan Chau located in the Mekong delta where river water is regulated by the 
Great Lake through the Tonle Sap and influenced by tide in the South China Sea. The 

SRES scenario A2 
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combined effects of DEV and CC (S5 - S2) lead to a 40 - 80% increase in discharge which 
is higher at upstream but gradually reduces downstream. The discharge increase in the low-
flow season by CC under DEV (S5 - S3) is lower than that under BL (S4 - S2) since more 
water is used in the sub-basins in the low-flow season under DEV.  
 
The combination of DEV and CC results in an increase of annual discharge at all stations  
ranging from 2 to 12% (S5 - S2 in Fig. 6). The magnitude of CC impact on annual flows is 
higher  (+8 to +14%) than that of the DEV (-0 to -8%). Interestingly, while there are large 
differences in effects of DEV on CC impacts (S5 - S3 compared with S4 - S2) and of CC 
on DEV impacts (S5 - S4 compared with S3 - S2) in the high- and low-flow seasons (Figs 
4 and 5), these differences in the effects on the annual discharge are minor (Fig. 6). This 
implies that a seasonal analysis of impacts should be made as in this study rather than only 
looking at changes in the annual discharge. 

 
3.5 Other impacts related to flow regime 
 
Increased temperature will induce earlier melting of snow in spring in the UMB. The effect 
of CC on glaciers is slightly different. Within the Mekong basin, the melted glaciers (about 
17.3 km3) (Eastham et al., 2008) and permafrost (about 10 km3) are equivalent to about 25 
km3 of water. If future global warming were to melt all these glaciers and the permafrost, 
the annual amount of water produced would still be insignificant in comparison to the total 
Mekong water of 475 km3 per year (Johnston et al., 2009). The mean monthly and annual 
snowmelt depths calculated for all SWAT sub-basins of the UMB show 72% and 62% 
increase between the past 1985 – 2000 and the future climate 2010 – 2050 under scenarios 
A2 and B2, respectively. The snowmelt contribution to water yield at the Chinese–Lao 
border, currently about 5.5% might increase to 8% in 2010 - 2050. With such range, 
snowmelt in the UMB contributes about 7% to the annual discharge at Chiang Saen, but the 
percentage gradually lowers further downstream, to about 1.5% at Kratie. However, its 
contribution is more significant in the low-flow season, for example, estimated 68.2% and 
22.2% in March during the period 1985-2000 at Chiang Saen and Kratie, respectively. 
With the temperature and precipitation increase under CC, the amount of March snowmelt 
will change, but the percentage contribution to the river discharge will not differ much 
because the river discharge also changes. 
 
Attention is commonly paid to areas of the Mekong Delta which are flooded or suffered by 
saline intrusion in extreme years. Years with highest flow at Kratie (1998 for the past and 
2048 for future periods) and years with lowest flow at Kratie (2000 for the past and 2021 
for future) were selected for comparison of flood and salinity intrusion, respectively. While 
the DEV only reduces the total flooded area (45,000 km2 under 2000 conditions) by -3.4% 
under non-climate change condition, CC may cause an enlargement of 3% to 8.8% 
depending on SRES scenarios. Under CC, the effect of DEV on reduction of flooded area 
becomes minor because of the limited regulation capacity at high peak flows. However, the 
variation by CC scenario implies that the area of flooding depends, to a large extent, on the 
uncertain variations of daily precipitation throughout the wet season.  
 
The increased discharge in the low-flow season due to DEV reduces the area with salinity 
> 4 g/l by about 14%. However, under CC, although over a long period, the mean 
discharge will increase, the inter-annual variations are rather large, hence low-flow 
seasonal discharges may be lower than the past in certain years. This variation is shown by 
the 16 - 17% enlargement of saline are in scenario S4 compared to S2. By increasing 
discharge in the low-flow season, the DEV can help in reducing such enlargement. 
However, salinity intrusion in the Delta also depends on the water volume stored in the 
Great Lake during the high-flow season in the previous year and the tidal regime in the sea, 
therefore the saline area does not always correspond to the minimum monthly discharge at 
Kratie.   
 
 
4. CONCLUSIONS AND RECOMMENDATIONS 
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The effects of DEV will cause a decrease in annual discharge of about 3 - 8% under both 
the past climatic conditions and the future CC projected by the PRECIS RCM. Conversely, 
CC would increase the river discharge by 4 - 14% under both the BL and the DEV. The 
effect of both CC and DEV may cause an increase in discharge of about 2 - 12%, 
depending on the CC scenario and the location of stations considered. However, in the 
high-flow season, impacts of CC and effects of DEV are in contrasting directions. The 
combined effects of DEV and CC may cause a decrease in discharge of up to 13% at one 
station, but an increase of 3% at another. Such variation reflects that the current 
development plan has not been prepared to adapt to CC. In the low-flow season, although 
impacts of CC and effects of DEV are in the same direction of increasing river flows, the 
combined effects are complex. The effect of both CC and DEV may cause an increase in 
discharge of up to 40 - 76% at different stations. These figures suggest that a seasonal 
analysis is needed for dealing with DEV and CC issues.  
 
Analysis with more CC datasets would be helpful to reduce the uncertainty in climate 
projection. Although more observed hydro-climatic data (i.e. from more stations and of 
longer duration) and other data such as land use, water use, reservoir regulation rules are 
collected to improve the accuracy in modelling, the DSF, which was designed and set-up 
only for the analysis of changes in flow regime under different scenarios, should be 
supported by other production models and analyses in order to identify adaptation 
strategies dealing with flow changes.     
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Abstract: The use of Stochastic Dynamic Programming for designing optimal regulation policies
for water reservoirs networks is well established in the literature. However, the calculation of the
optimal solution for many real problems is prohibitively time-consuming and this has motivated
approximations, particulary in the description of the reservoirs inflow process. Furthermore the
variability of climatic forcing and the continuous adaptation in the management of water resources
required by economic iusses represent a challenge for developing adapting real-time optimizazion
procedures. In this paper a real time control approach is proposed and applied to the case study of
the multiprupose regulated lake Lugano, Switzerland. The lake operation problem is first solved at
planning level (off-line), using ciclostationary long-term statistics of the inflow, and is then refined
on-line using inflow forecast from a dynamical, non-linear, heteroscedastic model, that provides
both the expected value and the standard deviation of the inflow forecast. The model is forced by
all the hydrometeorological information available in real time, both rainfall and runoff measured
at previous time steps. The effectiveness of the model in terms of the reservoir regulation is evalu-
ated through simulation and comparison with the results provided by conventional homoscedastic
inflow models and with a ”perfect” forecast. Simulation results show that real-time control can
significantely improve the system performances, especially for the purpose of flood control. The
improvements are more significant by increasing the forecasting horizon.

Keywords: real-time control; reservoir operation; anticipatory management.

1 INTRODUCTION

Operational water managers are often informed too late about upcoming extreme events to take
prompt actions and mitigate their effect. Real-time control (RTC) is an effective tool to enhance
the manager’s ability to respond to extreme events and ultimately improve water system mange-
ment. In real-time control, the decision to be taken at each time is computed by solving an
optimal control problem over a finite horizon starting from the current time step and updating the
model of the system with all the available hydrometeorological information (both measurement
and forecast). The optimal decision so obtained is implemented for the current time step and, at
the following one, the entire procedure is repeated over a translated horizon (receding horizon
principle) so that any new information can be included as soon as it becomes available.
Real time control is an anticipatory and adaptive management scheme. It is anticipatory since it
allows for assimilation of weather and hydrological forecast that can be used to expand the fore-
casting horizon and react to forthcoming events in advance. It is adaptive because updating of the
system model can include not only hydro-meterological forecast but also information on changed
system conditions, like variations in the water users’ demand or in the energy price (relevant for
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hydropower), etc.
In this paper, real-time control is used to improve the operation of a regulated lake. Application
of RTC to reservoir optimization is not straightforward as it must take into account two impor-
tant features of reservoir systems [Soncini-Sessa et al., 2007]. Firstly, as reservoir managers must
find a balance between the predicted costs over the short run and the long term costs, perfor-
mances of RTC strongly depends on the proper definition of a penalty function over the final
state of the receding horizon, which account for long-term cost. Secondly, in multipurpose reser-
voirs the management must seek for a compromise between the conflicting water uses. Given
the inherentely multi-objective nature of the decision-making problem, the set of Pareto-optimal
management policies is the solution to the optimal control problem, while the choice of one policy
in this set is the result of a non-technical, subjective process of analysis of the Pareto frontier by
the manager or negotiations among the stakeholders [Oliveira and Loucks, 1997].
Both issues cannot be resolved at real-time level, as current forecasting ability does not allow
one to extend the forecasting horizon beyond several days, and the analysis of Pareto-frontier to
choose a compromise management cannot be repeated at each decision time step. In this paper
we propose and apply a two-level strategy. First, a set of Pareto-optimal policies is derived using
historical time series of reservoir inflows, and discussion among stakeholders is promoted to sin-
gle out the best compromise policy (planning level). At the management level, this best policy is
refined using real-time control. The proposed procedure is applied to the case study lake Lugano,
Switzerland.
The paper is organized as follows. In the next section, the case study area is described. Then, re-
sults of the planning phase are reported. Finally, the method adopted for real-time control (named
POLFC, Bertsekas [1976]) is discussed and simulation results are reported. Comments and topics
for futher research concludes the paper.

2 CASE STUDY DESCRIPTION

The Lake of Lugano is a international lake, since its catchment (615 km2) is divided between
Switzerland (368 km2, around 60%) and Italy (247 km2, around 40%). It is an important resource
for the territory, both from a socio-economic and an environmental perspective. In particular, the
tourist sector related to the lake plays a not negligible role for the income of the whole region.
The catchment has a typical Prealpine pattern, characterized by quite steeply sloping mountain
sides in the Northern part of the basin and by more gentle hills in the Central and Southern part.
The average elevation of the catchment is about 1000 m a.s.l., a maximum elevation of 2150 m
a.s.l. The pluviometric regime in the catchment is typical of sublittoral Alpine zones, character-
ized by high precipitation, about 1800 mm/year, not uniformly distributed during the year. As a
consequence, the trajectory of the (median) inflow to the lake has an absolute minimum in winter
and two peaks in autumn and late spring.
The hydrologic regime of the most tributaries is defined as Southern Nivo-Pluvial and Pluvial
Regime, which are all characterized by a torrential runoff regime and a quite short time response
(6-12 hours); therefore, floods caused by intense precipitations over the whole basin are fast and
sudden. The regulation of the lake started in 1963, with the goal of reducing flood events in
Lugano and, parallely, to stabilize the outflow from the lake, in order to increase the energy pro-
duction of a hydropower plant constructed 1933 in the Italian territory.
Among the upstream Stakeholders there are the shoreline inhabitants, who own property that could
be damaged by water during lake floods or whose activities could be negatively influenced by the
effects induced by high lake levels. All the tourist operators are also shoreline Stakeholders, be-
cause they use the lake environment as a tourist attraction. The most important centre is Lugano
(56’889 inhab.), in Switzerland. Just as in the upstream area, downstream inhabitants who own
property that could be damaged by floods in the Tresa river or whose activities could be influenced
by the effects induced by the variations of river flow are counted among the Stakeholders. Among
the downstream Stakeholders the most important is ENEL, an italian hydropower company.
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3 PLANNING THE MANAGEMENT OF THE LAKE

The interests to be considered in the lake operation were grouped into sectors, and a sector hierar-
chy was determined, and the indicators associated to its leaf criteria were defined by interviewing
the Stakeholders representatives. It was decided to consider four design indicators relative to
the sectors: Upstream Flooding, Upstream Environment, Hydropower production and Upstream
Tourism. Based on the identified hierarchy of evaluation criteria, a single design indicator for each
sector was identified that is a measure of the overall satisfaction of the sector and that is expressed
by a separable functional.
As for the upstream flooding sector, the indicator Average annual flooded area was choosed.The
sector Upstream tourism is described by means of a unique indicator, that defines the unsatisfac-
tion of the sector as a function of the measured lake level at each time step t. For the Upstream
environment sector the design indicator also considers an Unsatisfunction Range for the environ-
mental quality of the lake as a whole. This time-variant range was identified by considering the
intersection of the ranges defined for the single environmental indicators (erosion of the reed beds
and reproduction of Cyprinids): inside this range the Unsatisfaction is equal to 1, outside this
range is zero. The step-cost for the Hydropower sector was finally defined as the revenue obtained
by the hydropower production.
To derive a set of Pareto-optimal management policies, a multi-objective optimal control problem
was solved, using the above four indicators as objective functions. The lake dynamics is given
by a mass-balance equation and the reservoir inflow is considered as a stochastic process. Two
alternative inflow models were tested: an AR(0) model, where the inflow is assumed to be a white
noise and an AR(1) model, which allows for lag-one autocorrelation. In both cases, the inflow is
described by a log-normal distribution with periodic mean and standard deviation estimated over
historical time series. The multi-objective problem is solved by the weighting method, which con-
sists of solving a sequence of single-objective problems where the objective function is defined
by a convex combination of all objectives. At each step a different combination of weights is used
and the relevant single-objective problem is solved by Stochastic Dynamic Programming, using
the Successive Approximations Algorithm (SAA) [White, 1963; Bertsekas, 1976; Soncini-Sessa
et al., 2007]. By comparing the Pareto Frontier obtained with the two approaches it is possible

Figure 1: Projection of the 4D-Pareto Frontier for the design indicators JHydro and JFlood with
both the AR(0) and the AR(1) models. Circle = natural regime, Star = prescribed regime, Triangle
= historical regime.

to quantify the basic trade-off between the complexity of a model and its predictive accuracy in
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terms of design policies.
By analysing the different 2D projections of the Pareto Frontier and by considering only the up-
stream sectors it can be concluded that they are not conflictual. Figure 1 shows the Frontier for
the two objectives JHydro and JFlood, which are the most conflictual. The point corresponding
to the natural regime has a quite low performance for the Upstream Flooding sector, as expected
since this was the main reason for the construction of the dam. The historical regime was, on the
contrary, trying to minimize JFlood and the hydropower requirements were almost neglected, by
causing a significant lost to energy production revenue compared to the performance it would be
obtained by strictly applying the Regulation Licence.
For the Upstream Flooding sector the same performance are obtained both with the AR(0) and
AR(1) model (also the utopia points are almost coincident for this objective), on the contrary for
ENEL a reduction of the global revenue is obtained moving to the more complex AR(1) inflow
model. It can be concluded that the information added to the system by considering the inflow
measured the day before seems to be useless and even counterproductive for the hydropower pro-
duction. A detailed analysis of the release trajectories obtained with the different models was
carried out, in order to explain this surprising behavior [Salvetti, 2010].
Although on average, during several years the performance of the two models are almost iden-
tical, a disagreament between the daily hydropower production is usually observed during very
long low flow periods or during the final part of a recession limb after a flood event, when the
lake is close to its minimum level. When the inflow is continuously decreasing, the AR(1) model
is in average more ’optimistic’ than the AR(0), and water volume is lost in terms of hydropower
production if the release is lower than the minimum volume usable from the turbines.
Since the Pareto-efficient solutions obtained only by considering JHydro and JFlood have a very
low performances for the Environment sector, a satisfactory compromise among the stakeholders
could be identified by investigating the efficient solutions in a three-dimensional Pareto space.
During a pre-negotiation procedure among the stakeholders, they decided to explore the region on
the 3D-Pareto frontier, around the line connecting the point of the actual prescribed regime with
the utopia points; based on these conclusions, one efficient AR(0) alternative was selected. In the
following section the a priori policy refers to this selected point.

4 REAL TIME CONTROL

The a priori policy designed at the planning level is not directly implemented but rather it is refined
at the management level by means of Real Time Control. This includes: (1) updating the system
model based on real-time meteo-hydrological information and (2) solving the optimal control
problem over a receding horizon. The two topics are discussed in the following paragraphs.

4.1 The inflow forecasting model

When formulating the real time optimal control problem, the model of the system is updated with
all information collected up to the current decision time step. In the application presented in this
paper, the lake dynamics is left unchanged, while the description of the reservoir inflow is updated
at each step using measurements of past inflow and precipitation. Unlike most RTC applications,
where hydrological models are used to generate a deterministic trajectory of the reservoir inflows,
in our approach the inflow is regarded as a stochastic process also in real-time optimization. The
difference between planning and management level is that in the former the inflow process is
described by its unconditional probability distribution function (pdf), while in the latter the pdf
conditional on available data is used.
In this study, the conditional inflow pdf is derived from a deterministic model by simply adding the
deterministic inflow forecast with its error, which is described by a probability density function.
The lumped, semi-conceptual LOGARMAX model described in Pianosi and Raso [2008] is used
to compute the inflow forecast as a function of past observed inflows and precipitation. The
model is calibrated using time series of observed precipitation and inflow over the period 1984-
2000. Since the model is unbiased, forecasting errors are symmetrically distributed around zero
and they can be described by a zero mean Gaussian distribution. Time series of errors over the
calibration data set were used to estimate the error standard deviation.
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Three different modelling approaches are compared: constant standard deviation model, periodic
model, and dynamical model, which correspond to assuming the forecasting error be, respectively,
a stationary, cyclostationary or heteroscedastic stochastic process. In the dynamical approach, the
standard deviation is linearly related to past model errors and precipiation, thus accounting for
heteroscedasticy and increased unpredictability during flood events [Pianosi and Raso, 2008].

4.2 The Real Time Control Scheme

The real-time optimization works as follows. At each time t, a stochastic optimal control problem
over the finite horizon [t, t + h] is formulated (on-line problem). For each time τ in the finite
horizon [t, t + h], the pdf φτ (·) of the disturbance is provided by the inflow forecasting model
described in the previous section, which uses the hydro-meteorological information It available
at time t. The on-line problem is solved and the resulting release decision for time t is applied.
At time t+ 1, a new problem is formulated over the horizon [t+ 1, t+ 1 + h] with new pdfs for
the disturbances, based on It+1 (receding horizon principle). In our application, the information
vector It includes the inflow and precipitation measurements up to time t.
The problem statement is

min
mt(·),...,mt+h−1(·)

E
qt+1,...qt+h

[
t+h−1∑
τ=t

q∑
i=1

wig
i
τ (xτ , uτ , qτ+1) + ǧt+h(xt+h)

]
(1a)

subject to

xτ+1 = fτ (xτ , uτ , qτ+1), xt given (1b)
qτ+1 ∼ φτ (·|It) (1c)
uτ = mτ (xτ ) (1d)

where xt is the system state (reservoir storage), ut is the decision (reservoir release), qt+1 is the
disturbance (reservoir inflow), git(·) is the cost paid by the i-th water user in the time interval from
t to t + 1, according to the definition introduced in section 3 for the different sectors, gt+h(·) is
the penalty over the final state and E[·] denotes expectation.
Multiple costs are aggregated in (1a) using the same aggregation weights wi that generated the a
priori policy in off-line optimization, so that real-time control realizes the tradeoff that was agreed
upon at the planning level. The penalty function gt+h(·) is set to the optimal cost-to-go function
computed when designing the a priori policy via Stochastic Dynamic Programming (see Bertsekas
[1976] for details). This guarantees that the long-run costs are properly accounted for in the real
time control.
Equation (1b) is the state transition function (the lake mass balance equation in our case), while
φτ (·|It) in (1c) is the pdf of the disturbance (inflow) conditional on information It. Given the
stochastic nature of the problem, minimization in (1a) is taken with respect to the sequence of
control laws (or decision rules) providing the decision as a function of the state, see (1d), rather
than the sequence of decision values.
This real time control scheme is referred to by Bertsekas [1976] as Partial Open-Loop Feedback
Control (POLFC) and it can be solved via SDP.

4.3 Simulations results

The real-time control scheme was simulated over the year 2002, which is characterized by two
extraordinary and independent flood events in May and November. Several simulation experi-
ments were performed considering different models for forecasting the lake inflow and different
lengths of the receding horizon. In all cases, the storage trajectories obtained with the a priori
(off-line) and a posteriori (on-line) policy differ significantly only in the late spring and in autumn
(the periods when most of the flooding events occur). By the end of November the a priori and a
posteriori trajectories converge: the shortness of the control horizon h causes the real-time control
scheme to generate only local perturbations of the system trajectories with respect to the a priori
ones. Therefore, the performances of the different policies can be compared by simply comparing
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the average the step-costs paied over the simulation horizon, while the long-term performances
from the end of the simulation horizon onwards are the same.

Receding horizon h=1 day. Let us first consider the results relevant to the case when 24 hours
inflow forecast is used (h = 1) in the real-time control scheme. Table 1 reports the average value
of the flooded area, the energy production, and the environmental cost over the year 2002, with
the off-line policy and the real-time control fed by the inflow forecast from the LOGARMAX
model with heteroschedastic, constant and periodic variance introduced in Sec. 4.1. The acronym
MOD1 refers to the proper structure of the inflow model, MOD2 refers to a improper model struc-
ture which uses also a perfect precipitation forecast.
A global index I of the system performances can be obtained by linearly combining the three
indicators with the coefficient values that were used for deriving the aggregate objective function
of the on-line stochastic optimal control problem. As a matter of comparison, the results obtained
by using the real-time control scheme with the perfect forecast are also reported (last row in the
table).
It can be noticed that the on-line policies based on the different models, as aspected, performs bet-

Table 1: Indicator values with off-line and on-line policy (with different inflow models) over the
period 1.3.2002-31.12.2002 with receding horizon = 1 day

control inflow iFlood iFloodN iHydro iEnv I
scheme forecast [km2/day] [km2] [Euro/day] - -
off-line a priori 8.6·10−3 2.63 1.107·104 6.29·10−2 7.737·10−1

POLFC
MOD1 heterosched. 7.7·10−3 2.36 1.094·104 6.29·10−2 6.927·10−1

stat. 7.3·10−3 2.25 1.096·104 6.99·10−2 6.567·10−1

ciclostat. 7.7·10−3 2.35 1.110·104 7.34·10−2 6.927·10−1

MOD2 heterosched. 7.0·10−3 2.13 1.104·10
4

5.59·10−2 6.297·10−1

stat. 6.4·10−3 1.97 1.118·104 4.90·10−2 5.757·10−1

ciclostat. 6.7·10−3 2.04 1.120·104 5.94·10−2 6.027·10−1

perfect 5.9·10−3 1.79 1.123·104 3.85·10−2 5.307·10−1

ter than the a priori policy with respect to flooding control; for energy production and environment
protection the results with the off-line policies are not always dominated by the on-line ones. The
results obtained with the perfect forecast represents the upper bound of the sector performances,
which could be obtained if a perfect knowledge of the inflow process would be available.
In general, two issues are influencing the controller: on the one hand, the need for flooding con-
trol, which leads to increase the release; on the other hand, the need for saving water in the view of
hydropower production (Hydropower objective), which leads to not release more water than the
maximum capacity of the hydropower power plant. The on-line controllers favour the flood pro-
tection objective during the rising limb of the flood since the inflow forecast is more accurate than
the a priori one; during the recession phase more water can be saved for hydropower generation.

4.4 Different lengths of the horizon

In order to understand the interplay between the length of the receding horizon and the time con-
stant of the lake, the real-time control was simulated with increasing receding horizon (h = 2
and h = 3 days). The result for the Flooding sector are reported in Tab. 2. It is interesting to
note that the improvement obtained by extending the receding horizon from h = 1 to h = 2
are almost negligible for all the three objectives. A further increase is obtained by enlarging the
horizon (h = 3). With a perfect 3 days a-head inflow forecast it is possible to efficiently cope
with the extraordinary flood of November 2002 and, in parallel, to modulate all over the year the
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release according to the energy demand downstream. On the contrary, small flood events can be
successfully managed also with a shorter receding horizon.
The simulation experiments with the heteroscedastic variance MOD1 and MOD2 show that the
dynamic description of the error variance with increased receding horizon is able to further reduce
the flooding costs compared to the a-priori policy but also to the same model with ciclostationary
or stationary variance. As the Hydropower sector is concerned, a clear improvement of the perfor-
mances obtained with the a-priori policy is not obtained and for the Environment sector the use of
a heteroscedastic model of the error variance with h = 3 performs even better than the real-time
control with perfect forecast.
The effectiveness of the inflow forecast with heteroscedastic variance is clear if a longer receding
horizon (of length h > 1) is used in the real-time control scheme. This result can be explained

Table 2: Indicator value for the Flooding Sector with off-line and on-line policy with different
inflow models and different length of the receding horizon over the period 1.3.2002-31.12.2002.

control inflow iFlood [10−3km2/day] ([km2])
scheme forecast
OFF-LINE a priori 8.6 (2.64)

receding horizon
h = 1 h = 2 h = 3

POLFC
MOD1 heterosch. 7.7 (2.36) 5.6 (1.73) 3.5 (1.06)

ciclostat. 7.7 (2.35) 6.6 (2.01) 5.3 (1.62)
stat. 7.3 (2.25) 6.5 (2.00) 5.8 (1.77)

MOD2 heterosch. 7.0 (2.13) 5.1 (1.55) 3.6 (1.11)
perfect 5.9 (1.79) 5.5 (1.68) 3.8 (1.17)

by observing that the heteroscedastic model of the variance assumes that the residual absolute
value is computed with a dynamical linear model (Eq. 2b), as function of past precipitation values
and forecasting errors; more precisely the adopted model is a simple ARX(1,1) model defined as
follows:

σt =
√

2π/2 · E[|εt+1|] (2a)

The following linear model was used to estimate the absolute value of the error

E[|εt+1|] = α+ β1|εt|+ γ1pt (2b)

Since the concentration time is much shorter than 24 hours (the time resolution of the model)
during very sudden flood events the error εt the day before the event is still small and also the
precipitation is negligible or even null, and the estimated value of E[|εt+1|] will be small too. By
sudden event the underestimation of the error variance at the beginning of the event is crucial for
the lake regulation and in this case the model with stationary variance of the inflow forecast yields
a better overall performance. This phenomenon is less relevant if the precipitation event is more
distributed in time and the lake level increases slower, as the November 2002 event, since the
initial underestimation of the error variance can by easily compensated during the following days,
when the heteroschedastic model performs better then all other models. Similar considerations
can explain the results obtained with a stationary and ciclostationary model of the variance (see
Tab. 1) with a receding horizon h = 1.
The real-time control scheme with the proper inflow forecast model (without rainfall forecast,
MOD1) and heteroscedastic variance leads to an improvement of the system performances with
respect to the off-line policy, from the flooding standpoint. However, the above evaluation con-
cerns the global performance. If the whole trajectory of the step-costs gFloodt (·) is analyzed, it
emerges that there exist single events where the a priori policy performs better than the a posteriori
policy. For example, if we analyse the behaviour of the two policies during the Spring 2002 event
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the off-line policy performs better than the on-line policy with heteroscedastic variance. The op-
posite behaviour can be observed during the fall event of 2002. The first case is a very impulsive
Spring event and the proper heteroscedastic model with time-step equal to 24 hours is not able to
cope with this flood and to anticipate the level increase (remember that the concentration time of
the different watersheds draining into the lake is much shorter than 24 hours), the second event,
although extraordinary in its magnitude, was casued by several consecutive days of medium
rainfall intensity. The lake level increased slower and with the heteroschedastic model over the
whole flood period the overall costs of the flood sector can be reduced with respect to the a priori
policy. The model MOD2, feed with a perfect rainfall forecast and therefore not applicable for
on-line optimization, further improve the overall performance as expected.

5 CONCLUSIONS AND FUTURE RESEARCH

In this study a cascade of an off-line optimal policy and an on-line policy based on the POLFC
scheme is suggested for the design of an efficient management policy for a multipurpose reser-
voir, the Lake Lugano. The experiments were driven with different inflow forecasting models,
with particular attention to a heteroscedastic approach for the modelling of the error variance.
Preliminary results discussed in the previous sections indicate that the on-line design of the man-
agement policy with the heteroscedastic error allows for an improvement of the system perfor-
mances and especially for the purpose of flood control already with a one-step ahead horizon; this
improvement is more significant for two- and three-step ahead RTC experiments.
However, conclusions are still preliminary since simulations refer only to year 2002, when a sig-
nificant flood event happened. The choice of the period was conditioned by data availability and
unfortunatly precipitation forecasts were available only for the sub-period 2004-2008, character-
ized by very dry regime and no flood event. Therefore, rainfall forecast of the high resolution
MeteoSwiss COSMO-7 wheater forecast model have been used only for the validation of the het-
eroscedastic inflow forecasting LOGARMAX model but not for the real-time policy design. A
precise quantification of the advantage provided by rainfall forecast in RTC still remains an open
issue for future analysis.
A second research direction will address the use of probabilistic precipitation forecast (COSMO-
LEPS Limited Area Ensemble Prediction System) for the assessment of the inflow forecasting
uncertainty. COSMO-LEPS provides daily 5-steps ahead probabilistic forecasts at a very high
resolution (horizontal mesh-size of 10 km) based on a 16-member ensemble for central and south-
ern Europe and this will allow to further extend the receding horizon h of the POLFC experiments.
Finally, the on-line design approach will be further extended to a subdaily basis, in order to benefit
for the increased performances of the inflow forecast with 6 hours time resolution.
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Abstract: The phosphate industry is a major contributor to the economy of many South 
Mediterranean countries. Large volumes of water are required by the mining industry in 
areas where water resources are scarce. The integrated management of water in the 
influence zone of phosphate mines with due respect to other sectors of the economy and 
populations is a way to further develop these regions. To achieve this objective, the 
implementation of a Decision Support System constitutes an innovative tool, which offers 
an integral view of water management in the phosphate mining areas and gives an 
overview of the interconnections and interactions between the various economic sectors. 
This paper presents the development of the ElmaaDSS Decision Support System, which 
was built in the framework of the EU project ELMAA. ElmaaDSS was developed with an 
integrated approach that takes into account water resources, water consumers and relations 
between them. It was implemented with Object Oriented Programming Techniques, using 
Visual Studio.NET. It consists of calculation and optimization routines, an easy to use 
Graphical User Interface, a Database, and a Knowledge Base. A first application of the 
ElmaaDSS software in Gafsa mines area, Tunisia, is also presented. This case study 
demonstrates that ElmaaDSS is a valuable tool for decision-makers to improve the current 
situation of water scarcity without hampering the development of economical sectors such 
as mining and agriculture. 
 
Keywords: integrated water management; Decision Support System; phosphate industry; 
Object Oriented Programming. 
 
 
1. INTRODUCTION 
 
The phosphate industry is a major contributor to the economy of some Mediterranean 
countries such as Morocco, Tunisia and Jordan. Mediterranean phosphate mine areas are 
located in semi-arid regions characterised by water scarcity and pronounced climatic 
variability. Large volumes of water are required by the mining industry in areas where 
water resources are scarce or limited. The increasing water demand, due to the 
development of the mining, agricultural and other socio-economic sectors, threatens 
groundwater resources. This situation represents a limiting factor to the sustainable 
development of these regions and it may result in conflicts between the water users. The 
integrated management of water in the influence zone of phosphate mines with due respect 
to other sectors of the economy, is an alternative to develop the phosphate industry. To 
achieve this objective, a Decision Support System (DSS) software tool is developed, 
offering to the phosphate industry and all the respective water management players an 
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integral view of water management in the phosphate mining areas and an overview of the 
interconnections and interactions between the various economic sectors (agriculture, 
mining industry etc).  
The concept of a DSS [Adelman, 1992] is extremely broad and its definitions vary 
depending upon the author’s point of view. A DSS can take many different forms and the 
term can be used in many different ways. On the one hand, Finlay [1994] defines a DSS 
broadly as “a computer-based system that aids the process of decision-making.” This first 
approach is extended by Turban and Aronson [1995] who define it as “an interactive, 
flexible, and adaptable computer-based information system, especially developed for 
supporting the solution of a non-structured management problem for improved decision-
making. It utilizes data, provides an easy-to-use interface, and allows for the decision 
maker’s own insights.” It generally involves at least two of the following building blocks 
[Denzer, 2005]: 
 

 Integrated models able to simulate the behavior of socio-hydrosystems, coming 
from different fields of science such as water sciences (hydrology, hydrogeology), 
agronomy (crop needs, irrigation), hydraulic (drinking water supply network), 
socio-economy (human activities), etc; 

 Geographical Information Systems (GIS); 
 Database management system (data, information, results); 
 Scenario evaluation module (multi-criteria analysis, economical analysis (cost-

effectiveness and cost-benefit analysis), etc); 
 Convivial Graphical User Interface (GUI). 

 
Some examples of DSS applications are ‘WaterWare’ [Jamieson and Fedra, 1996], the 
‘MULINO’ DSS [Mysiak et al., 2005], and ‘WaterStrategyMan’ DSS [Maia and 
Schumann, 2007].  
This paper presents the decision support system (ElmaaDSS) which was built and applied 
in the European research project Elmaa “Integrated water management of Mediterranean 
phosphate mining and local agricultural systems” for the integrated water management in 
Mediterranean phosphate mining areas. ElmaaDSS aims at becoming an assisting tool for 
the water players at the scale of a phosphate mining district. It is a customized software 
tool, designed to be used by the actors of water management to explore the impact of 
various water management strategies combined to climatic scenarios. Its conceptual model 
comprises distinctive entities that facilitate the efficient description of the tested options. 
The ElmaaDSS conceptual model, the calculation and optimization routines, the Graphical 
User Interface (GUI), the database and the knowledge base are presented in the following 
paragraphs. As a case study, a preliminary application of the ElmaaDSS software in Gafsa 
mines area, Tunisia, is also presented. This region is known for its industrial activities 
related to phosphate (extraction, production of phosphoric acid and fertilizer production) 
and farming, which both compete for water resources. 
 
 
2. METHODOLOGY 
 
ElmaaDSS is designed to help decision-makers in improving the current situation of water 
scarcity without hampering the development of economical sectors such as mining and 
agriculture. It is a tool which integrates hydrogeological, technical (mining and 
agricultural) and socio-economic components to have a better overview of the evolution of 
water resources. The methodology followed for its design includes the description of the 
conceptual model of the socio-hydrosystem of the studied area, technical studies, 
hydrogeological modelling, definition of scenarios for water resources and water demands 
evolution, and definition of water management options.  
Indicators and criteria were also defined to allow an efficient exploration of the tested 
scenarios. Criteria were carefully chosen and constructed to reflect the multiple dimensions 
(socio-economic and environmental) associated with the water resources management in 
the Mediterranean phosphate mining areas. Indicators, which are quantified in each case, 
are related to the criteria. 
The implementation of the above methodology was based on the collection of specific data 
with on-site measurements and surveying, or data from socio-economic and technical 
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studies and literature reviews that were also curried out. Furthermore, ElmaaDSS was 
designed and developed in close cooperation with the local stakeholders, following a 
participatory approach, in order to develop a tool corresponding to their needs and their 
objectives. The involvement of the local stakeholders (phosphate mining industry 
representatives and state representatives of the drinking water supply, agricultural and 
sewage sectors) was linked with three main steps: 

1. Design of the tool (characteristics, calculations etc.) 
2. Determination of water demand evolution scenarios. 
3. Selection of water management options. These options aimed at either increasing 

the available water resources or reducing the water demand. 
A detailed description of the methodology followed is provided by Bru et al. [2008].  
 
 
3. DESCRIPTION OF ElmaaDSS  
 
The development of ElmaaDSS is based on Object Oriented Programming (OOP) 
techniques, using Visual Studio .NET. The software consists of: calculation and 
optimization routines, an easy to use Graphical User Interface (GUI), a database containing 
the input parameters and the results, and a knowledge base containing information on 
required coefficients and parameters for the execution of the optimization and calculation 
routines.  
 
 
3.1 Conceptual Model 
 
Object Oriented Programming (OOP) is a way of thinking about problems using models 
organized around real world concepts. It is a way to organize software as a collection of 
discrete objects that incorporate both data structure and system behavior [Simonovic et al., 
1997]. Data is organized into discrete, recognizable entities called objects. These objects 
could be concrete (such as a river reach) or conceptual (such as a policy decision) 
[Elshorbagy and Ormsbee, 2006]. 
In ElmaaDSS, the OOP approach is used to design a conceptual model that will allow the 
simplified but realistic representation of the socio-hydrosystem of the studied area. The 
conceptual model consists of a set of distinctive entities (Objects) representing the basic 
water management concepts.  These objects are discrete data structures that comprise the 
data, the methods and the interactions related to each water management concept.  
The main entity of ElmaaDSS is a Project. A new Project is created for each analyzed Case 
Study. Each project consists of: 
 

 A Map, which can be related to the actual map or a schematic representation of the 
case study area. 

 Climate units (Clima), which represent the climatic conditions for different 
regions for the set of the examined scenarios. 

 Scenarios, which represent different sets of parameters describing the evolution of 
climate conditions, water resources and water demands. Each scenario includes a 
climate dataset, a set of parameters concerning the evolution of water resources 
and water demand, and a set of management options. 

 
Each Map contains one or several regions, which are distinctive sub-entities of the case 
study area. The regions can be independent or linked. Each region contains one or several 
Water Resources Units (WRU) that are divided in Water Resources (e.g aquifers or surface 
hydrological units), Water Consumers (e.g. domestic consumption, industry, agriculture, 
and livestock), Treatment Units. Several types of WRU are described having special 
attributes, methods and interaction rules. There is also a general consumption and a general 
source WRU with general attributes and methods to include alternative water sources and 
other water uses. The WRUs are linked with each other using the appropriate Link Objects, 
which characterize water flows between these units. An overview of the conceptual model 
is presented in figure 1. In figure 2, an example of the representation of a socio-
hydrosystem conceptual model, using the dedicated objects, in the framework of 
ElmaaDSS, is illustrated. The symbols representing the various WRUs and the links 
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between them are also presented. In the same figure, the customized window that pops up 
when the user double clicks each element of the conceptual model in order to modify its 
properties, is also presented. 

 
Figure 1: Graphical representation the ElmaaDSS Conceptual Model 

 
 

 
 
 
 
 
 

Figure 2: Example of the representation of a socio-hydrosystem conceptual model, using 
the dedicated objects, in the framework of ElmaaDSS, and of the customized properties 

window (Gafsa, Tunisia). 
 
 
3.2 Data Base and Knowledge Base 
 

Knowledge
Base

Database 
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Elmaa DSS is linked with a database in which input data and results are stored and 
processed, and a knowledge base which contains the necessary coefficients and parameters 
for the accomplishment of calculations. Elmaa DSS is interfaced with the database, which 
is used for information storage and organization of the various data. For each water 
management unit and for each selected scenario, the corresponding information is defined 
and stored in the database. The calculations of the various modules of the DSS (e.g. 
agricultural water needs, groundwater resources, etc) are also implemented in this 
environment. The stored information is linked with each object and it is accessible by the 
user at any point of the implementation.  
The knowledge base contains information on coefficients, parameters and details of the 
required inputs of the calculation and optimization routines of the DSS, which estimate the 
needs for each water management unit (e.g. agriculture, domestic consumption, industry, 
etc). The existence of a knowledge base behind the DSS assists the user to define the input 
parameters and coefficients for some units and thus calculate the water needs. The 
knowledge base was designed as an additional, supporting tool, which contains predefined 
values of particular parameters in order to efficiently confront any lack in data or metadata. 
For example, the knowledge base consists of information needed to estimate the 
agricultural water needs such as the crop coefficients, the length of the growing stages for 
many plants, the plant date, etc [Allen et al., 1998].  
The socio-economic and consumption parameters (e.g. inhabitants’ consumption rate, 
visitors’ consumption rate, efficiency, etc) were also defined after constant consultation 
with the local stakeholders. With the predefined input parameters, the user can customize 
the water balance for agricultural and domestic consumption (Figure 3). 
 

 
 

Figure 3: Implementation of optimization and calculation routines with the use of the 
knowledge base 

 
 
3.3 Graphical User Interface (GUI) 
 
The Graphical User Interface (GUI) of Elmaa DSS is designed with the aim of transforming 
the DSS in an easy to use tool, which will be valuable for decision making. Since 'user-
friendliness' of a user interface depends a great deal on the experience of the user, graphical 
user interfaces hailed by one group of users may be condemned by a different group of 
users [Coffman, 1992]. The GUI implemented in ElmaaDSS provides an easy to use 
environment even for less experienced users.  
In particular, the schematic visualization of the conceptual model for each case study can 
easily give overall information about the studied area. Moreover, the knowledge base 
incorporated in the DSS can provide the user with accurate information about coefficients 
and parameters such as consumption rates which otherwise may not be readily available. 
The GUI facilitates the selection and set up of the simulated scenarios (Figures 3 and 4), 
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and provides different forms of results’ presentation, including tables, graphs, etc. By 
evaluating different ways to optimise the water consumption and its re-use and by 
measuring the potential impact of changes in the mining and agricultural practices related 
to technological innovations or evolutions in the institutional or regulatory framework, this 
DSS helps water managers to adopt plans to improve water availability, its conservation 
and its sharing between the different users in the influence area of phosphate mines. 
 

 
 

Figure 4: Example of the Graphical User Interface of ElmaaDSS, illustrating the Aquifer 
properties window. 

 
 
4. APPLICATION EXAMPLE 
 
As an example of the ElmaaDSS software application, a preliminary case study in the 
Gafsa mines area, Tunisia, is presented (Figure 5). The Gafsa mines influence area is 
situated 350 km south of Tunis near the north-eastern part of the desert. This region is 
known for its industrial activities related to phosphate (extraction, production of 
phosphoric acid and fertilizer production) and farming, which both compete for water 
resources. The influence area has a population of 323.709 inhabitants, including 73% living 

in urban zones and 27% in rural 
zones. Gafsa region, which is 
classified in the bioclimatic arid 
level, has a dry subtropical 
climate characterized by very 
cold winter, dry hot summers and 
low and irregular precipitation. 
The continuous increase in water 
demand combined with these 
unfavourable climatic factors 
result in depletion and 
degradation of the water 
resources. Indeed, water demand 
is increasing due to the 
population growth, the extension 
of irrigated areas and the fast-
growing mining exploitation. 
Currently, the phreatic aquifers, 
which are mainly allocated to 
agriculture, are overexploited 
with an exploitation rate of Figure 5: Gafsa study area in Tunisia 
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113%, while the exploitation rate of the deeper aquifers reaches 80%. The withdrawals in 
deep aquifers are mainly used by industry (76%), the rest being divided between 
agriculture (13%) and drinking water (11%). [DGRE, 2001a; DGRE, 2001b; DGRE, 
2005a; DGRE, 2005b; Bru et al., 2008]. 
The objectives of the DSS developed for the Gafsa mines influence area are to allow a 
better allocation of the water resources between all the water users and to improve water 
management, e.g. by proposing technological innovations for water savings. The 
implementation of ElmaaDSS for the Tunisian case study includes the following steps: 
building of the conceptual model, definition of the parameters and the coefficients for 
water demand scenarios, description of the water management options and presentation of 
the results. 
The conceptual model (Figure 2) derived from the analysis of the Tunisian studied area 
reveals the complexity of the hydrology of the region. Parameters influencing the water 
demand in Gafsa area were defined during workshops with the stakeholders. For each 
parameter, two or three values were fixed: a “low value” corresponding to a decrease in 
water consumption, a “tendency value” (following the Business As Usual) and a “high 
value” corresponding to an increase in water consumption. Combination of all parameters 
fixed at the “tendency value” defines the baseline scenario. Furthermore, the investigated 
scenarios comprise the following management options: 
 

 Drip Irrigation, utilization of treated wastewater for the phosphate industry and 
use of a press filter in the mines. 

 Utilization of treated wastewater for irrigation of particular cultivars (for example 
leafy vegetables and other cultivars for direct human consumption were excluded), 
utilization of treated wastewater for the phosphate industry and use of a press filter 
in the mines. 

 Drip Irrigation, utilization of treated wastewater for the phosphate industry, 
installation of systems to reduce households’ water consumption, groundwater 
desalination for drinking water. 

 
In this preliminary application, changes in climate conditions were not considered. 
After the implementation of ElmaaDSS and the evaluation of  a preliminary set of 
scenarios, it was indicated that the best combination of water management units in terms of 
both cost reduction and water conservation, involves drip irrigation in agriculture, 
utilization of treated wastewater in phosphate industry, and use of a press filter in the 
mines. 
 
 
5. SUMMARY AND CONCLUSIONS 
 
The ElmaaDSS software presented in this paper is a general tool which integrates several 
kinds of information to explore the impact of various water management strategies. 
ElmaaDSS, in its current state of development, provides a user friendly interface which 
facilitates its use even by a less experienced user. Moreover, the customized subroutines 
which are incorporated into the DSS for the industry water needs, the agricultural water 
needs and the domestic consumption of water, make ElmaaDSS into a tool that can be 
easily adapted to each case study selected, regardless of the country or the region 
examined. Furthermore, the knowledge base which is also incorporated into the DSS, 
facilitates the selection of the correct input parameters and reduces the possibility of false 
entries for the input parameters. Finally, the use of object oriented techniques, gives the 
opportunity of a future development of the tool and its enhancement with other subroutines 
according to the users’ needs, while it ensures the future connection of the DSS with other 
applications. 
ElmaaDSS, gives valuable information to help the actors of water management to explore 
the impact of various water management strategies in the influence zone of the phosphate 
mining regions. It facilitates the study of the interactions between the various sectors of 
economic development (e.g. mines, agriculture, domestic and industry) and the available 
water resources. Concluding, ElmaaDSS, upon its completion, will provide the regional 
stakeholders with an integrated tool for the water resources management in the areas of 
phosphate mining, adjusted according to their particular needs and capabilities. 
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Abstract: Investment in water infrastructure and management can enhance the ecological 
health of water-dependent ecosystems along highly regulated rivers. Investment in new 
flow-control infrastructure and management of both existing and new infrastructure can 
help return natural environmental flows to achieve healthy and representative areas of river 
ecosystems. In this paper, we developed an integrated model to cost-effectively restore 
environmental flows and ecosystem health in the River Murray in South Australia. The 
model integrates a range of hydrological, ecological, economic, and social components.  A 
hydrological model is used to identify spatial and temporal inundation dynamics given flow 
rates and weir operation. Ecological response models were developed to link three aspects 
of environmental flows (flood duration, timing, and interflood period) to the health 
responses of ecosystem components. The infrastructure investments (flow-control 
regulators and irrigation pump relocation) were sited by interpreting high resolution 
LiDAR elevation data, digital orthophotography, and wetland mapping information; and 
their costs were quantified using a spreadsheet-based model. Social values were also 
estimated using a choice model quantifying willingness to pay for various ecosystem 
components and these were also included in the model. These diverse datasets and models 
were integrated in a decision support tool based on non-linear integer programming to 
investigate the cost-effectiveness of alternative flow levels and timing, existing flow-
control infrastructure operation, and new infrastructure investment alternatives, given 
wider system constraints. The decision support tool can identify a suite of cost-effective 
infrastructure investments and a plan for their operation specifying where and when to 
capture and release water in riparian ecosystems. Outputs include a ranking of investment 
alternative and rules for managing flow-control infrastructure to achieve ecological and 
social values at minimum economic cost. In this paper we discuss the development and 
integration of the range of hydrological, ecological, economic, and social components of 
the model and the objectives of integrated river ecosystem management. 
 
Keywords: planning, water, riverine, reserve, hydrology, environmental flows, regulation  
 
 
1. INTRODUCTION 

 
Many riparian, wetland, and floodplain ecosystems are highly stressed, primarily due to a 
lack of environmental flows at the quantity, timing, duration, frequency, rate of change, 
and quality required to sustain these ecosystems [Kingsford 2000, Bunn and Arthington 
2002, Poff et al. 2007, Doll et al. 2009, Acreman and Ferguson 2010, Palmer et al. 2010, 
Poff and Zimmerman 2010]. Riparian ecosystems (e.g. water courses, wetlands, flood 
plains) along the River Murray in southern Australia have been threatened by the flow 
regulation and the overallocation of water resources for consumptive uses, increasing 
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salinity, turbidity, and nutrient levels, compounded by a series of drought years, and 
overlaid by long term climatic warming and drying trends [Walker and Thoms 1993, Goss 
2003, McMahon and Finlayson 2003, Frazier and Page 2006, Gell et al. 2006, Bond et al. 
2008, Nielsen and Brock 2009]. Despite the innate resilience of these ecosystems, some 
ecological processes and species may be threatened to the point of major irreversible 
change in ecosystem state. The restoration of natural environmental flows can reverse the 
ongoing degradation of riparian ecosystem processes and biodiversity [Arthington et al. 
2010, Poff et al. 2010]. Under conditions of water scarcity, smart planning is required to 
deliver environmental flows which efficiently achieve both ecological and societal needs 
for freshwater [Baron and Poff 2002, O’Keefe 2009, Gordon et al. 2010].  
 
Regulation of rivers has led to the homogenisation of these formerly-dynamic systems 
[Poff et al. 2007]. In the River Murray, regulation has attenuated large floods, eliminated 
low flows, and greatly increased moderate flows to meet irrigation and other human needs 
[Walker and Thoms 1993, CSIRO 2009]. In highly regulated river systems such as the 
River Murray, infrastructure such as regulators, dams, locks, and weirs used to store and 
release water for consumptive purposes can also be used to return river flows of 
appropriate quantity, timing, duration, frequency, and quality to enhance ecological health 
[Galat and Lipkin 2000, Bednarek and Hart 2005, Harman and Stewardson 2005, Lind et 
al. 2007, Richter and Thomas 2007, Holland et al. 2009, Poff et al. 2010]. Water releases 
from storages can be timed and combined with natural flows to return flooding cycles to 
now dry areas, and to return drying cycles to permanently-wet areas [Rood et al. 2005, 
Arthington et al. 2006].  
 
Investments in new flow-control infrastructure can also be targeted for important areas and 
ecosystems whose environmental flows are more difficult or costly to restore using existing 
infrastructure. In concert with flow releases from storages, these structures can be operated 
such that they capture and hold water in wetlands at a specific frequency, at specific depths, 
and release it after a specific period of inundation. Alternatively, flow-control 
infrastructure can be used to dry out areas where current inundation regimes exceed that 
experienced under natural flows to reinstate their natural dry periods. Water savings made 
through reducing evaporation from permanently inundated wetlands can be used to achieve 
environmental flow benefits elsewhere.. 
 
Under the Australian Government’s $12.9B Water for the Future program, the South 
Australian (SA) Government’s Murray Futures Riverine Recovery project is charged with 
making investments in water infrastructure. Part of this program aims to achieve multiple 
ecological, hydrological, economic, and social objectives along the SA portion of the River 
Murray through infrastructure investment and management. This includes better 
management of existing flow-control structures (weirs), investment in and management of 
new flow-control structures (regulators), and moving irrigation off-take pumps where it 
restricts the ability to manipulate water levels in wetlands. The primary objective of the 
project is to enhance the ecological health of water course, wetland, and flood plain 
ecosystems. Further objectives include making water savings, improving water security for 
irrigators, and enhancing the social values for these systems. To inform cost-effective 
investment in, and management of, flow-control structures it is important to understand 
which areas, ecosystems, and species of the South Australian River Murray are of high 
conservation priority, and what infrastructure could be established and operated over time 
to best manage them.  
 
In this paper, we describe the development of an integrated decision support tool for 
informing the investment in flow regulation infrastructure and flow management for cost-
effectively achieving multiple environmental, economic, and social objectives in the SA 
River Murray. We provide a brief overview of the environmental flows allocation model, 
and describe the development of a diverse range of components that feed into the model 
including the hydrological inundation model, ecosystem mapping, ecological responses, 
economic costing of investments, and the social values mapping. The integration of these 
components within a decision support tool capable of finding near-optimal solutions to the 
allocation and management of environmental flows over space and time is essential for 
providing a solid evidence base for cost-effective investment of substantial amounts of 
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public money in riparian conservation. We finish by discussing future directions for 
integrated modelling of riparian ecosystem conservation. 
 
2. INTEGRATED MODELLING OF ENVIRONMENTAL FLOWS 
 
Planning for the return of environmental flows through infrastructure operation is a 
complex task. Riparian systems have spatially-heterogeneous ecological, economic, and 
social values, and are dominated by temporally-dynamic ecohydrological processes. 
Decisions on where to locate significant investments in flow-control infrastructure, and 
how to best operate this infrastructure over time to achieve multiple objectives are hard and 
involve multiple spatio-temporal trade-offs. Several reviews of the topic [e.g. Hughes and 
Rood 2003, Tharme 2003, Acreman and Dunbar 2004] have identified more than 200 
techniques used to determine environmental flows. The simplest methods include lookup 
tables and desktop analysis, ranging through to more complex functional analysis and 
hydraulic habitat modelling. Arthington et al. [2006] states that in the past there has been a 
tendency to ignore the complexity of riparian systems in favour of simplistic and static 
rules for governing environmental flows. Arthington et al. [2010] called for a renewed 
focus on modelling complex eco-hydrological systems to find more acceptable and robust 
ways to manage rivers for multiple uses. 
 
Solving this complex spatio-temporal problem has been the focus of water resource 
allocation planning for many years [Brumbelow and Georgakakos 2007, Harou et al. 
2009]. In the past, studies have been focussed on the efficient delivery of water, 
particularly for use in irrigated agriculture and other human needs, often with the objective 
of maximising agricultural profitability [Cai 2008] or social welfare [Coram and Noakes 
2009]. These studies have demonstrated that modelling and optimisation can increase the 
efficiency and reliability of water resources allocation for consumptive use [Abolpour and 
Javan 2007]. Increasingly, researchers are integrating ecological, economic, social values 
into water resource allocation [Brouwer and van Ek 2004, Loucks 2006, Brumbelow and 
Georgakakos 2007, Davis 2007, Brouwer and Hofkes 2008, de Lange et al. 2010]. Several 
studies have found that through integrating social and ecosystem perspectives, it is possible 
to identify restoration actions that both improve the health of riparian ecosystems and 
enhance the services provided to people by the ecosystem [Golet et al. 2006, Wang et al. 
2009]. In addition, Golet et al. [2006] found that the process of including social values built 
trust with local stakeholders and enhanced local support for ecological restoration. 
 
Previously, similar spatial, multi-period problems have been addressed through a variety of 
operations research techniques including stochastic dynamic programming [Tilmant et al. 
2007], fuzzy logic [Abolpour and Javan 2007], metamodelling [Mousavi and Shourian 
2010], goal programming [Xevi and Khan 2005], and elitist-mutated particle swarm 
optimization [Reddy and Kumar 2007]. Suen and Eheart [2006] used a genetic algorithm to 
quantify flow regimes that balanced ecological and human needs. Stewart-Koster et al. 
[2010] used Bayesian networks to guide investments in flow and catchment restoration for 
enhancing riparian ecosystem health. Tilmant et al. [2007] found that preferences of 
different water users required different environmental flows and operation rules for 
reservoir releases. To our knowledge, no studies have addressed the cost-effective 
investment of  new flow-control structures and the operation of new and existing 
infrastructure over space and time for achieving multiple objectives. 
 
3. STUDY AREA 
 
The study area is the South Australian River Murray floodplain which encompasses the 
lower reaches of the river (Figure 1Error! Reference source not found.). In the study area 
the river runs through semi-arid to Mediterranean agricultural land and is regulated by 6 
weirs (referred to as Lock 1 – 6). The study area can be divided into valley, gorge, and 
swamps. The valley section from the SA border to Overland Corner is characterised by 
wide (5-10km) shedding flood plains with diverse wetlands including anabranches, 
billabongs (oxbows), and deflation basins. The gorge section from overland corner to 
Mannum is characterised by a narrower and less diverse flood plain (2 – 3km) constrained 
by 30m limestone cliffs within which the river meanders.  
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The swampland areas below Mannum are highly regulated and modified for agricultural 
production [Walker and Thoms 1993]. Major flood plain vegetation types include 
Eucalyptus camaldulensis (river red gum) and E. largiflorens (black box) communities. 
The study area provides important habitat for native water birds and fish species. The River 
Murray supplies water to high value 
irrigated horticulture and is one of the main 
sources of fresh water for the city of 
Adelaide and much of rural South Australia. 
The river is also the focus of significant 
social values particularly cultural and 
recreation values [Raymond et al. 2009]. 
Riparian ecosystems are currently highly 
stressed from the factors mentioned in the 
Introduction.  
 

Figure 1. Location of the study area and 
flood plain, water courses, and wetlands 

along the South Australian River Murray. 
 
4. MODEL COMPONENTS 
 
4.1 Hydrology 
 
The hydrology component involves the development of river system hydrology modelling 
capacity to estimate flows over the South Australian border, the inundation of floodplains 
and flow between wetlands (connectivity) given river flows and weir manipulation, and 
return flows to the river following environmental watering. 
 
In this paper, we focus on the inundation modelling using the River Murray Floodplain 
Inundation Model (RiM-FIM). RiM-FIM [Overton 2005] combines satellite imagery and 
digital elevation models to map the extent of flood plain inundation under a given flow rate 

and weir configuration. RiM-FIM uses 
Landsat TM imagery to identify areas 
inundated under a range of river flows. 
These flood extents were interpolated using 
the local topography as represented in a 
digital elevation model. Weirs can be raised 
by up to +50cm or lowered to -35cm, in 
5cm increments. A hydrological model of 
backwater curves was used to capture the 
influence of weirs on inundation extent. We 
used RiM-FIM to map areas of inundation 
and wetland connectivity from each 
combination of river flow and weir height. 
This process also enabled us to quantify the 
flow level at which each wetland becomes 
inundated (or commence-to-fill) under each 
weir height. 

 
Figure 2. Commence-to-fill flow rates for the Ral Ral/Woolenook/Murtho area with weir 

heights at 0 cm as calculated using RiM-FIM. 
 
4.2 River ecosystem mapping 
 
We used a process of ecohydrological classification to map hydrologically-driven riparian 
ecosystems across the River Murray floodplain. This builds on the operational landscape 
unit approach proposed by Verhoeven et al. [2008] and vegetation-flow response guild 
approach of Merritt et al. [2010]. State government wetland and floodplain vegetation 
mapping was combined with RiM-FIM to define ecohydrological units. Wetland types 
included terminal, throughflow, overbank flow, saline swamp, and flood plain [Fee and 
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Scholz in prep, Jones and Miles 2009]. Flood plain areas were then classified into six 
ecohydrological types (emergent, lignum, riparian, floodplain, salt tolerant, and terrestrial 
dry). To do this we aggregated the 72 vegetation communities occurring on the flood plain 
based on the dominant vegetation type and overlaid this with the inundation regime derived 
from RiM-FIM, assigning commence-to-fill flow rates to each ecohydrological unit 
polygon using area-weighted averages. The outcome of this process was a map of 18 
ecohydrological units in the study area (Figure 3). 
 

 
Figure 3. Area of ecohydrological units 

mapped across the study area and an example 
of ecohydrological units occurring in the Ral Ral/Woolenook/Murtho area. 

 
4.3 Quantifying Environmental Flows 
 
Modelled hydrographs detailing flows over the South Australian border under natural flows 
(no regulation) and current (with existing regulation) from 1895 to 2006 (Figure 4) were 
taken from CSIRO [2008]. Using these hydrographs we calculated indicators of inundation 
for environmental flows after Richter et al. [1996] including flood duration, timing, and 
inter-flood period for each flow level from a base flow of 5,000 ML/day to 109,000 
ML/day in intervals of 1,000 ML/day using R.  

Figure 4. Modelled natural (navy line) and current (burgundy area) daily hydrographs from 
1921 – 2006 for the River Murray at the South Australian border [CSIRO 2008]. 

 
We then allocated inundation indicator values to each ecohydrological unit polygon in the 
study area using commence-to-fill flow rates from RiM-FIM. This enabled us to identify 
the spatial extent of flooding and the ecohydrological units inundated under different 
combinations of flow rates and weir heights as a direct input to the decision analysis model. 
We summarised inundation indicators (flood duration, timing, and inter-flood period) under 
the natural hydrograph to quantify the natural flow regime [Poff et al. 1997] of each 
ecohydrological unit. This natural flow regime provided an objective for the restoration of 
environmental flows of ecohydrological units in the integrated decision analysis model. 
 
4.4 Ecological responses to environmental flows 
 
We developed ecological response functions for floodplain and riparian vegetation types, 
wetland vegetation, water birds, and fish to quantify the effect of environmental flows on 
the health of river ecosystems [Shafroth et al. 2010]. Floodplain and riparian vegetation 

Ecohydrological units Area (ha) 
Floodplain units 
Riparian (River red gum) 18,664
Floodplain (Black box) 17,625
Emergent (Reeds) 2,569
Terrestrial dry (Chenopods) 8,597
Salt tolerant (Samphire) 9,425
Lignum 11,297
Water course units 
Ephemeral Watercourse Reach 243
Seasonal Watercourse Reach 48
Permanent Watercourse Reach 1,409
Wetland units 
Temporary Wetland - Overbank Flow 714
Temporary Wetland - Throughflow 1,836
Temporary Wetland - Terminal Branch 1,077
Permanent Lake - Throughflow 4,702
Permanent Lake - Terminal Branch 2,454
Terminal Lake  1,390
Permanent Swamp - Terminal Branch 338
Permanent Swamp - Throughflow 1,060
Saline Swamp  1,385
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types included black box woodland, floodplain red gum woodland, riparian red gum 
woodland, lignum (Muehlenbeckia florulenta) shrubland, salt-tolerant vegetation, and 
chenopods. Wetland vegetation types included rats tail couch grassland, ribbon weed 
herbland, and Phragmites australis. Water birds included colonial nesting water birds, and 
water fowl and grebes. Fish communities included flood spawners, wetland specialists, 
freshwater catfish, main channel generalists, main channel specialists, low flow specialists.  
 
Ecological responses quantified the health of these ecological features on a scale from 0 - 1 
as a function of environmental flow 
characteristics. Ecological response 
functions were developed for flood timing 
(using calendar months), duration (usually in 
days), and inter-dry period (i.e. the length of 
time between inundation events, in months). 
Where relevant, separate response curves 
were included for different life stages (e.g. 
seedlings and adults for vegetation and 
spawning, juveniles and adults for fish). 
 

Figure 5. Example of an ecological response function for the health of colonial nesting 
water birds against inter-flood duration from Young et al. [2003]. 

 
Ecological response functions were based on the Murray Flow Assessment Tool (MFAT; 
Young et al. 2003). Young et al. (2003) synthesised ecological response functions for 
several ecological components for nine zones along the River Murray and its tributaries. 
Ecological response functions for flood plain vegetation were refined using an analysis of 
environmental flows under the natural hydrograph. We calculated the mean inundation 
duration and inter-flood period for ecohydrological areas and and assumed that 
environmental flows within 1 standard deviation of the mean were most conducive to the 
healthy growth and function of these units. We used this data-derived information to update 
the ecological response curves from Young et al. [2003]. Additional information from 
Overton et al. (2009) and Ecological Associates (2010) was also used to modify the 
response functions where available. A final modification was to only use responses of zero 
when it was likely that populations would become locally extinct.   
 
Ecological response functions were then linked to mapped ecohydrological units in order to 
relate biota to the habitat in which it was most likely to be found. Faunal species were 
linked to ecohydrological units based on habitat preference information [Young et al. 2003, 
Overton et al. 2009, Ecological Associates 2010] and expert opinion. Each ecological 
feature for which we assembled a response function was assigned a probability of 
occurrence in each ecohydrological unit type. Probability scores ranged between 0, if a 
community was not likely to utilise the ecohydrological unit habitat (e.g. fish that are main 
channel specialists are not likely to use the floodplain even when it is inundated), to 1 if the 
ecohydrological unit was likely to be core habitat (e.g. watercourse reaches for fish that are 
main channel specialists). Scores of 0.5 were allocated for marginal habitat, or if there was 
a moderate possibility that the habitat would be used, and 0.25 if it was unlikely, but 
possible, that the habitat would be used. Life history stages were differentially assigned 
where seedlings, larvae or juveniles utilised different habitat types to adults. 
 
4.5 Economic costs 
 
We grouped wetland ecohydrological unit polygons into 80 complexes as basic investment 
decision units. We quantified the establishment costs of capital investment in each wetland 
complex inclusive of regulator construction and moving irrigation pump off-takes to the 
main channel. First, we identified wetlands which could feasibly be regulated. Each 
wetland/water course polygon was interpreted using LiDAR elevation data, commence-to-
fill data from RiM-FIM, and high resolution aerial orthophotography. Regulators were 
intelligently positioned in the neck of inlets at appropriate widths and depths to keep 
wetlands full at rim height. Regulator widths and depths were input into a model (Tonkin 
Consulting, unpublished model) to calculate infrastructure costing. To cost the relocation 
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of irrigation off-take pumps we identified pump locations from pump and meter data. To 
cost the relocation of off-takes to the main river channel, we intelligently digitised 
pipelines which took the shortest route, efficiently connecting all pumps, where possible 
followed roads and avoided steep grades and dense vegetation. We input pipe length, flow 
and head data as inputs into a model (Tonkin Consulting, unpublished model) to calculate 
the cost of relocating pumps from wetlands 
to the main channel. The total cost of all 
investments including the 153 potential 
new regulators, 64 km of new pipe and 36 
new pumps, was over $117 million. 
Ongoing operation and maintenance costs 
were not considered. 
 

Figure 6. Example of the siting of 
regulators for controlling flows and piping 

for relocating irrigation off-takes in the 
Lake Bywaters/Walker Flat area. Elevation 

data is from LiDAR. 
 
4.6 Social values 
 
To capture the priorities for society and the 
values assigned to a different attributes of the floodplain vegetation, wetlands and river 
channel, we used the willingness to pay estimates for South Australia from a major national 
survey undertaken in 2009 (Hatton MacDonald et al., under review). People use the River 
Murray for water based recreation, camping and fishing and receive a series of direct use 
values. They also receive non-use or existence benefits from improving the quality of a 
natural resource apart from any actual use. To provide estimates of these values, 1000 
South Australian households (63.6% responded) were asked to consider a set of choice 
experiments where they were offered the status quo health of the Murray River and 
Coorong as well as two options which involved different levels of health of particular 
assets and different costs. By presenting different combination of the attributes and 
different household costs, respondents face different trade-offs. The probabilities of 
different choices and willingness to pay for improvements were estimated and used to 
weight the ecological responses associated with frequency of bird-breeding, native fish 
populations, floodplain vegetation and the major wetlands including the Coorong and 
Lower Lakes.   
 
5. INTEGRATED MODELLING 
 
The diverse sources of hydrological, ecological, social, and economic information 
described above need to be integrated to identify cost-effective ways of locating and 
managing water resources over time. We built an optimisation model based on non-linear 
integer programming to analyse this complex spatio-temporal problem. The model seeks to 
select the suite of wetland complexes to invest in regulator construction and pump 
relocation. In addition, the model identifies the optimal management of these new 
regulators and existing regulators and weirs over time to return natural environmental flow 
regimes.  
 
We used the current hydrograph of River Murray flows at the South Australian border for 
the 20 years from 1986 – 2006 in our model. The basis of the model is the hydrological 
dynamics quantified by the RiM-FIM model which identifies the ecohydrological units 
inundated. The amount of water in each ecohydrological unit in each month depends on the 
flow at the border, the commence-to-fill flow rate of ecohydrological units, weir heights, 
water losses, whether regulators are built to control flows and whether they are open or 
closed. 
 
The decision variables include a yes/no decision on whether each of the 80 complexes is 
selected for investment. Other decision variables operate the weir and regulator 
infrastructure at monthly time steps. At each of the 240 monthly time steps, each regulator 
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may be either open or closed and the height of each of the 6 weirs in the study area may be 
adjusted. Thus, given the amount of flow at the border, infrastructure may be operated to 
return wetting and drying cycles to ecohydrological units and their ecological components 
that are more typical of their natural flow regime in terms of duration, timing, and 
frequency of inundation. The major constraints applied in the model were that the cost of 
new regulators and irrigation pump relocation must be within the total available budget, 
and several specific rules which governed weir operation. 
 
The objective of the model is to achieve environmental flows for each ecological 
component, as close as possible to the natural flow regimes. Areas of each ecological 
component occurring at each level of inundation duration, timing, and inter-flood period 
were summarised. The model aims to maximise the proportion of the area that experiences 
environmental flows closer to its natural flow regime, weighted by the ecological response 
functions (Figure 7). This is done across all ecological components as multiple ecological 
responses were multiplied to give an overall response for each habitat unit. Ecological 

response was then weighted by social 
values at a ratio of 5(ecological):1(social). 
 
We used compromise programming 
principles (least squares differences) to 
ensure that the representation of ecological 
components progresses towards that of the 
natural hydrograph without undesirable 
over or under representation of some 
components. This undesirable outcome may 
be unavoidable if it is not possible to water 
key wetlands/floodplains under a current 
hydrograph. The objective function also has 
flexibility to put higher priorities on some 
species to represent conservation priorities.   
 
Figure 7. Illustration of the objective of the 

model for flood duration for a hypothetical ecological component. In the above case, the 
blue line representing the area under different flood durations under the current hydrograph 

is moved proportionally closer to the green line which is the area under different flood 
durations under the natural hydrograph. Area under higher flood durations are substantially 

increased because they are most underrepresented relative to the natural distribution and 
because their ecological response function indicates that the health is greatest under these 

flood durations. 
 

The formulated non-linear integer programming problem contains about 25,000 decision 
variables for the study area. With such a large and computationally complex investment 
decision problem, finding a guaranteed optimal solution is impossible. Instead, we used a 
tabu search meta-heuristic to find good solutions. The outputs are a list of investments that 
appear most often in good solutions found by the model. Outputs also include 
comprehensive weir and regulator operation rules for returning natural flows to a 
representative area of river ecosystems in the study area. 
 
6. CONCLUSION 
 
Achieving better ecological health outcomes for highly regulated rivers such as the South 
Australian Rivern Murray requires consideration of how natural environmental flows can 
be returned through the management of existing and new flow-control infrastructure. 
Additionally, it is important to consider how infrastructure investment and flow 
management strategies are likely to impact upon social values for these systems. We 
provided an example of the assembly of a variety of hydrological, ecological, social and 
economic information and how it can be integrated to inform cost-effective investment and 
management decisions for river ecosystems over time. River ecosystems and water 
resources management involve complex spatial and temporal processes. The integration of 
hydrological, ecological, social and economic information in a decision analysis model was 
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essential for identifying cost-effective solutions for managing the health of river 
ecosystems so they can continue producing the many services that society relies on. Future 
work needs to consider the potential ecological and social benefits achieved by increasing 
flows over the South Australian border. By purchasing additional water on the market and 
by the strategic timing and delivery of that water through the operation of upstream 
storages, we can effectively modify environmental flows (current hydrograph). This can be 
done strategically to complement the operation of existing and new infrastructure in 
restoring natural flows to ecohydrological units, 
 
7. ACKNOWLEDGMENTS 
 
We gratefully acknowledge the financial and technical support of the SA Department of 
Water, Land, and Biodiversity Conservation, especially Judy Goode and Rajiv Mouveri. 
We are also grateful for the support of CSIRO’s Water for a Healthy Country Flagship. 
  
REFERENCES 
 
Abolpour, B. and M. Javan, Optimization model for allocating water in a river basin, 

during a drought, Journal of Irrigation and Drainage Engineering-Asce, 133(6), 559-
572, 2007. 

Acreman, M.C. and A.J.D. Ferguson, Environmental flows and the european water 
framework directive, Freshwater Biology, 55(1), 32-48, 2010. 

Arthington, A.H., R.J. Naiman, M.E. McClain and C. Nilsson, Preserving the biodiversity 
and ecological services of rivers: New challenges and research opportunities, 
Freshwater Biology, 55(1), 1-16, 2010. 

Arthington, A.H., S.E. Bunn, N.L. Poff and R.J. Naiman, The challenge of providing 
environmental flow rules to sustain river ecosystems, Ecological Applications, 16(4), 
1311-1318, 2006. 

Baron, J.S., N.L. Poff, P.L. Angermeier, C.N. Dahm, P.H. Gleick, N.G. Hairston, R.B. 
Jackson, C.A. Johnston, B.D. Richter and A.D. Steinman, Meeting ecological and 
societal needs for freshwater, Ecological Applications, 12(5), 1247-1260, 2002. 

Bednarek, A.T. and D.D. Hart, Modifying dam operations to restore rivers: Ecological 
responses to tennessee river dam mitigation, Ecological Applications, 15(3), 997-1008, 
2005. 

Bond, N.R., P.S. Lake and A.H. Arthington, The impacts of drought on freshwater 
ecosystems: An australian perspective, Hydrobiologia, 600, 3-16, 2008. 

Brouwer, R. and M. Hofkes, Integrated hydro-economic modelling: Approaches, key issues 
and future research directions, Ecological Economics, 66(1), 16-22, 2008. 

Brouwer, R. and R. van Ek, Integrated ecological, economic and social impact assessment 
of alternative flood control policies in the netherlands, Ecological Economics, 50(1-2), 
1-21, 2004. 

Brumbelow, K. and A. Georgakakos, Optimization and assessment of agricultural water-
sharing scenarios under multiple socioeconomic objectives, Journal of Water Resources 
Planning and Management-Asce, 133(3), 264-274, 2007. 

Bunn, S.E. and A.H. Arthington, Basic principles and ecological consequences of altered 
flow regimes for aquatic biodiversity, Environmental Management, 30(4), 492-507, 
2002. 

Cai, X.M., Implementation of holistic water resources-economic optimization models for 
river basin management - reflective experiences, Environmental Modelling & Software, 
23(1), 2-18, 2008. 

Coram, A. and L. Noakes, The optimal extraction of water along an arbitrarily configured 
river system, Australian Journal of Agricultural and Resource Economics, 53(2), 251-
264, 2009. 

CSIRO. Murray-Darling Basin Sustainable Yields. Report to the National Water 
Commission. 2009. 

Davis, M.D., Integrated water resource management and water sharing, Journal of Water 
Resources Planning and Management-Asce, 133(5), 427-445, 2007. 

de Lange, W.J., R.M. Wise, G.G. Forsyth and A. Nahman, Integrating socio-economic and 
biophysical data to support water allocations within river basins: An example from the 
inkomati water management area in south africa, Environmental Modelling & Software, 
25(1), 43-50, 2010. 

2147



B.A. Bryan et al. / Integrated modelling for riparian ecosystem conservation 

Doll, P., K. Fiedler and J. Zhang, Global-scale analysis of river flow alterations due to 
water withdrawals and reservoirs, Hydrology and Earth System Sciences, 13(12), 2413-
2432, 2009. 

Ecological Associates, The environmental water requirements of the South Australian 
River Murray – draft report.  Ecological Associates report AQ010-1-A prepared for the 
South Australian Murray-Darling Basin Natural Resource Management Board, 
Adelaide, 2010. 

Fee, B and G. Scholz, South Australian aquatic ecosystems program: stage two report. 
Government of South Australia, through Department of Water, Land and Biodiversity 
Conservation, Adelaide, in preparation. 

Frazier, P. and K. Page, The effect of river regulation on floodplain wetland inundation, 
murrumbidgee river, australia, Marine and Freshwater Research, 57(2), 133-141, 2006. 

Galat, D.L. and R. Lipkin, Restoring ecological integrity of great rivers: Historical 
hydrographs aid in defining reference conditions for the missouri river, Hydrobiologia, 
422, 29-48, 2000. 

Gell, P., J. Fluin, J. Tibby, D. Haynes, S.I. Khanum, B. Walsh, G. Hancock, J. Harrison, A. 
Zawadzki and F. Little, Changing fluxes of sediments and salts as recorded fv in lower 
river murray wetlands, australia, Sediment Dynamics and the Hydromorphology of 
Fluvial Systems, 306, 416-424, 2006. 

Golet, G.H., M.D. Roberts, R.A. Luster, G. Werner, E.W. Larsen, R. Unger and G.G. 
White, Assessing societal impacts when planning restoration of large alluvial rivers: A 
case study of the sacramento river project, california, Environmental Management, 
37(6), 862-879, 2006. 

Gordon, L.J., C.M. Finlayson and M. Falkenmark, Managing water in agriculture for food 
production and other ecosystem services, Agricultural Water Management, 97(4), 512-
519, 2010. 

Goss, K.F., Environmental flows, river salinity and biodiversity conservation: Managing 
trade-offs in the murray-darling basin, Australian Journal of Botany, 51(6), 619-625, 
2003. 

Harman, C. and M. Stewardson, Optimizing dam release rules to meet environmental flow 
targets, River Research and Applications, 21(2-3), 113-129, 2005. 

Harou, J.J., M. Pulido-Velazquez, D.E. Rosenberg, J. Medellin-Azuara, J.R. Lund and R.E. 
Howitt, Hydro-economic models: Concepts, design, applications, and future prospects, 
Journal of Hydrology, 375(3-4), 627-643, 2009. 

Hatton MacDonald, D., M. Morrison, J. Rose and K. Boyle, Valuing a multi-state river: the 
case of the River Murray, Australian Journal of Agricultural Resource Economics, 
under review. 

Holland, K.L., A.H. Charles, I.D. Jolly, I.C. Overton, S. Gehrig and C.T. Simmons, 
Effectiveness of artificial watering of a semi-arid saline wetland for managing riparian 
vegetation health, Hydrological Processes, 23(24), 3474-3484, 2009. 

Jones, L. and M. Miles, River Murray wetland classification project. Report to the Riverine 
Recovery Project, Department of Water, Land & Biodiversity Conservation, 2009. 

Kingsford, R.T., Ecological impacts of dams, water diversions and river management on 
floodplain wetlands in australia, Austral Ecology, 25(2), 109-127, 2000. 

Lind, P.R., B.J. Robson and B.D. Mitchell, Multiple lines of evidence for the beneficial 
effects of environmental flows in two lowland rivers in victoria, australia, River 
Research and Applications, 23(9), 933-946, 2007. 

Loucks, D.P., Modeling and managing the interactions between hydrology, ecology and 
economics, Journal of Hydrology, 328(3-4), 408-416, 2006. 

McMahon, T.A. and B.L. Finlayson, Droughts and anti-droughts: The low flow hydrology 
of australian rivers, Freshwater Biology, 48(7), 1147-1160, 2003. 

Mousavi, S.J. and M. Shourian, Adaptive sequentially space-filling metamodeling applied 
in optimal water quantity allocation at basin scale, Water Resources Research, 46, 
2010. 

Nielsen, D.L. and M.A. Brock, Modified water regime and salinity as a consequence of 
climate change: Prospects for wetlands of southern australia, Climatic Change, 95(3-4), 
523-533, 2009. 

O'Keeffe, J., Sustaining river ecosystems: Balancing use and protection, Progress in 
Physical Geography, 33(3), 339-357, 2009. 

Overton, I.C., M.J. Colloff, T.M. Doody, B. Henderson, and S.M. Cuddy, Ecological 
Outcomes of Flow Regimes in the Murray-Darling Basin. Report prepared for the 

2148



B.A. Bryan et al. / Integrated modelling for riparian ecosystem conservation 

National Water Commission by CSIRO Water for a Healthy Country Flagship. CSIRO, 
Canberra. 2009. 

Palmer, M.A., H.L. Menninger and E. Bernhardt, River restoration, habitat heterogeneity 
and biodiversity: A failure of theory or practice?, Freshwater Biology, 55, 205-222, 
2010. 

Poff, N.L. and J.K.H. Zimmerman, Ecological responses to altered flow regimes: A 
literature review to inform the science and management of environmental flows, 
Freshwater Biology, 55(1), 194-205, 2010. 

Poff, N.L., B.D. Richter, A.H. Arthington, S.E. Bunn, R.J. Naiman, E. Kendy, M. Acreman, 
C. Apse, B.P. Bledsoe, M.C. Freeman, J. Henriksen, R.B. Jacobson, J.G. Kennen, D.M. 
Merritt, J.H. O'Keeffe, J.D. Olden, K. Rogers, R.E. Tharme and A. Warner, The 
ecological limits of hydrologic alteration (eloha): A new framework for developing 
regional environmental flow standards, Freshwater Biology, 55(1), 147-170, 2010. 

Poff, N.L., J.D. Olden, D.M. Merritt and D.M. Pepin, Homogenization of regional river 
dynamics by dams and global biodiversity implications, Proceedings of the National 
Academy of Sciences of the United States of America, 104(14), 5732-5737, 2007. 

Raymond,. C.M, B.A. Bryan, D. Hatton MacDonald, A. Cast, S. Strathearn, A. 
Grandgirard, T. Kalivas, Mapping community values for natural capital and ecosystem 
services. Ecological Economics 68, 1301-1315, 2009. 

Reddy, M.J. and D.N. Kumar, Optimal reservoir operation for irrigation of multiple crops 
using elitist-mutated particle swarm optimization, Hydrological Sciences Journal-
Journal Des Sciences Hydrologiques, 52(4), 686-701, 2007. 

Richter, B.D. and G.A. Thomas, Restoring environmental flows by modifying dam 
operations, Ecology and Society, 12(1), 26, 2007. 

Rood, S.B., G.M. Samuelson, J.H. Braatne, C.R. Gourley, F.M.R. Hughes and J.M. 
Mahoney, Managing river flows to restore floodplain forests, Frontiers in Ecology and 
the Environment, 3(4), 193-201, 2005. 

Stewart-Koster, B., S.E. Bunn, S.J. MacKay, N.L. Poff, R.J. Naiman and P.S. Lake, The use 
of bayesian networks to guide investments in flow and catchment restoration for 
impaired river ecosystems, Freshwater Biology, 55(1), 243-260, 2010. 

Suen, J.P. and J.W. Eheart, Reservoir management to balance ecosystem and human needs: 
Incorporating the paradigm of the ecological flow regime, Water Resources Research, 
42(3), 9, 2006. 

Tilmant, A., P. van der Zaag and P. Fortemps, Modeling and analysis of collective 
management of water resources, Hydrology and Earth System Sciences, 11(2), 711-720, 
2007. 

Walker, K.F. and M.C. Thoms, Environmental-effects of flow regulation on the lower river 
murray, australia, Regulated Rivers-Research & Management, 8(1-2), 103-119, 1993. 

Wang, X.L., Y.F. Sun, L.G. Song and C.S. Mei, An eco-environmental water demand based 
model for optimising water resources using hybrid genetic simulated annealing 
algorithms. Part i. Model development, Journal of Environmental Management, 90(8), 
2628-2635, 2009. 

Xevi, E. and S. Khan, A multi-objective optimisation approach to water management, 
Journal of Environmental Management, 77(4), 269-277, 2005. 

Young W.J., A.C. Scott, S.M. Cuddy, and B.A. Rennie, Murray Flow Assessment Tool – a 
technical description. Client Report, CSIRO Land and Water, Canberra, 2003. 

 
 

2149



International Environmental Modelling and Software Society (iEMSs) 
 2010 International Congress on Environmental Modelling and Software 

Modelling for Environment’s Sake, Fifth Biennial Meeting, Ottawa, Canada 
David A. Swayne, Wanhong Yang, A. A. Voinov,  A. Rizzoli, T. Filatova  (Eds.) 

http://www.iemss.org/iemss2010/index.php?n=Main.Proceedings 

 
 

Intercomparison of Generic Simulation Models 
for Water Resource Systems 

 
Giovanni M. Sechi a and Andrea Sulis a,* 

a Dept. of  Land Engineering, University of Cagliari, 09123 Cagliari, Italy 
  * asulis@unica.it 

 
 
Abstract: Particularly in water resource systems that frequently experience severe drought 
events, generic simulation models provide useful information for the definition of drought 
mitigation measures. Among them, AQUATOOL (Valencia Polytechnic University), 
MODSIM (Colorado State University), RIBASIM (DELTARES), WARGI-SIM 
(University of Cagliari) and WEAP (Stockholm Environmental Institute) are here 
considered for the preliminary analysis of alternative plans and policies. This paper is about 
modelling in practice more than in theory: the emphasis is on the application of these 
simulation models to a multireservoir and multiuse water system in Southern Italy where 
frequent droughts in the last two decades have required the adoption of unsustainable 
temporary user-supply restrictions. While each model has its own characteristics, the 
proposed application comparison does not identify all the features of each model, but rather 
gives general information on the identification and evaluation of operating policies with the 
aid of these simulation models.  
 
Keywords: Decision Support Systems, Water Resources Management, Simulation.  
 
 
1. INTRODUCTION 

 
Generic simulation models provide information and understanding to improve water system 
management and planning processes. Particularly under water scarcity conditions, 
simulation models provide an efficient way to predict source-demand interactions and the 
impacts of rule modifications, over time and space, in order to set the more appropriate 
drought mitigation measures. Appropriate intervention can reduce the impact of water 
scarcity, resulting in mitigating economic, social, and environmental consequences of 
droughts in actual systems. Current intervention is largely crisis driven. There is an urgent 
need (SEDEMED, 2003) for more risk-based management approaches to drought planning 
and the definition of drought mitigation measures becomes the central aspect in managing 
water systems that frequently experience severe drought events. In this context, generic 
simulation models provide an efficient way to predict effectiveness and efficiency of 
alternative mitigation measures. Frequently, generic simulation models are the core of 
complex decision support systems (DSS). The DSS can assist at different levels of details 
ranging from simple screening models for guiding data collection activities, to more 
complex tools requiring high levels of expertise. These computer-based prediction models 
can be combined in a mixed optimization-simulation approach to anticipate the occurrence 
of water scarcity considering different hydrological scenarios (Sechi and Sulis, 2009). 
Despite the potential of using scenario optimization in the search for efficient alternatives, 
full integration between simulation and optimization has not yet been achieved and real-
world applications are frequently applications of generic simulation models.  
Generally speaking, there are five steps in simulation modelling (Loucks and van Beek, 
2005): 
1. Identify the information to provide; 
2. Model the system’s behaviour; 
3. Put 1 and 2 together and identify a means of entering inputs and obtaining outputs; 
4. Calibrate and validate the model; 
5. Use the model to produce information. 
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Despite the large amount of literature and models available, there is much that could be 
added to how well and how poorly planners, managers, modellers and analysts have 
already done. One step ahead would be to extend the thoughts of those described the gap 
between theory and practice in water resources planning and management more than a 
decade ago (Loucks, 1992; Simonovic 1992). All models produce simplified 
representations of real-world systems. What features are incorporated into the model 
depend in part on what the modellers have thought is important. Models are all based on 
some assumptions, and some of these may lead to significant approximations of reality. 
This paper illustrates five of such generic models for simulating water resource systems: 
AQUATOOL-SimWin (in the following named AQUATOOL) (Valencia Polytechnic 
University) (Andreu et al., 1996), MODSIM (Colorado State University) (Labadie et al., 
2000), RIBASIM (DELTARES) (Delft Hydraulics, 2006), WARGI-SIM (University of 
Cagliari) (Sechi and Sulis, 2009) and WEAP (Stockholm Environmental Institute) (SEI, 
2005). 
They are representative of simulation models used for preliminary analysis of alternative 
plans and policies. Those popular generic simulation models have been implemented 
world-wide in a large number of water systems and incorporate most of the desirable 
attributes of a simulation model.  
This paper is about modelling in practice more than in theory. In the following, after a short 
presentation and comparison of characteristics and main features of the simulation models, 
the emphasis is placed on the application of these simulation models to a multireservoir and 
multiuse water system in Southern Italy where frequent droughts in the last two decades 
have required the adoption of unsustainable temporary user-supply restrictions.  
 
 
2. MODEL CHARACTERISTICS AND COMPARISON 
 
A large variety of generic simulation models within interactive graphics-based interfaces 
has been developed by public and private organizations. They all are designed to study 
water related planning and management issues in water systems and to satisfy the needs of 
those at different levels of planning and decision-making process (Assaf et al., 2008). Each 
model presented in this paper has its own special characteristics; nevertheless a main 
feature makes the difference between them:  AQUATOOL, MODSIM and WEAP are 
models where optimization methods are developed on the single time period and results are 
used as an efficient mechanism for performing simulations, whereas RIBASIM and 
WARGI-SIM are simulation-only models based on a more conventional if-then approach. 
Technically speaking in MODSIM, the minimum cost network flow problem is solved so 
that water is allocated according to physical, hydrological, and institutional aspects. In 
WEAP, a standard linear program is used to solve the water allocation problem at each 
time step, knowing the values from previous time steps. Its objective is to maximize 
satisfaction of demand based on supply preferences and demand priorities. In 
AQUATOOL, the simulation and management of the surface system are made at once, 
solving a conservative flow network optimization problem for each month in the simulation 
period. On the other hand, the application to complex water systems of simulation-only 
models as RIBASIM and WARGI-SIM could give lower values of performance system 
indexes (e.g., vulnerability or reliability at user-defined water supply levels). Nevertheless, 
RIBASIM and WARGI-SIM surely better fit the real word operating policies defining what 
should be done when it is not possible to satisfy system ideal conditions.   
There is a large variety of operating policies presented in the literature. Operating policies 
vary from traditional operating policies that define very precisely how much water to 
release from reservoir for all possible combination of hydrologic and reservoir storage 
conditions, to operating policies that are defined by means of supply preferences and 
demand priorities. Operating policies in AQUATOOL, RIBASIM and WARGI-SIM are 
fixed whereas operating policies in MODSIM and WEAP are defined as a combination of 
system states and hydrologic conditions. In particular, the most recent versions of 
MODSIM are developed under the MS .NET Framework that allows user to customize 
MODSIM for any specialized operating rules without having to modify the original source 
code. While the generic simulation models presented here vary in the type and detail of 
operating policies they can reproduce, they all include the concepts of priorities and 
preferences. 
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Each of the five models presented in the paper has model’s in-built capacity for water 
quality modelling, but most water quality modelling components and algorithms are 
relatively simple compared to the state in water quality modelling. In addition to this 
capacity, MODSIM and WEAP can be linked to a more detailed higher dimensional model 
(e.g. US EPA QUAL2E modelling framework) in order to provide highly detailed and 
comprehensive modelling of water quality conditions in the system, whose constituents 
modelled include ammonia, nitrate, organic and inorganic phosphorus, algae, sediment, pH 
and pathogens. This integrated approach allows to jointly consider quality as well quantity 
as a fundamental prerequisite for an effective water resource management. As a result, the 
user can clearly identify tradeoffs among quality and quantity objectives or deeply 
evaluates reservoir operating rules for a system of lakes and reservoirs considering both 
quality and quantity issues. Also, MODSIM and WEAP can be linked with the 
MODFLOW model, a three dimensional finite difference groundwater model, to study how 
changes in groundwater levels affect the overall system and vice versa. However, this tight 
coupling between generic simulation models and MODFLOW is not a simple task as it 
requires an extensive calibration phase. In AQUATOOL the user can choose among a 
spectrum of models to represent groundwater realistically, ranging from a model of 
reservoir type to a distributed model of a heterogeneous aquifer of irregular shape.  
The following quick look at the models’ main features describes how computer simulation 
addresses the issue of modelling the complexities of real water systems. 
 
 
3. MODEL FEATURES 
 
3.1 AQUATOOL 
 
AQUATOOL is a generalized DSS developed at the Universidad Politécnica de Valencia 
(UPV), Valencia, Spain. The model was designed for operational management and 
planning stages of decision-making in complex basins comprising multiple reservoirs, 
aquifers and demand centres. Implemented within the Microsoft Windows Environment, 
AQUATOOL has been coded in different programming languages such as C++, Visual 
Basic and FORTRAN. The DSS has been upgraded and expanded and currently it consists 
of several modules, among which a simulation module (SimWin), a management module of 
water resource system considering the risk of drought (SimRisk) that works based in 
SimWin, an optimization module with monthly passage of time (OptiWin) less detailed 
than SimWin, and a simulation module of groundwater by means of the eigenvalues 
method (AquiVal) to simulate groundwater distribution. The simulation in SimWin is made 
on a monthly basis and it allows adequately shaping the non linear processes as evaporation 
and infiltration. SimWin distinguishes five types of oriented connections that allow the user 
to reproduce losses of water, hydraulic connections between nodes, reservoirs and aquifers 
and flow limitation based on elevation. For an effective use of all SimWin features, good 
skills and experience in resource modelling is required. Some documentation is available 
through the UPV website (http://www.upv.es/aquatool/). The user should contact UPV 
Group for more detailed documentation and for licence cost.  
 
 
3.2 MODSIM 
 
MODSIM is a generic system management DSS originally conceived in the late 1970s at 
the Colorado State University (CSU), US, and continuously maintained. MODSIM 
simulates water allocation in the system at each time step through sequential solution of a 
network flow optimization problem where nonlinearities (i.e. evaporation, groundwater 
return flows, channel losses etc.) are assessed within a successive approximations solution 
procedure. The problem is solved with the Lagrangian relaxation algorithm RELAX-IV. 
MODSIM is developed in the .NET Framework that provides a powerful environment for 
customization without requiring recoding. Reservoir balancing routines that allow division 
of reservoir storage into several operational zones can be used to control spatial distribution 
of available reservoir storage. Additionally, operating rules on reservoir regulation and 
demand allocation can be conditioned on user defined hydrologic state variables. MODSIM 
has been linked with MODFLOW for the analysis of the conjunctive use of groundwater 
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and surface resources, as well as QUAL2E for assessing the effectiveness of pollution 
control strategies. MODSIM can be applied in an implicit stochastic optimization 
framework where optimal rules for integrated operation are obtained using the generalized 
dynamic programming software package CSUDP. The use of the main module requires 
moderate training, whereas external modules are quite hard to be used without skills in 
modelling. Detailed documentation is available through the CSU website 
(http://modsim.engr.colostate.edu/) where MODSIM can be downloaded free. 
 
 
3.3 RIBASIM 
 
RIBASIM  is a generic model package for simulating the behaviour of river basins under 
various hydrological conditions developed by DELTARES, former DELFT Institute, Delft, 
The Netherlands. RIBASIM particularly address the hydrological and hydrographical 
description of the river-basins and links the hydrological water inputs at various locations 
with the specific water-users in the supply system. It allows the user to define 
operating/planning scenarios where each scenario is characterized by a particular operating 
rule and/or water supply projection. Different scenarios can be easily compared based on 
user-defined objectives through the powerful graphical interface. The analysis of water 
demand is extensive (demographic, economic, crop water requirement), and the current and 
future demands at different horizons can be compared. Crop production and crop damage 
due to water shortages can be assessed. RIBASIM provides fixed operating rules based on 
target storage volumes and multiple zoning. While RIBASIM is intuitive and easy to use, it 
requires significant data to perform detailed analysis. Documentation and information on 
the licence can be required from DELTARES (http://www.wldelft.nl/soft/ribasim). 
 
 
3.4 WARGI-SIM 
 
WARGI is a user-friendly tool specifically developed to help users understanding 
interrelationships between demands and resources for multi-reservoir water systems under 
water scarcity conditions, as frequently occur in the Mediterranean regions. Since the 
middle of 1990s, WARGI has been extended and new modules have been developed by the 
Water Research Group (WRG) at the Department of Land Engineering, University of 
Cagliari, Italy. The WARGI modelling capability includes several interrelated macro-
modules, the main ones being a simulation-only module (WARGI-SIM), a deterministic 
optimization module (WARGI-OPT), a reservoir quality optimization module (WARGI-
QUAL), and a module of scenario optimization (WARGI-SCEN). To improve the 
definition of drought mitigation measures and the effective linking of these measures with 
drought indicators, the WRG recently developed a full integration of WARGI-SIM and 
WARGI-OPT. WARGI has been also implemented in a GRID environment to satisfy the 
requirement of massive simulation-optimization runs for the analysis of complex water 
system under drought condition. The water allocation in WARGI-SIM is simulated using 
user-defined preferences and priorities. Also, the user can define reserved volumes as a 
fixed function of the period of the year and withdrawn from reserved zone is decreased to 
satisfy user-selected high priority demands. WARGI-SIM is a relatively simple model that 
enables non-experts to understand the main issues and problems of complex water systems. 
Requests for a non-commercial license and detailed documentation can be addressed to the 
authors. 
 
 
3.5 WEAP 
 
WEAP is a generic simulation model developed at the Stockholm Environment Institute, 
Boston, Massachusetts. It integrates some physical hydrological processes with the 
management of demands and infrastructure to allow for multiple scenario analysis, 
including alternative climate scenarios and changing anthropogenic stressors. WEAP 
model simulations are constructed as a set of scenarios with different simulation time steps. 
The physical hydrology model updates the hydrologic state of the system at each time step, 
and thus provides mass balance constants used in the allocation phase within the same time 
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step. A groundwater module in WEAP allows for the water transfer between stream and 
aquifer. The main point of the water management analysis in WEAP is the analysis of 
water demand configuration. These demand scenarios are applied deterministically to a 
linear programming allocation algorithm where each demand and source is assigned a user-
defined priority. The linear program solves the water allocation problem trying to 
maximize satisfaction of demand, subject to supply preferences and demand priorities, and 
using reservoir operating policies to minimize the distance to ideal conditions. The water 
allocation problem is solved at each time step using an iterative, computationally expensive 
approach. Traditional target storage levels, multiple zones, and reduced releases by a buffer 
coefficient are implemented in WEAP. Supply balancing within demand centres with the 
same priority is assured by that approach. WEAP requires significant data for a detailed 
analysis. Detailed documentation is available online at SEI website 
(http://www.weap21.org). 
 
 
4. THE AGRI-SINNI WATER SYSTEM APPLICATION COMPARISON  
 
The Agri-Sinni water system (Figure 1) is located in the Basilicata region (Southern Italy), 
and supplies water to the Puglia and Calabria regions as well. The main reservoirs in the 
system are Monte Cotugno (capacity of 556 106 m3) and Pertusillo (capacity of 159 106 m3) 
along the Sinni and the Agri Rivers, respectively. Marsico Nuovo and Cogliandrino are 
single purpose reservoirs (respectively for irrigation and hydroelectric use) with small 
regulation capacities. Four intake structures (Agri, Sarmento, Sauro, and Gannano) were 
constructed on the main rivers for water diversion.  
Based on the observed monthly inflows at Monte Cotugno and Pertusillo over the period 
1983-2005, the inflows in other sections of interest in the basin were generated. The inflow 
series accurately represent the severe water scarcities in the Agri-Sinni that occurred in the 
years 1989-1990 and 2001-2002. Table 1 shows the main properties of the hydrologic 
series. Urban (Lucano Aqueduct and AQP in Figure 1), industrial (ILVA), and agricultural 
demands (C.B.) are respectively: 295.8 106 m3/yr, 12.6 106 m3/yr, and 240 106 m3/yr.  
 

2154



Sechi & Sulis / Intercomparison of generic simulation models for water resource systems 

C.B.
Alta Val 
d’Agri

Marsico Nuovo

Pertusillo

A
gr

i

Sauro

S
au

ro

S
in

ni

S
ar

m
en

to

A
gr

i

reservoir

intake point

hydr. station

treatment plant

river

pipeline

canal

canal in project

Gannano

Agri

Lucano 
Aqueduct

AQP s.p.a. 

C.B. Bradano e
Mataponto

demand

LucanoAqueduct
“Sinni 2”

C.B. Stornara e
Tara (Puglia)

N
oc

e

Tyrrhenian Sea Ionio Sea

Cogliandrino

Monte 
Cotugno

S
in

ni

Missanello

ILVA

well

Ginosa

Ginosa

AQP s.p.a.

.C.B. Bradano e 
Mataponto

C.B. Alto Jonico
C.B. Ferro e Sparviero

Montalbano

Sarmento

 

 
Figure 1. The Agri-Sinni water system 

 

Table 1. Statistical indexes of inflows in the period 1983-2005 
 
In all presented simulation models, demand nodes in the graph represent aggregations of 
urban, industrial or agricultural water requests.  Water allocation is based on a priority 
ranking of demands from urban (highest priority) to agricultural (lowest priority). 
Reservoir priority numbers were entered in AQUATOOL, MODSIM and WEAP to 
determine a relative order of supplies to demand sites and filling reservoirs. In particular, 
priorities of filling of reservoirs were set lower than all competing demands. While in 
AQUATOOL all demand nodes connected with sources are supplied by those sources, all 
the other simulation models required that each demand had a hierarchical list of resources 
from which a supply flow could be activated. These lists were established according to the 
information provided by the system water Authority.  
 
4.1 First model applications 
 
In a first application of simulation models, no reservoir operating rules were introduced, 
and the only conservation zone and inactive zone were defined in the reservoirs. Figures 2 
and 3 show the storage volume-time behaviour obtained in the two main system reservoirs: 
Monte Cotugno and Pertusillo. While AQUATOOL and MODSIM present similar trends, 

Stations Mean 
(m3·106/ year) 

Stand. Dev. 
(m3·106/ year ) 

Max 
(m3·106/ year ) 

Min 
(m3·106/ year ) 

Pertusillo 212.15 57.72 328.54 118.25 
Monte Cotugno 277.60 106.61 494.14 118.45 
Cogliandrino 89.76 32.12 147.13 33.95 
Marsico Nuovo 7.82 3.04 12.91 2.53 
Gannano 105.54 88.56 389.03 11.72 
Agri 115.54 64.43 241.55 17.92 
Sauro 50.46 25.50 101.31 11.93 
Sarmento 84.10 38.79 162.06 26.42 
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in WARGI-SIM the average of storage volumes in both reservoirs is the lowest between all 
simulation models. As reported in Table 3, the annual mean of spill volumes is minimized 
by WEAP, while RIBASIM and WARGI-SIM have higher similar values (+14%, +16%). 
These results reflect the use of different techniques for reproducing operating rules based 
on priority for reservoir filling; specifically optimization procedures act well in balancing 
the available resource between reservoirs at each single period as well as in trying to 
minimize spilling. Simulation models with optimization procedures such as those in WEAP 
could give better performance but less realistic flow configurations.  
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Figure 2. Monte Cotugno storage volumes  
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Figure 3. Pertusillo storage volumes 

 
 

 
 
 
 
 
 
 

Table 2. Annual mean volume of spilling 
 

 Agri 
(m3·106/ year) 

Sinni. 
(m3·106/ year ) 

Total 
(m3·106/ year ) 

AQUATOOL 73.50 20.49 93.99 
MODSIM 83.27 13.95 97.22 
RIBASIM 46.88 51.38 98.26 
WARGI-SIM 80.24 20.06 100.30 
WEAP 75.82 10.48 86.30 
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Table 3 summarises the supply time series performance. Vulnerability value, that is the 
percentages of maximum monthly deficit for single use on the total value of the 
corresponding monthly demand, is reported for urban, industrial and agricultural uses. All 
simulation models associated urban, industrial and irrigation uses to decreasing priorities 
and  vulnerability values in those supplies were coherently reproduced with the exception 
of RIBASIM where agricultural deficit was lower than urban and industrial values. The 
urban vulnerability values obtained by AQUATOOL, MODSIM and WEAP were very 
close, and WARGI-SIM gave a value of 79.41%, significantly lower than RIBASIM 
(100.00%). It should be noted that in MODSIM different demands having the same priority 
are supplied by each reservoir zone following the order of node insertion in the system 
graph. To allocate the water within the same priority proportionally to those demands, the 
conservation zone in each reservoir in MODSIM was divided into 100 multiple subzones. 
 
 
 
 
 
 
 
 

Table 3. Maximum percentages of monthly deficit for different uses 
 
 
4.2 Second model applications 
 
During the two severe water scarcity events in the Agri-Sinni system (1988-’90 and 2001-
’02), all software reproduced an unsustainable condition in the urban use where maximum 
deficit exceeded the 50% of the monthly demand. Consequently, a second models 
application was done introducing operation rules to reduce drought impacts. To minimize 
the urban and industrial deficits, a hedging rule was introduced in all software that reduces 
agricultural releases to save water for higher priority uses in the following periods. Each 
simulation model has its own way to reproduce this reservoir operating rule. Briefly: 
1. in AQUATOOL and RIBASIM at each arc entering in a demand node we associated 

an alarm indicator containing a monthly value equal to 0.7 as a monthly restriction 
coefficient for agricultural uses and a target volume of half conservation volume as 
trigger that restriction rule; 

2. in WARGI-SIM when storage volume in a reservoir was within a reserved volume 
equal to half conservation volume, releases were decreased to supply only urban and 
industrial demands; 

3. in MODSIM and WEAP, a conditional rule curve was introduced that defined 
reservoir releases as a function of existing storage volume (WEAP), and a function of 
existing storage volume and inflow into the reservoir (MODSIM), when storage 
volume is within the buffer volume equal to half conservation zone. The coefficients of 
these linear functions for each reservoir were obtained in a trial-and-error procedure. 

Procedures were in some cases extremely sensitive: Table 4 summarizes results for the 
vulnerability values in different uses. In these results, only AQUATOOL and WARGI-SIM 
minimized both urban and industrial demands, whereas the hedging rule in RIBASIM and 
WEAP did not reduce significantly the urban and industrial vulnerabilities and MODSIM 
only could save water for urban demands. In particular, MODSIM, RIBASIM and WEAP 
showed maximum percentages of industrial deficit higher than 85.00%. It should be noted 
that releases in MODSIM and WEAP were reduced in the total amount and the reduced 
supplies were allocated to the demands according to their priorities. This procedure did not 
allow saving water in order to decrease the vulnerability of industrial demands. Finally, the 
application of the proposed hedging rule in RIBASIM did not efficiently restrict supply to 
agricultural uses and the maximum percentage of agricultural deficit (78.70%) was 
significantly lower than values obtained using other simulation models.  
 
 
 

 Urban 
(% of demand) 

Industrial 
(% of demand) 

Agricultural 
(% of demand) 

AQUATOOL 64.72 100.00 100.00 
MODSIM 65.00 100.00 100.00 
RIBASIM 100.00 100.00 91.30 
WARGI-SIM 79.41 100.00 100.00 
WEAP 68.94 100.00 100.00 
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Table 4. Maximum percentages of monthly deficit for different uses, considering the 
reservoir hedging rules 

 
 
5. CONCLUSIONS 
 
Five popular generic simulation models are synthetically illustrated in this paper and their 
features compared in the application of a complex water system in Southern Italy. While 
RIBASIM and WARGI-SIM use simulation-only algorithms in a traditional if-then 
approach, AQUATOOL, MODSIM and WEAP additionally employ optimization methods 
for the single period as an efficient, but not strictly realistic, mechanism for performing 
simulations. Demand priority is a common concept in all simulation models, and 
AQUATOOL, MODSIM and WEAP extend this concept also to reservoir filling. In the 
second application, the hedging rule was introduced in different ways to reduce releases 
and save water for high priority demands during the drought periods. Results highlighted 
that, even if the optimization models can assure better system performance indexes, their 
efficiency in water allocation is not realistically achievable in real world management of 
water systems. 
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Abstract: There is a growing consensus that non-structural supply management instruments 
such as water markets have significant potential to reduce the risks and vulnerabilities in 
complex urban water systems.  This paper asks a common question, “What are the tradeoffs 
for a city using water market supply instruments?”.  This question emerges quickly in policy 
and management, but we contend its answer is deceptively difficult to attain using 
traditional planning tools and management frameworks.  This paper demonstrates these 
issues using visualization and many-objective planning tools demonstrated in the context of 
a city in the Lower Rio Grande Valley (LRGV) of Texas, USA determining how to use its 
regional water market to manage population and drought risks. 
 

Keywords: many-objective optimization, visual analytics, sensitivity analysis   

 

 

1. INTRODUCTION 
 

In this paper we demonstrate a broader exploration of the issues of “nonstationarity” and 
“uncertainty” in urban water planning. As we invest in new information and prediction 
frameworks for the coupled human-natural systems that define our water resources, our 
problem definitions (i.e., objectives, constraints, preferences, and hypotheses) themselves 
evolve. From a formal mathematical perspective, this means that our management problems 
are structurally uncertain and nonstationary (i.e., the definition of optimality changes across 
regions, times, and stakeholders).  This uncertainty and nonstationarity in our problem 
definitions needs to be more explicitly acknowledged in adaptive management and 
integrated water resources management. 
 
In this research, we propose to merge innovations in many-objective search [Kasprzyk et al., 
2009], visual analytics [Sanfilippo et al., 2009], and de novo programming [Zeleny, 1981; 
1989; 2005] to better address the nonstationarity and uncertainty in water management 
models’ formulations.  This work represents a shift in focus from classical efforts to define 
the single optimal solution towards more rigorous evaluations problem formulations.  
Specifically, we are focusing on answering the question:  what is the nondominated 
problem formulation?  
 
 

2. SENSITIVITY INFORMED MANY-OBJECTIVE DE NOVO ANALYSIS 
 
As highlighted by Zeleny [2005] our conception for optimality is dynamic and should 
account for the processes of learning and exploration.  This philosophy has been repeatedly 
motivated within the systems planning and decision science literature [Brill et al., 1990; 
Tsoukias, 2008].  In this paper, we are building on the recent work of Kasprzyk et al. [2009] 
to consider the potential benefits of a formalized methodology for de novo (i.e., adaptive) 
many-objective problem formulation that formalizes our ability to attain and incorporate 
new problem knowledge into our management formulations.  Figure 1 provides an overview 
of the primary components of our proposed methodology.  
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Figure 1. De novo analysis composed of a iterative advancement through problem 
formulation, global sensitivity analysis, and many-objective optimization. 

 
 
Using the urban water portfolio planning context from Kasprzyk et al. [2009], we will 
demonstrate an example de novo many objective analysis.  In this analysis, we will further 
explore a critically constrained urban water planning formulation shown to prevent severe 
water shortfalls for severe droughts.  Kasprzyk et al. [2009] designated this problem 
formulation as CASE D in their analysis.  The case explored the tradeoffs between 6-
objectives (cost, reliability, surplus water, dropped transfers, number of leases) that result 
from the decisions for purchasing permanent rights to reservoir inflows, a two-period risk-
based threshold for leasing water transfers, and an adaptive options contract.  This initial 
problem formulation is then used in our subsequent global sensitivity analysis. 
 

3. GLOBAL SENSITIVITY ANALYSIS 

 
We are interested in the full multivariate controls that our permanent rights, leases, and 
options decisions have on a range of objectives.  Are they all important? Necessary? We 
evaluated these questions using Sobol global sensitivity analysis [Sobol, 2001].  The 
approach can be classified as a variance decomposition technique which can provide 
insights into the 1

st
 order single parameter effects and interactive parameter effects [Saltelli, 

2002; Tang et al., 2007].  In our analysis, we have divided LRGV water portfolio 
performance criteria into efficiency and risk metrics. 
 
Figure 2 on the subsequent page provides a summary the sensitivity rankings.  In the figures 
total order effects represents the full sensitivity of a decision variable in terms of its 
individual impacts and its interactions with other decisions.  First order effects represent the 
contribution to the model’s ensemble variance by a single decision. The difference between 
total and first order effects provides a sense of the interactive multi-decision sensitivities.  It 
should be noted that a high-degree of interactive effects causes search problems to be more 
difficult because multiple decision variables impact performance in component objectives. 
 
The results of Figure 2 show a fair level of insensitivity for many of the decision variables 
used by Kasprzyk et al. [2009] in the CASE D formulation.  The permanent rights and alpha 
variables impacting leasing provide the strongest sensitivities across the range of metrics 
tested.  The variables for options contracts and the Beta controls on the magnitude of 
transfers  are shown to have a limited impact.  The risk indicator metrics show a very strong 
degree of interaction relative to the efficiency metrics. 
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Figure 2. Metrics of interest are shown in rows while variables are shown in columns, with 
darker shades of gray indicating higher Sobol indices, and more sensitive parameters. 

 

4. WHAT IS THE NON-DOMINATED PROBLEM? 

 

 
The sensitivity results from Figure 2 motivate the potential to explore simplifications of the 
CASE D formulation from  Kasprzyk et al. [2009].  Figure 3 provides a synopsis of 4 
problem instances analyzed to determine structural changes in our many-objective water 
portfolio analysis.  The figure shows alternative formulations of the problem from the 
simplest variant focused on permanent rights and the use of a single alpha trigger for 
options/leases to the full CASE D formulation (designated formulation IV).  The second 
formulation uses a winter and summer risk threshold for leasing or optioning water.  The 
third formulation adds the beta decision that provides a factor of safety by providing a 
percentage increase in the alpha purchasing decisions.  The fourth formulation includes the 
full adaptive options contract, multi-period alphas, and betas.  In evaluating these problems, 
we sorted them based on their resultant optimized many-objective tradeoffs to yield a the 
sorted color-coded results in Figure 4.  Figure 4 provides a multiobjective evaluation of the 
problem formulations where a portfolio solution for any given formulation has to be 
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nondominated in the application’s six objectives (i.e., they cannot be exceeded in 
performance in all six objectives and have to be better in at least one objective). 
 

 
 
 

Figure 3. Decision variable sets of increasing complexity used from the simplest 
formulation to the full adaptive options, leasing, and permanent rights approach of 
formulation IV.  Also shown in the percentage of solutions each formulation contributes to 
the best overall nondominated solutions across all formulations. 

 
 

 

Figure 4. Reference set combining each formulation analyzed where Blue = I, Aqua = II, 
Yellow = III, and Red = IV from prior figure. 
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Figure 4 shows that the simplest formulation generally minimizes dropped transfers, 
maintains lower costs, and attains high reliabilities by using leases.  Overall the results 
demonstrate that the more complex formulations serve to identify solution near the 
bounding the values of each of the six-objectives considered.  In general the simplest 
formulation dominates the other problem instances in the compromise region of the LRGV 
planning problem’s tradeoffs.  This has the computational benefit of potentially reducing the 
computational demands posed by the application while enhancing its solution. 

 

 

5. CONCLUSIONS 
 

Risk-based management strategies for water systems often require the consideration of a 
broad range of performance metrics (cost, risk, reliability, adaptability, etc.).  This increase 
in the complexity of the problems must be accompanied with methodological advances that 
allow decision makers to better understand the benefits, limits, and controls in how they 
represent systems with their problem formulations.  This paper demonstrates a formalized 
de novo framework that has the potential to provide more informed, evolving 
representations of water management problems.  The case study builds on prior results for 
the LRGV water market and demonstrates that a strongly simplified policy and decision 
representation of water portfolio planning problem can provide enhanced results.  This work 
move beyond classical multiobjective analysis by shifting the focus from optimal solutions 
towards improved problem formulations. 
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Abstract: The pressure on water resources has tremendously increased in the last decades and wa-
ter stress is expected to further augment in many part of the world due to multiple social, economic
and climatic factors. Climate change (CC) will play a key role in determining water availability
especially in those countries where other drivers like population growth or economic conditions
are rather stable. A huge research effort is undergoing to better understand how CC may affect the
hydrological cycle. In this paper, we propose and apply a procedure on the basin of lake Como,
Italy, to assess the impact of CC on water-related activities. Traditionally, this is done combining
model-based approaches (e.g. downscaling of GCM outputs coupled with hydrological models to
obtain future discharge scenarios) and qualitative evaluations (e.g. visual inspection of simulated
discharges). In the proposed procedure, quantitative assessment is extended from hydrological
variables to the impact on human activities via simulation of the entire water system and evalua-
tion of the impacts on flooding, agriculture, ecosystems, etc. through performance indicators. As
this procedure allows for a quantitative, transparent evaluation of different management policies
under CC scenarios, it also opens the way to a rigorous design of adaptation measures taking into
considerations future discharge scenarios on the one hand and Stakeholders’ needs on the other.

Keywords: climate change, water resources management, reservoir optimization

1 INTRODUCTION

A great effort has been devoted by the scientific community to the examination of historical cli-
mate trends and regional level projections of future climate change (CC), as well as CC potential
effects on the water cycle at the basin scale. However, the impact of simulated discharge scenarios
on water-related activities is usually analyzed with much less accuracy and qualitative assessment
prevails over quantitative approach. Recently a new research effort is being paid to extend quan-
titative assessment from hydrological variables to the very impact on human activity, at least for
hydropower production (see Schaefli et al. [2007] and references therein).
Quantitative assessment is essential to plan effective adaptation measures to CC at regional and
local level, since it provides the knowledge base to support decision-making in a rational and re-
producible way. This is of fundamental importance also to increase public awareness and promote
Stakeholders’ participation; as stated by EEA [2009], “until now no reports on the impacts of CC
on the water resources of the European Alps have included specific Stakeholder-oriented informa-
tion on strategies to adapt to these impacts” (p. 18, sec. 1.2).
The goal of the present study is to develop a procedure for the quantitative assessment of the CC
impacts on water-related activities.

The conceptual workflow of traditional approaches to CC assessment at the basin scale is depicted
in Figure 1a. Data analysis and mathematical modelling are used to downscale Global Climate
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Models (GCMs) outputs, thus obtaining future climatic scenarios at the regional scale, and to
derive future discharge scenarios via simulation of hydrological models. The evaluation of simu-
lated discharge scenarios is then committed to experts, who provide a qualitative assessment, for
instance by analyzing the future duration curve or the average monthly/weekly discharges.
The quantitative procedure here proposed requires adding to the above two-steps procedure, the
following phases: simulation of the water system management under future discharge scenarios
and evaluation of the impacts on water-related activities (i.e. flooding, agriculture, hydropower
generation, etc.) by means of performance indicators (Figure 1b). Both tasks are not trivial as
they require a deep knowledge of the system functioning in all its aspects, from engineering to
social and economic issues.
Simulating the system management requires modelling the behaviour of the reservoir managers.
In this study, we formulate the decision-making problem faced by the human regulators as
an optimal control problem. We use multi-objective optimization techniques to derive Pareto-
optimal management policies, thus obtaining an upper-bound of system performances that may
be achieved by a fully rational decision-maker.
The definition of performance indicators is even more challenging a task, especially when not
strictly economic issues are concerned (e.g. evaluation of changed hydrological regime on the
riparian ecosystems) or when the relation between water availability and economic outcome is
complicated (for instance some irrigation districts in Northern Italy can resort to multiple surface
and underground water sources at different costs, so that the economic impact of a water shortage
is highly variable and difficult to estimate). Defining and validating indicators usually requires a
long and complex process of knowledge elicitation from experts and Stakeholders’ representatives
[Soncini-Sessa et al., 2007], so that one can guarantee that the analysis will account for the true
expectations and needs of the water users.
Besides allowing for a transparent and reproducible evaluation of the potential impact of CC,
the proposed approach also constitutes a first step towards the assessment of potential adaptation
measures within a quantitative, objective-as-possible, framework: it opens the way to a rigorous
design of adaptation measures taking into consideration the future discharge scenarios, on the one
hand, and the Stakeholders’ needs, on the other (Figure 1c).

The proposed procedure will be applied to the real world case study of the Como basin (Italy),
including lake Como, a multipurpose regulated lake mainly operated for irrigation, and several
upstream hydropower reservoirs.
The paper is organized as follows. In the next section, the case study is briefly introduced. Sec-
tion 3 illustrates the modelling tools used to apply the procedure in Figure 1b to the case study.
Simulation results are reported and commented in Section 4. Limits of the proposed approach and
topics for further research conclude the paper.

2 THE LAKE COMO CASE STUDY

Lake Como is a regulated lake in Northern Italy; its storage is about 254 Mm3 and it is fed by
a 3500 km2 catchment. The catchment, situated for the most part on the Italian Alps, is charac-
terized by the classical alpine hydrological regime with scarce inflows in winter and summer and
high in autumn and late spring. The regulation of the lake aims to attenuate flooding along the
lake shores, especially in Como city, and to supply downstream users (5 irrigation districts and 9
run-of-river power plants) through a wide network of canals. The lake catchment area is in its turn
covered by a dense network of smaller artificial lakes operated for hydropower production. The
overall storage of hydropower reservoirs is of 510 Mm3, more than twice the storage of the lake
[OLL, 2005].
Despite the environmental, social and economic relevance of this huge water resources system and
its potentially low resilience to CC [EEA, 2009], few studies have addressed the problem of the
rigorous quantification of CC impact on water-related activities in this region. CC may impact this
complex water system in multiple ways. The average inflow to the lakes is expected to decrease,
due to reduced snow melt in late spring and increased evaporation in summer. The subsequent
reduced water availability may lead to water stress situations, possibly accrued by increased wa-
ter demand from the downstream irrigated areas due to the temperature raise. Also, side effects
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Figure1: Procedures for assessing climate change impacts on water resources (a,b) and planning
adaptation strategy (c).

can be expected from increased frequency and intensity of flood events, since large alpine lakes
are also used for flood control in the effluent rivers, with potentially augmented conflict among
upstream and downstream water users.

3 MODELLING TOOLS

The analysis of potential CC impacts on water-related activities in the lake Como catchment re-
quires an integrated simulation tool to reproduce the behaviour of the system under future climatic
scenarios, according to the pattern of Figure 1b,c. For the sake of simplicity, in the case study
here presented, the alpine hydropower reservoirs are described by one single equivalent reservoir
whose capacity is the sum of the total capacity of the actual reservoirs, and the different water
users downstream of the lake are lumped into one equivalent downstream user, whose benefit/cost
is related to the total water amount that is diverted from the lake effluent (river Adda) to the main
irrigation canals. The modelling time step is one day, that is the decision time step currently
adopted by the lake manager.
Application of the procedure shown in Figure 1b requires four modelling steps: (1) downscaling
future weather scenarios (precipitation and temperature); (2) modelling the catchment response
to climatic input; (3) modelling the operation of lake Como and the equivalent hydropower reser-
voir; (4) computing the performance indicators for the hydropower producers and the equivalent
downstream user.

3.1 Downscaling procedure

The climate of the Alps is strongly influenced by local phenomena (orographic forcing, rain-
shadowing, etc.). In such cases, Regional Climate Models (RCMs) provide more realistic climatic
forecast at the regional scale with respect to GCMs, since the mismatch of scale between the res-
olution of the climate models and the scale of interest for regional impacts is lower [Mearns et al.,
2003; Fowler et al., 2007; Frei et al., 2006]. The climatic time series considered in this study were
derived as part of a larger multimodel ensemble in the frame of the European project PRUDENCE
(see http://prudence.dmi.dk/ and [Christensen and Christensen, 2007]). Each time serie is the re-
sult of the simulation of a different RCM using the emission scenario A2 [IPCC, 2000] and the
GCM HadAM3H [Pope et al., 2000] as driving data. The time series of daily precipitation and
mean temperature over the control period 1961-1990 were used as backcast and time series of the
same variables over the years 2071-2100 as forecast.
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Even if RCMs provide good estimate of the climate at the regional scale, some biases from the lo-
cal climate of interest may still exist. In this study, RCMs’ output were corrected via the statistical
downscaling method known as quantile-quantile mapping transformation. For a given variable,
the cumulative density function (cdf) of the backcast is first matched with the cdf of the obser-
vations, thus generating a correction function depending on the quantile. The correction function
is then used to unbias the variable from the forecast quantile by quantile. This method has been
used in many hydrological impact studies, using a correction function at either annual or seasonal
level [Reichle and Koster, 2004; Déqúe, 2007; Bóe et al., 2007; Dettinger et al., 2004; Wood et al.,
2002].
One major limitation of this technique (as of any statistical downscaling method) is that the good-
ness of the correction strongly depends on the quality of the available observations. To mitigate
such effect, the control period was split into two sub-periods that were used for calibration and
validation respectively. Both an annual and seasonal correction function was derived over the
calibration period for both temperature and precipitation, and the one producing the smaller mis-
match between downscaled and observed data over the validation sub-period was adopted. This is
an annual correction function for the precipitation time series, and a seasonal correction function
for the temperature time series.

3.2 Hydrological model

The catchment response to climatic input is simulated through a lumped model developed by the
authors for the lake Como system. The model is composed of three sub-models (Figure 2).

Precipitation

RunoffSNOWPACK
COMPUTATION

RUNOFF
TRANSFORM.

SNOW
RAINFALL

SEPARATION

u
Temperature

Melt-water
Snowfall

Rainfall

Figure 2: Hydrological model structure. Three sub-models arecosidered: “Snow-Rainfall separa-
tion”, “Snowpack computation” and “Runoff transformation”.

The “Snow-Rainfall separation” sub-model splits the precipitation input into snowfall and rainfall.
For the hydropower reservoir catchment, the total amount of precipitation is regarded as snowfall
if the average temperature is below zero and viceversa. For the much wider lake Como catchment,
snowfall is computed as a fraction of the total precipitation through a proportionality coefficient
that accounts for the catchment’s area situated above the freezing level.
The “Snowpack computation” sub-model reproduces the seasonal processes of accumulation and
snow melt, based on a degree-day approach. The model equations are discussed in details in
Guariso et al. [1986].
The “Runoff transformation” sub-model simulates the runoff process as a consequence of both
melt-water and rainfall. A lag-1, linear model was used,

qt+1 = φ(qt + q̄) + ϕ(mt + rt) (1)

whereqt+1 is the catchment outflow in the time interval[t, t + 1) (24 hours),mt is the snowmelt,
rt is the rainfall,q̄ is the baseflow andφ andϕ are constant parameters.
The model parameters were calibrated using historical time series of daily precipitation, temper-
ature and catchment outflow over the time horizon 1967-1978. The coefficient of determination
(defined as one minus the ratio between the model error variance and the measured output vari-
ance) equals 0.73 over the calibration data set and 0.67 over the validation data set (1979-1984)
for the hydropower reservoir catchment, 0.67 and 0.65 for the lake Como catchment.
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3.3 Reservoir model and performance indicators

Multiple and conflicting concerns co-exist in the lake Como basin. The reservoirs located in the
upper catchment of lake Como are managed for hydropower production, while the main aim of
the lake regulation is to supply downstream users and especially the irrigation-fed agricultural
districts downstream of the lake. However, the lake operation must also consider multiple other
concerns like flood control, recreational activities and ecosystem conservation. In previous re-
search projects [Castelletti et al., 2006, 2007], a set of indicators was developed together with the
Stakeholders’ representatives to capture all these issues.
Performance indicators provide the basis for the optimization of the system management. At
present, the regulation of lake Como is committed to the river basin organization, while hy-
dropower reservoirs are operated by different power companies. This has brought to an age-
old conflict between the alpine hydropower producers and the downstream lake users (especially
farmers). Recently, Amodeo et al. [2007] used Stochastic Dynamic Programming to design joint
management policies of the hydropower equivalent reservoir and lake Como by solving a two-
objective optimization problem including hydropower production and irrigation supply. In that
study, the equivalent hydropower reservoir and lake Como were modelled by two mass balance
equations. The reservoir inflows were modelled as stochastic processes with a periodic probability
distribution estimated over historical inflow time series. The indicators defined by the Stakehold-
ers were used as objective functions of the stochastic optimal control problem. Both indicators
were defined as the average value over the simulation horizon of a daily benefit/cost. For the
hydropower equivalent reservoir, this is the daily energy revenue from hydropower production,
while, for the farmers downstream of lake Como, the daily cost is the squared deficit in the water
supply with respect to an a priori defined water demand. The joint management policies were sim-
ulated over the period 1967-1984, thus obtaining the points, in the space of the hydropower and
irrigation objectives, shown in Figure 3. Note that, even if produced by Pareto-optimal policies,
these points do not necessarily belong to the Pareto Frontier of the two-objective control problem,
as they are obtained via simulation under historical inflow and not under the stochastic inflow
model used in the optimization. For this reason we use the term Image of the Pareto Frontier
(IPF), instead of Pareto Frontier. Figure 3 shows that the joint management of the lake and the
equivalent hydropower reservoir can greatly improve the satisfaction of both the water users with
respect to the historical management (cross) and can represent an effective tool to mitigate the
conflict.
In this study the performances of these Pareto-optimal policies will be evaluated under climate
change scenarios.
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Figure 3: The Image of the Pareto Frontier under historical climaticconditions (1967-1984), in the
following historical IPF. Negative hydropower revenue is considered to resort to a minimization
problem.
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Figure 4: The Image of the Pareto Frontier under historical climaticconditions (black dots) and
under RCMs’ climate scenario in the future period 2071-2100 (a) or in the control period 1961-
1990 (b) (other symbols).

4 SIMULATION UNDER CLIMATE CHANGE SCENARIOS

Potential impacts of CC on water-related activities in the lake Como system were assessed by pro-
jecting future climatic scenarios, at first, into discharge scenarios and, ultimately, into hydropower
production and irrigation supply, through the four modelling tools described in previous section.
The analysis was conducted considering the current water system configuration: except for dis-
charge scenarios, no other potential modification of the system due to CC (e.g. variation in energy
prices or in irrigation demand) was considered. The Pareto-optimal joint management policies
designed by Amodeo et al. [2007] were used to mimic the behaviour of the system managers.
Mind that these policies have been designed by optimizing the performance indicators under the
assumption of stationary hydro-meteorological conditions, and thus they are likely to perform
sub-optimally under the new discharge scenarios.
Figure 4a shows the system performances derived via simulation of the system under 8 different
RCMs’ climate scenarios over the period 2071-2100. For the sake of comparison, the figure also
shows the historical IPF of Figure 3. It can be noticed that CC will negatively affect the water
system: the hydropower revenue is expected to reduce and the squared downstream deficit to in-
crease. The deficit increase is two orders of magnitude larger than the revenue decrease. The
reason is that all the RCMs’ climate scenarios predict a significant reduction of water availability
just in late spring and summer, when the water demand from irrigation is higher. On the contrary,
hydropower producers are much more resilient to temporal reallocation of their water supply.
Figure 4a shows also that different climate scenarios produce performance indicators very far from
one another. This is in line with recent studies [Schaefli et al., 2007; Déqúe et al., 2007] suggesting
that climate scenarios are a major source of uncertainty in estimating CC impacts. To measure the
variability of the RCMs’ scenarios in terms of system performances, the system management was
also simulated under the 8 different RCMs’ climate scenarios over the control period 1961-1990
(backcast). Results are shown in Figure 4b: it can be noticed that the performance indicators are
rather scattered and far from the historical IPF.
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5 CONCLUSIONS AND FURTHER RESEARCH

We proposed a procedure for the quantitative assessment of CC impact on water-system and tested
it on the real world case study of lake Como (Italy). The study constitutes one of the first quantita-
tive study on the impact of CC on water use in the alpine and lowland areas south of the Alps, and
provides a general framework for the quantitative assessment of the effect of CC on water-related
activities which can be further applied to other case studies.
The proposed procedure relies on four modelling tools that are used to (1) downscale climate sce-
narios derived from different RCMs; (2) simulate catchment outflows; (3) simulate Pareto-optimal
management policies of the water system; and (4) evaluate the potential impact of CC by means
of performance indicators defined together with the Stakeholders’ representatives. The simula-
tion results here reported focus on two sectors: hydropower production in the alpine reservoirs
upstream of lake Como and irrigation in the downstream areas. The analisys shows that CC may
affect negatively both sectors, but with different intensities.
Several topics for future research remain open. First, evaluation of CC impacts should be ex-
tended to the other interests in the system (e.g. flood control, ecosystem conservation). Second,
the modelling tools can be improved, particularly the hydrological model of the catchment that, in
its current version, does not include the glacier dynamic and the evapotranspiration contribution
to runoff formation, two processes that may be affected by CC. Also, since the impact analisys
relies on the strong assumption that the hydrological model, calibrated over historical time series,
can reproduce also future relation between climatic forcing and catchment outflows, a sensitivity
analysis is required to assess the robustness of the results with respect to parameter uncertainty.
Uncertainty analysis should also be extended to other modelling units to confirm the preliminary
conclusion discussed in this paper, i.e. that the RCMs’ projections are the major source of un-
certainty in the assessment procedure. Finally, as discussed in the introduction of this paper, the
proposed procedure opens up the way for the rational design of adaptation measures. In our case
study, this means to re-optimize the management policies including the new climatic scenarios
into the description of the reservoir inflow and to assess whether such adaptation policies can
reduce the impact of CC as measured by the performance indicators.

REFERENCES

Amodeo, E., D. Anghileri, R. Soncini Sessa, and E. Weber. Conflitto tra uso irriguo e idroelet-
trico delle acque del lario. Technical Report 51, Dipartimento di Elettronica e Informazione,
Politecnico di Milano, 2007.
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Abstract: The Zambezi river basin is of utmost importance for the riparian countries in terms of
energy, food production and natural resources. In 2030, the Zambezi river basin will support 80
million people and the population is expected to double within 30 years if current growth rates are
maintained. This population growth will therefore lead to increasing water demands for food and
energy, which may compete with ecological flows in environmentally sensitive areas. Even though
there is no legal agreement on the sharing of Zambezi waters, we believe that an assessment of
basin-wide economically efficient allocation policies will provide valuable information at a time
where water managers and policy makers in the region are negotiating the establishment of a
unified river basin institution called the Zambezi Watercourse Commission (ZAMCOM). That
institutions would be responsible for, amongst other things, the design of allocation rules. In this
study, basin-wide allocation policies are derived from an integrated, stochastic, hydro-economic
model which considers the largest existing and planned hydraulic infrastructures and irrigation
schemes in the basin. The model allocates water in space and time so as to maximize the net
economic returns from both consumptive and non-consumptive uses over a given planning period.
The analysis of simulation results reveal that most of the planned irrigation schemes in Zambia,
Zimbabwe, Namibia, Angola and Botswana and not economically sound if the power stations that
are in an advanced planning phase are implemented.

Keywords: Hydro-economic optimization; Hydropower; Irrigation; Environmental Flows

1 INTRODUCTION

The Zambezi river basin is of utmost importance for the riparian countries in terms of energy, food
production and natural resources. In 2030, the Zambezi river basin will support 80 million people
and the population is expected to double within 30 years if current growth rates are maintained.
This population growth will therefore lead to exploding water demands for food and energy, which
may compete with minimum flow requirements for environmentally sensitive areas. Since the
construction of Kariba dam in the late 1950s, the river basin has experienced other infrastructure
developments for energy generation, flood control, recreation, fishing and irrigation (see Table
1). The Zambezi river basin now hosts two large artificial reservoirs, Kariba and Cabora Bassa
which store more than 200 billion m3 together, which is about six times the average annual flow at
Victoria Falls and two times the average annual discharge flowing to the sea. Two other reservoirs
can be found in the Kafue tributary: Ithezi-Tezhi and Kafue Gorge.

According to the FAO, the irrigation potential in the Zambezi river basin is more than 3 million ha,
of which only 5% is already developed. If there is considerable scope for irrigation development
to boost agricultural production, this may also negatively affect the production of hydroelectricity
as less water will be available for the generators of the hydropower plants. With an installed
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capacity of more than 4.500 MW, hydropower generation is one of the major commercial uses of
water, providing energy to Zimbabwe, Zambia, Mozambique and South Africa. The production
of hydroelectricity also conflicts with the need to maintain ecological functions as it alters the
hydrological regime downstream. Since the construction of Cabora Bassa, the productivity of
fisheries, shrimp industry and floodplains has declined due to constant flows and the absence of
flooding. Kariba and Cabora Bassa reservoirs also trap most of the sediment load of the upper
and middle Zambezi, releasing essentially clear water downstream. This lack of sediments and
the reduction in nutrients have resulted in major disruptions of the Zambezis riverine, wetland,
deltaic and coastal ecosystems, which could already be observed 10 years after the commissioning
of Cabora Bassa.

Most of the major irrigation and hydropower projects on the drawing boards in the various riparian
countries are being developed independently. In a hydropower-dominated river basin like the
Zambezi, the opportunity cost associated with upstream withdrawals for irrigation purposes may
be significant. As a matter of fact, the foregone hydropower generation from all power stations
downstream of the consumptive use may become quite large, not to mention the reduction in flow
discharges and their impacts on downstream ecosystems. Neoclassical economic theory advises
allocating water to its most productive uses, thereby maximizing the productivity of the available
water. In a system involving consumptive (irrigation) and non-consumptive (hydropower) users,
a trade-off must be found at each stage between diverting, releasing and keeping the water in
storage for future uses. The ”temporal” trade-off, i.e. the balance between immediate and future
uses, is achieved when the future and immediate marginal water values are equal. The release and
withdrawal decisions give rise to a ”spatial” trade-off; at a particular reservoir, the equilibrium
between withdrawal and release is reached when the lateral productivity is identical to the sum of
downstream productivities. What would therefore be the economically efficient balance between
irrigated agriculture and hydropower generation in the Zambezi? Where water could be withdrawn
for irrigation and what would be the optimal irrigated areas in the different countries taking into
account the agro-meteorological heterogeneity of a large basin like the Zambezi, the stochasticity
of supply (hydrology), the existing and planned hydropower projects, and the productivity of
wetlands?

We attempt to answer these questions by formulating the allocation problem as an stochastic
hydro-economic optimization problem, which is solved by an algorithm that belongs to the so-
called approximate dynamic programming field [Powell, 2007]. The model seeks to maximize
the sum of net benefits over a given planning period taking into account physical, economical
and institutional constraints. The model, called stochastic dual dynamic programming (SDDP),
provides statistical distributions of allocation decisions (withdrawals, reservoir releases, spills,
storage volumes) and various economic information such as marginal water values, which can be
used to analyze the performance of the system.

2 THE ZAMBEZI BASIN

The focus area for the study is the Zambezi basin which has a catchment area of 1.39 million
km2 and is located in south east Africa (Figure 1). The river rises in the Kalene hills in north-
west Zambia and flows through nine riparian countries along its 2.750 km length, before outfall
into the Indian Ocean in Mozambique. It has many tributaries and in Mozambique the delta is
distinguished by a wide, flat, marshy area with extensive floodplains. The river has three distinct
stretches: the Upper Zambezi from its source to Victoria Falls, the Middle Zambezi from Victoria
Falls to Cahora Bassa which includes the major tributary the Kafue River, and the Lower Zambezi
from Cahora Bassa to the delta.

Four main dams exist on the Zambezi; the Kariba dam (1959) and the Cahora Bassa (filled 1974)
are both located on the main stem with an installed capacity of 1350 MW and 2075 MW respec-
tively. The other two are located on the Kafue River, only one of which has hydroelectric capacity.
The Kafue dam has an installed capacity of 900 MW while the Itezhitezhi acts as a storage dam,
collecting water for the Kafue dam. Both the Kariba and Kafue dams are currently being upgraded
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and significant work is underway towards planning new infrastructures in the basin. Table (1) lists
the main characteristics of existing and planned dams.

Table 1: Major dams in the Zambezi basin

Name Country Capacity Existing (E)/ Planned (P)
Boroma Mozambique 160 MW P

Mependa Uncua Mozambique 1.500 MW P
Cahora Bassa Mozambique 2.925 MW E + upgrade P

Kariba Zambia/Zimbabwe 1.980 MW E + upgrade P
Itezhitezhi Zambia 120 MW P

Kafue Gorge Zambia 1.500 MW E + upgrade P
Batoka Gorge Zambia/Zimbabwe 1.600 MW P
Victoria Falls Zambia 108 MW E

Table (2) lists the potential and existing irrigated areas per country in the Zambezi basin. As
we can see, by 2030 the area under irrigation could increase by a factor of four, which would
correspond to an addition of 20.000 ha per year over a period of 25 years. According to the World
Bank [2008], the production of cereals is expected to be the main driver for this growth.

Table 2: Potential and existing irrigated areas (World Bank, 2008)

Country Potential area (ha) Existing area (ha)
Angola 16.109 1.989

Botswana 280 4
Malawi 169.520 43.987

Mozambique 91.166 11.211
Namibia 1.544 139
Tanzania 26.128 9.070

Zambia 227.458 34.016
Zimbabwe 141.226 70.850

Total 674.230 171.266

The main ecologically sensitive areas are the Kafue flats in Zambia, the Mana Pools, which is
a World Heritage Site, in Zambia and Zimbabwe, the Barotse Plain in Zambia, and finally, the
Zambezi delta in Mozambique. During pre-impoundment times, and therefore also pre-regulation,
these wetlands were healthy ecosystems, shrinking and growing according to the natural flow
regime. Nowadays, the large reservoirs and hydropower stations have altered the hydrological
regime, degrading these fragile ecosystems [Gammelsrod, 1996]. This has triggered a series of
studies to better understand the value of these wetlands [Turpie et al., 1999; Beilfuss, 2001] .

3 SDDP MODEL FOR THE ZAMBEZI BASIN

Stochastic dual dynamic programming model (SDDP) is an optimization technique well-suited to
sequential decision-making problems. SDDP is an extension of the traditional discrete stochastic
dynamic programming (SDP) that can handle a large state space, i.e. a large number of reservoirs.
SDP solves the multistage decision-making problem by solving a set of recursive, one-stage,
optimization problems in which the decision variables are chosen so as to maximize the sum
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of expected immediate and future benefits. SDDP belongs to the so-called Approximate Dynamic
Programming field where the main idea is to remove the computational burden associated with
discrete DP consists of constructing an approximation of the benefit-to-go function. In SDDP,
the approximation relies on piecewise linear functions which are constructed from the primal and
dual information of the one-stage optimization problems. The reader should refer to Tilmant et al.
[2008] for a detailed description of SDDP.

Assuming that the immediate benefit function ft(.) is linear, and using L hyperplanes to approx-
imate the benefit-to-go function Ft+1, the one-stage SDDP optimization problem can we written
as:

Ft(st, qt−1) = max {ft(st, qt, rt) + Ft+1} (1)

subject to

st+1 − CR(rt + lt) + it = st + qt − et(st) (2)

where CR is the connectivity matrix, st is a vector of storage volumes at the beginning of time
t, flows, qt is a vector of incremental flows, it is a vector of irrigation water withdrawals, rt is a
vector of turbined outflows, lt is a vector of spills, and et is a vector of evaporation losses, which
are assumed to vary linearly with the known initial storage levels. This equation assumes that
there is no lagging and attenuation of reservoirs releases because the monthly time step is large
enough to ignore travel times between reservoirs. The next constraints specify lower and upper
bounds on storages, releases and irrigation withdrawals:

st+1 ≤ st+1 ≤ st+1 (3)

rt ≤ rt ≤ rt (4)

it ≤ it ≤ it (5)

while the following L constraints are the hyperplanes providing an outer approximation of Ft+1
Ft+1 − ϕ1

t+1st+1 ≤ γ1
t+1qt + β1

t+1

...
Ft+1 − ϕL

t+1st+1 ≤ γL
t+1qt + βL

t+1

(6)

where ϕl
t+1, βl

t+1 and γl
t+1 are the parameters of the expected lth hyperplane. The remaining

constraints are the hyperplanes of the convex hulls representing the hydropower production func-
tions 

P̂t − ψ1st+1/2− ω1rt ≤ δh + ψ1st/2
...
P̂t − ψHst+1/2− ωHrt ≤ δh + ψHst/2

(7)

where P̂t is the vector of approximated power generated during time period t; ψh, ωh and δh are
the vectors of parameters.

The SDDP model for the Zambezi basin includes 17 nodes as depicted on Figure (1). Due to the
low level of development in the upper Zambezi, a single node is used to represent irrigation and
other consumptive uses in the upstream countries (Angola, Botswana, Namibia). The planning
period was defined as 120 months, while the number of SDDP simulation sequences is set to 50.
In other words, the optimal reservoir operating policies calculated during the optimization phase
of SDDP are simulated 50 times over a period of 10 years. Those 50 hydrologic sequences are
generated by a built-in periodic autoregressive model with cross-correlated residuals whose pa-
rameters were estimated from time series of historical natural discharges available at key locations
throughout the basin. Historical monthly inflows over 30 years could have been used in simulation
but it was decided to increase the number of sequences in order to get finer empirical statistical
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Figure 1: The Zambezi River Basin 2178
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Figure 2: Annual Energy Generation

distributions of the results. The number of sequences is a trade-off between representativeness of
the stochastic process that generates the inflows and computation time.

The economic valuation of water for hydropower requires that a value be assigned to the energy
(MWh) produced by the hydropower plants. In this study, we assume that the increase in energy
load will be matched by efficient gas-fired thermal power stations and by hydroelectric power
plants. Consequently, a value of 40 US$/MWh is attached to energy generated in the system. For
the irrigation demand sites, we assume horizontal demand curves where the at-site water value
is equal to 0.05 US$/m3, which is consistent with international experience [Whittington et al.,
2005]. Crop water requirements are calculated for cereals and sugar cane with CROPWAT using
climatic data derived from CLIMWAT. Finally, horizontal demand curves are also attached to the
three largest wetlands considered in this study with an at-source water value of 0.01 US$/m3 using
the same approach as in Tilmant et al. [2010].

4 ANALYSIS OF SIMULATION RESULTS

Figure (2) shows the cumulative distribution function of the annual energy generation by each
power plant in the system. We can see that, under normal hydrological conditions, the Zambezi
system would generate around 60 TWh. During dry years, however, the production can be as low
as 40 TWh. The firm energy that can be guaranteed 90% of the the time is around 48 TWh. As
expected from the installed capacity, the largest contribution comes from Cahora Bassa followed
by Mependa Uncua, both in Mozambique. They both account, on average, for more than half of
the energy generated in the basin.

If water were allocated to its most productive uses, the upstream irrigation areas would be in
a difficult position: the upstream farmers would face a coalition of downstream consumptive
and non-consumptive users and are therefore likely to see their entitlements curtailed, especially
during dry years when marginal water values increase throughout the basin. The comparison of
the maximum potential irrigated areas and the number of hectares that can be effectively irrigated
with the economically efficient allocation decisions is showed on Figure (3) and listed in Table 3.

The size of the vertical bars is proportional to the potential number of hectares that can be irri-
gated in the region. Each bar is then subdivided into two parts: in gray we have the proportion
of hectares that can effectively be irrigated, and in black we see the unserved irrigation areas.
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Table 3: Potential and effectively irrigated areas

Node Potential area (ha) Irrigated area (ha)
Kafue Flats 40.000 30.680

Upper Kafue 20.000 660
Lower Kafue 900 900

Upper Zambezi 17.930 310
Zimbabwe 141.230 5.850

Shire 169.520 169.520
Delta 91.960 91.960

Luangwa 167.460 23.950

We can see that most of the unserved irrigation areas are mainly located upstream. The compar-
ison between the Kafue Flats and the Luangwa region reveals that the sugar cane plantations in
the Kafue Flats manage to get water even though they are located upstream the most productive
hydropower station (Kafue Gorge), whereas the cereals in the Luangwa region are not econom-
ically interesting. This illustrates the importance of the cropping pattern and the difference in
agro-meteorological conditions throughout the basin.

Figure (4) displays the average monthly discharges in the three largest wetlands affected by dams
and upstream water abstractions. The thin lines represent the historical, undisturbed, average
monthly flows, whereas the thick lines indicate the average discharge after regulation and abstrac-
tion. We can see that the discharges in the delta remains fairly constant throughout the year despite
the fact we value flood pulses during the high flow season (at-source water value = 0.01 US$/m3).
The difference between the dry and wet season is more evident in the two wetlands upstream, the
Mana Pools and the Kafue Flats. Restoring a flow regime in the delta will require that a larger
value be attached to the environmental flows, which will further increase the opportunity costs in
terms of energy and irrigation.

5 CONCLUSIONS AND RECOMMENDATIONS

As the competition for water is likely to increase in the near future due to socioeconomic devel-
opment and population growth in the Zambezi, water resources managers will face hard choices
when allocating water between competing users. When crop irrigation is involved, water is usu-
ally allocated by a system of annual rights to use a fixed, static volume of water, which is typically
less than what farmers would expect. Such a static management approach may have significant
opportunity costs when large agricultural areas are located in the upper reaches of the river basin.
This study reveals that a massive development of irrigated agriculture based on cereals in the Up-
per Zambezi should be carefully weighted against the forgone energy and the disruption of major
wetlands on which local communities rely. The sharing of the Zambezi waters should go hand in
hand with the sharing of basin-wide benefits should upstream countries accept to forgo some of
their benefits by reallocating water downstream.
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Figure 3: Irrigated Areas
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Abstract: The Interactive River-Aquifer Simulation 2010 (IRAS-2010) is a 
computationally efficient open-source water resource management simulation computer 
program. Given hydrological inflows, evaporation rates, water allocation and reservoir 
release rules, consumptive water demands and minimum flows, IRAS-2010 estimates flows 
and storages throughout the node-link water resource network at each time period.  The 
program is an updated version of a code originally developed at Cornell University. It now 
links to a generic customizable user-interface for water models called HydroPlatform. This 
paper briefly describes IRAS-2010 then describes an application of IRAS-2010 to the 
Thames river system (UK).  The system is simulated weekly over an 85 year historical 
record. IRAS-2010 results are compared to those of an existing calibrated simulation model 
built with Aquator, a simulator commonly used by the UK water industry. IRAS-2010 
satisfactorily emulates the more sophisticated model with some discrepancies resulting 
from its current limitations.  IRAS-2010 limitations, benefits and plans for future 
improvements are outlined. 
 
Keywords: water management models, decision support systems (DSS), simulation models, 
open-source. 
 
 
1.  INTRODUCTION 
 
Water resource simulation models have helped analysts plan, design and operate water 
systems since the 1960s. Water resource system simulation models use user-defined 
operating and allocation rules to emulate system operation.  By predicting the flow and 
storage of water throughout the system they show how management rules and infrastructure 
configurations react to adverse conditions such as droughts or flooding. 
 
1.1  Approaches to water management simulation 
 
Two main algorithmic approaches exist for simulating water resource management: rule-
based programming and optimization-driven simulation.  Rule-based models use procedural 
or object-oriented computer code where programming instructions sequentially define how 
water is managed using for example “if then else” statements and iterative instructions 
(‘loops’).  Such models are intricate to build but can reproduce management mechanisms 
with high fidelity.  Optimization-driven simulation set up a distinct optimization model for 
each simulated time step.  This method is popular because of its relative ease of use and 
flexibility; optimization-driven allocation takes much of the burden off the programmer 
whose code no longer has to consider every conceivable system outcome. However, some 
complex rules and institutions may be difficult to represent using optimization methods. 
 
Each approach has advantages and limitations, often it is the institutional and water 
management context that determine which is most suitable for a particular application.  A 
further feature of some modern simulation programs is the ability to use scripting languages 
to customize a particular instance of a node or link in the network.  Scripting increases the 
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flexibility of these programs to represent real-world water management systems while also 
increasing the modeling skills required by the user. 
 
This paper describes the IRAS-2010 water resource management simulation model and its 
application to the Thames basin water system in South East England. The first parts of this 
paper describe IRAS-2010 and its simulation procedure. Next the IRAS-2010 model of the 
Thames Basin is described. Results of the IRAS-2010 Thames model are presented and 
compared to those of a calibrated planning Thames model with a similar spatial resolution 
maintained by the Environment Agency of England and Wales. Finally, limitations and 
advantages of the model and directions of future development are discussed. 
 
1.2  IRAS-2010 Overview 
 
The Interactive River-Aquifer Simulation 2010 (IRAS-2010) is a rule-based water resource 
management simulation program.  It simulates water flows and storages, water 
consumption, single and joint reservoir releases, hydropower and pumping energy use in an 
interlinked surface and ground water system.  
 
An IRAS-2010 model is a network composed of nodes and links of various types. Nodes 
can be diversions, natural lakes, reservoirs, aquifers, wetlands, gauge sites with a defined 
time-series flow, and demand consumption sites. Links can be either unidirectional or 
bidirectional and represent surface or groundwater conveyance.  Unidirectional links can be 
further divided into diversion, demand or natural links where diversion links represent 
artificial canals or pipelines, demand links are connected to demand nodes which actively 
call for water allocation based on deficits in demands which can be either flow or storage 
demand targets and natural links passively accept water  Allocations to demand links can 
come from surface storage (reservoirs) or river reaches. Reservoirs can be either 
independent or in a group.  In addition to the demand driven reservoir releases as 
previously described, reservoirs can release water based on reservoir rules and balance 
tables which dictate how much water a reservoir should release dependent on its storage 
volume or the reservoir group’s combined volume. Bidirectional links can be either 
groundwater links or surface bidirectional links. Groundwater links represent flow to or 
from an aquifer. Surface bidirectional links connect to wetlands. IRAS-2010 estimates 
hydropower and pumping energy production or requirements and simple river routing 
routines can be activated. Limited aquifer-aquifer and aquifer-surface water interaction can 
be represented. Flow factors to modify baseline historical flows (e.g. for scenario analysis 
or climate change adaptation modeling) can be used. 
 
The original IRAS program (Loucks, Taylor et al. 1995) was developed at Cornell 
University and released in 1995.  IRAS was used in several published and unpublished 
studies around the world as a tool for addressing regional, national and international water 
basin management (Salewicz and Nakayama 2004). Using IRAS Brandgo and Rodrigues 
(2000) conducted a study of the downstream effects in Portugal of reservoir storage 
capacity increases on Spain’s Guadiana river. This study simulated several scenarios of 
future water agreements between the two nations. Unpublished studies were carried out on 
several basins, e.g. in New Jersey, a contaminated river in Canada, and for irrigation 
planning in India (Loucks, Taylor et al. 1995).   
 
IRAS-2010 is a new code built based on the 1995 version and subsequent modifications.  
Differences with the previous release include: text based input files (as opposed to binary), 
a more flexible demand deficit calculation algorithm, support for reservoir maximum flow 
releases, improved numerical output, support for multiple runs for climatic simulations, 
better aquifer-aquifer and aquifer surface water interactions, and support for leap years.  
Water quality routines included in IRAS have not been implemented in IRAS-2010 but 
could appear in later versions. 
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2.  IRAS-2010 PROGRAM DESCRIPTION 
 

IRAS-2010 is programmed in Fortran 90 using procedural programming, meaning it splits 
tasks into subroutines.  It is a monolithic code; this means all functionality must be included 
in its subroutines whereas custom scripting of specific network elements is not possible.  It 
is an open-source code (GPL license) with an online code management website (wiki, code 
repository, bug reports, etc. accessed from hydroplatform.org).  IRAS-2010 does not have 
its own user-interface, instead it is available as an add-in within HydroPlatform, an open-
source generic user-interface and data manager for water models.  Because both the code’s 
subroutines and user-interface are free and open-source, they can be improved and 
customized for particular applications. 
 
IRAS-2010 runs on a yearly loop from day 1 to 365 in time steps that are n days long where 
n is an integer between 1 and 365. A week long time step uses n = 7 days and a monthly 
time step typically uses n = 30 days.   
 

IRAS-2010’s internal algorithms break each time 
step into sub time-steps. The simulation procedure 
summarized in Figure 1 is run for each sub-time step.  
The user can define how many sub time steps are in 
each time step; the default is 10. The more sub-time 
steps there are, the more precise calculations become 
especially when reservoir rules, aquifers and 
wetlands or demand and source nodes are part of the 
network (Loucks, Taylor et al. 1995). Including more 
sub-time steps results in increased run times. A trade-
off exists between run time and precision.   
 
At each sub-time step the program executes several 
repetitive series of instructions (“loops”).  First 
IRAS-2010 reads in the current sub-time step’s 
inflows. Four loops then calculate the release of flow 
from storage nodes and propagate these and other 
flows through the system (Figure 1).  
 
The first loop calculates releases and losses from 
surface storage nodes. The final releases can be 
based on demand-driven target releases to demands 
nodes or supply-driven based on reservoir rules, 
reservoir balancing functions or storage volume 
rating tables. Before calculating the final sub-time 
step releases, IRAS-2010 makes several passes 

through the network to calculate each type of release independently before the final sub-
time step reservoir outflow calculation is performed.  
 
Before the first pass through the system the program determines if any demand nodes 
experienced a deficit in the previous sub-time step. Demand nodes can be either storage 
nodes or flow nodes where storage nodes have a storage demand target and flow demand 
nodes have a target flow rate. During the first sub-time step of a time-step no deficits for 
flow demand nodes are calculated. This is because the beginning sub-time step serves to 
determine how natural hydrological flows propagate through the system without “artificial” 
(managed) releases or allocations to storage or flow demand nodes. The program 
extrapolates how much natural flow would reach demand sites at the end of the full time 
step then estimates how much water should be released from reservoir nodes and how it 
should be allocated in the next sub-time step. This extrapolation procedure using the actual 
cumulative sub-time step inflows into demand nodes from cumulative previous sub-time 

Figure 1. The IRAS-2010 
simulation procedure (Loucks, 

Taylor et al. 1995). 
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steps is repeated until the end of the time-step to determine how water should be allocated 
in each sub-time step. 
 
The first pass in the first loop determines demand-driven release targets from reservoirs to 
demand nodes. These releases, which are termed demand based releases, as they are 
initiated by downstream deficits at demand nodes, attempt to alleviate any storage or flow 
deficits that were calculated as described above. The second pass computes lake and 
reservoir supply based releases based on defined reservoir rules and node specific storage 
vs. outflow rating tables. Additional supply-based releases from reservoirs are calculated 
using reservoir balance tables which serve to activate releases from individual reservoirs 
based on their current storage and that of other reservoirs in the same reservoir group. 
These releases are based on the storages in the reservoirs and not on downstream demand 
deficits and so are called supply releases. 
 
Demand-based releases are added to supply based releases and the final release is subject to 
available storage and maximum and minimum release rates. The final pass in this loop 
serves to calculate evaporation and seepage losses from rainfall additions to surface storage 
nodes. 
 
The second loop calculates the inflow and outflow of all non-aquifer and non-wetland 
nodes and computes hydropower generation and pumping energy on the links connected to 
these nodes. To accomplish this a pass through the system is done from the most upstream 
nodes to the most downstream nodes propagating natural flow and storage node releases 
downstream byfirst calculating the outflows of the most upstream nodes followed by the 
inflow of the next downstream nodes in the system. Allocations are made following user-
defined tables and considering demand deficits in downstream nodes. The flow is 
propagated until the most downstream nodes are reached.  Bidirectional links that connect 
aquifers or wetlands to surface nodes are computed in this loop as well. Any hydropower or 
pumping energy requirements defined on links calculated in this loop are also estimated. 
 
The third loop in the sub-time step computes the remaining uncalculated flows including 
flows through bidirectional links connecting groundwater or wetland nodes on both ends. 
The fourth and final loop updates the volumes of water in aquifers and wetland nodes using 
their calculated inflows and outflows. 
 
This four-loop process is repeated for every sub-time step until the time step finishes and 
then restarts for every time-step until the end of the simulation. Figure 1 displays a 
schematic of the IRAS-2010 simulation procedure. 
 
 
3.  THAMES BASIN APPLICATION 
 
To demonstrate the effectiveness of IRAS-2010, a model of the Thames water resource 
system was built (Error! Reference source not found. exhibit a). Input data was obtained 
from an existing Thames water resource system model maintained by the Environment 
Agency of England and Wales. The EA’s Thames model uses a water resource simulation 
software package developed in the UK water industry context named AQUATOR.  Both 
Thames models have similar spatial resolution and use a daily simulation time step over the 
historical time horizon (1920-2005).  A schematic of the IRAS-2010 network as it appears 
in the current release of Hydroplatform is displayed in Error! Reference source not 
found.Error! Reference source not found. exhibit b. 
 
 

2187



E. Matrosov, J. Harou / Simulating the Thames water resource system using IRAS‐2010 

 

 

 

 
Figure 2 (A) The Thames basin and (B) the Thames IRAS-2010 model network. 

 
 
3.1 Thames River Basin 
 
The River Thames is one of England’s major rivers. It flows eastward 346 kilometers to the 
North Sea through some of England’s most urbanized areas including Swindon, Reading 
and London. Over 13 million people live within its 16,133 km2 catchment area.  Surface 
water accounts for roughly 60% of water supplies and groundwater 40% in the Thames 
basin. Water supply in the Thames Basin is managed by two private water companies: 
Thames Water and Veolia Three Valleys Water. The Thames river provides about two 
thirds of London’s water supply, the basin’s most important water consumer (Environment 
Agency 2009).  Thames Water owns thirteen reservoirs in the north-east of London called 

B. 

A. 
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the Lee Valley Reservoir Chain which is supplied by the Lee river and a group of reservoirs 
south-west of London that are supplied by the Thames. Groundwater comes from boreholes 
distributed throughout the basin. Excess treated water is pumped back into the ground in 
north London under a scheme known as the North London Artificial Recharge Scheme 
(NLARS) for later use during dry periods. In addition to the surface reservoirs and NLRAS, 
an additional aquifer in West Berkshire in the west of the basin is available for use during 
extreme droughts. This is called the West Berkshire Ground Water Scheme (WBGW). 
 
The Thames basin is one of the driest in England averaging 719 mm of rainfall annually. 
The basin has experienced six major droughts in the last 90 years (Thames Water 2009). 
Climate changes will likely result in a reduction of summer-time precipitation whilst 
population increases are expected to add further strain on the basin. To mitigate future 
problems, Thames Water has begun the construction of a desalination plant and has 
proposed the construction of a new reservoir in the north west of the basin known as the 
Upper Thames Reservoir (UTR). 
 
3.1 Thames IRAS-2010 Model Components 
 
Inflows into the system 
Surface water enters the system at nodes A and E on the River Thames and Node J on the 
River Lee. These inflows obtained are from daily historical flow rates from gauging 
stations. London’s groundwater is modeled as an aggregate inflow directly into London, 
Node O.  
 
Water Consumption Nodes 
Nodes D, G, L N and O are consumption nodes that represent regions or urban areas that 
consume water to meet their demands. Some of these demands vary on a monthly basis to 
simulate seasonal demand variations. All the consumption nodes are fed by surface storage 
with the exception of node G which obtains its demand directly from the Thames and Node 
O which is supplemented by groundwater inflow with a time-series on that node. 
 
Storage Nodes 
Node I is the aggregate storage of the Thames and Lee River reservoirs. NLARS is 
incorporated into the London Aggregate Storage (LAS) node. Water is diverted to LAS first 
from the Lee River and then from the Thames subject to environmental minimum flows 
directly downstream of the abstractions (Nodes P and K) and maximum daily abstraction 
limitations. 
The WBGW, Node F, is modeled as a reservoir even though it is a groundwater node. This 
is the case in both Aquator and IRAS-2010 because it functions more like a storage node 
rather than an unmanaged aquifer. Its release, which goes into the Thames, is activated by 
reservoir balance tables which link it to the real-time storage in the aggregate storage node. 
The WBGW has a set storage level which limits how much it can contribute to the Thames 
in drought situations. It is refilled by a small daily inflow small enough that it cannot serve 
as an unlimited source. This inflow is continuous, but serves only to refill the node and 
does not directly contribute to the Thames; it is lost from the system when the WBGW is 
not in use. 
The IRAS-2010 model includes the planned Upper Thames Reservoir (UTR, Node C). The 
UTR supplies water to a consumption site and when activated to the Thames. Flow to the 
Thames is activated when flow at Node E goes below 3000 Ml/day.  The UTR is fed by an 
abstraction off the Thames and is limited to a minimum environmental flow directly 
downstream at Node B and a daily abstraction limit.  
 
Water Treatment Works 
The Water Treatment Works, (WTW, Node M) are modeled as a divergence node that 
feeds two consumption sites.  A part of the inflow into the WTW leaks out into the 
environment. Most of this leakage makes its way to the Thames as the most of the WTWs 
are located near the river and so it is modeled as a link into Teddington and contributes to 
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Teddinton’s minimum environmental flow. Some WTW are located near the Lee and thus 
do not contribute to Teddington’s flow and so this part of the leakage is modeled as seepage 
from this link. 
 
Teddington 
Teddington weir, node P, has a defined environmental flow which limits the abstraction 
from the Thames. The minimum flow varies seasonally between 400 and 800 Ml/day with 
the lower environmental flows occurring during summer months to enable maximum 
abstraction to LAS.  
 
3.2 Differences between IRAS-2010 and Aquator Thames models 
 
Aquator allows for custom scripting of individual network elements. For this reason 
Aquator is able to provide a level of customization not available in a monolithic program 
like IRAS-2010 . Using VBA several components in Aquator are controlled by the Lower 
Thames Control Diagram (LTCD) seen in Error! Reference source not found.. One use 
for the LTCD is to make the minimum flows at Teddington weir dependent on both the 
time of year and on the total storage in LAS. Without building a new IRAS-2010 module to 
represent this, only different fixed seasonal minimum flows were used in this study. Error! 
Reference source not found. also shows the IRAS-2010 approximation of the LTCD.  
 
The LTCD also defines restriction zones that are used as activation switches for several 
components. In Aquator, as restriction lines are crossed, London and other water demands 
are lowered to represent water saving measures. Such demand restrictions are currently not 
available in IRAS-2010 and so were not included. Additionally, restriction level 2 in 
Aquator activates WBGW releases. This was approximated by IRAS-2010 using seasonal 
balance tables.  
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Figure 3: Lower Thames Control Diagram (LTCD) (top) and Teddington seasonal 
minimum flow as included in the Thames IRAS-2010 model (bottom) 
 
Aquator’s Thames model VBA scripting also dictated that UTR can only abstract water 
from the Thames when it was not releasing water, but this had little effect on the model 
since a minimum environmental flow downstream of the abstraction served as the main 
abstraction limit. The final major difference between the two models was the refill of 
WBGW. In the Aquator Thames model VBA scripting refills the WBGW instantaneously 
once LAS reaches its full capacity. In IRAS-2010 it is refilled slowly as previously 
described by a daily inflow which is more realistic. 
 
3.3  IRAS-2010 and Aquator Results Compared  
 
London Aggregate Storage over an 85 year period is displayed in Figure 4. To compare 
equivalent volumes, the Aquator’s NLARS and Aggregate Storage volumes are summed. 
IRAS-2010 and Aquator show similar storage levels, although during severe dry-periods 
IRAS-2010 LAS storage drops lower than with Aquator. This relationship is reversed for 
less severe drought periods.  
 
Two differences between the two models contribute to these descreprencies. The main 
reason is a consequence of how minimum environmental flow at Teddington is defined in 
both models. As previosly explained, the minimum flow in Aquator is dependent on the 
season and the volume in LAS according to the LTCD while in IRAS-2010 the minimum is 
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seasonal. As LAS storage deceases to lower levels the minimum flow at Teddington gets 
adjusted to allow for greater abstraction. This does not happen in IRAS-2010; therefore 
Aquator’s LAS drops lower.  
 
For less severe dry periods, the minimum Teddington flow does not decrease to the lower 
levels found in the IRAS-2010 model because the LAS storage does not reach low enough 
levels to make this adjustment. During these periods IRAS-2010 extracts more from the 
Thames ensuring that the LAS does not drop to the levels seen in the Aquator model.  
Secondly, as the LAS storage drops with Aquator,  demand reductions are implemented in 
London and other demand nodes representing water saving restrictions. This results in 
lower outflows from the LAS in Aquator and contributes to the higher storage levels found 
in Aquator during dry periods.  
 
Figure 5 shows the London consumption results for a three year period. In general, London 
consumption calculated by Aquator and IRAS-2010 match exactly except for a period in 
1921 when Aquator activates demand reductions.   
 

 
Figure 4. London Aggregate Storage (including NLARS) 
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Figure 5. London consumption 
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Figure 6. Flow rates at Teddington 

 
Figure 6 shows the flow going through Teddington weir after all abstractions from the 
Thames have been made and after the additions from the WTW. Abstraction to LAS 
directly upstream of this node is limited by the minimum environmental flow at Teddington 
which is dictated by the IRAS-2010 approximation of the LTCD. Aquator and IRAS-2010 
generally show the same flow rates through Teddington except for parts of periods when 
only the minimum environmental flow is left to flow past Teddington. This is visible in the 
sub-plot of Figure 6. The divergence is due to differing minimum flow rates set by the two 
models as a result of the IRAS-2010 LTCD limitation as previously described. The circled 
portion of the blown up plot also shows slight noise in the IRAS-2010 calculated flow. This 
is a consequence of imperfect demand deficit calculations arising from inaccurate 
estimation of expected inflow during the sub-time step procedure; a known current 
limitation of IRAS-2010. This however does not have a large effect on the results as the 
discrepancy is small. 
 
 
4.  IRAS-2010 DISCUSSION 
 
4.1  Limitations 
 
While IRAS-2010 and Aquator model results are similar most of the time, significant 
discrepancies between them exist under certain conditions. The factor that most inhibited 
IRAS-2010’s ability to emulate the Aquator Thames model is the lack of scripting 
capabilities to customize network object behavior. Some complex relationships between 
model components are difficult to represent without customized scripting. In monolithic 
programs like IRAS-2010, such special behavior would need to be included into the 
standard subroutines used for all nodes. Some features scripted in Aquator could be 
programmed into IRAS-2010 but they would not be as flexible. This limitation prevented 
the LTCD in IRAS-2010 to depend on the volume of the LAS resulting in IRAS-2010 
extracting too much water in less severe dry periods and not enough during more severe dry 
periods producing unrealistic variations in LAS storage.  Lack of node customization also 
forced the IRAS-2010 model to integrate the NLARS into LAS whilst ideally these should 
be separate nodes. With Aquator NLARS and LAS required extensive customization to 
regulate outflow and inflows; this wasn’t possible with IRAS-2010.  
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Another current limitation of IRAS-2010 involves demand node contribution priorities. 
There is currently no way to define which storage node or link serves as a higher priority 
contributor to a demand node. The order in which links connecting to a demand node are 
defined in IRAS-2010 sets the priority in some instances, but this is not fully adhered to 
because of the current implementation of the sub-time step calculation algorithm. Priority is 
seen only to a limited extent where higher priority contributors contribute the greatest part 
to a demand node, but some water is still drawn from lower priority links. 
 
Another minor current limitation occurs when demand based release from a reservoir 
provides the majority of flow to a flow demand node.  The sub time step lag in demand 
deficit calculation results in the reservoir reaching a maximum volume of capacity minus 
the reservoir’s sub-time step release. This limitation becomes less apparent with smaller 
sub-time steps.  This and other known minor computational limitations will likely be 
corrected or mitigated over time. 
 
4.2  Benefits 
 
Despite these limitations the IRAS-2010 Thames model produced satisfactory results for 
the Thames system and was able to closely emulate the EA’s calibrated system model in 
most conditions.  As a monolithic program, IRAS-2010 is straight forward to configure and 
use and requires no advanced scripting skills. The availability of a separate customizable 
open-source user interface (HydroPlatform) is useful for users who would want to use 
IRAS-2010 in a customized decision support system (DSS).   
 
IRAS-2010 is computationally efficient making it an attractive model for planning methods 
that require multiple runs or for collaborative workshops where participants want quick 
feedback on effects of proposed system changes.  The IRAS-2010 Thames model using a 
weekly time step over an 85 year time horizon runs in under 15 seconds on a 2 Ghz desktop 
computer. The variable time step and ability to implement hydrological routing and simple 
aquifer interactions increase the tool’s flexibility. The ability to use flow factors is useful 
for climate change studies which typically multiply historical flows by perturbation factors 
meant to represent possible climate change.  
 
4.3 Future work  
 
As an open-source project IRAS-2010 will be updated to improve performance and add 
features. The ability to represent demand saving measures is planned to lower demands 
during periods of low storage. Demand targets will be made dependent not only on the 
season but also on storage. The ability to add priorities on links leading to demand sites and 
improving the storage demand node deficit calculation would be a useful improvement.    
 
 
5. CONCLUSIONS 
 

IRAS-2010 is an effective computationally efficient open-source generalised computer 
program to simulate water resource systems.  IRAS-2010 estimates flow and storage of 
water in natural (rivers, lakes, wetlands, aquifers) and engineered (reservoirs, canals, water 
abstractions, consumptive use, hydropower, etc.) water resource systems.  
 
An application to the Thames River water system shows IRAS-2010 can in most instances 
emulate a more detailed management model maintained by the Environment Agency of 
England and Wales. The EA model is built using Aquator, a commercial water modeling 
system commonly used in the UK water industry. Generally differences originate from the 
fact that IRAS-2010 is a monolithic procedural code, where all model behavior must be 
programmed into general subroutines, where as Aquator can customize the behavior of 
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specific network elements using a scripting language. IRAS-2010 is a free and open-source 
software allowing the water management modeling community to further diversify its 
subroutines and improve its performance. Its computational efficiency makes it appropriate 
for stochastic applications, where many model runs are required, or for interactive use in a 
workshop context.  Promising fields of application include climate change impact and 
adaptation studies and modeling with stakeholders. A HydroPlatform add-in acts as a 
customizable user-interface for IRAS-2010.  IRAS-2010 will be further improved over time 
to better suit the needs of water managers and researchers. 
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Abstract: An untraditional multi-objective programming approach, called as fuzzy game 
multi-objective optimization model (FGMOM), is illustrated to discuss suitability and 
significances in the problems of sustainable watershed management. FGMOM is developed 
based on the combination of fuzzy set theory, game theory and traditional multi-objective 
programming. The model is implemented to support decision making process for balancing 
economic and environmental paradox in reservoir watershed management. Particularly in 
this study, FGMOM is used as an alternative tool for analyzing strategic interaction 
between economic development and environmental protection which is involving vague 
and imprecise information related to data, model formulation, and the decision maker’s 
preferences. Results show that analysis of economic and environmental balance can be 
easily interpreted to aid the decision maker for watershed management. For comparison, a 
traditional multi-objective approach was used to contrast the comprehensive use and 
robustness from FGMOM analysis. In addition, the application of FGMOM is further 
discussed. 
 
Keywords: Fuzzy mathematical programming; Watershed management; Multi-objective 
optimization; Game theory; Conflict analysis.   
 
 
1. INTRODUCTION 

 
Multi-objective programming problems exist almost everywhere, including environmental 
facilities [Giannikos, 1998], water resources management [Lee and Wen, 1996], watershed 
management [Lee and Wen, 1995]. In these problems, one of the challenges for the 
decision makers (DMs) is to choose an appropriate alternative among a set of alternative 
actions. In the past decade, many techniques have expanded based on multi-objective 
programming approaches, such as artificial neural network [Wen and Lee, 1998], fuzzy set 
theory [Wang and Liang, 2004], game theory [Nishizaki and Sakawa, 2001], genetic 
algorithm [Leung and Wang, 2000], grey theory [Hsu and Wen, 2000]. In this study, we 
developed a fuzzy game multi-objective optimization model (FGMOM) for economic and 
environmental balance in a reservoir watershed. 

For the past three decades, there have been lots of studies in literature discussing the topic 
of fuzzy games. Butnariu [1978] perhaps first introduced the concept of fuzzy sets in non-
cooperative games. Aubin [1981] discussed cooperative games with fuzzy coalitions. 
Nishizaki and Sakawa [1995] developed equilibrium solutions of fuzzy goals for games in 
fuzzy and multi-objective environments. Dhingra and Rao [1995] combined cooperative 
game theory and fuzzy set theory to yield new cooperative fuzzy games, and further 
examined the utility and applicability in an engineering design process. Nishizaki and 
Sakawa [2000] formulated a fuzzy cooperative game based on a linear programming 
problem with fuzzy parameters for a production problem. Molina and Tejada [2002] 
analyzed lexicographical solutions for fuzzy games, and studied their properties and 
characterization. Li and Cheng [2002] developed fuzzy multi-objective optimization 
methods for fuzzy constrained matrix games. Branzei et al. [2003] studied the cone of 
convex cooperative fuzzy games and examined their fuzzy Shapley value. Garagic and 
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Cruz, Jr. [2003] first defined a new approach to N-person static fuzzy non-cooperative 
games and developed a solution concept. Branzei et al. [2004] introduced an egalitarian 
solution for convex fuzzy games by adjusting the classical Dutta–Ray algorithm for convex 
crisp games. Bector et al. [2004] also proposed fuzzy linear programming models to solve 
fuzzy matrix games. Peldschus and Zavadskas [2005] combined fuzzy sets and matrix 
game theories for multi-criteria decision-making. They illustrated a case study for selecting 
the variants water supply systems. Hwang [2007] introduced two types of “reduced game” 
to cooperative fuzzy games and defined the related properties of consistency and converse 
consistency. Larbani [2009] surveyed most of the approaches for solving non-cooperative 
fuzzy games in normal form. In addition, applications of these games were also discussed. 
Yu and Zhang [2010] proposed a generalized form of fuzzy game and extended as a 
cooperative fuzzy game. They also provided a practical application for production problem. 
Chen et al. [2010] formulated a game framework for strategic behavior of supply chain 
partners based on fuzzy multi-objective programming.  

To our best knowledge, combined implementation of FGMOM has never been performed 
in watershed management in that one needs to balance between economical development 
(EcoD) and environmental protection (EnvP). Consequently, this study was undertaken 
using a fuzzy game approach to provide the DMs a clear choice in selecting an appropriate 
alternative. Results of FGMOM for watershed management may further expand the 
application of traditional multi-objective optimization in water resources area. For 
comparison, a traditional multi-objective approach was used to contrast the comprehensive 
use and robustness from FGMOM analysis. 
 
 
2. MODELS 

 
A traditional model of multi-objective programming is 
 

Max Z(x) = [Z1(x), Z2(x), …, Zp(x)]                                (1) 
s.t.  gj(x) ≤ 0, j = 1, 2, …, m                                              

     xk ≥ 0, k = 1, 2, ..., n                                                   
 
Solution of the multi-objective programming model employs the concept of Pareto optimal, 
also known as the non-inferior solution. The bi-objective for EnvP is to minimize impact 
on the environment (less total phosphorus (TP) load), whereas EcoD is to maximize the 
utility function of income. Thus, the bi-objective programming model is 
 

Min EnvP = Z1(x)                                                          (2) 
Max EocD = Z2(x)                                                               

s.t. gj(x) ≤ 0, j = 1, 2, …, m                                               
xk ≥ 0, k = 1, 2, ..., n                                                    

 
Considering the imprecise nature inherent in human judgments in multi-objective 
programming problems, the DM can specify his/her preferences for the corresponding 
fuzzy goals. A fuzzy goal can be quantified by eliciting a corresponding membership 
function. After the membership functions μ1(Z1(x)) and μ2(Z2(x)) have been elicited from 
the DM, the fuzzy bi-objective programming model can be defined as 
 

Max [μ1(Z1(x)), μ2(Z2(x))]                                           (3) 
s.t. gj(x) ≤ 0, j = 1, 2, …, m                                           

μ1(Z1(x)) = h1 (x)                                                  
μ2(Z2(x)) = h2 (x)                                                  

 xk ≥ 0, k = 1, 2, ..., n                                             
 
By introducing a general aggregation function, we can define a general fuzzy multi-
objective decision making problem by 
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Max μD(μ(Z(x))                                                            (4) 
s.t. gj(x) ≤ 0, j = 1, 2, …, m                                            

μ1(Z1(x)) = h1 (x)                                                      
μ2(Z2(x)) = h2 (x)                                                      
xk ≥ 0, k = 1, 2, ..., n                                                 

 
Value of μD(μ(Z(x)) can be interpreted to represent the overall degree of satisfaction with 
the DM’s multiple fuzzy goals. 

Fuzzy decision developed by Bellman and Zadeh [1970] is presented as  
 

μD(μ(Z(x)) = Min [μ1(Z1(x)), μ2(Z2(x))]                      (5) 
 
Combining Equations (4) and (5), we can interpret the fuzzy decision making problem as 
 

Max Min [μ1(Z1(x)), μ2(Z2(x))]                                   (6) 
s.t. gj(x) ≤ 0, j = 1, 2, …, m                                          

μ1(Z1(x)) = h1 (x)                                                    
μ2(Z2(x)) = h2 (x)                                                    
xk ≥ 0, k = 1, 2, ..., n                                               

 
or equivalently  
 

 Max ν                                                                        (7) 
s.t.  ν ≤ μ1(Z1(x)),                                                         

ν ≤ μ2(Z2(x)),                                                         
gj(x) ≤ 0, j = 1, 2, …, m                                        
μ1(Z1(x)) = h1 (x)                                                   
μ2(Z2(x)) = h2 (x)                                                   
xk ≥ 0, k = 1, 2, ..., n                                              

 
If all of the membership functions μi(Zi(x)) are linear, the max-min problem becomes a 
linear programming problem. Hence, one can obtain an optimal solution by applying the 
simplex method of linear programming using LINDO software package [Schrange, 1991]. 
In this study, two players represent EnvP and EcoD, respectively. Their payoffs will be 
identified as the following process. 

Initially, each player will not be satisfied with the results from the other player’s objective, 
i.e., FGMOM result for player 1 is far above his/her objective value (i.e., more TP load 
than what he/she expects), and the corresponding value for player 2 is way below his/her 
goal (i.e., much less that he/she wants). Thus, two players will begin another round of 
negotiation and concession. For example, during the second negotiation, each player will 
then set his/her objective value very close to initial EnvPgoal and EcoDgoal and see what 
happens. As would be expected, each player is still not satisfied after the second negotiated 
results. Consequently, a series of concessions and negotiations will be conducted by 
adjusting player’s objective values, i.e., player 1 would relax more about his/her 
environmental concern while player 2 lowers the economic income. After further 
negotiations, difference between the reset objective values and FGMOM results becomes 
less divergent. The negotiation process continues until final solutions of EnvP*, EcoD* can 
be identified as: 
For player 1: 
 

EnvP* ≤ EnvPgoal                                                      (8) 
 
And for play 2:  
 

EcoD* ≥ EcoDgoal                                                   (9) 
 
Pairs of solution (EnvP*, EcoD*) are called as Nash equilibrium points. 

In summary, the computing process of FGMOM is briefly listed as 
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Step 0: establishing original multi-objective optimization model; 
Step 1: setting payoffs as strategies of players; 
Step 2: fuzzifying  objectives by membership functions; 
Step 3: making decision by Bellman and Zadeh’s approach; 
Step 4: checking Nash equilibrium (if not, go back to Step 1); 
Step 5: obtaining optimization solutions. 

 
 
3. CASE STUDY 

 
Developments for various land uses in reservoir watersheds are important in that from a 
viewpoint of economic development, one of the important things is to allocate the 
resources to different users for maximizing the income as higher as possible. On the other 
hand, for watershed management, one of the important policies is to allocate the 
distribution of land uses in which pollution would not reduce the assimilative capacity in 
their receiving water-bodies, nor affecting water quality in reservoirs. Agricultural 
activities and forest are major types of land uses in the mountainous area. However, 
residential and recreational lands are not only highly profitable, but also result in polluted 
runoff. They should be set their maximum areas for environmental protection and soil 
conservation.  

Non-point source pollution (also known as diffuse pollution) originates from natural 
(forest) and agricultural land development (e.g., plantation of tea, betel nut, mustard), 
feedlot (free-range chicken farms) as well as community and recreational sites. In this 
study, the land uses are classified into major four categories (Table 1). 

For each land use type, unit quantity of pollutant (for EnvP) and economic income (for 
EcoD) must be known. Since phosphorus is the controlling element for eutrophication, only 
TP is used in this study. Export TP values shown in Table 1 were taken from the 
comprehensive study conducted by Wen et al. [2005]. Income values from any economic 
development associated with respective land use were adopted from Council of 
Agriculture, Government of Taiwan [2009]. Two objective functions and constraint set in 
our study are listed in Table 2. 

A membership function for TP impact is shown in Fig. 1(a). The desired TP quantity is 
14,200 kg/yr and its mapping membership grade is 1.0. Similarly, the maximum possible 
quantity is 26,800 kg/yr and its grade is assigned as zero. Another membership function for 
total income in the entire watershed is shown in Fig. 1(b). The maximum income is 394 
million USD/yr and its mapping membership grade is 1.0. The minimum possible income 
may be 223 million USD/yr and its grade is assigned as zero. 
 
 
4. RESULTS AND DISCUSSION 

 
4.1 FGMOM for identifying the goals of EnvP and EcoD 

FGMOM can be converted into crisp (e.g., non-fuzzy) linear programming models that are 
solved with conventional algorithm using LINDO software package [Schrange, 1991]. The 
trade-off processes of watershed-management optimization are first established. 
Consequently, four types of candidate solutions are generated and showed in Table 3. Type 
I indicates the solutions of two objectives as Z1 = 19,150 kg TP/yr and Z2 = 327 million 
USD/yr based on the payoffs of 0, 0.3, 0.5 for both of μ1(Z1(x)) and μ2(Z2(x)). Type II will 
have the payoff values as μ1(Z1(x)) = 0.7 and μ2(Z2(x)) = 0, 0.3, and 0.5, respectively. The 
solutions of two objectives are Z1 = 17,980 kg TP/yr and Z2 = 320 million USD/yr. 
However, Type III have the payoff values as μ2(Z2(x)) = 0.7 and μ1(Z1(x)) = 0 and 0.3, 
respectively. The solutions are Z1 = 20,800 kg TP/yr and Z2 = 343 million USD/yr. Type 
IV has an extreme payoff of  μ1(Z1(x)) = 1.0 and μ2(Z2(x)) = 0. The solutions are Z1 = 
14,200 kg TP/yr and Z2 = 224 million USD/yr. 

Results are summarized in Figure 2 for better illustration. The Nash equilibrium points of 
Types I-III range from 17,980 to 20,800 kg TP/yr for EnvP; and that of objective 2 (EcoD) 
between 320 and 343 million USD/yr. Area of decision variable residential (x1) is between 
745 and 1,879 ha for its high income. Forest land (x2) is between 41,957 and 43,088 ha for 
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its lower TP export load. Agricultural activities (x3) have their maximum area (2,166 ha) 
due to its lower TP export load and higher income. Reservation (non-planted land, water 
body and grass land area, x4) is 4,000 ha. 
 
 

Table 1. Parameter values in the objective for reservoir watershed-management. 

Parameter 
Residential/recreational areas 

(x1) 
Forest 
 (x 2) 

Agricultural activities  
(x 3) 

Reservation  
 (x 4) 

Export coefficient of TP 
(kg/ha/yr) 

2.8 0.3 1.0 0.2 

Income of land use or 
development ( × 103 

USD/ha/yr) 
30 6 16 0 

 
 

Table 2. Multi-objective model for a case study of the Tseng-Wen Reservoir. 
Model component Function

Objectives: 
1. TP loads 
2. Total income 

 
Min Z1(x) = 2.8x1 + 0.3x 2 + 1.0x 3 + 0.2x 4 

Max Z2(x) = 30x1 + 6x 2 + 16x 3 + 0x 4 
Constraints: 

1. Land availability 
2. Forest area 
3. Soil property 
4. Minimum agricultural area 
5. Minimum residential/recreational areas 
6. Land slope 
7. Minimum water-body/river-bank areas 
8. TP assimilative capacity 
9. Non-negativity 

 
x1 + x 2 + x 3 + x 4 = 50,000 

x2 ≥ 35,778 
x3 ≤ 2166 
x3 ≥ 164 
x1 ≥ 180 

x1 + x3 ≤ 4995 
x4 ≥ 4000 

2.8x1 + 0.3x2 + 1.0x3 + 0.2x4 ≤ 63,500 
x1, x2, x3, x4 ≥ 0 

 
 

 
 

 
 

Figure 1. Membership functions for two objectives. (a) TP load and (b) income. 
 

Table 3. Results of FGMOM for a case study of the Tseng-Wen Reservoir. 

Payoffs 
(μ(Z1(x)), μ(Z2(x))) 

Z1 

 (kg TP/yr) 
Z2 

 (million USD/yr) 
x1 (ha) x 2 (ha) x 3 (ha) x4 (ha) 

(0, 0), (0, 0.3), (0, 0.5) 
(0.3, 0), (0.3, 0.3), (0.3, 0.5) 
(0.5, 0), (0.5, 0.3), (0.5, 0.5) 

19150 327 1214 42620 2166 4000 

(0.7, 0), (0.7, 0.3), (0.7, 0.5) 17980 320 745 43088 2166 4000 

(0, 0.7), (0.3, 0.7) 20800 343 1879 41957 2166 4000 

μ(Z2(x)) 

223 394 

Economic Development (million USD/yr) 

μ(Z1(x)) 

14,200 26,800 

Environmental Protection (kg TP/yr) 
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(1, 0) 14200 224 180 36008 164 13648 

4.2 Decision Making: Nash equilibrium versus Pareto optimality 

Traditional multi-objective programming methods can generate many candidate solutions, 
expanding a wide range of the objectives. Results are possibly difficult for the DMs to 
select which alternative. For example, the DMs of economic affairs may choose the one 
with larger income; on the other hand, the people in environmental field may choose the 
lower TP load. To realize the usefulness of FGMOM model, a traditional multi-objective 
analysis, constraint method, was also performed for comparison. Detailed procedures of 
this method are shown elsewhere [Lee and Wen, 1996]. The solutions of constraint method 
could be Pareto optimality [Messac and Mattson, 2004]. Therefore, analysts would then 
select several appropriate values falling within the pay-off-table range and subject to 
constraint of another objective function. Results of multi-objective analysis are also shown 
in Figure 2. However, there are a lot of alternatives for the watershed-management problem 
(depending on the values the analysts selected). For environmentist, he/she tends to select 
alternatives with lower TP loading (lower left points in Figure 2). Conversely, for 
economists, the choice is apparently the ones with higher economic income (upper right 
points in Figure 2). Results of the multi-objective method can only be utilized for the DMs 
without any prejudice about environment versus economy. 

On the other hand, FGMOM is one of aggregative approaches and construct limited 
satisfactory solutions according to the DMs’ preferences. The DMs served as players who 
need to negotiate each other and have a series of concessions. The model has a range of the 
solutions but converge efficiently to Nash equilibrium. Objective values will converge until 
the Nash equilibrium is achieved (Figure 2). Range of Nash equilibrium serves a base for 
the DMs to select the choice they wish to proceed. Since the range is not too wide, the DMs 
may feel comfortable to make decision. Thus the eventual decision can accommodate both 
environmental concerns and economic development.  

In short, constraint method provides a set of data that analysts identify many solutions. The 
solutions are all Pareto optimality, so the quality of solutions is better than that of FGMOM. 
But they are possibly difficult for the DMs to select one. FGMOM indicates Nash 
equilibrium points that players have focused their goals. After several negotiation attempts, 
Nash equilibrium points were obtained. It is easy for the DMs to decide the one balancing 
EnvP and EcoD. 
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Figure 2 Results of FGMOM and traditional multi-objective analyses. 

 
 
5. CONCLUSIONS 

 
A framework for decision making of land uses in reservoir watershed-management is 
performed. Further applications along with fuzzy theory, game theory and multi-objective 
programming to deal with conflict analysis for balancing environmental protection and 
economic development are also formulated and resolved. The developed models have been 
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applied to an illustration for identifying reservoir watershed-management solutions. 
Modeling results have been generated, demonstrating complex tradeoffs among the balance 
between economic development and environmental protection. Solutions, based on 
FGMOM, reflect compromises between maximized income and minimized TP impact in a 
watershed. The results suggest that these models are also applicable to many other 
environmental management problems. 
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Abstract: The main objective of this paper is to evaluate the risk of suffering rising sludge 
problems under different modes of operation and clarifier designs using the IWA 
Benchmark Simulation Model no 1 (BSM1). First, as a reference case, waste flow, 
dissolved oxygen, external recirculation and the settling area were modified and the risk of 
rising sludge quantified. In a second series of simulations, the bio-kinetic parameters and 
the influent fractions of the Activated Sludge Model No 1 (ASM1) were considered 
uncertain and both Monte-Carlo and sensitivity analyses of rising sludge risk were carried 
out. The results of this study showed that rising sludge problems could be avoided either 
decreasing nitrification efficiency or reducing the biomass residence time in the bottom of 
the secondary clarifier. Also, the Monte Carlo simulations revealed that the uncertainty of 
the model predictions differed for the different evaluated scenarios. This difference was 
strongly related to the effect of the input uncertainty on the nitrogen removal bacteria. 
Finally, it was found that ηg (anoxic growth rate correction factor) was responsible for 
causing the majority of the rising sludge risk output uncertainty for all the evaluated 
scenarios. Nevertheless, when nitrification efficiency was low, the autotrophic maximum 
specific growth rate (μA) become more important having an important role on the overall 
model predictions. Summarizing, the study allowed a better understanding of rising sludge 
in wastewater treatment plants, the evaluation of different ways to overcome these 
problems (in both values and uncertainty), the identification of the model parameters with 
the strongest influence on its possible uncertainty and finally some practical implications 
from an operational and design perspective.  

Keywords: uncertainty analysis, sensitivity analysis, microbiology-related solids separation 
problems, BSM1, wastewater 

1. INTRODUCTION 
Rising sludge is one of the most common microbiology-related suspended solids separation 
problems in wastewater treatment plants (WWTP) (Ekama et al., 1997). Rising sludge is 
characterized by the rise or float of the activated sludge flocs with good settling 
characteristics in a relatively short period of time. The main reason is undesired 
denitrification in the secondary settler, in which nitrites and nitrates are converted to 
nitrogen gas in the secondary clarifier. If enough gas is formed, the sludge mass becomes 
buoyant and rises or floats to the surface worsening the whole clarification efficiency. 
 

Henze and co-workers in the early 90 (Henze et al., 1993) established the bases of rising 
sludge in secondary clarifiers experimentally investigating the role of gas solubility, 
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hydraulic retention time, temperature and critical nitrate concentrations. Later on, Siegrist 
et al., 1995 and Gernaey et al., 2006 developed the first reactive settling models using 
some of the processes included in the International water Association (IWA) Activated 
Sludge Model  No 1(ASM1) (Henze et al., 2002) . Nevertheless, this kind of knowledge 
have not been included in the computer codes widely used for benchmarking (Copp 2002, 
Jeppsson et al., 2007), design (Flores et al., 2007), teaching (Hug et al., 2009) and 
optimization (Rivas et al., 2008). 
 

To circumvent this problem, Comas et al., 2008 used expert knowledge a posteriori, i.e. 
once the simulation is finished, to assess the risk of occurrence of rising sludge to enable its 
incorporation into the interpretation of the output of quantitative WWTP models. This 
approach is based on a decision tree that combines the knowledge extracted from the 
experiments carried out by Henze et al., 1993 and the mechanical description of a 
conventional activated sludge process. As a result, this risk model explores influent, 
effluent and operating conditions in the dynamic simulation output and gives and indication 
about the operational strategies or design schemes that may cause favourable conditions of 
rising sludge. 
 

In order to evaluate the potential of developing rising sludge problems, several operational 
strategies and clarifier designs are evaluated by dynamic simulation. Specifically, we 
suggest the modification of dissolved oxygen, sludge retention time, external recirculation 
and settling area. Thus, it is possible to investigate using mathematical modelling the 
process insights that promotes the development of the undesirable rising sludge problems. 
The analysis is carried out assuming certain and uncertain model parameters. 
 

It is important to highlight that uncertainty is an important concept when dealing with 
activated sludge models (Belia et al. 2008) since these models are in general based on quite 
a number of assumptions. However, the traditional modelling approaches assume constant 
rather than variable model parameters. An evaluation procedure assuming constant 
parameters arguably is not realistic because the possible variation in some of these 
assumptions is ignored e.g. model parameters describing the COD fractionation or the 
effect of toxics and temperature on the model kinetics. 
 

The Monte Carlo procedure is an engineering standard, which is commonly used for 
evaluating uncertainty in the predictions of simulation models. Monte Carlo simulations are 
based on a probabilistic sampling of input uncertainties followed by determination and 
analysis of the propagation of input uncertainty to model outputs (Helton & Davis 2003). 
This practice can be complemented with sensitivity analysis involving the identification of 
the input uncertain parameters that contributes in the output uncertainty the most (Cariboni 
et al., 2007). The use of these techniques has started to be successfully applied in field of 
water/ wastewater engineering field (Benedetti et al., 2006; Neumann et al., 2007; Flores 
et al., 2008 and Sin et al. 2009)  
 

The paper is structured in the following way. Firstly, it is detailed how the risk of rising 
sludge can be taken into account in WWTP simulation studies. The performance of the 
IWA Benchmark Simulation Model No 1 (BSM1) is then evaluated assuming certain and 
uncertain bio-kinetic and influent fractions ASM parameters via Monte Carlo simulations 
making special attention to rising sludge problems. Afterwards, the simulations results are 
analysed identifying operational strategies and clarifier design schemes that reduces the risk 
of suffering rising sludge risk in both value and uncertainty. In the final section of the 
manuscript sensitivity analysis is performed using Standard Regression Coefficients, which 
allow to draw conclusions on the effect of the different model parameters in the rising 
sludge model predictions variability. 
 

2. METHODS  
2. 1. Plant layout, implemented control strategies and evaluation criterion 
The BSM1 plant layout using the dry weather influent is the activated sludge system under 
study (Copp 2002). The plant has a modified Ludzack-Ettinger configuration (see Metcalf 
& Eddy, 2003) and two PI control loops. The first loop controls the dissolved oxygen 
concentration (SO) in the aerobic zone through the manipulation of the aeration flow (KLa) 
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and the second control loop the nitrate concentration (SNO) in anoxic zone by manipulating 
the internal recycle flow-rate (Qintr). Further details about the sensor and actuator dynamics 
can be found in Rieger et al., 2003. 
 

Several operational strategies and clarifier design are simulated using the closed loop 
BSM1 and then compared to the base case conditions. The default (D) operational settings 
(SO = 2 g (-COD) m-3, external reciculation or Qr  = 18336 m3 day-1 and Qw = 385 m3 day-1) 
are modified decreasing (SO

- = 0.5 g (-COD) m-3, Qr
-  = 13834 m3 day-1 and Qw - = 300 m3 

day-1) and increasing (SO
+ = 3 g (-COD) m-3, Qr

+  = 23057 m3 day-1 and Qw
+ = 500 m3 day-1) 

their value. The same kind of analysis was done for the secondary clarifier, where the 
default settling area (A = 1500 m2) was increased (A+ = 2000 m2) and decreased (A- = 1000 
m2) maintaining the same height (h = 4 m). The values above and below the defaults (D) 
are indicated with either positive (+) or negative (-) super-index symbol. Thus, a total 
number of 12 (4 * 3) simulations are analysed and interpreted. 
 

2. 2. Analysis of rising sludge in activated sludge systems 
Risk of rising sludge has been estimated using the decision tree suggested by Comas et al., 
2008. Rising sludge becomes a problem when the nitrate concentration in the secondary 
clarifier influent is higher than the critical nitrate concentration (8 g N m-3 at 15ºC). In this 
situation, the time required for nitrogen gas production is calculated (based on the 
denitrification rate and the time delay caused by removal of the remaining oxygen in the 
bottom of the clarifier), and compared to the sludge residence time in the clarifier 
(estimated as the amount of sludge in the sludge blanket divided by the Qr flow rate). 
Whenever the nitrate concentration is higher than the critical level, and nitrogen gas 
production time is lower than or equal to sludge residence time in the secondary settler, 
then favourable conditions for denitrification are inferred, and consequently the risk of 
solids separation problems due to rising sludge increases.  
 

2.3. Uncertainty analysis of rising sludge in activated sludge systems 
To carry out this analysis, the uncertainty associated to the ASM1 parameters was 
characterized by a set of probability distributions. These distributions were assumed to 
characterize a degree of belief with respect to possible values of the considered parameters 
(Helton and Davis, 2003). Three uncertainty classes are distinguished to allow the 
representation of the parameter uncertainty in a structured way, and each uncertainty 
parameter was assigned to a certain class depending on the extent of knowledge available in 
the literature about this specific parameter value (see for example Omlin et al., 2001). The 
first class corresponded to low uncertainty and included mostly stoichiometric parameters. 
In this class (C1), the parameters were assumed to have a 5 % upper and lower bound 
around their default values. The second class (C2) corresponded to medium uncertainty and 
involves kinetic parameters such as the maximum specific growth rate and the affinity 
constants. In this class, 25 % upper and lower bounds around the default values were 
assumed. For simplification, all the kinetic and stoichiometric parameters were supposed to 
be independent although the authors are aware of possible correlations amongst several 
parameters e.g. the maximum specific growth rate and the half saturation constants. The 
third class of uncertainty (C3) corresponded to high uncertainty and included the influent 
fraction related parameters, assuming upper and lower bounds equal to 50 % of the default 
parameter values. In this case study, to comply with the different mass balances the 
following restriction was imposed α_XS = 1 – α_SS – α_SI – α_XI- α_XS – α_XBH and 
α_SNH = 1 – α_SND - α_XND. It is important to mention that the uncertainty analysis 
presented in this paper focuses on the studying the how the biodegradation properties affect 
the rising sludge problems. Other sources of uncertainty such model structure or other 
parameter values, e.g. settling characteristics, may have also an important role on the 
overall rising sludge risk predictions. However, in the framework of this study are not taken 
into account. 
 

2.4. Sensitivity Analysis  
The sensitivity analysis involves performing a linear regression on the output of the Monte 
Carlo simulation (1000 shots for 28 uncertain parameters), revealing the (linear) 
relationships between the inputs i.e. bio-kinetic model parameters and influent fractions, 
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and the outputs i.e. rising sludge risk. The regression model is represented in the following 
equation (Eq 1) 





nS

k
kkj UbbX

1
0  

Eq1 

Where X is the vector of the regression model predictions, b0 is the offset and bk are the 
slopes of the regression model. The standardized regression coefficients (SRC) are obtained 
by multiplying the slopes bk by the quotient of the standard deviation of the input and the 
output. According to Saltelli et al. (2004) the SRC are a valid measure of sensitivity if the 
coefficient of determination R2 > 0.7.The higher the absolute values of the SRC, the 
stronger the influence of the corresponding input [A] on determining the output [X]. The 
absolute values of the regression coefficients are then ranked and categorized in strong, 
medium and weak influence by k-means clustering (Hair et al. 1998). 
 

3.RESULTS 

3. 1. Analysis of rising sludge without uncertainty 
The simulation study revealed that the default rising sludge risk [57.14 % of the total 
simulation time the plant under risk of suffering rising sludge problems] may be overcome 
by (1) decreasing the oxygen set-point (SO) in the aeration section [53.56 % of the 
simulation time], (2) increasing the return activated sludge withdrawal [43.01 %] i.e. 
increase Qr, (3) decreasing the solids retention time [49.10 %] i.e. increase Qw and finally 
(4) decreasing the settling area (A) [43.30 %]. The objective of actions (1) and (3) was to 
decrease nitrification efficiency as shows the dynamic effluent ammonium profiles in 
Figure 1a and b. As a consequence there is a reduction of the quantity of nitrate which is 
sent to the secondary clarifier. On the other hand, actions (2) and (4) reduced the detention 
time of the sludge in the clarifier decreasing the quantity of biomass in the lower layer of 
the secondary clarifier (see dynamic profiles in Figure 1c and d). Thus, there is a lower 
biomass that potentially can denitrify the nitrate arriving from the reactor. 
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Figure 1. Effect on the effluent ammonium (SNH) and heterotrophic biomass in the bottom of the 
secondary carifier (SEC2) of the SO - action (1) -  a), Qr  - action (2) - , c), Qw - action (3) - , b) and Area  

-action ( 4) - d) 
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3.2. Uncertainty Analysis 
The results of the Monte-Carlo analysis showed that the values of output uncertainty, i.e. 
rising uncertainty, differs in the control actions which intends to avoid nitrification in the 
bio-reactor - actions (1), (3) - or reduce denitrifiers residence time in the secondary settler - 
actions (2), (4) - (see the results in Figure 2). This difference is strongly related to the 
effect of the input uncertainty on the BSM1 nitrogen removal microorganisms. In order to 
illustrate these differences two examples are shown.  
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Figure 2. Results of the Monte Carlo simulation for effluent nitrogen ammonium (a,c), nitrate (a,c) and 
risk of rising sludge (b,d) when the waste flow (a,b) -  action (3) - and the settling area –action (4) - (c,d) 

are changed. 
 

The first example shows the effects of modifying the waste flow –action (3) - on rising 
sludge risk. Uncertainty in effluent SNH, effluent SNO and the rising sludge risk is increased 
when the waste flow (QW) is increased (see the error bars on the bars of Figure 2a and b). 
These differences are attributed to the changes in the quantity of autotrophic biomass in the 
reactor having strong impact on the propagation of the input uncertainty. As mentioned 
before when the SRT is decreased, the quantity of SNO that is sent to the secondary clarifier 
is reduced and therefore the risk of rising sludge decreased (see the height of the bars in 
Figure 2a and b). 
 

The second example shows the influence of the clarifier design (Area) – action (4) – on 
rising sludge risk. In this case there is not a clear effect on the effluent nitrogen compounds 
and rising sludge uncertainty (see the error bar on the bars of Figure 2c and d). This is 
mainly due to there is no impact on the autotrophic bacteria population. The reduction of 
residence time of heterotrophic biomass in the bottom of the clarifier has an impact on the 
formation of gas bubbles, the rise of the activated sludge flocs and finally the potential 
decrease of the whole clarification efficiency (see the height of the bars in Figure 2c and 
d). However, the propagation of the input uncertainty is always the way. 
 

The same kind of pattern (results not shown) is observed for action (1) (modify SO) and 
action (2) (modify Qr) respectively. When SO is decreased, the uncertainty in both effluent 
nitrogen and rising sludge risk is increased, while when Qr is changed, the uncertainty 
values remains always the same. Thus, it can be said that there is a difference in terms of 
propagation of input uncertainty amongst the actions hinders nitrification (actions (1) and 
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(3)) and the actions that reduces the residence time of heterotrophic bacteria in the settler 
(actions (2) and (4)). The results reported in this section reveals that it is possible to achieve 
good nitrification rates without increasing the risk of rising as long as there is good clarifier 
design/external recirculation control to avoid the formation of bubbles. 
 

3. 3. Sensitivity Analysis 
Using the Monte Carlo results for the rising sludge risk, a regression model was fitted using 
Eq1 (for all the different evaluated actions, the R2 of the regression models were higher 
than 0.9). Since a regression approach is used for the sensitivity analysis, it is assumed 
there is neither interaction amongst the different nor important nonlinearities. The standard 
regression coefficient (SRC) for each input parameters were calculated and classified using 
K-means (Table 1). Thus, it was possible to label the different parameters with strong 
(gray), medium (light grey) and weak (white) effect. From these results, it could be 
observed that the parameter with a strongest influence in all the cases was ηg (anoxic 
growth rate correction factor). This is understandable since ηg is used to calculate the time 
required for nitrogen gas production. Moreover, it is generally known that the BSM1 plant 
is highly loaded in nitrogen and has a deficit on soluble organic matter, meaning that any 
change on the denitrification-related parameters will be noticed in the rising sludge risk. 
Interestingly, for the actions that decreased nitrification efficiency, the parameters that 
regulate the growth of autotrophic bacteria (μA) become influential i.e. black coloured. This 
is not the case for the actions that reduced the detention time of the sludge in the clarifier, 
where μA was classified as medium influential or weak. 
 

This type of behaviour is illustrated in Figure 3, which shows the correlations between ηg 
(X-AXIS), μA (Y AXIS) and rising sludge risk (Z AXIS) for the Monte Carlo simulation 
generated for action 1 (modification of the SO). When the SO is low (Figure 3a) can be seen 
the direct strong correlation between μA and the risk of rising sludge. On the other hand 
Figure 3b, clearly demonstrate that the rising sludge risk values are ruled by ηg, having μA 
a marginal effect.  

0

20

40

60

80

100

0,5
0,6

0,7
0,8

0,9
1,0

1,1

0,35
0,40

0,45
0,50

0,55
0,60

ri
si

n
g

 r
is

k

n g
 (d

im
en

es
io

nl
es

s)

Mu_A (days -1
)

0

20

40

60

80

100

0,5
0,6

0,7
0,8

0,9
1,0

1,1

0,35
0,40

0,45
0,50

0,55
0,60

ri
si

n
g

 r
is

k

n g
 (d

im
en

es
io

nl
es

s)

Mu_A (days -1
)

 
Figure 3 Correlation between the output (rising sludge risk) and some of the uncertain parameter:  ηg 
(anoxic growth rate correction factor) and autotrophic maximum specific growth rate (μA)  for two SO = 

0.5 (left) and 3.5 (right) g (-COD m-3).respectively  
 
This fact is understandable and could be expected to a certain extent from the results 
generated in the previous section. Low SO and high Qw - action (1), (3) - reduced the overall 
nitrogen removal and increased the uncertainty in SNH, SNO and rising sludge risk. For this 
reason, nitrification related parameters turned out to be important and made the input 
uncertainty propagate differently through the BSM1. On other hand, when there is no 
longer nitrification problems, e.g. actions (2),(4) , the process is less dependent of μA. 
 

4. GENERAL DISCUSSION 

The results of this analysis open the door to several points of discussion. First from an 
operational and design and point of view, the study revealed some synergies and trade-offs 
within the process performance. For example, it is possible to achieve good nitrification 
rates without increasing the risk of suffering rising sludge if the residence time of 
heterotrophic bacteria on the secondary clarifier is minimized. Thus, it is highlighted the 
need to find a compromise solution between nitrification potential, TSS removal (i.e. 
settling area) and risk of microbiology-related TSS separation problems (i.e. heterotrophic 
bacteria residence time in the clarifier). 
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Table 1. Identification of strong (gray) medium (light grey) and weak (white) parameter s for the different 
evaluated operational conditions and clarifier designs 

 D So
- So

+ Qr
- Qr

- QW
- QW

+ A- A+ 

Kinetic and stochiometric paramters (C1 and C2)  

maximum specific heterotrophic growth rate 
(μH)          

half saturation (hetero. growth) (KS)          
half saturation (hetero. oxygen) (KOH)          

half saturation (nitrate) (KNO)          
heterotrophic specific decay rate (bH)          

maximum specific autotrophic growth rate (μA)          
half saturation (auto. growth) (KNH)          
half saturation (auto. oxygen) (KOA)          
autotrophic specific decay rate (bA)          

anoxic growth rate correction factor (ηg)          
amonification rate (ka)          

maximum specific hydrolysis rate (kh)          
half saturation (hydrolysis) (KX)          

anoxic hydrolysis rate correction factor (ηh)          
autotrophic yield (YH)          

heterotrophic yield (YA)          
fraction of biomass to particulate products (fP)          

fraction of nitrogen in biomass (iXB)          
fraction of nitrogen in particulate products (iXP)          
conversion from COD to particulates (X2TSS)          

Influent fractions (C3) 

Fraction of soluble inorganic (α_SI)          

Fraction of particulate inorganic (α_XI)          

Fraction of soluble organics (α_SS)          

Fraction of heterotrophic biomass (α_XBH)          

Fraction of particulate organics (α_XS)          

Fraction of organic soluble nitrogen (α_SND)          
Fraction of organic particulate nitrogen 

(α_XND)          

Fraction of ammonia (α_SNH)          

The results of the uncertainty and sensitivity analysis can also guide process engineers in 
future calibration studies pointing out what parameters should be first determined 
experimentally. For example, the standard deviation of rising sludge risk after running 1000 
Monte Carlo shots is 17.8 (default conditions). However, when ηg i.e. most sensitive 
parameter, is set to its default value and the experiment is re-run again the standard 
deviation is 12.43  
 

The reader should be aware that results of this study strongly depend on the model 
selection. For example the clarifier model (Takacs et al., 1991) is extremely simplified and 
it could not describe accurately the hydrodynamics of some of the studied clarifiers. Thus, 
general assumptions regarding settling cam be dangerous and it would be necessary using 
2-D and 3-D models. In the same way, results of uncertainty analysis will to a large extent 
depend on the studied uncertain parameters, characteristics the defined uncertainty classes 
and the assumed probability distributions. The results of this simulation study are deemed 
interesting and useful but they should be treated with caution and certainly not generalized 
 

CONCLUSIONS 
This paper has evaluated the role that certain operational strategies and clarifier designs 
have as promoters of rising sludge in wastewater treatment plants: The key finding of this 
research can be summarized in the following points: 

 The risk of suffering rising sludge problems in wastewater treatment plants can be 
minimized by: decreasing oxygen in the aerated zone, increasing activated sludge 
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withdrawal from the secondary settler, reducing the sludge retention time and without 
over-sizing clarifier designs. It is possible to achieve good nitrification rates without 
increasing the risk of rising if there is a good design/control on the secondary clarifier.  

 The uncertainty in the rising sludge risk predictions is strongly related to the autotrophic 
bacteria. Thus, the operational strategies that decreased nitrification efficiency increased 
the uncertainty of the model predictions. On the other hand, operational strategies or 
design schemes that reduced the denitrifying biomass time in the secondary settler did 
not have an important effect on the propagation of the input uncertainty. 

 The parameter that causes the highest variation in the rising sludge risk predictions is ηg 
(anoxic growth rate correction factor) unless nitrification problems occur. In that case, 
the role of μA becomes really important. The uncertainty of rising sludge could be 
reduced by the experimental determination of these parameters. 
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Abstract: A decision support system (DSS) for systematic control of priority pollutants 
(PP) sources, based on economic activities and production (release) processes in urban 
catchments was recently developed. One of the crucial functionalities of the DSS is 
evaluation of source control measures, which is based on mathematical models, used for 
simulating the fate of the PPs in urban catchments under different conditions. This work 
presents a methodology for efficiently building and integrating dynamic mathematical 
models into the DSS. A combination of two modelling approaches is proposed: empirical or 
data-driven and mechanistic or knowledge-driven. Data-driven methods, particularly those 
from the area of machine learning (ML), are proven to build simple and accurate models, 
but require a lot of measured data for their construction, which is a problem in the case of 
PP. Mechanistic models can overcome the data requirement problem by integrating expert 
domain knowledge in the model formulation. However, they tend to be too complex and 
computationally slow and thus, not appropriate for DSS. Within the proposed methodology 
a mechanistic dynamic integrated urban water system (IUWS) model for PPs is used 
independently of the DSS to simulate various scenarios in observed catchment. Simulated 
data are used by a ML algorithm for induction of rule-based regression model, which 
performs similarly as the mechanistic model and is integrated in the DSS. The procedure of 
model construction, integration, and use in the DSS is successfully illustrated based on 
semi-hypothetical data.  
 
Keywords: decision support system; integrated urban water system; priority pollutants; rule 
based regression model  
 
 
1. INTRODUCTION 
 
Management of PPs is a very complex task as it is highly interdisciplinary and includes 
numerous sectors (industry, economy, water, agriculture, etc.), decision makers, and 
stakeholders. For such complex decisions, decision support systems (DSSs) are highly 
appreciated. In order to be used by decision makers, a DSS should be simple and efficient 
but at the same time comprehensive enough, taking into account various aspects when 
supporting decisions.  
This is particularly true when supporting the implementation of the EU Water Framework 
Directive (WFD), as the basic principles encouraged by the WFD lead to an integrative 
approach, including drivers and pressures on the water resources caused by multiple 
sectors. To make the implementation easier, IMPRESS [2002] issued the framework of 
DPSIR (drivers, pressures, state, impacts and responses), also adopted by the European 

2212



N. Atanasova et al. / Integration (…) for control of priority pollutants in urban catchments 

Environmental Agency (EEA). The DPSIR framework provides an overall mechanism for 
analyzing environmental problems.  
A DSS that follows the DPSIR framework for the management of PPs emissions was 
recently developed within the EU project ScorePP (www.scorepp.eu). This DSS has a 
modular structure, where every module plays an important role in the final selection of 
suitable control measures, (Cerk e al. [2009]).  
This paper focuses on one of the key elements of the DSS, namely the integration of 
mathematical models for simulating the fate of PPs. Mathematical water quality models are 
used to simulate and evaluate the system’s responses to decision makers’ actions. However, 
their integration in the DSS is a challenging task, due to the complexity (1) of the problem 
itself, (2) of the DSS, and (3) of the models, as they include many sub-models at urban 
catchment scale, dynamic processes, and (sometimes unknown) parameters. In principal, 
various types of simulation models can be integrated in the DSS. Two different modelling 
approaches were evaluated on their feasibility for integration into the DSS: mechanistic 
models and empirical or data driven models.  
Data driven models constructed by machine learning algorithms would be appropriate for 
such a system, as they are proven to be simple and efficient (e.g. Atanasova and Kompare, 
[2002], Bhattacharya and Solomatine, [2005]). However, sufficient amount of measured 
data is needed for such models to be induced, i.e., time series of PP measurements at 
various points in the catchment, so that the algorithm can be trained to relate the PP fate to 
the other parameters in the catchment (e.g. PP releases, rain events). Unfortunately this sort 
of data is extremely scarce, and such an approach cannot be used.  
Mechanistic models can overcome the problem of data scarcity by incorporating expert 
knowledge in the model formulation. However, they appear to be very complex and very 
demanding in computational resources, which is not efficient for a DSS.  
To tackle the problem, a combination of mechanistic and data-driven model construction is 
proposed, where the mechanistic model is used to simulate various scenarios and to provide 
sufficient amount of data, which is then used by a machine learning algorithm to synthesize 
those data and to induce a simple model that performs similarly as the mechanistic model, 
i.e. a model that requires less input information, is computationally fast, contains simple 
rules or equations, and produces similar output results as the mechanistic model. 
 
 
2. THE STRUCTURE OF THE DSS FOR CONTROL OF PPs 
 
A modular approach was used to construct a DSS for management and control of PPs in 
urban catchments. The DSS is composed of 9 modules, communicating between each other 
through data exchange in a central database (CDB) that integrates all crucial information 
for controlling PPs. The modules are: 
– Priority Pollutants module, which contains the list of all PPs and their inherent 

properties, 
– Emission Strings module, which contains classified knowledge about sources of 

pollution obtained from literature. The module is describing the driving forces and in 
combination with the GIS module also the pressures (i.e. emissions) in the DPSIR 
framework. 

– Emission Barrier (EB) module, which contains classified treatment options and 
corresponding removal efficiencies. The module also contains information about costs 
for some treatment options and options for substitution of PPs. It represents responses. 

– GIS module containing geographical information about the city or catchment with 
additional specific information (called the Adaptation Matrix (AM)) needed for linkage 
to other modules of the CDB. The module can be used to visualize the pressures to the 
environment at catchment level according to the DPSIR framework. 

– Mathematical module containing mathematical functions and the data needed to 
simulate the behaviour of pollutants in the receiving environment. The simulated data 
represents the state of the environment. 

– Source Control Measures (SCM) module, which is a framework that serves as a 
container for potential SCM that need assessment. It holds information about existing 
European legislation concerning PPs. The SCM module represents possible responses to 
improve the environmental state. 
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– Economical module currently containing both, 20 and 60 sector classification to be used 
in economical analysis. The module is used in addition with the Emission Barrier SCM 
module to help deciding which SCMs are economically feasible and which are not. 
Therefore it is affecting the responses within the DPSIR framework. 

– Monitoring module containing monitoring information that can be used to provide 
measured data as charts and maps. The data within the module represents the state of 
the environment.  

– Classifications warehouse, which contains all the classifications that are used in the 
project. Among others the classifications are: Chemical Abstracts Service (CAS), 
Classification of Economic Activities in the European Community (Nomenclature des 
ACtivites Economiques -  NACE), Nomenclature of Units for Territorial Statistics 
(NUTS), etc. 

This paper focuses on the Mathematical module which is indispensable since all the crucial 
functionalities connected with decision making are linked to it. The main role of the 
Mathematical module is to calculate the PP loads in the catchment, based on the emission 
data provided by the other modules in the CDB and to calculate the concentrations of the 
PPs in the receiving water. It can be also used for the evaluation of different emission 
control strategies. 
 
 
3. INTEGRATION OF MATHEMATICAL MODELS INTO THE DSS FOR PP 

CONTROL 
 
In principle it is possible to integrate various types of models, including the most popular 
mechanistic urban catchment models, into the CDB’s Mathematical module. However, 
integration of mechanistic models can make the DSS inefficient and difficult to use, due to 
(1) complex data requirements and preparation to run the model, (2) long computational 
time and (3) requirement of external tools and software to use the DSS. Therefore, it is 
proposed to use the mechanistic model independently of the DSS for simulating a set of 
possible scenarios in the catchment and to provide a sufficient amount of simulated data, 
from which a simple data-driven model can be induced. This model is later integrated in the 
DSS and used for simulation and evaluation of various control measures.  
 
 
4. MECHANISTIC MODELLING OF PPs IN URBAN CATCHMENTS VS. 

RULE-BASED REGRESSION MODELS 
 
A mechanistic integrated urban water system (IUWS) model for PPs typically consists of 
different unit process models for each part of the urban water cycle: the simplified KOSIM 
model (Solvi [2007]) as hydrological catchment runoff and sewer transport model, the 
ASM2d (Henze et al. [2000]) for activated sludge processes, the Takacs et al. [1991] model 
for secondary settling, the stormwater treatment unit model for PPs (STUMP)  (Vezzaro et 
al. [2010]) for stormwater infiltration ponds, and the RWQM1 described in Reichert et al. 
[2001] for river water quality. These state-of-the-art water quality models were recently 
extended with the fate of PPs (Benedetti et al. [2009]). Additionally, a multimedia fate and 
transport model was added to the configuration to allow for integrated environmental 
assessment (cfr. De Keyser et al. (accepted for publication)). 
In contrast to the mechanistic modelling approach, where basic theoretical knowledge about 
the domain is used to formulate a model, regression based models belong to the data-driven 
modelling domain. The goal of these methods is to learn the dependencies between the 
inputs and the outputs of the observed system from measured data only.  
While the multivariate regression method calculates one equation (one weight vector) for 
the entire data set, piecewise regression divides the data set to several subsets on which 
uniform class value or linear equation can be applied. The division to subsets is based on 
tests of the values of the input attributes. Two typical representations of the piecewise 
regression are regression trees and rule-based regression models. 
Rule based regression models have the form of a set of IF THEN rules, where each rule is 
associated with a multivariate linear model. A rule indicates that, whenever an example 
satisfies all the conditions, the linear model is appropriate for predicting the value of the 
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target attribute. The algorithms for rule induction mostly represent different variations of 
the M5 algorithm introduced by Quinlan [1992]. For this research, the algorithm 
implemented in the software package Cubist by RuleQuest [2010] was used, where the 
basic M5 algorithm was enhanced by combining the rule-based model with the instance-
based or nearest-neighbour model (Quinlan [1993]), which predicts the target value of a 
new case by finding the n most similar cases in the training data, and averaging their target 
values. 
 
 
5. A SEMI HYPOTHETICAL CASE STUDY 
 
As a semi-hypothetical case study to demonstrate the use of the DSS, the fate of the PP 
bis(2-ethylhexyl) phthalate (DEHP) was simulated in a simple urban environment 
consisting of a rural catchment, three urban sewer catchments (A, B and C) connected to an 
intercepting combined sewer system, a simple activated sludge plant including primary 
settling, two aerated tanks and secondary settling. The WWTP and the combined sewer 
overflow (CSO) structures at the three urban catchments discharge to a river, modelled as a 
series of five completely mixed tanks, each of them in contact with river sediment. The 
CSO structures were implemented as reactive basins with a given buffer volume. 
Additionally to the urban water system models, also a multimedia model consisting of 
seven compartments (air, soil, groundwater and upstream and downstream water 
compartments each in contact with sediment) was included in the configuration. A scheme 
of the conceptual setup is shown in Figure 1. Key properties of this integrated 
environmental model can be found in De Keyser et al. (accepted for publication) and Cerk 
et al. [2009]. 
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Figure 1. Representation of the integrated environmental model configuration (IUWS 

model (white blocks) + multimedia model (grey blocks)). 
 
 

5.1 Using the mathematical module of the DSS to calculate the DEHP loads in the 
catchment 

 
Querying the CDB for the potential DEHP emissions returns 90 ES, of which 21 were 
actually identified in the catchment. Table 1 shows some of the identified ES in a generic 
way. In order to be quantified for the specific case, an adaptation matrix (AM) is needed, 
which contains (1) the coordinates of each ES (one ES can appear in several points in the 
catchment), (2) the release factor of each emission, and (3) the compartment to which the 
ES contributes. The following emission receiving compartments were used: water indirect 
(WI; emission flows through sewer system and WWTP to the receiving surface water), 
urban impervious (UI; emission flow paths through impervious surfaces), air (AIR; 
emission to air), urban permeable (UP; emission flow paths through fields and lawns) and 
water direct (WD; emission flows directly to the receiving water). 
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Table 1. Some ESs identified in the catchment 

No Source ES_ID ES_type 

1 Municipal waste incineration (plastics like PVC). 1416 dumping grounds 

2 Production of DEHP at production site. 1462_6 facilities 

3 
Manufacture of plastic products. Use of DEHP as plasticizer in 
polymers 97-98% (mainly PVC). Release during industrial use as 
polymer - formulation and processing 

1450_1 facilities 

 
Regarding the localization of the ES, no specific coordinates for emissions are applied. 
Instead, they are aggregated at sub-catchment level, i.e., each ES can be localized at one of 
the three locations (urban catchments A, B and C) and later be summarized by sub-
catchment and compartment. Aggregated load variables used in the models are presented in 
Table 2. 
 

Table 2: DEHP loads data, aggregated by compartments and sub-catchments 

Name Description Unit 

PREC Precipitation; summed within the selected time interval (4 hours). Mm 

DEHP_WI_ A, 
DEHP_WI_ B, 
DEHP_WI_ C 

Sum of all DEHP emissions connected to the sewer system in urban 
catchments A, B and C respectively. This load contributes to the dry 
weather flow.  

g/day 

DEHP_UI_A, 
DEHP_UI_ B, 
DEHP_UI_ C 

Sum of all emissions in urban catchments A, B and C respectively 
that are accumulated on the surface. This load is washed from the 
surface during rain events. 

kg/(ha·day) 

DEHP_AIR Sum of all emissions going to the air. g/day 

DEHP_UP Sum of all emissions going to the soil. g/day 

 
Given the AM, the DEHP loads can graphically be shown by using the ES module and the 
GIS module in the DSS. Figure 2 shows the DEHP loads in the sub-catchment A. Note that 
the loads can be represented by ES (Figure 2, left), where all emissions in the sub-
catchment are shown, or aggregated by compartments (Figure 2, right), where only the 
amounts of emissions going to a specific compartment are shown.  
 

 

Figure 2. Visualized loads in the sub-catchment A. The loads can be aggregated by ES 
(left) or by compartments (right). 

 
Calculated loads are further used as inputs to the mechanistic mathematical model to 
simulate the DEHP concentrations in the urban environment. Like this, a sufficient amount 
of data is obtained, which is later used by the ML algorithm, to construct a simple rule-
based regression model. 
 
5.2 Simulated DEHP concentration in the river with the IUWS model 

 
Given the input data described in the previous section, the IUWS model simulates DEHP 
loads and concentrations at various locations in the catchment. The model takes the 
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emission data as aggregated loads at sub-catchment level, partitioned for each 
compartment. Six different scenarios were simulated by changing the input loads and the 
rainfall time series (Table 3). 
 

Table 3: Simulated scenarios 

Scenario PP load Rainfall 

1 
Base scenario with the load of 21 ES converted into 
dynamic loads and aggregated according to the 
compartment they contribute to (WI, UI, AIR, UP and WD) 

Base case (801 mm/year) 

2 the entire load is decreased by 50 % Base case (801 mm/year) 

3 the entire load is decreased by 80 % Base case (801 mm/year) 

4 WI increased by 50% Base case (801 mm/year) 

5 Same as base case Dry year (539 mm/year) 

6 UI reduced by 20% Dry year (539 mm/year) 

 
Figure 3 presents the simulated DEHP concentrations in river stretch 5 (downstream of 
WWTP discharge) for three selected scenarios (no. 1, 3 and 4). As expected, the highest 
peaks appear with the highest input loads (scenario 4 – WI increased by 50%) and the 
lowest with the  loads reduced by 80% (scenario 3). 
 

 
Figure 3. Simulated DEHP concentrations in the river stretch 5 for three scenarios. 

 
 
5.3 Induction of the rule based model 
 
Using the DEHP loads in the catchments, the precipitation data and the simulated DEHP 
concentration data, the Cubist algorithm was employed to induce (learn) a rule based 
regression model to simulate the DEHP concentrations in the river. The attributes, i.e. the 
DEHP load variables were converted from yearly constant loads to yearly dynamic loads 
using a dynamic load generator developed by De Keyser et al. [2010]. Thus, the data set 
used by the Cubist algorithm is composed of examples containing the load and the 
precipitation data (attributes) and the corresponding DEHP concentration in the river (target 
variable) at each time step. Additionally, attributes were introduced that include six hours 
of history in the data, i.e. the present DEHP load in the river section depends on the present 
load from the catchment as well as on the load that was released one to six hours ago. 
Historical attributes were given additional notation X, where X represents the value of the 
attribute X hours ago. For example, DEHP_WI_A_3 represents the load from the sub-
catchment A that contributes to the dry weather flow, generated 3 hours before. After 
introducing these attributes, the data set comprised 70 attributes and the class DEHP_river. 
The data from scenarios 1 to 5 was used as a learning data set. The remainder of the data 
(scenario 6) was used for testing the model performance.  
The model induced on the training data set is composed of seven IF THEN rules each 
associated with a multivariate regression model. The model achieves high accuracy when 
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simulated on the training data (the correlation coefficient is 0.78) as well as on the test data, 
where the correlation coefficient is even higher than the one on the training data (0.91). 
Higher correlation coefficient is observed because the test data set comprises ‘only’ 8651 
points, i.e. simulated data every 5 minutes over a period of one year, whereas the train data 
set contains 5 minutes data over a period of five years (43260 points). The lower correlation 
coefficient on the training data is the result of averaging the error (correlation coefficient) 
over a long period of data. In Figure 4 the performance of the rule based model is presented 
on the segment of the test data by comparing the data simulated by the IUWS model and by 
the rule based model. 
 

 
 Figure 4. Comparison of DEHP concentrations in the river stretch 5 for scenario 6 

simulated with IUWS (blue line) and rule-based model (red line). 
 
 
5.4 Integration and use of the rule-based regression model in the DSS 
 
A web-based interface was developed to connect all functions of the Mathematical module 
including calculation of DEHP loads in the catchments, simulating the DEHP concentration 
in the last river stretch with the rule based model, and evaluating emission barriers by 
manually changing specific loads and simulating the concentrations again.  
The Mathematical module Web Interface is used as a tool in the DSS for interpreting the 
effects of emission barriers (by reducing specific load in the catchment). The tool is PP and 
catchment specific. Therefore each different PP or catchment needs the following 
preparation steps to be performed (1) evaluation of the emission sources in the catchment, 
i.e. providing quality AM, (2) formulating and simulating a conceptual model for the 
catchment, (3) construction of data-driven model that mimics the behaviour of the 
conceptual model, and (4) implementation of the data-driven models into the Mathematical 
module. 
The models that run behind the module are specific to PP, catchment, range of emissions 
and the end-of-pipe treatment solution. Therefore changing any of these parameters leads to 
the modification or re-creation of the Mathematical module. Nevertheless, once the models 
are prepared for a specific catchment and integrated into the catchment-specific DSS, they 
can serve as an efficient tool for the decision making process in the catchment. 
 
6. CONCLUSIONS 
 
A methodology was presented for efficient integration of dynamic integrated urban water 
system (IUWS) models for simulating PPs into a modular and multi-objective DSS for 
control of PPs in an urban environment. The methodology is based on combining the 
results from this mechanistic model with a data-driven modelling approach. The Cubist 
machine learning method was used to synthesise the provided simulation data and to 
construct a simple rule-based regression model, which is easily integrated into the DSS. 
The methodology was successfully applied to a semi-hypothetical case study to construct a 

2218



N. Atanasova et al. / Integration (…) for control of priority pollutants in urban catchments 

model for DEHP concentrations in the receiving river. The data from previously simulated 
scenarios with the IUWS model were used to induce a rule based regression DEHP model 
and integrated in the DSS. The model matches with good accuracy the simulated data by 
the mechanistic model. As it is typical for data-driven models, it is case and substance 
specific, i.e. controlling another substance in the same catchment would require repeating 
the procedure and induction of another model. However, once a model is induced and 
integrated into the DSS, it can serve as an efficient tool for the decision making process 
concerning PPs in the catchment. 
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Abstract: The objective of this paper is to show the usefulness of multivariate statistical 
techniques to structure and visualize the information contained in multi-criteria matrixes 
obtained from the evaluation of control strategies in wastewater treatment plants (WWTP). 
The performance of sixteen different control strategies is evaluated by measuring their 
degree of satisfaction for twenty-four environmental, technical, economical and legal 
objectives using the “Neptune Simulation Benchmark” (an A2O WWTP removing organic 
matter, nitrogen and phosphorus). Cluster analysis (CA), principal component /factor 
analysis (PCA/FA) and discriminant analysis (DA) are applied to the simulation output of 
the tested control strategies. The results of the case study show that multivariate analysis is 
a useful tool to straightforwardly differentiate WWTP control strategies with multiple 
criteria. Specifically, CA identified similar patterns in the alternatives with and without 
external chemical addition and/or TSS controller. Also, PCA/FA allowed discovering the 
main correlations between the evaluation criteria and the control strategies influencing 
those criteria most. Finally, thanks to DA it can be seen that from the original list of 
evaluation criteria, only a small sub-set of four, i.e. sludge production, aeration energy and 
time in violation of effluent limits for COD and P, cause the main differences in the overall 
process performance. Future evaluation of control strategy performance can therefore be 
restricted to an evaluation of only these four criteria. 

Keywords: automatic control, benchmarking, cluster analysis, discriminant analysis, 
factorial analysis, multivariate analysis, nutrient removal 

1. INTRODUCTION 

Nutrient removal in Wastewater Treatment Plants (WWTPs) can be improved and 
optimised by implementing control strategies. Different control actions are possible (control 
of aeration, recirculation pumping, carbon addition, etc.) that allow improving/optimizing 
different aspects of the process (Devisscher et al., 2002, Ingildsen and Olsson, 2002; 
Olsson et al., 2005; Thomsen and Önnerth, 2009). The evaluation and comparison of 
different control alternatives is complex due to the fact that several factors have to be taken 
into account simultaneously, e.g. economic, environmental, technical, and legal aspects. 
The result is a complex evaluation matrix consisting of a large number of criteria that is 
difficult to interpret, thus making it difficult to draw meaningful conclusions.  
 
Multivariate statistical techniques have been widely used as unbiased methods in analysis 
of complex data for extracting significant information (see for example Johnson and 
Wichern (1992) and Hair et al. (1998)). These techniques can be used to unravel the 
natural association between treatment alternatives, operating variables and evaluation 
criteria, thereby highlighting information not available at first glance. This paper aims to 
show how multivariate statistical techniques can mine the intensive multi-criteria 
evaluation matrixes and provide aggregate indicators that enhance the understanding of the 
whole evaluation procedure. 
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2. METHODS 

2.1. Plant layout, model implemented control strategies and evaluation criteria 

The Neptune Simulation Benchmark (NSB) was the activated sludge plant under study. The 
NSB design was conducted following the Metcalf & Eddy guidelines (Metcalf & Eddy, 
2003). The plant layout is comprised of seven reactors in series (tanks ANAER1 & 2 are 
anaerobic with a total volume of 2000 m3, tanks ANOX1 & 2 are anoxic with a total 
volume of 3000 m3 and tanks AER1, AER2 & AER3 are aerobic with a total volume of 
9000 m3). These are linked with an internal recycle between the 3rd aerobic (AER3) and the 
1st anoxic (ANOX1) tank. The secondary settler has a surface area of 1500 m2 and a total 
volume of 6000 m3. Further details about the NSB design and default (open loop) 
operational setting can be found in Deliverable 1.2 of the EU Neptune project (www.eu-
neptune.org). 
 
Simulations were performed using the WEST modelling environment (MOSTforWATER 
NV, Kortrijk, Belgium). The EAWAG Activated Sludge Model No 3 Bio-P was chosen as 
(bio) chemical model (Rieger et al., 2001). This model has 19 state variables and describes 
(bio) chemical phosphorus removal with simultaneous nitrification and denitrification in 
activated sludge systems by means of a large set of non-linear differential equations. The 
model was extended to include chemical precipitation of phosphorus as in ASM2d (Henze 
et al., 2000). The double exponential velocity function of Takacs et al. (1991), based on 
the solids flux concept was selected as a fair representation of the settling process, using a 
10 layer discretisation. The kinetic parameters are adjusted according to the influent 
temperature using the Arrhenius equation. The default parameters for the activated sludge 
and the settling model can be found in Rieger et al. (2001) and Copp (2002) and the 
parameters for phosphorus precipitation kinetics were taken from Gernaey et al. (2002). It 
is important to highlight that the settling characteristics are assumed to be constant along 
the case study although the authors are aware that the floc characteristics may change in 
systems with chemical precipitation. Plant performance evaluation was based on a one year 
simulation with influent data generated according to the principles outlined in Gernaey et 
al. (2006) and adapted to the ASM3 Bio-P model. 
 
Sixteen control strategies were implemented and compared to a default open loop base case 
(A1). The control strategies [A = (A2,...,A17)], summarized in Table 1, were applied to the 
activated sludge section of the WWTP. The simulation results (open loop case + 16 control 
strategies) were the starting point for the work presented in this paper. All simulations (609 
days) were preceded by steady state simulations (200 days). Only the data generated during 
the last 364 days of simulation were used for plant performance evaluation. 
 

Table 1 Control strategies evaluated in this case study (SP: set-point; * 3500 gTSS·m-3 in winter  
and 4000 gTSS·m-3 in summer (T>15ºC), Qintr: internal recycle flow; Qcarb: Carbon addition flow;  

Qw: wastage flow; Qm: metal flow) 
Charact. O2 NH4

+ NO3
- 

(Qintr) 
NO3

- 
(Qcarb) 

TSS Surmacz PO4
-5 

Reference Olsson et 
al, 2002 

Olsson et 
al., 2002 

Olsson et 
al., 2002 

Olsson et 
al, 2002 

Olsson et 
al., 2002 

Vanrolle 
ghem and 
Gillot 2002 

Gernaey 
et al., 
2002 

Measured 
variable(s) 

SO 
AER1,2,3 

SNH  
AER3 

SNO 
ANOX2 

SNO 
ANOX2 

TSS 
AER3

OUR 
AER1 

SPO4  
AER3 

Controlled 
Variable(s) 

SO 
AER1,2,3 

SO SP 
AER1,2,3 

SNO 
ANOX2 

SNO 
ANOX2 

TSS 
AER3

So SP 
AER1&2 

SPO4  
AER3 

Set-point/ 
critical value 

2 gO2 m
-3 1 gN·m-3 1 gN·m-3 1 g N·m-3 3500 & 

4000* 
g TSS·m-3  

650  
gO2·m

-3·d-1 
1 g P·m-3 

Manipulated 
variable 

KLa SO SP Qintr Qcarb Qw SO SP Qm 

Control 
algorithm 

PI Cascaded 
PI 

PI PI Cascaded 
PI 

ON/OFF 
cascaded 
PI 

PI 

Control 
strategies 

A2-A17 A4, A5, A7, 
A8, A10, 
A11 

A3, A4, 
A5, A12, 
A13 

A6, A7, 
A8, A14, 
A15 

A5, A8, 
A11, A13, 
A15, A17 

A12-A17 A9, A10, 
A11, A16, 
A17 
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A set of evaluation criteria X = X1,....,X24 (see Table 2) was used to compare the different 
control strategies implemented in the NSB. The criteria include the effluent quality index 
(EQI) (taken from Copp, 2002 and adapted to include effluent phosphorus with a weight of 
10), the risk of suffering microbiology-related TSS separation problems (Comas et al., 
2008) and the original operational cost index (OCI), suggested by Vanrolleghem and 
Gillot (2002) adapted to include metal addition cost. The other criteria such as the time the 
plant is in violation for certain effluent limits (Tviol) can be found in Copp (2002).  
 
2.2. Multivariate statistical techniques  

The work conducted here follows the methods applied in Flores et al. (2007): 
 
Cluster analysis (CA) is an unsupervised pattern recognition technique that uncovers 
intrinsic structure or underlying behaviour in data without making a priori assumptions. 
Classification of the objects or a system into categories or clusters is based on the nearness 
or similarity of data points (e.g. Hair et al., 1998). In this contribution hierarchical 
clustering is performed on the data set – after scaling the variables between 0 and 1 – by 
means of Ward’s method, using the Euclidian distance as a measure of similarity. 
 
Principal component Analysis (PCA) extracts the eigenvalues and eigenvectors from the 
covariance matrix of the autoscaled variables. The set of principal components (PCs) are 
the uncorrelated (orthogonal) variables obtained by multiplying the original correlated 
variables with the eigenvectors. Factor analysis (FA) further reduces the contribution of less 
significant variables obtained from PCA and results in the new groups of variables known 
as varifactors (VF) extracted through rotating the axis defined by PCA (Hair et al. 1998). 
 
Discriminant Analysis (DA) is used to determine the variables (criteria) which allow 
discrimination between two or more naturally occurring groups (Johnson and Wichern, 
2002). It operates on raw data and the technique constructs several discriminant functions 
identifying the most relevant criteria. 
 

3. RESULTS 

3.1. Cluster analysis 
Figure 1 presents the dendogram with all implemented control strategies. Depending on the 
rescaled distance different levels of clustering are obtained. In the upper level, control 
strategies were grouped into three main statistically significant clusters (cluster 3.1, 3.2 and 
3.3). The first cluster corresponds to strategies without chemicals addition (strategies A1, 
A2, A3, A4, A5, A12 and A13), the second groups strategies with metal addition (A9, A10, A11, 
A16 and A17) and the third corresponds to strategies with external carbon source addition 
(A6, A7, A8, A14 and A15). When the clusters are further classified, five groups of control 
strategies can be discerned (cluster 5.1, 5.2, 5.3, 5.4 and 5.5). Both clusters 3.2 and 3.3 are 
subdivided in clusters with (cluster 5.2 and 5.4) and without TSS control (cluster 5.3 and 
5.5). Overall, the most important message after clustering is that there are five different 
types of control strategies, where the presence and the absence of external chemicals and 
/or a TSS controller are key elements creating the differences between the groups. 
 
3.2. Principal component/factor analysis 
PCA/FA was applied to the autoscaled simulation output to compare the evaluation criteria 
of the implemented control strategies and to identify the most influential factors. PCA of 
the entire data set resulted in four PCs with eigenvalues higher than 1. A varimax rotation 
of the PCs to the four corresponding VFs explained about 93 % of the total variance. The 
values of the PCs were further cleaned up with this technique and in the VFs the 
contribution of the original criteria could be identified more clearly. 
 

The loadings (coefficients) of the evaluation criteria on the four first rotated PCs are 
presented in Table 2. The factor loadings were classified as “strong” (bold), “moderate” 
(italics) and “weak” corresponding to absolute loadings being >0.70, 0.70-0.50 and < 0.25.  
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Figure 1. Dendogram showing clustering of the implemented control strategies in the Neptune 

 

VF1, which explained 42.18 % of the total variance, had strong (in bold) positive loadings 
for X5, X6, X7, X9, X10, X13, X17, X19, X20 and strong negative loadings for X2, X16, X23. This 
VF thus described the effect of the external carbon source addition. In fact, a periodic 
addition of an external carbon source (X13) implies the subsequent increase of the sludge 
production (X9) and aeration energy (X10). In addition, there is a decrease of the effluent 
total nitrogen (X2, X16) as a direct consequence of the lower effluent nitrate concentrations). 
Nevertheless, negative impacts of the external carbon source addition are a decrease of the 
overall organic matter pollution removal efficiency (X5, X6, X7, X17, X19, X20), and a higher 
oxygen demand in the aerobic zone, i.e. higher aeration energy (X10). Thus, operating 
conditions occurred that potentially could lead to low DO bulking (X23). VF2 which 
explained 24.9 % of the total variation was positively correlated with X3, X4, X8, X21 and 
negatively with X12. This VF highlighted that with the addition of a metal salt (X12) it is 
possible to achieve very low concentrations of phosphorus in the effluent (X3, X4, X21) 
improving the overall wastewater treatment removal efficiency (X8). Criteria X1, X17, X24 
presented strong loadings in VF3 (19.7% of the total variance) indicating low nitrification 
efficiency. Finally, VF4, explaining 5.6 % of the total variance, had strong positive loading 
with mixing energy. The criteria X22 (bulking due to influent C and N disequilibrium) was 
not included in the analysis because it exhibited a constant value (i.e. variance zero).  
 

Table 2. Loading of the evaluation criteria on the four first rotated PCs for the complete data set 
  VF1 VF2 VF3 VF4 

Total Kjeldahl Nitrogen (TKN) X1 0.03 -0.18 0.91 0.15 
Total Nitrogen (TN) X2 -0.81 -0.02 -0.30 -0.33 
Total Phosphate (SPO4) X3 -0.02 0.99 -0.12 0.04 
Total Phosphorus (TP) X4 -0.03 0.99 -0.12 0.04 
Chemical Oxygen Demand (COD) X5 0.96 0.24 0.00 0.06 
Biochemical Oxygen Demand (BOD5) X6 0.93 0.14 0.26 0.21 
Total Suspended Solids (TSS) X7 0.98 -0.10 0.04 0.07 
Effluent Quality Index (EQI) X8 -0.06 0.99 -0.08 0.01 
Sludge Production (Psludge) X9 0.70 -0.24 -0.61 0.24 
Aeration Energy (AE) X10 0.71 0.19 -0.61 -0.07 
Pumping Energy (PE) X11 0.24 -0.58 0.55 0.18 
Metal Salt (MS) X12 -0.30 -0.93 -0.09 -0.16 
External Carbon Source (CS) X13 0.75 0.09 0.61 0.14 
Mixing Energy (ME) X14 -0.16 -0.22 0.02 -0.88 
Operational cost index (OCI) X15 0.55 -0.66 0.64 0.01 
Nviolation (Limit = 18 g m-3) X16 -0.86 0.12 -0.09 0.13 
COD violation (Limit = 100 g m-3) X17 0.98 0.00 -0.02 0.07 
SNH violation (Limit = 4 g m-3) X18 -0.16 -0.12 0.95 -0.11 
TSS violation (Limit = 30 g m-3) X19 0.98 0.00 0.00 0.07 
BOD5 violation (Limit = 20 g m-3) X20 0.98 0.01 0.04 0.08 
P violation (Limit = 2 g m-3) X21 0.19 0.97 0.02 0.13 
DO deficiency bulking X23 -0.77 -0.10 -0.41 0.34 
Low F/M bulking X24 -0.26 -0.04 -0.84 0.14 
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It is important to highlight the role that some moderate factor loadings (0.7 – 0.5) had in the 
created factorial model. For example X9 and X10 had a moderate role in VF3. The 
correlation between (X9) and (X1, X18) was mainly due to the improvement of the 
nitrification process when the airflow increases. Also, the increased sludge production (X10) 
consequently decreased the F/M ratio and finally increased the risk of bulking due to low 
F/M. Another example was the influence of the operating cost index (X15), which was 
relatively high in VF1, VF2 and VF3. Thus, the addition of either an external carbon source 
(VF1) or a metal salt (VF2) and higher aeration energy (VF3) increased costs. 
 

Once the principal components were identified and labelled, the scores obtained by the 
implemented control strategies, can be calculated as a linear combination of the original 
criteria values. The representation of the scores is depicted in Figure 2. As expected, the 
results of PCA/FA were in good agreement with these of the CA. Control strategies with 
external carbon source (cluster 3.3) present high scores in VF1 (Figure 2, left) and are 
characterized by high operating costs and low effluent nitrate concentrations in the effluent. 
Cluster 3.2 presented high scores in VF2 (Figure 2, left) associated to the addition of a 
metal salt and low effluent phosphorus concentrations. This fact is attributed to the low 
soluble organic matter coming with the influent that makes a complete biological nitrogen 
removal really difficult without the addition of chemicals. Thus, in order to achieve low 
concentrations of nitrate and phosphates in the effluent it is necessary to add either external 
carbon source or metal salt. Strategies A4, A5 (with ammonia controller and without 
chemical addition) presented the highest nitrification efficiencies and therefore presented 
the lowest scores in VF3 (Figure 2 right). Low scores in VF4 (Figure 2, right) were 
obtained for those strategies with an OUR controller (A12, A13, A14, A15, A16, A17) mainly due 
to the higher mixing energy consumption that is due to the activation/deactivation of the 
aeration system in the aerobic zone.  
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Figure 2. Principal component scores for the implemented control strategies for the principal 

component 1 and 2 (left) and for principal component 3 and 4 (right) 
 

From the above we learn that PCA/FA helps us understanding the most important impacts 
of control strategies and their main interdependences. Thus, rather than evaluating the 
different control strategies in 24 dimensions, this approach drastically reduces the analysis 
to 4 VFs. These VFs explain the impact of the external carbon source (VF1), the addition of 
metal salt (VF2), the nitrification efficiency (VF3) and the mixing energy (VF4). 
 

3.3. Discriminant Analysis 
Finally, discriminant analysis (DA) was performed aiming at dividing the original data set 
into the three groups identified by CA, i.e. control strategies with and without chemical 
additions. The control strategy was the grouping variable, while all evaluation criteria were 
considered as independent variables. DA was performed using all evaluation criteria except 
X22 (again because of its null variance) and it rendered classification matrixes (CM) 
assigning 100 % of the cases correctly. The stepwise DA showed that criteria X9, X10, X17 
and X21 were the discriminant variables. The correct grouping pattern of DA coincided with 
the clusters obtained in CA. Both CA and DA predict important differences in operational 
costs and plant performance due to the impact of the addition of chemicals. The 
discriminant functions are listed in Table 3. 
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Table 3. Classification functions for discriminant analysis of the implemented WWTP control strategies 
 Description D1 D2 

X9 Sludge production (Psludge) 1.32 1.37 
X10 Aeration energy (AE) 1.29 0.93 
X17 CODviolation 1.41 0.40 
X21 Pviolation 1.83 -0.08 

 
Figure 3 represents the scores of each control strategy to the two determined discriminant 
functions (D). Thus, D1, with the highest discriminant ability separated cluster 3.2 from 
clusters 3.1 and 3.3. This is mainly due to the effect of the metal salt addition on the overall 
plant performance. The addition of the external carbon source explains the separation of 
cluster 3.1 and 3.3 as also shown in Figure 3. Thus, the message that can be extracted from 
this part is that sludge production (X9), aeration energy (X10), COD (X17) and P (X21) 
violation are the only four criteria that need to be looked at when comparing strategies, as 
these criteria had the highest discriminating power.  
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Figure 3. Classification functions for the discriminant analysis of the implemented control strategies 

 
4. DISCUSSION 

Overall, this analysis showed a straightforward way of characterizing alternatives. By 
looking at the clusters in some more detail, one can identify commonalities that allow 
generalization. For example, in case an environmentally friendly alternative is looked for, 
one would go for one of the control strategies within cluster 3.2 and 3.3, i.e. more 
expensive to operate but with lower eutrophication potential due to a reduced effluent N 
and P. On the other hand, if there are some budgetary limitations, the alternatives with the 
better chance of being successful are included in cluster 3.1. In the same way, it is possible 
to know in advance that switching from a metal salt controller (cluster 3.2) to an external 
carbon addition controller (cluster 3.3) will suppose a drastic increase in P violations. If this 
change is made from cluster 5.2 and 5.3 (external carbon) to 5.1 (no chemical addition) 
these differences lead to a substantial reduction of sludge production and aeration energy. 
This method thus provides process engineers, plant operators and decision makers more 
knowledge than current evaluation methods, highlighting pros and cons of each decision 
and enhancing the understanding of the whole evaluation process. 
 
Some of the conclusions that arise concerning the control behaviour have to be taken with 
care and it may be dangerous to draw universal conclusions. For example, in some cases, it 
was found that the implementation of some controllers did not come up with either 
substantial cost reduction or effluent quality improvement to make the investment 
worthwhile, e.g. the OUR and ammonium controllers. The controllers presented in this 
paper were selected and combined in an arbitrary way and were not optimized, i.e. the 
values of the set-points were taken from literature. Hence, the simulations reflect the 
complex interactions amongst them. For this reason, they do not necessarily reflect their 
sole and true behaviour. Rather, the analysis methods presented here are intended as 
valuable research tools to coordinate the discussion and plan future research activities in 
order to assess the performance of some control strategies that improve nutrient removal. 
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Further research is envisaged by the authors to extend the analysis with additional 
simulations modifying the set-points of the proposed controllers in order to evaluate the 
implication of, for example, higher or lower oxygen, TSS, ammonia or nitrate 
concentrations in the bioreactors. 
 
Another interesting point that can be extracted relates to the conceptualization of fault 
tolerant control strategies. For example, in the event that the NH4

+ controller fails, the 
results of Figure 2a show that it can easily be deactivated temporally without substantial 
implications in terms of effluent TN and TP. Nevertheless, one should keep in mind that an 
increase of the effluent ammonia has to be expected in some cases (Figure 2 left). On the 
other hand, if either the external carbon source or the metal salt addition controllers fail, 
and no dosage occur for a while, a drastic deterioration in effluent quality will result. 
 
Finally, the impact of the initial list of evaluation criteria should be mentioned. The results 
of the multivariate analysis show that redundant information is included within the set of 
criteria, and only few of the initial 24 criteria present a clear variation from one alternative 
to another. Nevertheless, the reader should be aware that it is impossible to know a priori 
which would be the main correlation between the evaluation criteria. Each PCA model is 
really case-specific and some changes may occur from one study to another, with different 
control strategies and evaluation criteria. For this reason, the authors advocate the use of the 
studied techniques to improve the interpretation to the information generated by assessing a 
multitude of criteria in view of an effective evaluation of control strategies. As a side effect, 
there is also a reduction in the cognitive load on the decision maker, yielding more 
knowledge than current evaluation methods provide and enhancing the understanding of the 
whole evaluation process.  
 

5. CONCLUSIONS 
The results of the multivariate analysis generated several conclusions.  
 
i) Cluster analysis (CA) proved to be a useful tool offering reliable classification of 

groups of control strategies according to their behaviour for the Neptune 
benchmarking case study. CA performed this function well, rendering five groups 
of similar control strategies and identifying similar patterns in the control 
strategies with and without chemicals addition and/or TSS controller. 

ii) Principal component analysis/factor analysis (PCA/FA) showed the main 
correlations between the evaluation criteria and the control strategies influencing 
those criteria. The four PCs identified were responsible for 93 % of the total 
variability (compared to 24 original criteria). As a result, various synergies were 
identified, e.g. carbon and metal addition correlate with higher nitrogen and 
phosphorus removal. Tradeoffs were also identified e.g. chemical addition against 
higher operating costs, carbon addition against worse organic matter pollution 
removal. In addition, with the results of the factorial scores, it was possible to 
identify the similarities between the implemented control strategies and the PCs 
extracted in the first part of the analysis. For example, alternatives with an 
ammonia controller were located in the VF3 that correlated with nitrification 
efficiency. 

iii) Finally, discriminant analysis (DA) showed that only 4 criteria were needed to 
discriminate within the classes obtained by CA. Two discriminant functions were 
obtained, allowing 100% correct assignation and resulting in considerable data 
reduction. Analysis of the discriminant scores allowed finding the minimum set of 
criteria to differentiate the control strategies. 
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Abstract: Sewer systems are considered as complex large-scale systems that traditionally collect and transport
stormwater and sanitary sewage out from urban areas. Each subsystem is in itself composed of a large number of
elements with time-varying behavior, exhibiting several operating modes and subject to changes due to external
conditions and operational constraints. Sewer systems are mainly operated using pumping stations and pollu-
tants are removed from sewage by treatment plants before water is released into the environment. When a sewer
overflow occurs, e.g., caused by a strong rainfall, sewage is discharged directly into the environment with some
dilution but without treatment. An efficient use of storage capacities and pumping stations can help to minimize
the environmental pollution caused by sewer overflows. In this paper a nonlinear predictive control approach is
presented to improve the operation of sewer systems. To deal with the nonlinear and non-differentiable features
of the used prediction model, a pattern search method is proposed to solve the underlying optimization problem.
The technique proposed is implemented on a part of the sewer system of Bogotá, Colombia. Simulation results
illustrate the potential of the approach.

Keywords: model predictive control, nonlinear optimization, pattern search, City Drain toolbox.

1 INTRODUCTION

Urban wastewater systems consist principally of the sewer system (including combined sewer overflows (CSO)
structures, pumping stations, stormwater channels, etc.), the wastewater treatment plant (WWTP), and the receiv-
ing system (normally rivers). Sewer systems are large-scale water transportation systems that span complete urban
areas. On one hand, they are the complementary part of water distribution systems by draining wastewater (pro-
duced by domestic usage and industrial facilities) out from urban areas up to wastewater treatment plants that
remove physical, chemical, and biological contaminants, before releasing the wastewater into the natural environ-
ment. On the other hand, sewer systems prevent stormwater arising from excessive rainfall to flood into streets
by draining water up to neighboring rivers. Urban drainage systems handle two types of water - wastewater and
stormwater [Butler and Davies, 2004]. There are two traditional types of urban sewer systems, combined and
separate. The combined system coveys wastewater and stormwater in a single pipe, allowing discharges into the
receiving water body from combined sewer overflows when the capacity of the system is exceeded. While, in a
separate system, stormwater is separately transported by storm sewers and discharged, normally without treatment,
into the receiving water system. An efficient operation of sewer systems is of crucial importance to minimize the
amount of pollutants that is spilled into the environment. Cities in areas that experience heavy rainfall as well as
coastal towns that regularly experience storms and cities with sewer systems with limited capacity are hereby of
major concern. Moreover global climate changes cause more intense periods of precipitation than before [Inter-
governmental Panel on Climate Change, 2007], increasing the risk of floods and overflows. In particular combined
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sewer overflows can hereby cause serious water pollution problems as untreated sewage is then spilled into the
environment. Sewers are frequently operated using pumping stations to control the flows in the system. This op-
eration is generally carried out manually. When storage facilities are present, they allow to store sewage during a
storm. When the storm is over, sewage is pumped out of the storage facilities and sent to a wastewater treatment
plant. An efficient operation of the pumping stations and an efficient use of the storage facilities can minimize the
sewer overflows, improve the use of the wastewater treatment plant, and consequently reduce the uncontrolled spill
of pollutants. Control systems for sewer netwkorks has been developed since late 1990s with [Marinaki and Pa-
pageorgiou, 1997], [Marinaki and Papageorgiou, 2005] and [Pleau et al., 2005]. This paper presents an approach
that propose a novel nonlinear predictive control for improving the operation of sewer systems using a pattern
search optimization technique. The predictive control is based on a nonlinear simulation model instead of a linear
model usually used in predictive control problems. This work is in line with recent innovative works in modeling,
simulation, and control of urban wastewater systems. These works have a model-based framework, optimal control
features, and real-time computation concerns in common [Schütze et al., 2004; Marinaki and Papageorgiou, 2005].
Within the framework of model predictive control (MPC) strategies, which have attracted the attention for over a
decade for their ability to handle explicitly economic objectives as well as operational constraints, there are works
as e.g., [Gelormino and Ricker, 1994; Cembrano et al., 2004; Ocampo, 2007; Fiorelli and Schutz, 2009]. Recent
works include MPC with fault detection [Ocampo, 2007], MPC using a multi-goal objective function [Fiorelli
and Schutz, 2009], and MPC based on hybrid dynamical models [Ocampo-Martinez et al., 2007], optimal real
time control of sewer networks [Marinaki and Papageorgiou, 2005]. Pattern search methods are suitable in this
work as the prediction model that is used in the controller. These optimzation methods do not require any explicit
information about the gradient of the objective function or constraints to find an optimal solution.

2 SEWER SYSTEMS OPERATION

Sewer systems are drainage networks composed of sewers, collectors, and surface or open channels that drain
stormwater and urban sewage. A sewer system is generally composed of one or more catchment areas, the char-
acteristics of which depend strongly on the topography of the area. To manage volumes and flows in the system,
several elements are present, such as storage tanks, collectors, valves, and pumping stations. A storage tank is
used to store excess rain in order to avoid overflows. In combined sewer systems such overflows are referred to
as combined sewer overflows (CSO). A collector is a conduit that receives stormwater and/or sewage from lateral
sewers or other branch conduits. Valves are elements that essentially constrain or block the sewer and allow to
regulate its flows. A pumping station is a facility including pumps and equipment to push sewage to wastewater
treatment plants. It is worth noting that a wastewater treatment plant has a limited capacity (maximum input flow).
Under normal conditions, operators or local controllers act on the system with the aim to locally regulate volumes
and flows in the network. Under particular conditions such as intense rainfall, volumes and flows grow rapidly,
and flooding and combined sewer overflows may occur. An efficient use of storage facilities and pumping stations
may prevent or minimize such overflows.

2.1 Bogotá case study
The Bogotá sewer system consists of four main catchments: Torca, Salitre, Fucha and Tunjuelo. Each one is
drained by one urban river with the same names as the catchments. The sewer system of Bogotá has been developed
into two phases: combined catchments form the oldest part of the network while the more recent part is constituted
by separated catchments. A part of Salitre catchment is used for the case study as illustrated by Figure 1 and it
includes one treatment plant with a maximum capacity of 4 m3/s, 3 pumping stations each one composed by a
storage tank of minimum capacity and one or several pumps, and 3 storage facilities with regulated output flow.
The latter means 6 control inputs. Salitre catchment has been divided in several subsystems (1, 2, 3 in Figure 1)
and each one has a local controller that make decisions about actuators’ set points. More details about studied
subcatchments is depict in table 1.

Number of urban Mean % Wrong Mean % Wrong
ID Sub- sub-catchments Connections Connections Mean % Mean % Mean %

area (separated sewer system) Mean Area (Ha) (Sanitary to Pluvial) (Pluvial to Sanitary) Residential Use Industrial Use Comercial Use
1 13 78 13 16 90 5 2
2 18 89 14 22 86 4 7
3 8 63 17 14 91 1 4

Table 1: Detail description about studied subcathments in Bogotá sewer systems, see figure 1.

The main problems related with the combined system in Bogotá can be summarized as follows: direct discharges
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Figure 1: Bogotá Sewer System - Salitre catchment. Compartir Las Mercedes subcatchment (1), Córdoba Britalia
subcatchment (2) and Suba Tibabuyes subcatchment (3).

of wastewater without treatment as a consequence of the absence or lack of adequate infrastructure, and some com-
bined sewer overflows (CSO) discharges even during dry weather periods. Regarding the separate system, there
are many wrong connections from the wastewater system flowing into the storm drainage system and viceversa.
As a consequence of wrong connections, the water quality in the storm drainage channels is bad and there is a high
risk of sanitary sewer flooding during intense rainfall events. Actually, the separate system acts more as a dual
combined system rather than as a separate one, [GRUCON-IEH-Soprin, 1999]. Clearly the physical limitations
in terms of maximum volumes and flows would not permit to completely prevent the overflows in the system, but
an improvement in the coordination of the local controller actions of storage tanks and pumping stations could
help to reduce the overflows when such strong rainfall events occur. This is the purpose of the control scheme
that is proposed in this paper. Therefore stormwater and sewage flows that enter into the system are considered
as disturbances. In a recently published paper ([Leirens et al., 2010]), the stormwater and sewage profiles used
did not vary between sub-catchments, i.e. a single profile of stormwater and a single profile of sewage were used
to simulate the system. For this work it is worth noting that one profile of rain and one profile of sewage were
used for each sub-catchment, which means that the model is able to take into account the spatial and temporal
variability of stormwater and the generation of sewage. These profiles have been calculated and validated with
measurements taken between 2006 and 2009 by the environmental engineering research centre (CIIA from its
Spanish name - Centro de Investigación en Ingenierı́a Ambiental) at Universidad de los Andes. The Bogotá urban
drainage model uses a seven-step parsimonious methodology in order to generate a set of stochastically-defined dry
weather profiles (DWF) profiles for each non-measured subcatchment and each state variable (such as wastewater
flow, Biochemical Oxygen Demand - BOD -, Chemical Oxygen Demand - COD - Total Suspended Solids - TSS
-, among others). The proposed methodology is supported by data collected from field campaigns and the sub-
catchment’s well-known properties (such as land use, per-use consumption distribution, area, slope, travel time,
etc.); all these taking into account the profile’s inherent uncertainty.

2.2 Integrated Bogotá sewer system modeling
Research groups in Bogotá have been working in co-operation with the sewer system managers with the final aim
of increasing understanding of the interactions between the sewer system, the wastewater treatment system and
the receiving water system. As part of this, a software tool - named City Drain c© - is being used, customized
and implemented for Bogotá city. This open source toolbox was developed by [Achleitner et al., 2007] for inte-
grated urban drainage modelling based on the European Water Framework Directive (WFD) requirements. The
City Drain c© toolbox has been developed within Matlab/Simulink c©. The key aspect of using this modelling
environment (which is actually used in several integrated simulators) is that the user can choose and freely adapt
from a block library representing the elements of the total system. Overall the computation is based on a fixed
discrete time step approach where each subsystem uses the same time increments, usually being predetermined
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by the temporal resolution of the rain data used. For allowing long term simulations the blocks implemented are
based on simple conceptual models for hydraulics (frequently denoted as hydrological models i.e., Muskingum
model [Achleitner et al., 2007]). The toolbox provides 5 different types of blocks in order to build an integrated
urban drainage model, they are: the source blocks, the catchment and sewer blocks, the wastewater treatment
plant blocks, the river blocks and some tool blocks. The source blocks include Flow-read (reads flow data such as
time, flow and concentrations from ASCII files), Rain-read (reads rain data from ASCII files having a predefined
format), Rain-generator (generates rain data by means of a simple stochastic algorithm), QCM-Generator (gener-
ates a dynamic output on a weekly basis either for flow, concentration or mass). The catchment blocks include
different blocks for representing combined and separate sewer systems on a catchment level. Stormwater runoff is
modelled here by means of a catchment loss model (which accounts for initial and permanent losses) coupled with
a simplified Muskingum routing method, having as inputs rain volume per time step, dynamic dry weather flow,
dynamic infiltration flow and wastewater/stormwater flow introduced from an upstream catchment. There are two
different conceptual approaches to integrated modelling: sequential and parallel. The City Drain toolbox can be
classified as parallel one. Compared with sequential modelling, parallel modelling offers major advantages when a
feedback is necessary (e.g., for real time control - RTC - applications). This is possible because all the components
of the urban drainage system are simulated simultaneously. For example with a parallel simulation, the current
and predicted states of the river water can be used to determine the control actions in the sewer system, whereas in
sequential simulation this is not possible, since the water quality is only calculated after the simulation of the other
system is completed. Special blocks, named retention catchment blocks, which allow for conceptually representing
backpressure effects are provided. The sewer blocks (with and without retention as well) allow for flow/pollutant
routing in a sewer using the Muskingum routing method [Achleitner et al., 2007]. Other provided blocks are CSO
structures, wrong connections, pumping stations and WWTP. The river blocks also use the Muskingum method for
flow routing. Different blocks offer the possibility to simulate single or multiple stretches and to include pollutant
transport or not. [Rodrı́guez et al., 2008] and [Dı́az-Granados et al., 2009] presented the development of an inte-
grated modelling approach for the Bogotá urban drainage system (model set-up). This includes an overview of the
older, recent and ongoing research towards improved management of urban drainage systems using an integrated
framework.

3 PREDICTIVE CONTROL OF SEWER SYSTEMS

In model predictive control, the control actions are obtained at each control sample step kc by solving an optimiza-
tion problem that minimizes an objective function over a finite prediction horizon, subject to the evolution of the
prediction model specified by the mapping P and operational constraints, e.g., on control inputs [Maciejowski,
2002]. The objectives considered, cost function and constraints for the case study are the following:

• Ensure the use at its full hydraulic capacity of treatment of the wastewater treatment plant, while minimizing
overflows that occur when the sum of the pump flows is larger than the maximum capacity of the treatment
plant.
• Reduce or avoid overflows of the sub-catchments (storage tanks) of the sewer system.
• Minimize the economic cost when using the pumping stations since they can be used before rainfalls and/or

after it has stopped falling.

The bounds on the control inputs u, e.g., minimum and maximum thresholds vmin
pump and vmax

pump for the local
controller of the pumps, and minimum and maximum output flow rates qmin

out and qmax
out of the storage tanks, are

taken into account in the form of inequality constraints:

ulower ≤ u(kc + i) ≤ uupper, (1)

for i ∈ {0, . . . , Nc − 1}.

The combined control objectives give us the cost function over the prediction horizon defined as:

J
(
ũ(kc), ỹ(kp)

)
=

Np∑
i=0

(
JTP

(
y(kp + i)

)
+ Joverflow

(
y(kp + i)

)
+ Jpump

(
y(kp + i)

))
. (2)

There is a weight factor for each objective and their values has beeen determined of appropriate dimensions. For
example, the Jpump factor mantain its value because the cost of operation of a pump is considered contant. In JTP
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and Joverflow cases, their weight values are changing because of the priority of the system at the time instant i.e.,
when a storwater is present the main objective is to avoid the overflows in storage tanks so the weight factor must
be major than JTP. The event when there is dry weather present, the priority is to treat the major quantity of water
in the waste water treatment plant so JTP will major than Joverflow.

3.1 MPC optimization problem
The MPC problem can now be formulated as an optimization problem that has to be solved at each control step,
given current states xc(t0), xd(t0), and u(kc − 1) at t0:

min
ũ(k),ỹ(k)

J
(
ũ(k), ỹ(k)

)
(3)

subject to

ỹ(k) = P
(
x(k), ũc(k)

)
(4)

ũlower ≤ ũ(k) ≤ ũupper (5)
ỹlower ≤ ỹ(k) ≤ ỹupper (6)

Where P maps the initial continuous state. By substituting the prediction model (4) into the objective function
(3) an optimization problem with a nonlinear, non-differentiable objective function and simple box constraints is
obtained. More details on the mathematics of predictive control, objectives and constraints for the case study can
be found in [Leirens et al., 2010].

Figure (2) depicts the MPC strategy. Future outputs for a determined prediction horizon Np are predicted at each
instant using the model. These predicted outputs ŷ(Kp) depend on the known values up to instant Kc + i and on
the control signals u(Kc − 1), which are computed to be sent to the system. The set of future control signals is
calculated by optimizing a determined criterion to keep the system as close as possible to the reference trajectory.
This criterion usually takes the form of a quadratic function of the errors between the predicted output signal
and the predicted reference trajectory. When the model is nonlinear and there are some constraints, an iterative
optimization method has to be used to obtain an explicit solution. The control signal u(Kc) is sent to the process
whilst the next control signals are rejected, because at the next sampling instant y(Kc + 1) is already known and
the procedure can start over again. The operation is repeated with this new value and all the sequences are brought
up to date. Thus, the u(Kc + 1) is calculated using the receding horizon concept. τ represents the time that the
optimizer takes to compute the new control signals.

Kc + i ... Kc + Nc − 1

...

y(Kc)

Nc

t

(a) Process output

...

Np

t

ŷ(Kp)

Kp + i ... Kp + Np − 1

(b) Predictor output

u(Kc)

tτ Nc

(c) Control input

Figure 2: MPC strategy.

3.2 Prediction model
This section details how the City Drain toolbox model can be used as a prediction model. Consider a time
interval [t0, tf ], i.e., the prediction interval. Given an initial continuous state xc(t0) ∈ Rnxc , an initial dis-
crete state xd(t0) ∈ Rnxd , and a collection of inputs u(t) ∈ Rnu over the full prediction interval, computing
a prediction means solving an initial value problem and obtaining the outputs y(t) ∈ Rny , for t ∈ [t0, tf ].
In a discrete-time control framework, control inputs are provided at discrete control sample steps kc + i, for
i = {0, 1, . . . }, where kc + i corresponds to continuous time t0 + (kc + i)Tc and Tc is the control sample
time. A zero-order hold is used to maintain the control inputs constant between two control sample times, i.e.,
u(t) = u(kc) for t ∈ [t0 + kcTc, t0 + (kc + 1)Tc). Then a prediction model is given by a sequence of Nc in-
puts, ũ(kc) =

[
uT(kc), . . . ,uT(kc +Nc − 1)

]T
, where Nc = b tf−t0

Tc
c + 1 is the number of control inputs over
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the prediction horizon (bτc is the integer part of τ ). Similarly, we assume that computing the output y for every
Tp time units adequately represents the underlying continuous signals. The output sequence is then defined as
ỹ(kp) =

[
yT(kp), . . . ,yT(kp +Np − 1)

]T
, where Np = b tf−t0

Tp
c + 1. For the Bogotá case study, the sewer

system model built with the City Drain toolbox does not contain algebraic loops nor implicit differential equations,
and therefore without loss of generality, we can assume that the prediction model is given by the mapping

ỹ(kp) = P (xc(t0),xd(t0), ũ(kc)) , (7)

where P maps the initial continuous state xc(t0) and discrete state xd(t0) at time t0, and the Nc inputs collected
in ũ(kc) to the Np outputs collected in ỹ(kp). The prediction model P involves continuous-time dynamics in the
form of nonlinear differential equations in combination with discrete-event dynamics in the form of discrete logic
and if-then-else rules. Therefore, the sewer system model is a nonlinear and nonsmooth dynamical system and
consequently, computing numerical solutions, i.e., predictions, is a costly process. It’s worth to note that although
both models are the same (process and simulator) the sample time used for both cases is different i.e., Tc < Tp

where Tc is the sample time at process simulation and Tp is the sample time at prediction stage.

4 PATTERN-SEARCH METHODS FOR NONLINEAR OPTIMIZATION

In the MPC problem defined above (after the substitution of the prediction model) evaluating the objective func-
tion is expensive due to the evaluation of the prediction model which involves a Simulink simulation. In practice,
computation time is limited and within the available computation time a solution that is as good as possible has to
be determined. Solvers that use this first-order or second-order information will therefore perform numerical esti-
mation, involving numerous objective function evaluations. In addition, due to the non-smoothness of the problem
there are many local minima in which this type of solvers typically can get stuck quickly. We propose to use a
so-called direct-search optimization method, which does not explicitly require gradient and Hessian information
[Wright, 1996]. The only property that this method requires is that the values of the objective function can be
ranked. This feature together with the feature that direct-search methods are suitable for non-smooth problems,
make that such a method is suitable for solving the control problem at hand. In particular, we propose to use the
direct-search method pattern-search [Lewis et al., 2000] for its straightforward implementation and its ability to
yield good solutions, even for objective functions with many local minima. For a more detailed description about
this optimization method see [Dennis and Torczon, 1994] and for its application see [Leirens et al., 2010].

5 SIMULATION RESULTS, CONCLUSIONS AND FUTURE WORK

Several different events had been studied for the Bogotá case study and one of the simulated events which good
results are presented in this section. The City Drain model is used both for representing the system to be controlled
and as a prediction model in the model predictive controller. Typically, rainfall and sewage predictions until 5 h
ahead are considered accurate. The average settling-time of the system is around 1 h. Consequently, the prediction
step Tp is selected equal to 1 h and the control step Tc is selected equal to 10 mins. The prediction horizon is 5 h,
i.e., Np = Nc = 5 and the simulation time is 24 h, starting at midnight.
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Figure 3: Disturbances profiles.

In this simulation case several sewage profiles are used. Each profile is generated in a stochastic way and is
associated to each subcatchment of the system. The generation of the profiles (figure 3) has been calibrated and
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validated by the CIIA. In figure 3b a spatial variation in profiles can be seen, the latter caused by the differences
in the land use of the subcatchment (i.e., industrial, domestic). In manual operation mode, actuators of the system
(3 storage tanks and 3 pumping stations) do not change their values of input control. For this case outputs flow
of storage facilities are completely open, while the set piont to start pumps of pumping stations is setted at almost
the maximum capacity of storage of tanks of pumping stations. The latter means that pumps are started only
when is necessary. Storage facilities are used in both cases (manual and MPC). Figures (4c) and (4d) depicts the
evolution of the accumulated volumes in storage tanks (volume) and in tanks of pumping stations (volume2). A
more efficient use of storage facilities is presented in figure (4b). In figure (4b) accumulated volumes are greater
than accumulated volumes in figure (4a), because with the MPC, storage facilities help to not violate the constraint
of maximum capacity of the treatment plant.
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Figure 4: System’s responses in manual operation (a) and with MPC (b). Control inputs (c) and overflows in
system (d).

Figure (4c) shows the maximum thresholds vpump
max of the local controller of the 3 pumps and the output flow

rates qout of the storage tanks with respect to time, as well as the corresponding bounds. The MPC improves the
operation of the sewer system regarding the storage facilities and pumping station operation. The latter can be
confirmed by figure (4d), where a comparison of overflows in manual operation (that occurs in storage facilities)
with overflows with MPC is made. For others studied events, depending of the stormwater intensity, the accu-
mulated volumes at storage facilities are reduced and the improvement performance of sewer system is reduced
(CSO minimized). The MPC controller uses an internal model of the system to predict its future behavior and
to choose the best actions to apply to minimize the consequences of strong rainfall events, i.e., overflows, and to
improve the operation. The prediction model has been built with the City Drain toolbox. The prediction model
is non differentiable and a pattern-search algorithm is used to solve the optimization problem that arises from the
MPC strategy. The results show the capabilities of the proposed approach applied to the operation of the Bogotá
sewer system. The use of a simulator as a predictor model supports this application for sewer systems that are
modeled in City Drain. The required time to compute the whole information and to obtain results is compatible
with real-time operation in the Bogotá network. Future research will focus on further assessing the performance
of the proposed scheme in particular taking into account practical time constraints. Moreover, robustness of the
scheme will also be investigated by explicitly considering uncertainty in the disturbance profiles. Furthermore,
distributed implementations of the scheme will be considered in a distributed MPC setup in which the different
parts of the city will have dedicated MPC which controllers, which via coordination locally choose actions that are
system-wide optimal.

2235



REFERENCES
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Abstract: A new method for qualitative classification in real-time, in a biological nutrient re-
moval sequencing batch reactor process for wastewater treatment, is proposed to diagnose the
quality of the effluent water. A PCA (principal component analysis) model of the process is built
with historical data of normal operation batches. The model is used to determine the classification
from a new batch release and detect the normal or abnormal batch behavior. Then, by means of
contribution analysis, each phase of the batch cycle is diagnosed. The behavior of the contribution
of different variables at each phase of the cycle is used for this purpose, giving a fault signature
as a result. Historical data of abnormal operation batches are then used to obtain a set of fault
signatures representing the range of possible incidences in the effluent quality. Finally, by apply-
ing rule induction algorithms (RIA) to the set of fault signature, knowledge is extracted and a set
of rules are created. To achieve the final goal, the PCA model, the contribution analysis and the
associated set of rules are used to diagnose the effluent quality of new releases.

Keywords: Multivariate Statistical Process Control; Principal Component Analysis; Rule Induc-
tion Algorithm; Fault Diagnosis; Sequencing Batch Reactor, Wastewater Treatment.

1 INTRODUCTION

An alternative of continuous systems for wastewater treatment is a sequencing batch reactor (SBR)
with the capacity to eliminate organic matter and nutrients (nitrogen and phosphorus). The SBR is
a highly nonlinear processes and time varying. Therefore, the development of intelligent control
systems for higher level of control and automation are required to achieve the best efficiency of
the effluent (Nomikos and MacGregor [1995], Puig et al. [2008]).

Principal component analysis (PCA) is a tool of multivariate statistical process control (MSPC)
to identify patterns in data, where the process has a vast amount of variables (Wold et al. [1987],
Jackson [1991]). Nomikos and MacGregor [1994] developed the unfold-PCA (better known as
MPCA) for batch processes. Contribution plots are graphical representations in PCA that show
how each variable is involved in the process. In an SBR for wastewater treatment the contribution
plots will help to identify which variables make the batch faulty.

The objective in this work is to estimate in real-time the qualitative effluent variables of an SBR
with the highest effluent standards (Community [1998]) from the quantitative variables of the
process using PCA contribution analysis and a rule induction algorithm (RIA).
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2 PCA FOR BATCH PROCESSES

The pilot plant, located at the University of Girona, in Spain, is a 30 liter fill-and-draw activated
sludge system SBR for wastewater treatment. It has a minimum operating capacity of 16 liters
and 30 liters of maximum operating capacity. In Puig et al. [2008] specific characteristics of the
SBR can be found.

The SBR is equipped with four different sensors to monitor the essential variables: dissolved oxy-
gen (DO), temperature, pH and oxidation-reduction potential (ORP). To achieve nutrient removal
the working cycle was defined as follows: 10 minutes for the first filling, 150 minutes of anaerobic
reaction, 100 minutes for the first aerobic reaction, 11 minutes for the second filling, 75 minutes
for the anoxic reaction and 78 minutes for the second aerobic reaction.

2.1 Principal Component Analysis

PCA leads to linear combination of original variables represented in a new set of variables name
principal components that explain the variability in the data in a process. Normally the PCA
is applied in a continuous process where the data are arranged in a 3D matrix. Unfold-PCA is a
technique that converts a 3D matrix from a batch process into a 2D matrix, developed by Nomikos
and MacGregor [1994].

The batch-wise unfolding takes the 3D array (IxJxK) and turns it into 2D array (IxJK). Each
column of the resulting matrix is mean centered and, if appropriate, scaled to unit variance. In
unfold-PCA the array X is decomposed as the summation of the product of score vectors (t) and
loading matrices (P) plus a residual array E that is minimized in a least squares sense.

X =
R∑

r=1

tr ⊗ Pr + E (1)

The sum of normalized squared scores, Hotelling’s T 2 statistic, is a measure of the variation in
each batch within the PCA model.

T 2
i = tiλ−1tTi = xiPλ−1PT xT

i (2)

The squared prediction error (SPE) or Q statistic, measures the distance from the projection space
to the new observation.

Qi = eieT
i = xi(I − PkPT

k )xT
i (3)

2.2 Contribution Plots

Contribution plots help us to know which variable or group of variables contribute to cause the
process to be out of control (Kourti and MacGregor [1996]). The indexes used for fault diagnosis
with contribution plots in a process are Q and T 2.

The contribution of the j th process variable to the ith score variable, c
(ti)
j , can be determined as

follows:

c
(ti)
j =

pijxjpT
i x

λi
= pijxj

ti
λi

(4)
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The contribution of the j th variable to the Q statistic can be obtained as follows:

c
(Q)
j = ΦT

j x (5)

3 CONTRIBUTION ANALYSIS WITH RULE INDUCTION

A higher magnitude in a variable than the other variables with the contribution plots could lead us
to think that that variable is the responsible of the failure in the process. Therefore, contribution
charts could be created to compare the contribution of a batch with contribution limits from the
process. Each phase of a batch would be analyzed in the contribution chart and each phase would
be classified in a discrete mode. A vector with discrete sequences would be created and matched
with the chemical analysis of the laboratory. Then, to the discrete matrix with the different classi-
fications a rule induction algorithm is applied to extract rules to classify future batches.

The objective of the contribution charts is to detect in a better way the variable or variables that
make a batch to be faulty. In these charts the contribution plots from a batch are compared against
a limit and therefore allow the diagnosis of it.

First, normal operation condition (NOC) batches are used to create the PCA model. The contri-
butions plot of each batch within the PCA model are calculated using equation 4 and 5. Then, the
mean and the standard deviation of all NOC batch contributions are calculated. The upper con-
tribution limit (UCL) will be three times the standard deviation up from the mean and the lower
contribution limit (LCL) will be three times the standard deviation down from the mean.

The construction of a fault signature dictionary for a process like a batch is quite complex due
to the number of variables and the duration of the process. When a contribution plot of a batch is
projected in the contribution charts, the contribution plot could be observed as a set of independent
contributions grouped for each phase or for each variable. If the value of each time step is analyzed
independently and the diagnosis at that time step is a value out of limits, then lots of bad diagnosis
could happen because of noise or uncertainties if this kind of interpretation is maintained.

The proposed method consists in analyzing the behavior of each phase in each variable and label-
ing it as normal or abnormal. During the analysis of each phase, if the value of the contribution
in any time step exceeds the contribution limits, it is counted as an event. Then, for each variable,
if the total number of events in a phase is equal to or less than 5% of the length of that phase, the
label of the variable in that phase would be normal (0); otherwise, it would be abnormal (1).

A fault signature of a batch can be constructed as a vector of binary values representing the abnor-
mal or normal behavior of the phases from that batch. The simplest way to use this fault signature
is to build a dictionary where the fault signature is matched with the result of the chemical labo-
ratory. For a set of small variables and phases the dictionary could be easy to use, but, for more
complex processes and higher number of variables and phases an alternative method is proposed.

The method proposed to take advantage of the fault signature dictionary is a rule induction algo-
rithm (RIA). Rule induction systems acquire the knowledge of a process from the expert and their
expertise and it has to be easily to explain with the induction rules obtained (Clark and Niblett
[1987]). The RIA are going to be applied to the abnormal set of data where each batch has the
fault signature and their classification. The algorithm extracts the set of rules that would classify
the new batches and decide to which class it belongs. In this study the algorithm used for the rule
induction is CN2 developed by Clark and Niblett [1989]. It could be also used in any other method
of classification as a decision tree, regression tree or classification and regression tree (CART).

The algorithm takes an attribute of the fault signature vector and relates it to a defined class. Then,
look how many instances exist in the database who meet the class and the attribute analyzed. As
each attribute is analyzed iteratively, it builds a rule with the best attributes that define that class.
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The cases that are classified with the class to which the rule was built are eliminated from the entire
database. The algorithm makes the same procedure iteratively to the other classes, until there is
no classes to analyze. At the end, it will deliver an ordered list of rules that will help to classify
new cases. With the integration of both methods the estimation of the qualitative variables of the
process obtained from the results of the chemical laboratory could be achieved using quantitative
variables obtained from the data collection of the process.

4 RESULTS

Representative data of the process has to be obtained for the development of PCA charts, i.e. when
the process is working “within specification product”. The data collected from the process, an
SBR wastewater treatment plant, is arranged in a three-way array composed of:

• the number of batches that have been processed on the I axis of the 3D plane,

• the variables pH, DO, RedOx and Temperature on the J axis and

• the time in which the sample of the four variables is taken, every minute, on the K axis.

The SBR cycle is composed of six different phases: Fill 1 (F1), Anaerobic (ANA), Aerobic 1
(AE1), Fill 2 (F2), Anoxic (ANO) and Aerobic 2 (AE2).

There are 266 batches and their classifications according to effluent quality are:

• 93 normal operation condition (NOC) batches, in which organic matter and nutrient con-
centration levels are below the standard (Community [1998]),

• 173 abnormal operation condition (AOC) batches, classified according to the biological
nutrient removal (BNR) performance.

Since every batch has four variables measured by chemical laboratory analysis (organic matter,
ammonium, nitrogen oxides and phosphate), classes defined as good (high nutrient removal),
regular (above the standard levels) and bad (below standards levels) are assigned for each variable
(table 1).

Nutrient Removal Carbon (NH+
4 ) (NO−

2 orNO−
3 ) (PO3−

4 )
ppm ppm ppm ppm

Good < 84 < 6.7 < 3.3 < 0.9
Regular 84 - 125 6.7 - 10 3.3 - 5 0.9 - 2

Bad > 125 > 10 > 5 > 2

Table 1: Nutrients Standard Levels.

• organic matter or carbon (C), 173 batches in which all the component concentrations are
good;

• ammonium ((NH+
4 )), 173 batches in which 115 batches have a good removal of nutrients

and 58 batches with bad removal or nutrients;

• nitrogen oxides ((NO−
2 orNO−

3 )), 173 batches in which 82 batches have a good removal
of nutrients and 91 batches with regular removal of nutrients;.
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• phosphate ((PO3−
4 )), 173 batches in which 58 batches have a good removal of nutrients

and 115 batches with bad removal of nutrients;.

A total of 266 batches of wastewater processed from the SBR, 93 batches are NOC and 173 are
abnormal operation condition (AOC), have been analyzed. Extra information on effluent quality
variables is provided from off-line analysis by Puig et al. [2008].

To build the PCA model, the first step is to unfold the 3D matrix into a 2D matrix. The pre-
processing used for the data is the block or group scaling method (Westerhuis et al. [1999]). After
the analysis of the 93 NOC batches and removing the outliers (Aggarwal and Yu [2001]) a PCA
model composed of 70 NOC batches with three principal components and 75.60% cumulative
variance is obtained. The 23 outliers batches are eliminated and they are not added to the AOC
database because it would add noise and the RIA will be less accurate to build the rules. When
the NOC model is obtained, the 70 NOC batches and 173 AOC batches are projected into the Q
statistic chart to observe if the AOC batches can be detected, see figure 1. The Q statistic chart
can be calculated using equation 3.

Figure 1: Q statistic control chart.

In figure 1, the circle dots are the NOC batches, while the inverted triangular dots are the AOC
batches. All the AOC batches are detected as faulty, while the NOC batches are inside the limit.
Therefore, the T 2 statistic control chart analysis is not necessary. With equation 5 the contribution
of the AOC batch is calculated and projected into the contribution limits charts. As said before,
the contribution limit chart is calculated with the 70 batches from the NOC model and with their
respective control limits, upper control limit (UCL) and lower control limit (LCL).

Each time step of the Q contribution batch in every phase is compared against the contribution
limit and a counter keeps track of the number of instances when a value is above the limit in
each phase. If the value on the counter is more than 5% the length of the phase, the label of that
variable in that phase is abnormal. Then, each batch will have binary labels that will be used to
create a fault signature dictionary, therefore, a batch will have 24 labels, because each variable
(pH, O2, RedOx and Temp) has 6 phases (F1, ANA, AE1, F2, ANO and AE2). A table with the
batch number, the 24 labels and the classification obtained from the chemical laboratory is built.
In this study, there are 3 tables with the different classes (good, regular or bad) for the different
nutrients: ammonium, nitrogen oxides and phosphate. The carbon classification is not taken into
account because all batches had good removal.
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Figure 2: Q contribution batch projected in Q contribution limits chart.

In figure 2 a faulty batch is projected in the contribution chart. As you can see in phases ANA,
AE1, ANO and AE2, of the pH variable and the phases F1, ANA and AE2 of the RedOX variable,
failures occur. Therefore, a vector of 24 labels would have 7 labels with 1, which represent the
different phases of the variables as faulty and 17 labels with 0 indicating that the other phases of
the variables are not faulty. Then, the respective classification of the qualitative variables, ammo-
nium, nitrate and phosphorus are assigned to the vector. Take into account that three database for
the different nutrients need to be created.

A training set matrix was created. This training set is composed of 87 batches from the 173 AOC
set of batches and they were obtained randomly. The 86 batches remaining will be the test set
matrix. The rule induction algorithm, in this study the CN2 algorithm (Clark and Niblett [1989]),
is applied to the training set matrix to obtain the knowledge and the rules that will help to classify
and validate the test set matrix.

When the system is going to evaluate the process, the IF - THEN rules would check the 24 labels
of the diagnosis from the contribution limits chart. If the batch that is going to be classified
presents a combination of labels that is equal to one of the rules, THEN the classification of the
batch is the class that the algorithm induced from the training set matrix. The rules are ordered, if
the fault vector does not match the combination labels of the first rule, then the second rule will
be tested and if it fails, will continue until it finds a rule that satisfies the labels combination.

For the fault signature (24 labels vector) of the batch shown in figure 2, the classification of the
nutrients using the rules extracted from the training set was:

• for amonium: IF pH ANA = 1 and RedOx F1 = 1, THEN Class = Good.

• for nitrates: IF pH ANA = 1 and RedOx F1 = 1, THEN Class = Regular.

• for phosphate: IF pH ANA = 1 and RedOx F1 = 1, THEN Class = Bad.

The resulting classifications of the test set matrix after been evaluated with the rules obtained
from the CN2 algorithm are shown in tables 2, 3 and 4. The tables have four subdivision: in
the first subdivision, the first column indicate the removal types of the nutrients and the second
column the cases, respectively; the second subdivision (correct classification) shows the cases
correctly classified from the total cases of removal types from the first section and the second
column the percentage rate of correct classification; the third subdivision (wrong classification)
shows the cases that were wrong classified by the rules and what type of removal was assigned
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to the cases, the percentage rate of wrong classification can be seen in the fourth column; and
the fourth subdivision (unclassified) shows the cases that were not classified, if the combination
of labels from the fault signature does not match a rule, then the case is unclassified, the second
column indicate the percentage rate.

Removal Cases Correct Classification Wrong Classification Unclassified
Classified % Good Regular Bad % Cases %

Good 51 50 98,04 - - 1 1,96 - -
Regular - - - - - - - - -

Bad 35 32 91,43 3 - - 8,57 - -
Total 86 82 95,35 3 - 1 4,65 - -

Table 2: CN2 classification table for ammonium.

Removal Cases Correct Classification Wrong Classification Unclassified
Classified % Good Regular Bad % Cases %

Good 45 41 91,11 - 3 - 6,67 1 2,22
Regular 41 34 82,93 2 - - 4,88 5 12,20

Bad - - - - - - - - -
Total 86 75 87,21 2 3 - 5,81 6 6,98

Table 3: CN2 classification table for nitrogen oxides.

Removal Cases Correct Classification Wrong Classification Unclassified
Classified % Good Regular Bad % Cases %

Good 35 32 91,43 - - 3 8,57 - -
Regular - - - - - - - - -

Bad 51 50 98,04 1 - - 1,96 - -
Total 86 82 95,35 1 - 3 4,65 - -

Table 4: CN2 classification table for phosphate.

With the CN2 rule induction algorithm the correct classification rate for the Ammonium was
95,35% (table 2), 87,21% for the Nitrogen Oxides (table 3) and 95,35% for the Phosphate (table
4).

5 CONCLUSION

In this study a new method to classify the effluent water from an SBR process for wastewater
treatment has been successfully developed. PCA Intelligent Contribution Analysis was used to
evaluate the nutrient removal performance and predict the effluent quality. The correct classifica-
tion quality based on three different nutrients were 95,35% classification for ammonium, 87,21%
for nitrogen oxides and 95,25% for phosphate, where the rule induction algorithm worked with
great results to estimate the effluent water quality. With the NOC PCA model and the Q statistic
limit the faulty batches were clearly detected. The contribution limit charts help to build a fault
signature dictionary constructed as a binary table where each batch has a distinctic labelling and
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the quality of the effluent water matched to each batch. To the fault signature dictionary an RIA
was applied to extract the rules with the knowledge of the process to classify new batches.

The proposed methodology makes a diagnosis of the abnormal batches detected in the PCA model.
Allows to classify the qualitative variables (carbon, ammonium, nitrates and phosphate) from
collected data of quantitative variables (pH, DO, RedOx and Temperature) from an SBR process
for wastewater treatment. This methodology could be applied to other batch processes, where
PCA and contribution analysis on the different stages of the process can be done, to achieve the
estimation of batch release in the field of fault diagnosis.

For future studies, a bigger database to classify the effluent water from a wide range of influent
wastewater would require better detection techniques in the PCA method and the improvement
of the tools to build a fault signature dictionary for better classification. Also, implementation of
other algorithms for rule induction can help to achieve better classification rates.
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Abstract: In urban drainage modelling, uncertainty analysis is of undoubted necessity; 
however, several methodological aspects need to be clarified and deserve to be investigated 
in the future, especially in water quality modelling. The use of the Bayesian approach to 
uncertainty analysis has been stimulated by its rigorous theoretical framework and by the 
possibility of evaluating the impact of new knowledge on the modelling estimates. 
Nevertheless, the Bayesian approach relies on some restrictive hypotheses that are not 
present in less formal methods like GLUE. One crucial point in the application of Bayesian 
methods is the formulation of a likelihood function that is conditioned by the hypotheses 
made regarding model residuals. Statistical transformations, such as by the use of the Box–
Cox equation, are generally used to ensure the homoscedasticity of residuals but this 
practice may affect the reliability of the analysis leading to a wrong estimation of the 
uncertainty. The present paper aims to study the impact of such a transformation 
considering five cases one of which is the “real” residuals distributions (drawn from 
available data). The analysis was applied to the Nocella experimental catchment (Italy) 
which is an agricultural and semi-urbanised basin where two sewer systems, two 
wastewater treatment plants and a river reach were monitored during both dry and wet 
weather periods. The results show that the uncertainty estimation is greatly affected by 
residual transformation and a wrong assumption may also affect the evaluation of model 
uncertainty. The use of less formal methods always provide an overestimation of modelling 
uncertainty with respect to Bayesian method but such effect is reduced if a wrong 
assumption is made regarding the residuals distribution. If residuals are not normally 
distributed, the uncertainty is over-estimated if Box-Cox transformation is not applied or 
non calibrated parameter is used.   
 
 
Keywords: Bayesian inference, Environmental modelling, GLUE, Integrated urban 
drainage systems, Receiving water body, Wastewater treatment plant. 
 
 
1. INTRODUCTION 
Up to day, although several models have been developed, integrated urban drainage 
modelling still presents numerous difficulties. The field data needed for model 
calibration/validation are generally limited and monitoring campaigns are usually 
characterized by measurements carried out at the watershed outlet, thus being 
representative of the combined effects of both the accumulation and transport of pollutants 
throughout the overall system (Ashley et al., 2004; Kanso et al., 2006). The unbalance 
between data availability and model complexity reduces the reliability of model results, 
transferring uncertainty to the model outputs. Data and parameters uncertainties are often 
lumped in all the cases where no data are available for specifically assessing uncertainty 
connected to measures. 
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Uncertainty analysis became a very useful tool for evaluating model reliability and the 
growing interest of researchers on this topic is demonstrated by the increasing literature 
production of recent years (among others: Lindblom et al., 2007; Freni et al., 2008; 
Schellart et al., 2008; Willems, 2008; Deletic, et al., 2009, Dotto et al., 2009; Kleidorfer et 
al., 2009; Freni et al., 2010). Uncertainty of a model can be represented in two ways: by 
giving a range (or a band) of values or by providing a posterior distribution of parameter 
values. The former entails to likely enclose the true value of a specific simulated variable: 
lower uncertainty is connected with stricter uncertainty bands. Conversely, the latter 
consists in providing a posterior distribution of parameter values in which the “true” value 
should be included. Larger bands and more uniform distributions are caused by highly 
uncertain models. Using the concept of uncertainty, the “best” model is the one able to 
correctly simulate a specific variable minimising the width of uncertainty bands.  
None of the uncertainty analysis methods presented in literature are universally accepted in 
urban drainage modelling (Freni et al., 2009a). These methods range from classical 
Bayesian techniques (among others: McCarty et al., 2008; Haydon and Deletic, 2009), to 
the pseudo-Bayesian ones (among others: Freni et al., 2008b; Thorndahl et al., 2008).  
All Bayesian techniques start from prior knowledge regarding the modelling error (that is 
assumed to reflect a user-selected probability distribution) and parameter distributions thus 
updating them according to available data by means of Bayes’ theorem application. The 
most used pseudo-Bayesian technique is the Generalised Likelihood Uncertainty 
Estimation (GLUE) proposed by Beven and Binley (1992). GLUE neglects any prior 
knowledge because of the complexity of the model and of the physical system. Bayesian 
methods are thus conditioned by prior assumptions that have to be verified and may 
provide unreliable results in terms of final model uncertainty (Freni et al., 2009a). 
Moreover, the use of transformation functions such as the Box – Cox transformation may 
reduce the advantages provided by Bayesian methods in the cases where the residuals 
distribution is skewed.  
The present paper is aimed to evaluate the impact of the Box –  Cox transformation by 
verifying different hypotheses and comparing them with the “real” residuals distributions 
(i.e. without considering Box – Cox transformation. To accomplish such a goal, the 
uncertainty analysis of a complex integrated urban drainage model was carried out by 
means of the classical Bayesian method in which Box – Cox transformation is used for 
correcting the distribution of residuals. In order to evaluate the impact of such 
transformation, Box – Cox parameter setting was not only based on the evaluation of the 
residual homoscedasticity (i.e. model residual variances can be transformed in variances 
that become approximately constant or independent on the model output value) but 
different values were considered simulating different grades of skewness of the residuals 
(namely, five different cases were analysed). The Bayesian analysis was compared with the 
application of GLUE for which the homoscedasticity of residuals is not necessary. The 
uncertainty analysis developed in this study is mainly based on the principle that, as a 
common assumption, input data uncertainty, model structural uncertainty and measured 
uncertainty can be lumped into model parameter uncertainty (Lindblom et al., 2007). 
The model has been applied to the Nocella catchment where both quantity and quality data 
were available. 
 
 
2. MATERIALS AND METHODS 
 
2.1 The adopted model 
In the present study, a bespoke urban integrated model developed during previous studies 
was applied (Mannina, 2005). The structure of the adopted model will be briefly described 
here, as the cited literature can be referenced for a more detailed description of the chosen 
algorithms. The model is able to assess the main phenomena that take place throughout the 
three components of the integrated system, i.e. sewer system (SS), wastewater treatment 
plant (WWTP) and receiving water body (RWB). The integrated model is composed 
mainly of three sub-models for the simulation of the components; each sub-model is 
divided into a quantity and quality module for the simulations of the hydrographs and 
pollutographs. The SS was simulated employing the reservoir concept and taking also into 
account the mechanism of sewer sediment transport therefore including erosion and 
deposition. The WWTP was modelled straightforwardly taking into account the main 
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elements that are generally affected by variation of the inflow both in terms of quantity and 
of quality: the activated sludge tank and the settler. The former was modelled employing a 
mass balance for the biomass and for the biodegradable substrate whereas the settler was 
modelled according to the Takács et al. (1991) conceptual modelling approach. Finally, the 
RWB was modelled considering the simplified form of the Saint Venant equation 
(kinematic wave) and the advection dispersion equation. A better description of model 
structure and algorithms can be found in Mannina (2005). 
 
2.2 The adopted case study 
The analysis was applied to a complex integrated catchment: the Nocella catchment that is 
a partly urbanised and partly natural catchment located near Palermo in the north-western 
part of Sicily (Italy). The entire natural basin is characterised by a surface of 99.7 km2, and 
has two main branches that flow primarily east to west. The two main branches join 
together at 3 km upstream from the river estuary. The southern branch is characterised by a 
smaller elongated basin, and receives water from a large urban area characterised by 
relevant industrial activities partially served by a WWTP, and partially connected directly 
to the RWB. The northern branch was monitored in the present study. The basin closure is 
located 9 km upstream from the river mouth; the catchment area is 66.6 km2. The 
catchment end is equipped with a hydro-meteorological station (Nocella a Zucco). 
The river reach receives wastewater and stormwater from two urban areas (Montelepre, 
with a catchment surface equal to 70 ha, and Giardinello, with a surface of 45 ha) drained 
by combined sewers. Each sewer system is connected to a WWTP protected by CSO 
devices. The WWTPs are characterised by simplified activated sludge processes with 
preliminary mechanical treatment units, an activated sludge tank, and a final circular settler. 
Rainfall was monitored by four rain gauges distributed over the basin: the Montelepre rain 
gauge is operated by Palermo University, and is characterised by a 0.1 mm tipping bucket 
and a temporal resolution of 1 minute; the other three rain gauges are operated by the 
Regional Hydrological Service, and they are characterised by a 0.2 mm tipping bucket and 
a temporal resolution of 15 minutes. The hydro-meteorological station (Nocella a Zucco) 
located at the catchment end is characterised by an ultra-sonic level gauge operated by the 
Regional Hydrological Service, and has a temporal resolution of 15 minutes. The 
instruments were integrated by Palermo University by installing, for the quantity data, an 
area – velocity submerged probe that provides water level and velocity data with a 1 minute 
temporal resolution. An ultrasonic external probe was used to give a second water level 
measurement for validation, and as a backup in case the submerged probe failed; an 
automatic 24-bottle water quality sampler was used for water quality data collection. Flow 
measurements have been carried out using area – velocity probes with 1 minute temporal 
resolution, which allow the inflow and outflow volumes for each element in the system to 
be defined. Water quality sampling was performed using automatic 24-bottle samplers. 
The monitoring campaign began in December 2006 and is still in progress. Rainfall and 
discharge were monitored continuously, while water quality was measured during specific 
periods. Additional details on the catchment and on the monitoring campaign may be found 
in Freni et al. (2010). 
 
2.3 The uncertainty analysis 
The Bayesian method expresses uncertainties in the model parameters in terms of 
probability. Parameter uncertainty is evaluated starting from a prior probability distribution 
P( ) which represents the historical or expertise information before collecting any new 
data. The principle of the Bayesian method is to update this prior information using 
observed experimental data (D) in order to obtain the posterior information. This update is 
performed using Bayes’ theorem, which can be expressed as:  
 

P( | D) 
P(D | )P( )

P(D | )P( )d
  (1) 

where the posterior parameter distribution is computed as a function of the prior knowledge 
P( ) of the conditional probability for the measured data given the parameters P(D | ) that 
is often referred to as the likelihood function of the model. The general method does not 
require any hypothesis regarding model error distribution functions; however, when the 
method is applied, a hypothesis about model error is made to make the method analytically 
applicable. The most common simplified hypothesis consist in assuming that modelling 
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errors are homoscedastic. Supposing that residuals between model and observations are 
distributed according to a normal distribution with null average and variance  e

2, P(D | )  
can be written in the multiplicative form as:  
 

P(D | ) 
1

2 e

2
exp

(Di Yi )
2

2 e

2











i1

m

   (2) 

where Yi is the modelling response correspondent to the m available measures Di of a 
specific variable (i.e. discharges, concentrations, loads, etc.) at a specific system cross-
section. Posterior distributions are populated by running Monte Carlo simulations randomly 
drawing parameter values from prior distributions. 
One crucial point for applying this method is the formulation of the likelihood function. If 
the statistical assumptions for the residual distribution are violated, the results of Bayesian 
inference are unreliable (Yang et al., 2008). For evaluating the impact of residual 
heteroscedasticity (i.e. model residual variances is a function of model output value), in the 
present study a Box–Cox transformation was used (Box and Cox, 1982): 
 

y 
y  1 


for   0 y  log(y) for   0  (3) 

where y is any modelling output and   is the Box – Cox transformation parameter. 
On the other hand, regarding the pseudo-Bayesian approach, the GLUE methodology 
(Beven and Binley, 1992) considers the problem of searching for an optimum parameter set 
which is converted into a search for sets of parameter values that give reliable simulations. 
This methodology is attractive because there is no need for detailed distribution functions 
of the observable variables and of errors when the explicative models provided are 
complex or the number of parameters is high (Mantovan and Todini, 2006). However, it 
has to be stressed that such methodology relies on some subjective hypotheses that could 
prevent its objective application (Freni et al., 2008). Like other Bayesian and pseudo-
Bayesian methods, the GLUE method is based on a large number of Monte Carlo 
simulations, where the random sampling of individual parameters from probability 
distributions is used to determine a set of parameter values. Parameter sets are compared 
with respect to their ability to reproduce available observations. Such a comparison is 
carried out by means of a likelihood measure. The Nash and Sutcliffe efficiency index 
(Nash and Sutcliffe, 1970) was herein used as likelihood: 
 


 























m

k ko

ke
kwE

1
2

2
,

,
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  (4) 

where 2
,ke  is the variance of errors between observed data and simulation results of the 

kth model variable (discharge, concentrations), 2
,ko  is the variance of the observations 

concerning a specific variables (i.e. discharges, concentrations, loads, etc.) at a specific 
system cross-section, wk is the weight of the jth model variable and m is the total number of 
model variables considered. The likelihood E may assume values in the range -∞ < E ≤ 1; 
values close to the unity represent simulations showing small errors while negative values 
represent poorly behaving simulations. By means of the likelihood measure, parameter sets 
are thus classified and sets with poor likelihood (with respect to a user-defined threshold) 
are discarded as “non-behavioural”. All other sets  i  from behavioural or acceptable 
simulation runs are retained and their likelihood E( i ) are re-scaled so that their cumulative 

total sum is equal to 1. The re-scaled likelihood weights )( i are obtained according to the 

following equation: 
 







 N

1j
j

i
i

)(E

)(E
)(   (5) 

where N is the number of retained behavioural simulations. The GLUE approach considers 
that the distribution of likelihood values is a probabilistic weighting function for the 
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predicted variables allowing an assessment of the uncertainty associated with the 
predictions, conditioned on the definition of the likelihood function, of the input data and 
model structure (Gupta and Shrivastava, 2006). A method for deriving predictive 
uncertainty bands using the likelihood weights from the behavioural simulations was 
presented by Beven and Binley (1992). The uncertainty bands are calculated using the 5% 
and 95% percentiles of the predicted output likelihood weighted distribution. The 
uncertainty bands should always contain the majority of the observations otherwise the 
model structure should be rejected. Wider bands mean higher uncertainty in the estimation 
of the modelling output and thus lower confidence in the model results; vice versa, smaller 
bands containing the observations are symptoms of reliable and robust modelling 
approaches. 
 
 
3. METHODOLOGY APPLICATION 
The integrated model was calibrated in previous studies and a sensitivity analysis 
(considering both quantity and quality model output variables) aimed at reducing the 
number of model parameters was also carried out (Freni et al., 2010). Parameters were 
compared by means of the weighted average sensitivity index considering all the RWB 
modelling outputs simultaneously. Such analysis enabled to reduce the number of 
significant model parameters from 51 to 37. In the present study, the uncertainty analysis 
was performed by simultaneously varying the overall influential parameters of the 
integrated model (i.e. 37 parameters) employing a Monte Carlo approach. The model 
parameters, their variation ranges and the average model sensitivities are reported in Table 
1. Specifically, regarding the average model sensitivities, sensitivity functions have been 
defined stating the relevance of the dependencies between modelling outputs y  and 

parameters  : 
 

j

i

i

j
j,i

y

ys
s




  (6) 

where j  is the variability range of parameter j  (which depends on prior knowledge) 

and iys  is a reference (or scaling) value for the modelling output variable iy , used for 

preserving the dimensionless nature of the sensitivity function. The function j,is  is useful 

because it provides information on the raw dependency of the modelling output on the 

parameters. The parameters j  and iys , the magnitude and the scaling parameter, 

respectively, of the sensitivity function, can each have a great influence on the results of the 

sensitivity analysis (Reichert and Vanrolleghem, 2001).  In the present study,  iys  is 

defined as the average measured value of the ith model output variable, and j  can be 

taken as the variation range of the jth model parameter obtained according to single-event 
model calibrations based on each available rainfall in the calibration dataset (Mannina, 

2005; Freni et al., 2010). With multiple modelling outputs, the analysis of the functions jis ,  

may be only slightly informative and a more aggregated index may be useful. For this 
reason, a weighted average sensitivity was used for initial parameter evaluation: 
 

 



n

i ji

ji
j

s

s

n
s

1 ,

,

max

1
 (7) 

where  j,ismax  is the maximum of the n sensitivities derived for the jth model parameter. 

The model parameters that showed a low influence were highlighted in italic and grey. 
Parameter variation ranges were assumed as the intervals strictly including the calibrated 
values obtained by means of all the available monitored events (Beven and Binley, 1992). 
Both Bayesian and GLUE analysis were based on 1000 Monte Carlo simulations assuming 
uniform prior distributions for all the parameters. According to the classical GLUE 
methodology, the user-defined acceptability threshold was set to 0.0 for water quantity and 
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quality variables. In order to assess the impact of the Box –  Cox transformations five cases 
were considered:  

1. CS01: in this case, the value of  was imposed equal to 1.0; 
2. CS02: in this case, the value of  was imposed equal to 0.5; 
3. CS03: in this case, the value of  was imposed equal to 0.0; 
4. CS04: in this case, the value of  was calibrated by transforming the residual 

distribution in homoscedastic thus according to the classical Bayesian approach. 
5. CS05: in this case, the uncertainty was assessed according to the GLUE 

methodology. 
 
Table 1 Variation range of model parameters and average model sensitivities (parameters 
neglected after sensitivity analysis in italic and shaded in grey) 
 

Catchment linear channel constant min M1 8-30 G1 1-10 0.221

Initial hydrological abstraction mm M2 0.1-04 G2 0.6-1 0.598

Catchment runoff coefficient - M3 0.8-09 G3 0.6-0.9 0.462

Catchment linear reservoir constant min M4 14-40 G4 0.1-65 0.197

Sewer linear reservoir constant min M5 15-35 G5 0.1-55 0.474

Build-up rate in the Alley-Smith model kg/(ha*d) M6 0.1-20 G6 0.1-20 0.284

Decay rate in the Alley-Smith model d-1 M7 0.01-10 G7 0.01-1 0.225

Wash-off coefficient in the Alley-Smith model mm-Whh(Wh-1) M8 0.01-0.8 G8 0.01-1 0.005

Wash-off factor in the Alley-Smith model (wh) - M9 0.3-1 G9 0.1-3.5 0.437

Sewer erosion factor kg M10 0.1-3 G10 0.1-3 0.341

Sewer suspended load linear reservoir constant min M11 0.2-0.8 G11 0.01-0.6 0.217

Sewer bed load linear reservoir constant min M12 0.04-0.4 G12 0.01-1 0.004

CSO first dilution factor - M13 1.2-1.5 G13 1.1-1.9 0.013

CSO second dilution factor - M14 2-4 G14 2-2.5 0.441

Max yield coefficient of heterotrophs h-1 M15 0.6-13.2 G15 0.6-13.2 0.003

BOD semi saturation constant g/L M16 0.005-0.15 G16 .005-0.15 0.029

Yield coefficient heterotrophic - M17 0.38-0.75 G17 0.38-0.75 0.032

Temperature °C M18 5-30 G18 5-30 0.014

Max yield coefficient of autotrophs h-1 M19 0.2-0.4 G19 0.2-0.4 0.042

Oxygen half velocity constant g/L M20 0.1-0.3 G20 0.1-0.3 0.002

Yield coefficient autotrophic - M21 0.16-0.18 G21 0.16-0.18 0.226

Decay velocity of heterotrophs d-1 M22 0.2-0.8 G22 0.2-0.8 0.002

Decay velocity of autotrophs d-1 M23 0.2-0.8 G23 0.2-0.8 0.012

Symbol

River bed roughness (Gauckler–Strickler) m1/3/s R1

Longitudinal dispersion coefficient m2/s R2

De-oxygenation coefficient s-1 R3

Sediment oxygen demand coefficient s-1 R4

Re-aeration coefficient s-1 R5 1 - 1000

0.566

0.001

0.005

0.351

0.894

1 - 100

1 - 100

Parameter

Unit Symbol

0.188

0.524

0.54

0.191

0.472

0.011

0.307

0.3

0.335

0.24

10 - 70

1 - 500

Symbol

0.428

0.003

0.384

0.433

0.081

Montelepre Giardinello

0.118

0.001

0.167

0.225

0.13

0.225

0.251

0.002

si  i si

 i si

 i

 
 
4. ANALYSIS OF RESULTS 
In the present application, the analysis has been focused on the RWB discharge and quality 
state. Specifically, with regards to the quantity aspects the RWB discharges at the 
catchment outlet were considered; whereas for the quality feature, the BOD and DO 
concentrations at the RWB catchment outlet were taken into account. As outlined in the 
previous paragraph, in order to assess the impact of the Box - Cox transformation, five 
different cases were considered: assuming an imposed value of the transformation (CS01, 
CS02 and CS03), calibrating the best value in terms of homoscedasticity (CS04) and 
without considering transformations i.e. CS05 (GLUE). Such a comparison was carried out 
in two ways: by means of parameter posterior distributions and by means of uncertainty 
bands around the calibrated model outputs. Box – Cox transformation is usually applied 
after calibrating the residual distribution to be homoscedastic. In the present analysis, for 
three cases described in the previous paragraph (namely, CS01, CS02 and CS03), Box – 
Cox transformation was not calibrated in order to investigate the impact of such 
transformation on the uncertainty analysis results. Conversely, for the case (CS04),  was 
calibrated seeking the homoscedasticity of the residual distributions. Specifically, the  was 
found equal to 0.512 for the RWB quantity variable (i.e. discharges), 0.497 for RWB BOD 
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concentrations and 0.493 for RWB DO concentrations. Therefore, CS04, i.e. the results of 
Bayesian uncertainty analysis after Box – Cox calibration, were considered similar to the 
case CS02 that assumes =0.5.  
Figures 1 to 4 synthesise the main features of the posterior parameter distributions: the 
figures show the 5%, 25%, 75% and 95% quantiles of the distributions by means of a box 
plot; the dots represent some statistics: the mode, the median and the calibration value (all 
the statistics are referred to the mean value). 
Figure 1 shows the characteristics of posterior distribution for the case CS01. More 
specifically, Figure 1a plots the statistics of model parameters with regards to the quantity 
aspects (i.e. considering as model output the discharge at the RWB outlet). Conversely, 
Figure 1b plots the statistics of model parameters with regards to the quality aspects (i.e. 
considering as model outputs the BOD and DO concentrations at the RWB outlet). The 
overall characteristics are referred to the mean value for allowing comparison: 
 

 Water quality parameters show larger variability (Figure 1b) than the quantity 
ones (Figure 1a), and thus higher uncertainties, confirming the frequently 
expressed consideration in literature that the most part of uncertainty relies in 
water quality modelling (among others, Freni et al., 2008; Willems, 2008); 

 Distribution modes are frequently between 25% and 75% percentiles indicating 
that the skewness is not high; 

 Interestingly, the mode and the calibration value are very close for the case of the 
some of the most influential parameters. Therefore, there is a model capacity to 
pin down the value of the most influential parameters in favour of their 
identifiability. Vice versa, the mode and the calibration values are not 
superimposed for parameters showing lower influence (low identificability); 

 The median is often near to the mean probably because the posterior distribution is 
influenced by the prior uniform distribution. Further, the distribution modification 
during the first Bayesian update, is not relevant. 

 
Figure 2 shows the same results when applying a deeper Box – Cox transformation with a 
value of  near the calibration ones (CS02). This case shows the smallest uncertainty 
among the cases considered in the study. Calibration values are usually included in the 
range between the 5% and 95% percentile and they are not significantly affected by the 
transformation apart for some less influential parameters. The impact of transformation on 
water quality parameters is more relevant, looking at the smaller distance between the 5% 
and 95%, and it leads to a reduction of perceived uncertainty for them. 
Figure 3 plots the case of the most important Box – Cox transformation (=0.0, case 
CS03). In such a case, for water quantity variables, the parameter distributions become 
wider reaching levels similar to the case where no transformation is applied. For water 
quality variables, the case CS03 shows parameter ranges in between the cases CS01 and 
CS02.  This fact may be due to the transformation itself that introduces a deep modification 
of the modeled and measured time series. Therefore, it reduces the information that may be 
gathered from the data and thus an increase of the uncertainty of results may take place. 
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Figure 1 Box plots showing the main characteristics of the parameter posterior distribution 
applying Bayesian uncertainty analysis with =1.0: (a) quantity model variables and (b) 
quality model variables. 
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Figure 2 Box plots showing the main characteristics of the parameter posterior distribution 
applying Bayesian uncertainty analysis with =0.5: (a) quantity variables and (b) quality 
variables. 
 
 
Figure 4 shows the statistics with regards to the GLUE case where the uncertainty analysis 
is carried out without applying transformations and adopting the GLUE approach. 
Comparing the results of the Bayesian analysis with the GLUE method (based on non-
formal likelihood functions), the advantage of the calibrated Box – Cox transformation is 
evident in gathering more information from the data, thus reducing the perceived 
uncertainty. Nevertheless, the analysis shows a possible pitfall in the homoscedastic 
transformation in those cases where residuals are deeply heteroscedastic. 
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Many parameter distributions in the Bayesian analysis with =0.0 have a width slightly 
smaller than  the GLUE approach showing that the use of formal approaches takes some 
advantages in terms of perceived uncertainty. 
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Figure 3 Box plots showing the main characteristics of the parameter posterior distribution 
applying Bayesian uncertainty analysis with =0.0: (a) quantity variables and (b) quality 
variables. 
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Figure 4 Box plots showing the main characteristics of the parameter posterior distribution 
applying GLUE uncertainty analysis: (a) quantity variables and (b) quality variables. 
 
 
Finally, a comparison in terms of uncertainty bands was considered among the five 
analyzed cases. For the sake of conciseness, in the following only the case CS01 and 
GLUE are shown as CS03 provided of the Bayesian case without the Box – Cox 
transformation. Specifically, Figures 5 and 6 show the uncertainty bands, for the case CS03 
and GLUE respectively, in the RWB final cross section (Nocella a Zucco) for the analyzed 
variables: discharge, BOD and DO concentrations. The uncertainty bands obtained by the 
Bayesian approach with =0.0 are smaller in the average to those provided by GLUE but 
wider in the regions around the peaks where the effect of the Box – Cox transformation is 
probably more relevant. 
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Figure 5  5th percentile and 95th percentile for Bayesian analysis (CS03): (a) RWB 
discharge; (b) RWB BOD concentration; (c) RWB Dissolved Oxygen.  
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Figure 6 5th percentile and 95th percentile for GLUE analysis (GLUE): (a) RWB 
discharge; (b) RWB BOD concentration; (c) RWB Dissolved Oxygen.  
 
 
5. CONCLUSIONS 
The paper investigated the impact of Box – Cox transformation that is often applied in 
Bayesian uncertainty analysis for obtaining homoscedasticity of residuals in complex 
mathematical models. The transformation modifies the modelled and measured time series 
and it may interfere with the estimation of uncertainty and its perception by the modeller. 
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The analysis was carried out by simulating different grades of heteroscedasticity and 
considering a total of five different cases: three cases by setting the λ value of Box – Cox 
transformation, a fourth case considering a calibration of λ on the basis of residual 
homoscedasticity and a fifth case where no transformation of the residuals was considered 
according to the GLUE methodology. The comparison among the different cases was 
performed on the basis of two factors: posterior model parameter distribution and 
uncertainty bands. The analysis showed that the advantages of Bayesian uncertainty 
evaluation decrease with the increase in residuals heteroscedasticity; model outputs needing 
deep transformations provide wider posterior parameter distributions and uncertainty bands 
that are progressively larger even if still smaller than the results of non – formal uncertainty 
analysis methods (such as GLUE). The analysis of the uncertainty bands shows similar 
results: the Bayesian approach always provides smaller uncertainty bands even if deeper 
Box – Cox transformations increases the width of uncertainty bands to the point that, for 
the case of a  value (=0.0)  and close to the peak value of the simulated variables 
(discharges, concentrations, load, etc.), they are wider then GLUE. The study showed the 
importance of the appropriate selection of the uncertainty analysis methodology depending 
on the specific characteristics of the model and of the real system because a wrong 
selection of the analysis approach may take to the overestimation of perceived uncertainty. 
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Abstract: Several approaches have been proposed to model and simulate the spread of 
infectious diseases such as the West Nile virus (WNV). However, these approaches such as 
mathematical modeling and cellular automata have some weaknesses when trying to model 
and simulate the influence of geographic and climatic features on the disease spread and the 
spatio-temporal interactions of various kinds of actors (e.g. mosquitoes, birds, mammals 
and humans in the WNV case). In this context, we propose to apply a geosimulation 
approach to remedy some shortcomings of current methods. Using such an approach we 
developed WNV-MAGS, a tool allowing public health decision policy makers to assess 
several intervention scenarios in order to understand and estimate the magnitude of the 
evolution of the WNV in a large territory. The assessment and comparison of different 
simulation scenarios can help managers make informed decisions. Since WNV is 
particularly sensitive to environmental changes, our tool allows a user to explore various 
climate scenarios (temperature and precipitation) in addition to intervention scenarios 
(larvicide treatments). Since numerous parameters influence such simulations, we carried 
out calibrations of the models by using monitoring data (capture of mosquitoes, collection 
of dead birds and application of larvicides on the ground) provided by various public health 
organizations for the southern part of the province of Quebec and the Ottawa metropolitan 
area (Ontario). Furthermore, we are currently exploring avenues to produce a generic 
solution to be applied to other zoonoses such as Lyme disease. 
 
Keywords: Multi-Agent GeoSimulation; Infectious Disease Propagation; Climate Change. 
 
 
1. INTRODUCTION 
 
A large number of complex phenomena, be they natural or not, influence the society and/or 
the environment. There is a need for better understanding these phenomena, especially for 
people who have to take actions in order to limit their damage or increase their benefits. 
Indeed, modeling and computer simulation can be used to virtually reproduce one or 
several phenomena in order to study them. Computer simulation consists in designing 
models, implementing these models and analyzing the results of their execution [Fishwick, 
1995]. In addition, the simulation can be used to develop tools for decision support. We are 
particularly interested in using modeling and computer simulation to help public health 
policy makers to better understand the spread of infectious diseases. These diseases are the 
result of the transmission of a pathogen (e.g. virus, bacteria) from an infected individual 
("host": human or animal) to a healthy individual. Moreover, the expansion of some 
zoonoses (diseases transmitted from animal to human) such as the West Nile virus (WNV) 
has forced public health authorities to develop monitoring systems. These systems brought 
together field data on human and animal infection [Gosselin et al., 2005]. While these 
monitoring activities were undertaken to better understand the epidemiology of the disease 
and the level of risk it can represent for the human populations, they do not allow for 
forecasts of the probable propagation of the zoonosis on the territory. Such a forecast, if it 
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proved to be reliable, would allow public health authorities to initiate preventative actions 
at the right time and places and at the appropriate level of expected risk. However, it 
remains difficult to determine the at-risk zones on a scientific basis and the efficacy of such 
measures has been challenged [Ruiz et al., 2004], not to mention their high cost and 
environmental impacts. The identification of vulnerable zones and risk levels in due time 
remains a significant challenge for public health management due to the complexity of the 
phenomena related to the disease transmission. 
 
Several approaches have been proposed to model and simulate the spread of infectious 
diseases. However, these approaches such as mathematical modeling, cellular automata and 
traditional multi-agent systems have some weaknesses when trying to model and simulate 
the influence of geographic and climatic features on the disease spread and the spatio-
temporal interactions of various kinds of actors (i.e. mosquitoes, birds, mammals and 
humans in the WNV case). Indeed, the simulation based on mathematical models that 
generally uses differential equations [Bowman et al., 2005] does not take into consideration 
the geographical space in which populations operate, except in certain cases such as patchy 
models [Liu et al., 2006]. In spite of the fact that a simulation based on cellular automata 
models the evolution of the spatial characteristics of a geographic area involved in the 
disease, it does not represent individuals and their mobility [White et al., 2009]. On the 
other hand, traditional agent-based simulations of epidemics represent the disease vectors 
(e.g. animals) as agents, but usually do not take advantage of data provided by Geographic 
Information Systems (GIS) in order to properly locate the agents in the geographic space 
[Emrich et al., 2007]. Besides, to be useful for practical decision-making, a system 
simulating an epidemic should provide a user with the ability to specify various scenarios in 
the context of a “what-if” analysis [Haddad et al., 2008] in order to explore, for instance, 
the influence of climate changes and of various intervention strategies. Hence, there is a 
need for a simulation approach capable to model: 1) the various actors involved in an 
epidemic; 2) their locations in space based on accurate GIS data; 3) their interactions in 
space and time. Moreover, such simulations need also to deal with large (or very large) 
populations of various species (including humans in certain cases) and their biological 
cycles. In this context, we recommend using a multi-agent geosimulation approach [Moulin 
et al., 2003] to remedy the shortcomings of current methods. Indeed, this approach enables 
a user to study in space and time one or several phenomena and to simulate the behaviours 
of the actors taking part in these phenomena, as well as their interactions in a geo-
referenced virtual environment. 
 
We used such an approach to develop a public health management tool in order to simulate 
in a plausible way the behaviours and interactions of populations of indicator birds and of 
mosquitoes involved in the propagation and transmission of the WNV. Our approach takes 
into account the characteristics of the geographic environment and enables the user to 
explore various climatic scenarios and regimens of larvicide treatments. We present in the 
next section the design method that we used to develop the WNV-MAGS system. In 
Section 3 we explain how the multi-agent geosimulation approach enables us to take into 
account the peculiarities of the animal populations involved in the WNV propagation. In 
Section 4 we present some scenarios that are available for decision support, and how we 
used the monitoring data in order to calibrate the system. In Section 5 we present our 
current work including the reengineering of our system and how we plan to develop a 
generic solution which can thus be applied to other zoonoses such as Lyme disease. We 
conclude the paper with some recommendations. 
 
 
2. DEVELOPING OF THE WNV-MAGS 
 
We developed the WNV-MAGS system on top of the MAGS platform (Multi-Agent Geo-
Simulation) [Moulin et al., 2003]. This platform can simulate thousands of software agents 
interacting in virtual geographic environments and having spatial and cognitive abilities 
such as perception, memory and navigation. Although one of the first applications of the 
MAGS platform was the simulation of crowd behaviours in urban environments, it is a 
generic platform allowing the simulation of several types of behaviours in geo-referenced 
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virtual environments. It has been used for example to simulate the behaviour of consumers 
visiting a shopping center, road traffic and the propagation of forest fires [Sahli et al., 
2004]. Besides, MAGS is composed of several modules performing various tasks, including 
a module simulating particle systems [Reeves, 1983]. This module was added as part of a 
former work [Bouden, 2004] to simulate irregular shapes such as smoke or gas spreading 
through the simulation environment. Although particle systems were initially used for this 
kind of simulation, their scope has greatly expanded. For example, they can be used to 
simulate animal behaviours such as flight of birds, moving herds and fish schools 
[Reynolds, 1987]. It is precisely one of the reasons that led us to use MAGS, and its particle 
systems to simulate the behaviour of birds involved in the transmission of the WNV (see 
Section 3). 
 
 
2.1 Collecting Information and Data Preparation 
 
We applied an 'Agile' [Ambler, 2002] analysis and design method which favours the 
collaboration with domain specialists and users, as well as quick adaptations of the software 
under development. We also applied classical knowledge engineering techniques [Plant et 
al., 2002] in order to acquire domain knowledge from the specialized literature and from 
domain experts (entomologists and ornithologists) after many work sessions. We then went 
through an exploration phase of the field by collecting all available information in order to 
understand the phenomena which are related to the spread of WNV. However, given the 
enormous complexity involved in representing such phenomena and the lack of detailed 
data, we had to raise a number of reasonable simplifying hypotheses with regard to the 
species of interest, to the factors influencing the evolution of the populations, the 
geographical region selected for the analysis, the period of simulation and the space-time 
scale. Then, we designed a conceptual model representing a synthetic view of the 
phenomena of interest while taking into account the above mentioned simplifying 
hypotheses. For example, we considered only Culex (pipiens/restuans) and crows as the 
main two populations of mosquitoes and birds involved in the transmission of the WNV. 
Another useful simplification was about the displacements of crows. Indeed, we only 
considered the period of the year when crows regroup in roosts in order to spend the night 
[Caccamise et al., 1997]. 
 
Taking advantage of our conceptual model, we designed the system architecture, which 
helped us to implement the WNV-MAGS tool. To create the virtual geographic 
environment representing the area of interest, we used GIS data in order to generate the 
various spatial data layers needed by the system. Indeed, we used the Geomedia GIS 
software in order to handle the geo-referenced data of the DMTI Spatial (CanMap 
Streetfiles), the digital maps of INSPQ, and the census shapefiles. Using these data, we 
created the bitmap from which the MAGS platform generates the simulation environment. 
This bitmap contains polygons representing either municipalities or census tracts, 
depending on the area of interest (the southern part of the province of Quebec or the Ottawa 
metropolitan area). In addition, we had to pre-process all the data needed to create the two 
populations (Culex and crows) involved in the WNV spread. We first estimated the initial 
number of individuals of each population at the beginning of the simulation (Figure 1). For 
the Culex population, we estimated the number of adults that emerge from the larvae laid 
down in sumps (which we supposed to be the main reservoirs of mosquitoes in urban and 
sub-urban areas). To this end, we developed a Visual Basic application in order to query the 
geo-referenced databases in Geomedia and to compute the total length of roads for each 
polygon (municipality or census tract). We then computed the number of sumps in each 
polygon by using the total length of roads. Considering the population of crows, we used 
the SAS statistical software and the MapInfo GIS to compute a specific density of birds per 
region (number of individuals by square kilometer). This was done by estimating an 
average of the sightings mentioned by professional or amateur ornithologists using the 
ÉPOQ database (Étude des populations d'oiseaux du Québec: 
www.oiseauxqc.org/epoq.jsp) for the southern part of the province of Quebec and the ebird 
database (www.ebird.org) for the Ottawa metropolitan area. After the data preparation, we 
implemented the system using the MAGS platform which is developed in C++. 
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Figure 1: Initial population of Culex for (a) the southern part of the province of Quebec 
and (b) the Ottawa metropolitan area (Ontario). 

 
 
2.2 Compartment Mathematical Model 
 
We used a compartment mathematical model [Wonham et al., 2004] in order to compute 
the dynamics of the two populations. This model is based on 8 differential equations which 
can compute over time the evolution of the different types of individuals: susceptible, 
infected, recovered and dead birds, the larvae of mosquitoes and the susceptible, exposed 
and infected adult mosquitoes. However, we proposed some modifications in order to 
correct some discrepancies that we found in the model. We also included in the model the 
climate effects. This was a difficult task because the model was then no more in 
equilibrium and this implied several modifications to the differential equations [Noël, 
2007]. The adjusted model gives satisfactory results in terms of quality (e.g. distribution of 
the mosquitoes generations). Indeed, the pace of the established curves reflects the 
biological behaviours of the studied species according to domain experts. However, the 
quantitative results first provided by our simulations (e.g. the number of larvae, eggs, 
emerged Culex, dead crows, etc.) were not completely satisfactory. We corrected this 
problem with the calibration of the system which is presented in Section 4. 
 
 
3. GEOSIMULATION OF THE POPULATIONS 
 
We modelled the two populations (Culex and crows) involved in the transmission of the 
WNV as well as their interactions in the virtual geographic environment (VGE). Indeed, the 
population of Culex represents an extremely large number of individuals and cannot be 
represented using individual agents. Instead, we decided to model the mosquito population 
as an 'intelligent density map' which is characterized by population data being attached to 
reference areas (municipalities or census tracts) in the VGE. This intelligent density map is 
a kind of cellular automaton, associated with rules that enable the system to simulate the 
evolution of the different sub-groups of mosquitoes (adults, larvae, healthy, infected, etc.) 
using the compartment mathematical model. For the population of crows, we used agents to 
model groups of crows associated with specific areas where roosts have been observed in 
the field. In our model, a roost is considered as the space extension of an aggregate of 
crows (a sub-population of crows which gathers in this roost for the period of the year of 
interest of our study). During the day, crows disperse around the roost in search of food, 

(a) 

(b) 
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returning at night. Hence, the spatial phenomenon of gathering and dispersion of this 
subpopulation of crows can be represented in a synthetic way in the form of an expansion 
and a contraction of the area occupied by this sub-population, varying by roost size (hence, 
we can model the variable density of crows in this dynamically changing area). Each roost 
agent is implemented as a particle system which simulates the way crows spread around a 
roost during the day. Besides, a particle represents one or several crows, depending on the 
number of individuals attached to the roost. Each particle has different characteristics 
(velocity, movement direction) that enable it to travel at a distance from the roost location 
during a number of simulation steps representing a day. Hence, the set of particles 
associated with a given roost covers a circular area with a maximum radius set by the 
operating range parameter. Besides, the interactions of the mosquito and crow populations 
have also been modeled thanks to the geosimulation which enables the system to 
automatically determine the places and times where groups of crows (pertaining to roosts) 
will cross areas in which the Culex sub-populations are located. Therefore, the system can 
estimate the number of infected individuals, based on the likelihood that a number of 
individual crows be bitten by Culex and be infected with WNV. Moreover, the user can 
visualize the extent of the spread of WNV on the map in different ways. The system can 
either change the color of the particles representing the infected crows or the color of the 
polygon representing a municipality or a census tract (the reference areas) containing a high 
density of infected Culex (Figure 2). Besides, the WNV-MAGS System offers a variety of 
functionalities to the user in order to modify the parameters of the mathematical model, to 
visualize the progress of the infection in and around the crows' roosts, to extract data from 
the simulation and to generate graphs showing the evolution of the involved populations. 
 

 
Figure 2: Geosimulation of the WNV propagation for (a) the southern part of the province 

of Quebec and (b) the Ottawa metropolitan area (Ontario). 
 
 
4. USING SCENARIOS AND CALIBRATION OF THE SYSTEM 
 
In our system, multi-agent geosimulation is at the heart of a decision support tool. Hence, 
our approach is somewhat different from more traditional simulations used for prediction 
purposes [Benenson et al., 2004]. Since WNV is particularly sensitive to environmental 
changes [El Adlouni et al., 2007], our tool allows a user to explore various climate 
scenarios (temperature and precipitation) in addition to intervention scenarios (larvicide 
treatments). The assessment and comparison of different simulation scenarios can help 
decision makers make informed decisions. User may choose one among five different 
scenarios which influence the dynamics of the Culex population. The first scenario is the 
default scenario which can be set in order to use average conditions of temperature and 
precipitations (using in this case the Canadian Climate Normals). In a second type of 
scenario, the user can choose a date during which abundant rains may flush sumps in some 
municipalities or census tracts. Sumps offer ideal locations for the maturation of larvae and 
the emergence of adult mosquitoes. They are also the main targets of larvicide spraying. 
But, abundant rains may flush sumps, killing a large proportion of larvae. In the same way, 
the third scenario is used to simulate one application of larvicides in a certain area 
(municipality or census tract). The fourth scenario is a combination of the second and third 
scenarios. Hence, it is possible to choose a date for the flushing of sumps and another date 

     (a)     (b)
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Figure 3: Using scenarios. 

for the application of larvicides. Most larvae are supposed 
to die after the flushing of a sump, although the dynamics 
of the larval populations starts all over again since there 
are always Culex adults in the vicinity of the sump that 
will spawn new eggs. The last scenario allows multiple 
applications of larvicides (Figure 3). 
 
Besides, we carried out calibrations of the models by 
using monitoring data (capture of Culex, collection of 
dead crows and application of larvicides on the ground) 
provided by various public health agencies for the 
southern part of the province of Quebec and the Ottawa 
metropolitan area. Indeed, we compared simulation 
results and field observations. For example, we evaluated 
the ratio between the real populations of Culex and the 
samples of Culex captured in traps (a captured mosquito 
was considered to represent a population of 300 Culex 
over one km2 [Reisen et al., 1991; Reisen et al., 1992]) 
and as well between crows and the collected dead crows. 
Concerning the southern part of the province of Quebec, 
we chose some key municipalities where human infections had occurred. It appeared 
thereafter that there was a significant difference between the data generated by the model 
and those obtained from the field. Hence, we tuned up the initial settings of the simulation 
(e.g. the initial percentage of infected Culex or infected crows, distance between sumps, 
emerged Culex per sump, percentage of sumps containing larvae, etc) as well as some 
parameters of the mathematical model (e.g. mosquitoes biting rate of crows per capita, 
WNV transmission probabilities from Culex to crows or from crows to Culex, etc). These 
changes have helped us to quantitatively calibrate the model for the processed 
municipalities. Hence, the parameters adjusted for calibration provide reasonable results 
[Bouden et al., 2008]. Concerning the Ottawa metropolitan area, since we lacked data, we 
chose only one census tract (number: 5050011.04) in order to validate the model using the 
parameters already adjusted for the southern part of the province of Quebec. This tract 
contains the largest roost of crows (situated in the General Hospital Campus) and four trap 
stations of Culex. The modelling results show again a good fit with real life data (Figure 4). 
 

 
Figure 4: (a) The trap stations of Culex for the Ottawa metropolitan area (the tract 

5050011.04 contains 4 stations). (b) Model calibration using the total Culex captured in 
traps during the simulation period (1 July – 1 October) for the tract 5050011.04 in 2006. 

 
 
5. REENGINEERING AND ADAPTING TO OTHER ZOONOSES 
 
Our MAGS approach and tool can be used not only to simulate the propagation of the 
WNV, but can also be adapted to various other vector-borne diseases. We are currently 
exploring avenues to produce a generic solution which can thus be applied to other 
zoonoses such as Lyme disease. To this end, we are doing a refactoring of our tool in order 
to produce more realistic simulations at different levels of granularity. These levels are 
based on (1) the users’ needs according to their understanding of the phenomenon, (2) the 

     (a)     (b)
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availability of models representing the actors and their behaviours and (3) the availability of 
data feeding these models. Furthermore, these levels may vary with (1) the spatial scales of 
the geo-referenced virtual geographic environment, with (2) the temporal scales 
characterizing the steps of the simulation and with the (3) different categories of actors 
(individuals, groups or populations). For example, the temporal scale can be used 
differently depending on the simulated disease. Indeed, in the case of WNV, using a day or 
at most a week for the simulation steps appears satisfactory for the needs of health decision 
makers. Culex that are involved in the spread of WNV have a relatively rapid life cycle 
(weeks). However, the case of Lyme disease is different. The life cycle of ticks responsible 
for spreading the disease is much longer (2.5 years on average). Hence, a simulation using 
for example a month as a simulation step should be considered so that decision makers can 
quickly grasp the evolution of the populations of ticks. Besides, we have completed the 
conceptual architecture of our new system (called Zoonosis-MAGS) which allows a multi-
level geosimulation of different types of infectious diseases such as WNV or Lyme disease. 
We are currently developing our new system based on an iterative process. The iterative 
aspect is due to the complexity of the overall system. 
 
 
6. CONCLUSION AND RECOMMENDATIONS 
 
The solution that we propose (using a multi-agent geosimulation approach) can help health 
policy makers to better understand a complex phenomenon such as the spread of a zoonosis 
and therefore to make better informed decisions. These decisions can initiate preventative 
actions at the right time and places in order to avoid or reduce the negative effects of the 
propagation of an infectious disease. However, the lack of data to feed the simulation 
models and the quality of data that are available to calibrate these models are among the 
main limits of simulating a complex system such as the spread of an infectious disease. 
Indeed, it is sometimes impossible to find such data in the literature or even get if from 
experts. As a result, assumptions are unavoidable to address the problem of missing data. 
Some of these assumptions may reduce the realism of the simulation. To solve this 
problem, it is important that additional field studies be carried out by domain experts (e.g. 
entomologists, ornithologists). Moreover, the data needed to calibrate simulation models 
and obtained from monitoring systems have some bias. For example, the collection or 
analysis of data regarding the infected animals is not done on a regular basis and mostly in 
a small subset of geographic areas. Sampling is often determined inconsistently in time and 
space. Therefore, the very high variability of the data collected by monitoring systems often 
causes a lack of adequate data to feed the simulations. The problem lies in the fact that 
designers of monitoring systems do not always think of the usefulness of data collected in 
order to adequately interpret them. To solve this problem, it is important to enhance the 
monitoring systems. For simulation purposes, we suggest to focus on certain areas (e.g. 
some municipalities, some census tracts) instead of trying to monitor everything on a large 
territory. Therefore, rather then getting huge data sets which are for the most part unusable, 
we would obtain more complete data from samples well distributed in time and space. The 
data collection should be also carried out repetitively in the same areas in order to insure a 
better quality of the data. 
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Abstract: Highly pathogenic avian influenza viruses H5N1 have spread throughout Asia, 
Europe, and Africa in the past decade, raising serious worldwide concerns about a potential 
new pandemic. Many studies have investigated the spread of the HPAI H5N1 virus and 
discussed its possible risk factors. However, the climate factor, which can affect the whole 
process of H5N1 outbreaks, has been greatly ignored. The objective of this preliminary study is 
to use a GIS-based approach to explore the potential impacts of temperature change on H5N1 
outbreaks. We have divided the outbreaks into five epidemic waves. Although the temperature 
ranges of different epidemic waves are overlapped, the season period of different waves are 
varied, indicating that temperature may play an important role in the timing of outbreaks. 
Current measures might successfully control the epidemic strength of H5N1 outbreaks, but they 
did not change its epidemic cycles. The risk of H5N1 outbreaks reflected from the spatial 
viewpoint is still very high, and long-term efficient control strategies on H5N1 outbreaks 
should be explored for sustainable effects. 
 
Keywords: Avian influenza; climate change; temperature; poultry; disease control; geographic 
information system  
 
 

1. INTRODUCTION 

 
Avian influenza (AI) caused by the highly pathogenic avian influenza (HPAI) virus subtype 
H5N1 was first reported on a geese farm in southern China in 1996; human cases were then 
reported in Hong Kong in 1997 (Claas et al., 1998; Shortridge et al., 1998; Subbarao et al., 
1998), which demonstrated the direct transmission of H5N1 virus from birds to humans for the 
first time. This virus reemerged in late 2003. Since then it has spread from Southeast Asia to 
Central Asia, the Middle East, Africa and Europe, and over 60 countries have experienced 
HPAI H5N1 outbreaks by now (Alexander, 2007; OIE, 2009).  
 
During this time, many wild birds were culled and millions of poultry were killed to control the 
disease, resulting in huge economic losses in the poultry industries of the affected regions 
(FAO, 2007; OIE, 2008). Before February 10, 2010, 474 human infections were reported, of 
which 282 were fatal (WHO, 2010). Avian influenza posed a significant pandemic threat and 
emphasized the need for worldwide pandemic preparedness (Doherty et al., 2006; Webster& 
Govorkova, 2006).  
 
For an efficient control strategy, the risk factors of this disease must be first identified. Previous 
studies have suggested that the migration of wild birds, movements of domestic birds, poultry 
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transportation, illegal trade, highway networks, vegetation zones and human activities all 
contribute partly to the occurrence and spread of the disease (Farnsworth et al., 2009; Gilbert et 
al., 2006; Jourdain et al., 2007), but it is still debatable which ones are key factors. Many 
experimental studies have revealed that temperature can affect the survival time of the H5N1 
virus, and lower temperature seems to support survival of the virus (Songserm et al., 2005; 
Tiensin et al., 2007). Unfortunately, no studies have been conducted to explore the impacts of 
air temperature on H5N1 outbreaks except a review paper (Gilbert et al., 2008) which only 
discussed the matter in broad and general ideas. This preliminary study was designed to shed 
light on whether and how climate change will affect H5N1 outbreaks at a global scale. We 
explored the relationship between air temperature and H5N1 outbreaks using the H5N1 
outbreak database from 2004-2009.  
 
 

2. DATA AND METHODS 

 
2.1 Data source and data preprocessing 
 
Avian Influenza data: HPAI H5N1outbreak data on domestic poultry from 1 January 2004 to 
31 December 2009 were obtained from the database of the Global Animal Health Information 
System of the Food and Agricultural Organization (FAO) Emergency Prevention System for 
Transboundary Animal and Plant Pests and Diseases programme (EMPRES-i) (FAO, 2010). 
Each confirmed outbreak contained 19 variables, but only the most related variables of 
outbreak location (latitude and longitude), continent, country and date of observation were used 
in this study. These data were geocoded based on their latitude and longitude.  
 
Climate Data: Terrestrial air temperature data recorded in gridded monthly time series from 
January 2004 to December 2008 were downloaded from the Center for Climatic Research of 
the Department of Geography, University of Delaware 
(http://climate.geog.udel.edu/~climate/html_pages/download.html). Ordinary kriging was 
applied to interpolate the monthly gridded data to generate sixty continuous temperature 
surfaces (12months/yr x 5 yrs =60). Then, the monthly air temperatures for all the outbreaks 
were extracted based on their locations and observation dates.  
 
Base Data: The country-based global map was obtained from the internal data of ARCGIS 
software (Environmental Systems Research Institute, Inc., Redlands, CA). It was used to 
overlay with analysis results and facilitate the visualization.  
 
 
2.2 Analysis 
  
Continent-based global H5N1 outbreaks from 2004 to 2009 were summarized in a table to 
show the epidemic situation on a coarse scale. To display the overall dynamics of H5N1 
outbreaks over time, a histogram was constructed to display its temporal distribution by 
counting the number of reported outbreaks per month from 2004 to 2009 in the world; then, 
different epidemic waves which indicate the beginning and ending periods of outbreaks were 
divided for following analysis. The epidemic waves were used to choose the air temperature 
range of H5N1 outbreaks. Mean temperatures and standard deviations were used to visually 
compare the temperature changes between different epidemic waves and to determine the 
possible temperature range for H5N1 outbreaks. Then H5N1 outbreaks were divided into 
corresponding subsets according to the above epidemic phases and depicted in the country-
based global map for visual comparison. All these manipulations were done in ARCGIS 9.3 
software (Environmental Systems Research Institute, Inc., Redlands, CA) and R software (R 
Development Core Team). 
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3. RESULTS 

 
There were 6135 outbreaks in all from 1 January 2004 to 31 December 2009, according to the 
FAO-collected database. Only three continents — Asia, Africa and Europe — reported 
outbreaks during that period. Asia had the most cases and was the earliest to report H5N1 
outbreaks. Europe had the fewest outbreaks, although its H5N1 outbreaks were reported earlier 
than those in Africa (Table 1).  
 
Table 1 Continent-based summaries of global H5N1 outbreaks from 2004-2009 

Continent 
Year 

2004 2005 2006 2007 2008 2009 Total 

Africa 0 0 157 279 121 45 602 

Asia 4136 228 338 228 352 86 5368 

Europe 0 33 84 45 3 0 165 

Total 4136 261 579 552 476 131 6135 

 
Six epidemic waves may be divided through visual inspection of the global epidemic curve, 
including Epidemic Wave 1 to Epidemic Wave 6 (abbr. EW1 to EW6). Their periods are from 
01/Jan/2004 to 30/June/2004 (EW1), 01/July/2004 to 30/June/2005 (EW2), 01/July/2005 to 
31/Oct/2006 (EW3), 01/Nov/2006 to 31/Oct/2007 (EW4), 01/Nov/2007 to 31/Oct/2008 (EW5), 
and 01/Nov/2008 to 31/Dec/2009 (EW6), respectively (Figure 1). EW1 and EW3-EW6 reveal a 
high occurrence of H5N1 outbreaks from January to March, while EW2 shows a different peak 
from October to December. In addition, we found that EW2 and EW3 started in or around July, 
while the later waves, EW4-EW6, seem to have been postponed to November.   

 
Figure 1 Epidemic wave of monthly counted global H5N1 outbreaks from 1 January 2004 to 

31 December 2009. 
  
 
The sample sizes, mean temperatures and standard deviations were displayed for EW1-EW5 
and total EW1-EW5 (Figure 2). The temperatures were not very consistent in different 
epidemic waves, but their ranges largely overlapped. The highest mean temperature appeared in 
EW2 and the temperature began to gradually drop from EW3. Comparing Figure 2 and Figure 3, 
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we see that the wider the H5N1 outbreaks were distributed, the larger the temperature variation, 
which may prompt the suitable range of air temperature for H5N1 outbreaks to be possibly 
broad, so the combined 95% confidence interval (CI) of EW1-EW5 was chosen as the feasible 
temperature range for H5N1 outbreaks (1.16, 29.59 in this study).   
 
 

 
Figure2 Temperature change for the five epidemic waves of global H5N1 outbreaks 
 
H5N1 outbreaks for the above six epidemic waves were depicted in the country-based global 
maps. For EW1 and EW2, the outbreaks were mainly located in the Southeast Asia, and EW2 
was much more limited in what may have been a residual epidemic following EW1. However, 
H5N1 outbreaks began to spread widely from EW3. The epidemic seems to have gradually 
weakened, but the spatial coverage was still very wide, even for the weakest EW6 (Figure 3). 
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Figure3 Spatial distribution of global H5N1 outbreaks for six sequential epidemic waves 
 
 

4. DISCUSSION AND CONCLUSION 

   
In this study, we obtained the relatively complete datasets of global H5N1 outbreaks and 
discussed the potential impacts of temperature on H5N1 outbreaks. To our knowledge, there are 
only a few studies on reported H5N1 outbreaks on a global scale (Kilpatrick et al., 2006; Si et 
al., 2009), all of which only analyzed a short-term dataset before 2006; no studies have been 
done on the impacts of climate change on H5N1 outbreaks. 
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From 2004 to 2009, six epidemic phases were roughly determined. It was found that the H5N1 
outbreaks were mainly concentrated in the winter and early spring (from October to March), 
suggesting a seasonally higher risk of infection (Si et al., 2009). We can also see that the 
starting dates of epidemic waves varied, indicating that temperature may be an important factor 
in the outbreak period, although the temporal pattern of H5N1 outbreaks might have been 
influenced by disease-control activities (Minh et al., 2009). Current measures might 
successfully control the epidemic strength of H5N1 outbreaks, but they did not change its 
epidemic cycles. The outbreak numbers are reduced gradually after EW3, but the sporadic 
H5N1 outbreaks are still widely distributed in space. Europe has obtained good results in 
controlling H5N1 outbreaks, and no outbreaks occurred in EW6; however, outbreaks were still 
reported in both ends of the general transmission routine. So the potential risk of H5N1 
outbreaks across the world was not decreased along with reduced outbreaks. This fact requires 
more attention because H5N1 outbreaks could easily rebound to the previous level if current 
control measures were lessened or people’s risk consciousness was weakened. 
 
Based on comparisons of air temperature between different epidemic waves, we infer that the 
wide temperature ranges of H5N1 outbreaks at different epidemic waves are similar. We think 
the determined temperature range used in this study is reasonable because the validation results 
showed that all the outbreaks in EW6 were located in that range. This may mean that H5N1 
outbreaks can occur in extensive regions if other necessary conditions are met. There are two 
different regions that need more attention at different periods: Central Africa and Central Asia. 
They may become the most risk regions in future. In addition, current control measures for 
H5N1 outbreaks seem to only have short-term effect in successfully reducing the outbreak 
numbers, and are not very efficient in compressing the outbreak regions and alter the epidemic 
regularity of H5N1. Efficient long-term control strategies should be explored for sustainable 
control of H5N1 outbreaks. 
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Abstract: Lyme disease has been recognised as one of the emerging vector borne diseases in
Canada. Ticks, Ixodes scapularis SAY, play a major role as vectors of Lyme disease causative
agent Borrelia burgdorferi. Ticks become infected with Borrelia while feeding on the primary
hosts (mice, squirrels, shrews, and other small vertebrates). Deers are primary source of nourish-
ment for each gravid female I. scapularis and are fundamental to the tick establishment without
infection. The life cycle of tick, I. scapularis, is very complex and takes nearly two years to reach
adult stage from egg. Studies have shown that tick life cycle is heavily influenced by changes in
the climate. In particular, increasing temperature was shown to facilitate the rapid geographical
expansion of vector I. scapularis and such an expansion might establish the disease in non-endemic
areas of Canada. Hence, we tried to predict the temperature impact on the complex tick population
life cycle as well as on their establishment conditions in the presence of primary and secondary
hosts. This tick population model was based on the Ogden’s process-based system, which com-
prises 12 mutually exclusive tick stages. Tick developmental rates were modelled as temperature
dependent based on the earlier studies. We found the threshold condition, in terms of the basic
reproduction number (R0), for tick persistence and showed the existence, uniqueness and stability
of an endemic equilibrium. We also conducted some numerical simulations to illustrate the ana-
lytical results. These simulation results seem to be in good agreement with the previous studies
on Lyme disease ecology, and our analysis indicates that temperature can be used as determining
parameter to predict the distribution, establishment of tick populations and Lyme disease in the
new regions.

Keywords: Ixodes scapularis, Mathematical Model, Temperature, Lyme Disease, Dynamics

1 INTRODUCTION

Lyme disease was first time described in 1977 following the investigation of a cluster of arthritis
cases among children living near Lyme, Connecticut (Steere et al, 1977). Lyme disease is the most
common tick borne disease in United States (Daniels et al, 1995), where approximately 20,000
cases reported annually (Bacon et al, 2008). Lyme disease has been recognised as an emerg-
ing disease in Canada, hence placed in the priority list of National Notifiable Diseases (Doherty,
2006). Distribution of Lyme disease in Canada is currently limited to parts of southern Ontario,
southern Quebec, southeastern Manitoba, Nova Scotia, New Brunswick (Ogden et al, 2005; Og-
den et al, 2008) and in British Columbia (Lane et al, 2001; Holden et al, 2006; Ogden et al, 2008).
Increasing temperature with climatic changes encourage the rapid geographical expansion of vec-
tor I.scapularis that could establish the disease in non-endemic areas of Canada (Brownstein et al,
2005; Ogden et al, 2006).
∗Corresponding author: Jianhong Wu, email: wujh@mathstat.yorku.ca
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Causative agent of Lyme disease is a spirochete bacterium Borrelia burgdorferi transmitted by the
principal vector of black-legged tick species, Ixodes scapularis SAY, in north-eastern regions of
North America (Dolan et al, 2004, Kurtenbach et al, 2006). Natural reservoirs of B.burgdorferi
include mice, squirrels and shrews, and and other small vertebrates (Dennis and Piesman, 2005;
Slowik and Lane, 2009) act as primary hosts. While feeding on these reservoirs ticks, I.scapularis
become infected with B.burgdorferi and can transmit infection during the subsequent blood meals
among hosts or to incidental hosts, including humans. White-tailed deer (Odocoileus virginianus
Zimmerman) are not infected with B.burgdorferi (Telford et al, 1988), but they play a role in
transporting ticks and maintaining tick population as primary source of nourishment for gravid
females (Rand et al, 2003; Rand et al, 2004). The life cycle of tick, I.scapularis, is very complex
and takes place nearly two years to reach adult stage from egg. After hatching from eggs, they
pass through three developmental stages: larva, nymph, adult. Each of the three immature stages
exhibits their activity in different seasons. Eggs are laid by an adult female tick in the spring and
larvae hatch during the late summer. In all three stages, larvae, nymph and adult ticks, seek to
attach a host to draw a blood meal, and then drop off to digest the meal. The fed larvae in the
spring or summer moult and over winter as nymphs; the very few larvae fed after September over
winter as engorged larvae and ready to moult in the next spring. Unfed larvae survive less than
one year hence no overlap can be seen with the successive cohorts. Most nymphs fed in spring
or early summer will moult to adult ticks. Unfed nymphs able to survive throughout the spring or
summer to the next year overlap with new generation of nymph cohorts. Adult ticks feed during
fall and spring. The gravid females lay their eggs in early spring and die shortly. Unfed adults
of fall over winter and resume host-seeking in the spring and die, unless they feed during their
first season, of questing (Daniels et al 1989; Yuval and Spielman, 1990; Lord, 1993; Porco, 1999;
Ogden et al, 2004). Many researchers stated that interstadial developmental rates of ixodes ticks
are determined in part by temperature and this phenomenon is usually nonlinear (Chilton and Bull,
1994; Peavey and Lane, 1996; Randolph, 1997; Randolph et al, 2002; and Ogden et al, 2004)

Over the years, several mathematical and system-based computational models have been devel-
oped for specific questions to understand the interwoven relationships of the climate and tick
and host population dynamics (Gardiner, W.P., Gettinby, 1983; King et al, 1988; Sandberg et al,
1992; Kitron and Mannelli, 1994; Randolph and Rogers, 1997; Porco, 1999; Mwambi et al, 2000;
Ghosh and Pugliese, 2004; Awerbuch-Friedlander et al, 2005; Brownstein et al, 2005; Ogden et
al, 2005; Rosa and Pugliese, 2007). We developed here an ordinary differential equation model
based on the process-based dynamic population model (Ogden et al, 2005), which comprises of
12 mutually exclusive states (Figure 1) and investigate the influence of temperature on the density
of tick population. Tick developmental rates were modeled as temperature dependent based on
the earlier studies (Chilton and Bull, 1994; Peavey and Lane, 1996; Randolph, 1997; Randolph et
al, 2002; and Ogden et al, 2004). For the model, we find a threshold condition for tick persistence,
and show the existence, uniqueness and stability of the endemic equilibrium. We also give some
numerical simulations to illustrate the theoretical results.

2 MODEL FORMATION

The life cycle of ticks have three developmental stages: larva, nymph and adult. Each stage
subdivides in turn according to the phase of activity: ‘questing’, in which the unfed tick seeks
a host; ‘feeding’, in which the attached tick feeds; and ‘engorged’ after feeding and then drop
off their hosts. In the model, ticks are classified 12 different states: eggs (x2), hardening larvae
(x3), questing larvae (x4), nymphs (x7) and adults (x10), feeding larvae (x5), nymphs (x8) and
adults females (x11), engorged larvae (x6), nymphs (x9) and adults females (x12) and egg-laying
adults females (x1). Each state represents a specific point in the life of the ticks. Differently from
other models for tick population, here we follow (Ogden et al, 2005) and consider an additional
state hardening larvae, because hatched larvae undergo a 21 days ‘hardening’ prior to becoming
questing larvae (Dennis et al, 1996).

Tick’s development is highly constrained by many factors including biotic (host kind, host densi-
ties and habitat) and abiotic such as climate. In particular, the abiotic environment plays a vital
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Figure 1: Tick population model flowdiagram, using Gliffy online diagram software

role in the development of I. scapularis. Because 98% of the 2-year life cycle occurs on the host,
climate should act as an essential determinant of distribution of tick population. Therefore, we
assume the tick’s development periods q (pre-eclosion period, the period between commencement
of egg-laying and larval hatching), s (period engorged larvae develop into questing nymphs), v
(period engorged nymphs develop into questing adults) and x (pre-oviposition period, the period
between adult female engorgement and egg laying) as functions of a variable temperature, see
Table 1 in detail. Assume the number of eggs produced by each engorged adult female was set to
p (3000) (Mount et al, 1997), and total number of eggs is reduced by a density-dependent factor
f(x11), and they are all dead after 1 day.

Let

x1 = Number of egg-laying adult females;
x2 = Number of eggs;
x3 = Number of hardening larvae;
x4 = Number of questing larvae;
x5 = Number of feeding larvae;
x6 = Number of engorged larvae;
x7 = Number of questing nymphs;
x8 = Number of feeding nymphs;
x9 = Number of engorged nymphs;
x10 = Number of questing adults;
x11 = Number of feeding adult females;
x12 = Number of engorged adult females.
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The model equations that describe tick population dynamics are as follows:

dx1

dt
=

1
x

x12 − 1
y
x1; (1)

dx2

dt
= x1 × f(x11)× p− (

1
q

+ µe)x2; (2)

dx3

dt
=

1
q
x2 − (

1
z

+ µhl)x3; (3)

dx4

dt
=

1
z
x3 − (λql × θi + µql)x4; (4)

dx5

dt
= λql × θix4 − (

1
r

+ µfl(x5))x5; (5)

dx6

dt
=

1
r
x5 − (

1
s

+ µel)x6; (6)

dx7

dt
=

1
s
x6 − (λqn × θi + µqn)x7; (7)

dx8

dt
= λqn × θix7 − (

1
u

+ µfn(x8))x8; (8)

dx9

dt
=

1
u

x8 − (
1
v

+ µen)x9; (9)

dx10

dt
=

1
v
x9 − (λqa × θa + µqa)x10; (10)

dx11

dt
=

1
2
λqa × θax10 − (

1
w

+ µfa(x11))x11; (11)

dx12

dt
=

1
w

x11 − (
1
x

+ µea)x12, (12)

where the biological meaning and numerical values of parameters are given in Table 1 with rel-
evant references. Most parameter values of the parameters are from (Ogden et al, 2005). All
parameters of the model are assumed to be non-negative, with all the death rates and development
rates positive.

Note that f(x11) = A1 − A2ln(A3 + x11R
−1), where A1,A2,A3,R are positive constants. To

obtain the nonnegativity of f(x11), we note that x11 ≤ x̄11 = R(eA1/A2 −A3). Substituting x̄11

into equation (11), we obtain x10 ≤ x̄10 = 2( 1
w + µfa(x̄11))x̄11(λqa × θa)−1. Continuing the

same process, we get xi ≤ x̄i, i = 1, · · · , 12, for constants x̄i that can be explicitly given. It is
therefore natural to consider the region Ω =

∏12
i=1[0, x̄i]. It can be shown that all solutions of the

model system starting in Ω remain in Ω for all t ≥ 0. Thus, Ω is positively invariant and we will
restrict our attention to solutions in Ω.

3 EQUILIBRIA AND BASIC REPRODUCTION NUMBER

System (1)-(12) has a tick-free equilibrium denoted by E0 := (x1, x2, · · · , x12) = (0, 0, · · · , 0).
The following analysis of the local stability of E0 yields a threshold condition, under which the
number of ticks in all different stages will increase or decrease exponentially. This threshold
condition is characterized by the so-called basic reproductive number, denoted by R0 (Diekman
and Heesterbeek, 2000).

The Jacobian matrix of (1)-(12) at E0 has the form J1 = T − D, where T and D are give
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Table 1: Parameter definitions and numerical values

y Average period for ’oviposition’ (1 day)
q Average period for the pre-eclosion period of eggs (34, 234× T−2.27)
z Average period for hardening of larvae (21 days)
r Average feeding period of larvae (3 days)
s Average period for engorged larva to nymph development (101, 181× T−2.55)
u Average feeding period of nymphs (5 days)
v Average period for engorged nymph to adult females (1596× T−1.21)
w Average feeding period of adult females (10 days)
x Average period for the pre-oviposition period (1300× T−1.42)
µe Daily, per capita mortality rate of eggs (0.002)
µhl Daily, per capita mortality rate of hardening larvae (0.006)
µql Daily, per capita mortality rate of questing larvae (0.006)
µqn Daily, per capita mortality rate of questing nymphs (0.006)
µqa Daily, per capita mortality rate of questing adults (0.006)
µel Daily, per capita mortality rate of engorged larvae (0.003)
µen Daily, per capita mortality rate of engorged nymphs (0.002)
µea Daily, per capita mortality rate of engorged adults (0.0001)
µfl(x5) Density-dependent, per capita mortality of feeding larvae on rodents

(0.65 + [0.049Ln({1.01 + x5}/R)])
µfn(x8) Density-dependent, per capita mortality of feeding nymphs on rodents

(0.55 + [0.049Ln({1.01 + x8}/R)])
µfa(x11) Density-dependent, per capita mortality of feeding adults on deer

(0.5 + [0.049Ln({1.01 + x11}/D)])
R Number of rodents
D Number of deers
p Per capita egg production by egg-laying females (3000)
f(x11) Density-dependent reduction in fecundity of egg-laying females

(1− [0.01 + (0.04× Ln{1.01 + x11/D})])
θi Temperature-variable factor for questing activity of immature ticks

(see Ogden et al. 2005)
θa Temperature-variable factor for questing activity of adult ticks

(see Ogden et al. 2005)
λql Daily host-finding probability for questing larvae (0.0013R0.515)
λqn Daily host-finding probability for questing nymphs (0.0013R0.515)
λqa Daily host-finding probability for questing adults (0.0086D0.515)
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respectively by

T =




0 0 0 0 0 0 0 0 0 0 0 1
x

f(0)× p 0 0 0 0 0 0 0 0 0 0 0
0 1

q 0 0 0 0 0 0 0 0 0 0
0 0 1

z 0 0 0 0 0 0 0 0 0
0 0 0 λql × θi 0 0 0 0 0 0 0 0
0 0 0 0 1

r 0 0 0 0 0 0 0
0 0 0 0 0 1

s 0 0 0 0 0 0
0 0 0 0 0 0 λqn × θi 0 0 0 0 0
0 0 0 0 0 0 0 1

u 0 0 0 0
0 0 0 0 0 0 0 0 1

v 0 0 0
0 0 0 0 0 0 0 0 0 1

2λqa × θa 0 0
0 0 0 0 0 0 0 0 0 0 1

w 0




and

D = diag
(

1
y ; 1

q + µe; 1
z + µhl;λql × θi + µql; 1

r + µfl(0); 1
s + µel;λqn × θi + µqn;

1
u + µfn(0); 1

v + µen;λqa × θa + µqa; 1
ω + µfa(0); 1

x + µea

)

The characteristic equation of matrix TD−1 is λ12 −R0 = 0, where

R0 =
1
q

1
q + µe

1
z

1
z + µhl

λql × θi

λql × θi + µql

1
r

1
r + µfl(0)

1
s

1
s + µel

λqn × θi

λqn × θi + µqn

1
u

1
u + µfn(0)

1
v

1
v + µen

1
2λqa × θa

λqa × θa + µqa

1
w

1
w + µfa(0)

1
x

1
x + µea

f(0)× p
1
y

. (13)

This eigenvalue is, in module, smaller than one if and only if R0 < 1. The definition, given in
Diekmann and Heesterbeek(2000), yields the reproductive number of such a system (though not
really an epidemic model) as 12

√
R0. Regardless, we conclude that E0 is asymptotically stable if

and only if R0 < 1.

R0 as a threshold can be better illustrated when we consider the existence and stability of an
endemic equilibrium. We assume in the remaining part of this section that R0 > 1.

Setting the right-hand sides of (1)-(12) to zeros, we obtain the following equation:

f(x11)× k1 − (
1
r

+ µfl(x5))(
1
u

+ µfn(x8))(
1
w

+ µfa(x11) = 0, (14)

where

k1 =
1
q

1
q + µe

1
z

1
z + µhl

λql × θi

λql × θi + µql

1
s

1
s + µel

λqn × θi

λqn × θi + µqn

1
v

1
v + µen

1
2λqa × θa

λqa × θa + µqa

1
x

1
x + µea

1
w
× p

1
y

× 1
r
× 1

u
> 0.

In order to find positive solutions of , we need to know the relationships between x5 or x8 and
x11. Setting the right-hand sides of (6)-(11) to zeros again, we obtain

x8 = k2(
1
w

+ µfa(x11))x11, x5 = k3(
1
u

+ µfn(x8))x8,
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where

k2 =
1
v + µen

1
u

× λqa × θa + µqa
1
v

· 1
1
2λqa × θa

> 0

and

k3 =
1
s + µel

1
r

× λqn × θi + µqn
1
s

· 1
λqn × θi

> 0.

From the formula µfl(x5), µfn(x8) and µfa(x11), it is easy to check that all of the terms x5, x8,
µfl(x5), µfn(x8) and µfa(x11), which are functions of x11, are strictly increasing functions of
x11. Moreover, f(x11) is a strictly decreasing function of x11. Hence, there exists an endemic
equilibrium if and only if there exists a positive solution x11 to (14).

Define

F (x11) = (
1
r

+ µfl(x5))(
1
u

+ µfn(x8))(
1
w

+ µfa(x11)− f(x11)× k1. (15)

Hence,F (x11) is a strictly increasing function with respect to x11. Note that limx11→x̄11 F (x11) >
0. Then there exists a unique endemic solution of F (x11) = 0 if and only if F (0) < 0.

On the other hand,

F (0) = (
1
r

+ µfl(0))(
1
u

+ µfn(0))(
1
w

+ µfa(0)− f(0)× k1

= (
1
r

+ µfl(0))(
1
u

+ µfn(0))(
1
w

+ µfa(0)(1−R0).

Therefore, we conclude that there exists a unique endemic equilibrium if and only if R0 > 1.

To address the stability of this unique endemic equilibrium, denoted by X∗ :=
(x∗1, x

∗
2, · · · , x∗12) ∈ Ω. We note that he Jacobian matrix J2 at the endemic equilibrium can

be expressed as J2 := A−B, where A and B are given respectively by

A =




0 0 0 0 0 0 0 0 0 0 0 1
x

f(x∗11)p 0 0 0 0 0 0 0 0 0 −(−x∗1pf ′(x∗11)) 0
0 1

q 0 0 0 0 0 0 0 0 0 0
0 0 1

z 0 0 0 0 0 0 0 0 0
0 0 0 λql · θi 0 0 0 0 0 0 0 0
0 0 0 0 1

r 0 0 0 0 0 0 0
0 0 0 0 0 1

s 0 0 0 0 0 0
0 0 0 0 0 0 λqn · θi 0 0 0 0 0
0 0 0 0 0 0 0 1

u 0 0 0 0
0 0 0 0 0 0 0 0 1

v 0 0 0
0 0 0 0 0 0 0 0 0 1

2λqa · θa 0 0
0 0 0 0 0 0 0 0 0 0 1

w 0




and

B = diag
(

1
y ; 1

q + µe; 1
z + µhl;λql × θi + µql; 1

r + µfl(x∗5) + µ′fl(x
∗
5)x

∗
5;

1
s + µel;λqn × θi + µqn;

1
u + µfn(x∗8) + µ′fl(x

∗
8)x

∗
8;

1
v + µen;λqa × θa + µqa; 1

w + µfa(x∗11) + µ′fa(x∗11)x
∗
11;

1
x + µea

)
.
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Therefore, J2 can be written as

J2 :=




−a1,1 a1,12

a2,1 −a2,2 −a2,11

a3,2 −a3,3

. . . . . .
a11,10 −a11,11

a12,11 −a12,12




,

where ai,j > 0. Hence, the endemic equilibrium is locally asymptotically stable if all eigenvalues
of J2 have negative real parts.

Let λ be an eigenvalue of J2 and a corresponding eigenvector be X := (x1, x2, · · · , x12)T . Then
we have

(λ + a1,1)x1 = a1,12x12, (16)
(λ + a2,2)x2 = a2,1x1 − a2,11x11, (17)
(λ + ai,i)xi = ai,i−1xi−1 i = 3, · · · , 12. (18)

It follows from (18) that

xi =
ai,i−1

λ + ai,i
xi−1, i = 3, · · · , 12. (19)

Therefore, we have

x12 =
12∏

i=3

ai,i−1

λ + ai,i
x2, (20)

x11 =
11∏

i=3

ai,i−1

λ + ai,i
x2. (21)

Substituting (20) and (21) into (16) and (17) yields

{
(λ + a1,1)x1 − a1,12

∏12
i=3

ai,i−1
λ+ai,i

x2 = 0,

−a2,1x1 + [(λ + a2,2) + a2,11

∏11
i=3

ai,i−1
λ+ai,i

]x2 = 0.
(22)

Then, we arrive at a simplified characteristic equation

f(λ) =
12∏

i=1

(λ + ai,i) + (λ + a1,1)(λ + a12,12)a2,11

11∏

i=3

ai,i−1 − a1,12

12∏

i=2

ai,i−1 = 0. (23)

It is tedious but straightforward to verify that

12∏

i=1

ai,i > a1,12

12∏

i=2

ai,i−1. (24)
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Substituting λ = 0 into (23) gives f(0) > 0. Moreover, if λ > 0, then

f ′(λ) =
12∑

j=1

12∏

i=1,i6=j

(λ + ai,i) + (2λ + a1,1 + a12,12)a2,11

12∏

i=2

ai,i−1 > 0. (25)

This implies that the characteristic equation (23) has no real positive or zero roots.

Now, assume λ = α + jβ with α ≥ 0 and β > 0 is an eigenvalue of (23). Substituting this into
(23) and taking module, we get

|
12∏

i=1

(α + jβ + ai,i) + (α + jβ + a1,1)(α + jβ + a12,12)a2,11

11∏

i=3

ai,i−1| = a1,12

12∏

i=2

ai,i−1. (26)

But, using the nonnegativity of α, β and ai,j , we obtain

|
12∏

k=1

(α + jβ + ai,i) + (α + jβ + a1,1)(α + jβ + a12,12)a2,11

10∏

i=2

ai+1,i|

> |
12∏

i=1

(α + ai,i + jβ)| > |
12∏

i=1

(α + ai,i)| ≥ |
12∏

i=1

ai,i| > a1,12

12∏

i=2

ai,i−1,

a contradiction.

Therefore, the matrix J2 has only eigenvalues with negative real part, which implies that the
endemic equilibrium is locally asymptotically stable. In summary, we have

Theorem 3.1. Suppose R0 > 1. Then an endemic equilibrium exists, is unique and locally
asymptotically stable.

Whether this equilibrium is globally asymptotically stable remains to be an open problem. Here
we address a relatively simpler issue, namely we investigate the persistence of the disease.

Recall that f(x11) = A1 − A2ln(A3 + x11R
−1) with A1, A2 and A3 being positive constants.

Then 0 < f(x11) ≤ A1. Replacing f(x11) by A1 in the system (1)-(12), we get another ordinary
differential equations system

˙̃xi(t) = f̃i(x̃i, x̃i−1), i = 1, 2, · · · , 12. (27)

Denote by x̃0 = x̃12. We have the following

Theorem 3.2. For system (27), there exists an unique endemic equilibrium which is globally
asymptotically stable, when R0 > 1.

The proof of the existence of the endemic equilibrium is similar to the proof of the similar con-
clusion for equations (1)-(12), by considering the function

G(x̃11) = (
1
r

+ µfl(x̃5))(
1
u

+ µfn(x̃8))(
1
w

+ µfa(x̃11))−A1k1. (28)

Since system (27) is a positive feedback cycle system, and when R0 > 1 the system has a unique
positive equilibrium in the positively invariant set R12

+ , the forward trajectory of every initial point
of R12

+ approaches the equilibrium X̃∗.
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Now, let X(t,X0) be a solution of system (1)-(12) starting at the initial point X0 ∈ Ω, let
X̃(t,X0) be the solution of system (27) with the same initial data. By a standard compar-
ison argument, we get X(t,X0) ≤ X̃(t,X0),∀t ≥ 0. Taking limit on both sides gives
limt→∞X(t,X0) ≤ limt→∞ X̃(t,X0) = X̃∗. Choosing the initial value X0 = X∗ ∈ Ω ⊂ R12

+

in the above inequality gives X∗ = limt→∞X(t,X∗) ≤ limt→∞ X̃(t,X∗) ≤ X̃∗. Moreover,
limt→∞ supX(t,X0) ≤ X̃∗. This implies, when t is enough large, that 0 < X(t,X0) ≤ X̃∗. In
particular, for every ε ≥ 0 there exists T > 0 so that for t ≥ T we have x11(t,X0) ≤ x̃∗11 + ε.
Thus, f(x11(t,X0)) ≥ f(x̃∗11) when t enough large. Now, replacing f(x11) by f(x̃∗11) at (2), this
arrives at the third system

˙̂xi = f̂i(x̂i−1, x̂i), i = 1, · · · , 12 (29)

Theorem 3.3. When R0 > 1, if f(0)
R0

< f(x̃∗11) < 1, then system (29) exists an unique endemic
equilibrium X̂∗ > 0. Moreover,

X̂∗ ≤ X∗ ≤ X̃∗, and X̂∗ ≤ X(t,X0) ≤ X̃∗ when t enough large. (30)

Proof: Using same arguments as above, we arrive at the following equation

H(x̂11) = (
1
r

+ µfl(x̂5))(
1
u

+ µfn(x̂8))(
1
w

+ µfa(x̂11))− f(x̃∗11)k1 = 0. (31)

Similarly, the function H(x̂11) is a strictly increasing function of x̂11. So, equation (31) has an
unique positive solution X̂∗ if and only if H(0) < 0, which is equivalent to f(x̃∗11) > f(0)R−1

0 .

A standard comparison argument gives

X̂(t,X0) ≤ X(t,X0), for any given initial value X0, provided t enough large. (32)

Choose X0 = X∗. Then

X̂(t,X∗) ≤ X(t,X∗) (33)

Since system (29) is also a positive feedback cyclic system, the forward trajectory of every initial
point approaches the equilibrium X̂∗. Taking limit for (33), we obtain

X̂∗ = lim
t→∞

X̂(t,X∗) ≤ lim
t→∞

X(t,X∗) = X∗. (34)

From (33) it follows that

X̂∗ = lim
t→∞

X̂(t,X0) ≤ lim
t→∞

inf X(t,X0). (35)

This implies

X̂∗ ≤ X(t,X0) when t enough large. (36)

Therefore, X̂∗ ≤ X(t,X0) ≤ X̃∗ when t is enough large and X̂∗ ≤ X∗ ≤ X̃∗, completing the
proof.
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4 NUMERICAL ANALYSIS

To illustrate these theoretical results, we performed numerical simulations using MATLAB
R2009a version for both case R0 < 1 and R0 > 1 using the list of all parameters presented
in Table 1. Time is measured in days and vector and host densities are in per hectare.

Figure 2 explains how the basic reproduction number is influenced by the temperature at fixed
parameters, with rodents density = 250 and deer density = 30. If R0 < 1, temperatures at 14.5
degree celsius would provide favorable environment for the development of vectors and hosts as
well as spread of pathogen. Where as R0 > 1, temperature equals or above 15.4 degree celsius
would not be favorable for the survival of vector and host.

Figures 3a and 3b show the developmental trends of feeding larvae; feeding nymphs and feeding
adults over time period based on R0 value. When, R0 < 1, ticks will die out under the certain
range of temperature (Figure 3a). This result shows that the tick-free equilibrium is globally
asymptotically stable. Tick existence, uniqueness, and local stability of the endemic positive
equilibrium are proved when R0 > 1 (Figure 3b). This result confirms the persistent development
of tick population at certain temperature conditions.

In Figure 3a, we also show the dynamics behaviors of the upper value x̃∗ and lower value x̂∗, they
are also globally asymptotically stable from the numerical simulation viewpoint. From Figure
3b, the value x̃∗ and the value x̂∗ are very close to the endemic equilibrium x∗. (x̃∗11 = 2.8213,
x∗11 = 2.7701, x̂∗11 = 2.7693).

Figure 4 shows the effect of hosts density (deer, rodent) on the basic reproduction number R0

when temperature fluctuates. The surface represents the value of R0 = 1, inside the surface the
value of R0 is greater than 1, and outside the surface the value of the R0 is less than 1. Figure
5 depicts how host abundances will be influenced by temperature and these trends would again
show an impact on the tick developmental stages and/or Lyme disease spread if hosts are infected
with Borrelia burgdorferi.
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Figure 2: Effects of Temperature on the R0 condition with a fixed parameters, density of Rodents
= 250 and Deer density = 30.

5 SUMMARY AND CONCLUSIONS

We formulated and presented a mathematical model based on the life history of the tick, to analyse
the effects of temperature on the tick developmental stages, hosts (rodents and deer) densities and
their establishment. Further, this model helps to reveal the role of primary and secondary host
activity for I.scapularis population sustenance.
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Figure 3a: Temperature influence on the different stages of Tick life cycle when R0 =
0.7115 < 1, i. feeding larvae; ii. feeding nymphs and iii.feeding Adults The initial value as
[0, 20, 30, 75, 50, 350, 100, 4, 50, 2, 2, 20] and set temperature as 14.5, Rodents =250 and Deer =
30.
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Figure 3b: Temperature influence on the different stages of Tick life cycle when R0 =
2.1904 > 1, i. feeding larvae; ii. feeding nymphs and iii.feeding Adults The initial value as
[0, 0, 0, 0, 0, 0, 0, 0, 0, 10, 0.4, 10] and set temperature as 15.4, Rodents =250 and Deer = 30.
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Figure 4: Temperature influence on the host densities according to the R0 condition.

Figure 5: Effects of host densities on the tick life cycle with respect to the temperature.

As observed in the Figure 5, low abundances of hosts due to increase in temperature, could impede
the growth of tick developmental stages and Lyme disease propagation due to scarcity of blood
meal, infection maintenance and spread (Figure 5). Our findings are in agreement with the earlier
research on the Lyme disease ecology and with the earlier tick population and Lyme disease mod-
els (Porco, 1990; Buskirk and Ostfeld, 1995; Awerbuch-Friedlander et al, 2005). The interactions
of I. scapularis and primary hosts (small mammals) would help in tick survival, development and
spread of B.burgdorferi infection. Where as deers, as secondary hosts, provide nourishment for
each gravid female of I. scapularis and help in tick establishment and local spread. Significant
decline in the sub-adults/adult ticks were found when host densities are extremely low (Wilson et
al. 1988; Deblinger et al. 1993; Jones and Kitron, 2000; Telford 2002). In general, our model
indicates that temperature can be used as determining parameter to predict the distribution, estab-
lishment of tick populations and Lyme disease in the new regions.
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ABSTRACT

The hierarchy of levels in the organization of matter, or the “hierarchy of life”,  is a fun-
damental concept in biology, and biologists are used to thinking about their work as 
being at a particular level.  Yet medicine, in both research and application, operates 
somewhat independently of this concept,  working almost exclusively at levels at or be-
low the individual.  Through the relatively-recent expansion of epidemiology, medicine 
does reach up to the level of the population - but medicine at higher levels of biological 
organization remains under-developed.  In this paper we review the biological idea of 
hierarchy of life and explore what medical research and practice might look like at the 
higher levels.  The range of therapies might be broad, including such as controlling re-
lease of toxic chemicals and various types of planning.  Practitioners may also be broad 
at the higher levels.  In terms of research, we believe that ecology will be notably impor-
tant.  Hence the environment,  and our concern here with environmental modelling, is 
important to medicine operating at all levels of the hierarchy of life.  Key concepts from 
conference papers - socio-ecological and socio-environmental systems; modelling water 
supply; modelling forest fires and the northern environment; energy, material and water 
flows; air quality; and climate change - are obviously linked to human health.   Where 
environmental models have significant health implications, the constituency of interest 
in the findings can be huge.  The time seems right to make such contributions.

Keywords: hierarchy of life; linkage; human health; environmental models; opportunity
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1. INTRODUCTION

“Medicine is the art and science of healing. It encompasses a range of health care practices 
evolved to maintain and restore health by the prevention and treatment of illness.  Contem-
porary medicine applies health science, biomedical research, and medical technology to 
diagnose and treat injury and disease, typically through medication, surgery, or some other 
form of therapy” (http://en.wikipedia.org/wiki/Medicine).  Contemporary medicine is usu-
ally thought to have evolved in Southern Europe  from the work of famous "ancients" like 
Hippocrates (Greece) and Galen (Roman Empire), as early as the 5th and 4th centuries B.C. 
(http://lib-sh.lsuhsc.edu/fammed/grounds/history.html).  In fact, much earlier developments 
have been traced throughout the Middle East, presented in admirable detail in an Iranian 
book by Dr.Tadjbakhsh [2003].

Biology students are trained at an early stage to think in terms of levels: cells, tissues, etc at 
bottom end, and biomes, biosphere, etc at the top end.  In fact, biologists often define them-
selves in terms of the level of biological organization in which they have expertise, directly 
(e.g., cell biologist, population ecologist) or indirectly (e.g., cardiologist, being a specialist 
in the cardiovascular Organ System).  This hierarchy is commonly called the “hierarchy of 
life” (http://en.wikipedia.org/wiki/Biological_organisation).  

Oddly, this basic concept of biology is curtailed in medical research or practice.  Medicine 
is strongly focussed on the organism (i.e., individual) level, with therapies usually applied 
to lower levels (i.e., cells, tissues, organs, and organ systems).  Levels above the organism 
are contributed to medical research and practice only by the discipline of epidemiology.  

Early epidemiology, as described by Saracci [2001], consisted of “three streams ... medical, 
demographic and theoretical, coalesced in an effective way only towards the end of the 
eighteenth and beginning of the nineteenth centuries, giving rise to epidemiology as we 
recognize it today, an investigation of diseases and their aetiology at the population level”. 
The emergence of a “new epidemiology” occurred around the Second World War and it is 
notable that “no text specifically devoted to epidemiological methods was available before 
1960”.  It is clear that medicine at the population level has seriously entered medical re-
search and practice only very recently.  

Medical research and practice at higher levels of biological organization virtually does not 
exist - or, more precisely, ongoing work of relevance to medicine is not recognized as such.  
In this paper we review the biological idea of hierarchy of life and explore what medical 
research and practice might look like at the various levels.  Our focus is on the application 
of modelling human health by levels of biological organization. 

2. THE HIERARCHY OF LIFE

As poignantly stated in the Web Page quoted below: “Life is organized on many structural 
levels with each level building on previous levels.  Each level of biologic organization has 
emergent properties.”  
 
The levels are: 
 
“Atoms - building blocks of all matter.
 Molecules - two or more atoms chemically bonded ...
 Macromolecules - many molecules chemically bonded into large complex molecules ...
 Sub-cellular organelles - mitochondria, Golgi apparatus, chloroplasts, nucleus etc.
 Cells - make up the structure and function of living organisms.
 Tissues - groups of similar cells performing a particular function.
 Organs - specific arrangement of tissues forming functional structures.
 Organ systems - groups of organs performing a particular function.
 Organism - any living thing.
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 Population - Localized group of organisms belonging to the same species.
 Community - Populations of species living in the same area.
 Ecosystems - An energy-processing system of community interactions that include abiotic 
environmental factors such as soil and water.
 Biomes - Large scale communities classified by predominant vegetation type and distinc-
tive combinations of plants and animals [e.g., Taiga, Prairies]
 Biosphere - The sum of all the planet’s ecosystems.”
http://blue.utb.edu/rlnash/Summer2004/NotesSummer2004/Structural Hierarchy.htm

This is the hierarchy of life.  Fig. 1 shows 
how Contemporary Medicine relates to this 
hierarchy, with emphasis roughly propor-
tional to size of text and colour (red text is 
part of medicine, black receives little or no 
interest).  

3. MEDICINE AT ALL LEVELS OF 
THE HIERARCHY

One might ask what medicine would look 
like if it were considered equally at all levels 
of the biological hierarchy, and to stimulate 
interest, the following two tables present 
some aspects for consideration.  

3.1 Issues related to human health  

Table 1 considers various types of “issues” 
that can be related to human health, and the 
kinds of therapy that might be appropriate.  
Issues of infectious and chronic diseases and 
suggested therapies are well known.  The 
effects of toxic chemicals are understandable 
in terms of toxin exposure - although listed 
“therapies” involving the control of exposure 
and/or release would normally be considered 
environmental rather than medical concerns.  
Eutrophication would not conventionally 
raise health concerns even though it can in-
terfere with the quality of drinking water.  
Habitat protection would also not raise 
health concerns although planning is usually 
intended to promote quality of life and hence 
human health.  

3.2 Medical practice and research by 
level

At the level of the organism the Medical Doctor is the practitioner.  At the population level 
the practitioner is also a Medical Doctor, but one with post-graduate specialization in 
Community/Population Health.  This is the same model as used for specialized training at 
sub-organism levels, e.g.,  cardiologists, immunologists, dermatologists, etc.  (We recog-
nize that these statements are generalizations, there being many other specialities involved 
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Figure 1.  The hierarchy of life, with the size of text and colour 
intensity representing the degree of interest by Contemporary 

Medicine. 
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in medicine at the level of the organism and below, e.g., laboratory technicians, database 
administrators, hospital staff, and so on.)

This is what currently exists.  Medical practice at the level of community, biome, ecosys-
tem, or the biosphere are not yet defined,   The role of medical doctors at the higher levels 
of the hierarchy is unclear.  Much work done by various committees and planners working 
at these levels do have impacts on human health.  It is interesting to speculate on whether 

Medical Doctors will make their strong contributions at these levels through providing in-
formation rather than providing therapies. 

Table 2 hypothesizes what might be the appropriate medical researchers at each level of the 
hierarchy.  What is relevant to the audience addressed here is the wide variety of research 
disciplines that can contribute to the maintenance of human health.  One might think that 
communities are most represented - what with virologists, bacteriologists, etc. - but to an 
animal or plant Community Ecologist, even these efforts are comparatively under-
developed in the medical area.  Work is substantially focussed on subjects related to zoono-
tic diseases where a “vector” (often an arthropod) transmits a pathogen (bacteria or virus) 
from a “reservoir” (e.g., infected animal) to a “host” (uninfected human).

3.3 Examples of medicine at the higher levels

As suggested in Table 2, ecology may be an important component of medicine at higher 
levels of the biological hierarchy.  Human diseases caused by enteric bacteria provide a 
useful case study of how an “environmental approach” can be informative.  Pathogens are 
transmitted among animal and human hosts.  Disease incidence is impacted by well-defined 
human activities, from farm practices through food production and consumption.  Bacterial 
genes encoding fitness are selected within a short time frame. 
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Table 1. Issues related to human health and plausible therapies at various levels 
of the biological hierarchy. 

ISSUES

Levels Levels Levels Levels 

ISSUES

Below 

Organism

Organism Population Above 

Population

Infectious 
Diseases

Drugs Behaviour 
Modification

Public Health 
Programs

Vector Control

Chronic 
Diseases

Drugs Lifestyle Healthy
Lifestyle 

Promotion

Enhance
Environmental 

Quality

Toxic 
Chemicals

Organ 
Transplant

Deaden
Pain

Control 
Exposure

Control
Release

Eutrophica-
tion

Bottled Water Water 
Treatment

Land-use
Planning

Habitat 
Protection

Treat 
Depression

Psychological
Counseling

City
Planning

Regional
Planning
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Escherichia coli belonging to the Shiga-
toxigenic pathotype, or Shiga-toxigenic E. 
coli  (STEC), can cause serious disease in 
humans, including ulceration and bleeding 
of the large intestine, damage to kidney 
tubules and glomeruli, and brain damage 
subsequent to clotting in the smaller arter-
ies.  STEC infects humans; domestic cat-
tle, pigs, and sheep (Beutin et al. [1993]; 
Heuvelink et al. [1998]; Kudva et al. 
[1997]); and wildlife including deer (Asa-
kura et al. [1998]), seagulls (Makino et al. 
[2000]), and soil-dwelling amoebae and 
nematodes.  As a consequence, it can con-
taminate both soil and water - and hence 
any food materials that come into contact 
with them.  Fruits (e.g., apples or apple 
juice; Anonymous [1997];Steele et al. 
[1982]) and vegetables (e.g., lettuce; 
Abdul-Raouf et al. [1993]) are known 
sources of human infection. 

There is a large and growing body of lit-
erature highlighting the relationship be-
tween STEC and the environment.  For 
example, locations with high cattle density 
are associated with frequent or continuous 
contamination of surface water with a 
highly-virulent STEC serotype (Johnson et 
al. [2003]).  Children on farms show evi-
dence of frequent exposure to STEC from 
contact with cattle and sheep and their 
manure, and resulting in both high disease 
rates and increased immunity of the ex-
posed children (Belongia et al. [2003]).

Interestingly, the interaction of STEC with human populations has not been pursued with 
equivalent vigor, with studies mainly following from outbreaks of disease.  There is evi-
dence, however, that human populations are a reservoir of STEC.  For example,  E. coli 
O157:H7 can be shed for more than 32 - 39 days in the absence of symptoms of disease 
(Karch et al. [1995]; Orr et al. [1994]).  It has been detected in polluted river water in Japan 
(Kurokawa et al. [1999]), and  there is evidence (Higgins et al. [2005]) that STEC may be a 
permanent resident of urban, polluted streams in the Boston metropolitan area. Most of the 
isolates recovered from wastewater treatment plants in France contained indicators of 
pathogenic potential for humans (Vernozy-Rozand et al. [2004]).  STEC isolated from sew-
age in Spain, Germany, and The Netherlands suggested that a variety of strains are present 
in the human population (Blanch et al. [2003]; Garcia-Aljaro et al. [2005]; Holler et al. 
[1999]; Heijnen and Medema [2006]).  STEC have been isolated from untreated human 
sewage, further supporting the hypothesis that they are endemic in the human population.  
Lastly, experiments have shown free bacteriophages are present in water, sewage, and other 
environmental niches, indicating the presence of STEC (Muniesa and Jofre [1998]), fre-
quently in higher numbers than viable bacteria.  The rates of carriage of STEC in human 
populations have not been quantified, nor have the specific STEC types responsible been 
identified. 

More knowledge of the interactions of STEC and other components of ecosystems within 
which it is found are needed.  Highly pathogenic STEC strains such as E. coli O157:H7 are 
known to be transmitted to humans through water, and hence could also be transmitted to 
cattle, pigs, and wildlife.  There is evidence that the Stx-bacteriophages evolved in response 
to predation of E. coli by protozoa (Steinberg and Levin [2007]).  Protozoa capable of in-
gesting E. coli O157:H7 have frequently been isolated from spinach and lettuce from retail 
grocery stores.  Slugs (Sproston et al. [2006]) and free-living soil nematodes such as 
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Level Researcher

Organism Pharmacology, etc.

Psychology, etc.

Population Population 
 Ecology

Sociology

Community Sociology

Resource 
Management

Ecosystem Geography /
Geomatics

Ecology

Biome Geomatics

Ecology

Biosphere Political Science

Ecology

Table 2. Medical research by level in the 
hierarchy of life.
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Diploscapter sp. (Gibbs et al. [2005]) are capable of ingesting, growing on, and shedding E. 
coli O157:H7 bacteria.  These bacteria remain viable for extended periods within Caenor-
habditis elegans, which in turn appears to protect the bacteria from adverse environmental 
conditions (Kenney et al. [2005]).

There has been little or no research to quantify the relative role of each source in the cy-
cling of these organisms through the ecosystems and biomes, nor to determine the relative 
importance of each source on human disease and health. Research, including modelling, is 
needed to clarify how ecological changes affect the presence and density of  these patho-
gens in the environment. Furthermore, it is not clear whether the most important infectious 
agent is the bacterium or the bacteriophage which can, theoretically at least, create new 
pathogens by infecting existing E. coli strains with the appropriate genetic background. It is 
also unclear whether there are human-specific seropathotypes of STEC that are never found 
in non-human sources, nor is it clear how each animal host, ecological niche, or mode of 
transmission selects for or against human pathogenic strains. The field may be at the point, 
however, where enough data have been collected to allow mathematical modelling to pro-
vide interesting possibilities to guide experimental and observational follow-ups on some of 
these questions.

Much of the current linkage of the environment to human health seems to occur through the 
concept of “epigenesis”.  The overarching concept underlying epigenetics is that environ-
mental toxins or conditions can have a heritable effect on the health and biology of organ-
isms without effecting changes in the genome, in DNA sequences (Drake and Liu [in 
press]; Hanson and Gluckman [2008]).  There are critical windows of development in 
which epigenetic re-modelling can have dramatic consequences for individuals; e.g.,, dur-
ing exposure to environmental intoxicants in utero (Szyf et al. [2008]).  For humans and 
most mammals, at least, the environment includes the social environment as well as the 
natural one (Neigh et al. [2009]; Szyf [2009]).

Epigenetics encompasses a wide range of research.  At one end, there is research into the 
basic mechanisms, including the specific genes that are the targets of epigenetic modifica-
tion as the result of environmental conditions.  Further along, there are the studies of the 
mechanisms involved in the generation of diseases of complex etiology, such as cancer. 
These kinds of diseases are, of course, multifactorial in causation, with epigenetic modifi-
cation of gene expression contributing to an unknown degree.  One of the most startling 
examples is the effects of environmental estrogen disruptors and their contribution to birth 
abnormalities among both females and males, as well as striking and increasing disparities 
in birth ratios favouring females (Godmann et al. [2009]; Masse et al. [2009]; Rittler and 
Castilla [2002]).  At the other end, there is research on how epigenetic mechanisms operate 
at the population level, for instance, on the epidemiology of exposures and association with 
diseases (Foley et al. [2009]).  As with other areas of epidemiology, these investigations 
could almost certainly benefit from implementation of appropriate mathematical models.

Table 2 also suggests that the humanities (sociology, political science) may be an important 
component of medicine at higher levels of the biological hierarchy.  One area which has 
attracted much research to date is that of “fear appeals” (Witte and Allen [2000]) aimed at 
modifying human behaviour.  Many environmental concerns like climate change, deleteri-
ous changes in water and air quality, and so-on, have obvious implications for human health 
- and would be mediated by changes in the behaviour of human populations.  Yet, these are 
very controversial and difficult issues, as illustrated by the case of global warming, raised 
interestingly in Schellnhuber [2008].

Public health policy is “clearly tied up with broader trends in the ... economy, public atti-
tudes to the welfare state, business pressure to lower taxation levels in the face of globaliza-
tion”, as described byHaddow [1999] for the situation in Canada.  Realities like this seem 
to have brought authors like Mechanic [2003] to pose the question: “Who Shall Lead: Is 
There a Future for Population Health”.   He writes that “there is much concern about dis-
parities and meeting improved population health objectives, but interest waxes and wanes 
with scientific developments and especially with dominant political alignments and ideolo-
gies ... Population health faces many issues in seeking to become legitimized as both a 
unique field of study and as a significant force in public policy”.  As mathematical models 
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already play a significant role in socio-economic life, so they may increasingly contribute 
to environment-oriented questions with human health implications. 

4. MODELLING FOR THE ENVIRONMENT’S SAKE?

Modelling is an active partner in scientific endeavors.  While much modelling occurs “for 
the environment’s sake”, it is of value to keep in mind that the environmental constituency 
is relatively small compare to that concerned with human health.  The objective of this 
study is to argue that if one is guided by the hierarchy of life, then a number of human ac-
tivities which are currently considered externalities do in fact have direct impacts on human 
health.  This is notably so for levels above the population level.

To put these higher levels in the context of current medical research and practice, it may be 
useful to reflect upon what is considered in the medical community as the broad definition 
of health ... “a state of complete physical, mental and social well-being and not merely the 
absence of disease or infirmity” (Constitution of WHO, 1948).  Note that even in this broad 
definition the focus remains on the individual.  By placing “social” alongside “physical” 
and “mental”, the definition seems to relegate all levels above the individual to externali-
ties. In this definition, there is no explicit reference to the health of the society, even though 
it is well recognized in Public Health that encouraging healthy attitudes in society is bene-
ficial to the individual.  In this definition, other species like bacteria and viruses are not 
envisaged to be in dynamic relationship with humans - but simply as externalities affecting 
normal human behaviour.  Our assertion is that looking at medicine in relation to the hier-
archy of life can be lead to a better understanding of the factors affecting human health.  

This assertion has major implications for the organization of Contemporary Medicine, al-
beit it is only one of a number of emerging challenges. Evolutionary Medicine is a rela-
tively new concept, first discusses in a book edited by Trevathan et al. [1999].  Recent pa-
pers by Swynghedauw [2004] and Swynghedauw [2009] discuss the implications of the 
view that “it’s clear, and nearly self-evident, that” the major causes of mortality - heart fail-
ure and cancer - “result from conflicts between our modern lifestyle and our genetic en-
dowment”.  The range of therapies has also expanded dramatically in recent decades (e.g., 
Anonymous [1996]), following up the dramatic increase in the use of complementary and 
alternative medicine (CAM) in the developed world (Rao [2006]).  Most significantly, an 
interdisciplinary field that studies the relationships between human and animal health, and 
with environmental conditions, is emerging.  An early book, under the name of Conserva-
tion Medicine was published by Aguirre et al. [2002]: “The environmental causes of health 
problems are complex, global, and poorly understood - practitioners in this area form mul-
tidisciplinary teams to tackle these issues, and can include physicians, veterinarians, re-
searchers and clinicians in many disciplines including microbiologists, pathologists, land-
scape analysts, marine biologists, toxicologists, epidemiologists, climate biologists, anthro-
pologists, economists, and political scientists. Clinical areas include HIV, Lyme disease, 
Severe Acute Respiratory Syndrome (SARS), avian influenza, West Nilevirus, Nipah virus, 
and other emerging infectious diseases.” 

“By looking at the environment and health as a continuum, conservation medicine has the 
potential to rapidly change public perspectives on many high profile societal issues, making 
the distant and ill-defined, local and pressing. For instance, global warming may have 
vaguely defined long-term impacts, but when an immediate effect is a relatively slight rise 
in air temperature, which in turn raises the flight ceiling for temperature-sensitive mosqui-
toes, allowing them to infect higher flying birds, and so forth, the issue becomes more real. 
Likewise, the broad topic of suburban sprawl is made more relevant when seen in terms of 
the immediate imbalance it brings to rural ecosystems, which leads to population increases 
of, and forces humans into closer contact with, certain animal populations (like rodents), 
introducing the risk of hosts of new cross-species diseases. Seemingly common sense sce-
narios like these lie at the heart of conservation medicine. When tied to actual cases (like 
SARS or HIV/AIDS), this holistic outlook seems likely to resonate more powerfully with 
the public than the more abstract explanations of environmental and health issues that we 
are currently used to.” (http://www.wordiq.com/definition/Conservation_medicine)
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Conservation medicine is now more frequently referred to under the aegis of “One Health” 
or “One World, One Health”. In fact, the Public Health Agency of Canada recently hosted 
an expert consultation on the subject in Winnipeg, Manitoba (captured in a document “Re-
port of the Expert Consultation OneWorld One Health: From Ideas To Action; 
http://www.phac-aspc.gc.ca/publicat/2009/er-rc/index-eng.php).

It is clear that Contemporary Medicine is undergoing rapid change.  New opportunities are 
being created.  Many of the participants in this conference are dealing with models/ infor-
mation as contributors to population biology, sociology, resource management, geography/
geomancy, ecology, remote sensing, political science, and so on.  Many of the sessions of 
this meeting can be interpreted in terms of human health.  For example, the investigation of 
socio-ecological and socio-environmental systems are of obvious importance to human 
well-being.  Progress on modelling water supply (alternatively: environmental fluid me-
chanics, water quality, urban water, regional water resource systems, integrated wastewater 
systems) directly affect human health at the organism and population levels, and indirectly 
at the community, biome, and biosphere levels.  Work on modelling forest fires and the 
northern environment link directly to the biome level.  Studies concerned with energy, ma-
terial and water flows,  or air quality and climate change are ecosystem-and-above level 
studies and linkage with human health modelling should be directed here.  Concern with 
issues like stakeholders, sustainability, and environmental monitoring is central to progress 
in One World, One Health; and tools and techniques (Decision Support Systems, Environ-
mental Information Systems, Integrated Modelling, Data Mining, and concern with the role 
of uncertainty and model diagnostics) provide the refinement of the field of environmental 
modelling. 

5. CONCLUSIONS AND RECOMMENDATIONS

Human health includes the dimensions of individual health as well as community health, 
and cannot be separated from the health of social groups and the physical environment. Any 
disease presentation or health outcome is a result of, or depends on, the complex interaction 
of the individual (including internal systems such as the endocrine system and those studied 
under the discipline of  immunology) with many environmental and social factors (external 
to the individual). The potential interactions, both subtle and profound, that affect homeo-
stasis and disease are extremely complex. Modelling will facilitate a deep understanding of 
the issues and provide directions for new research to fill in existing data gaps.  Many envi-
ronmental models will have significant health implications for humans and where they do, 
the constituency of interest in the findings can be huge.  The time seems right to make such 
contributions to human health. 
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Abstract: This work extends ongoing development of a framework for modelling the 
spread of contact-transmission infectious diseases within urban environments, where 
modelling is augmented with surveillance data and diseases of interest are primarily 
influenza-like illnesses (ILI). The data sources include socio-ecological elements, in which 
physical environments (community, neighbourhood) coupled with census data allow 
inferences relative to targeted populations. The framework is built upon Agent Based 
Modeling (ABM), with emphasis on urban scale modelling integrated with institutional 
models of hospital emergency departments.  The scenarios presented here include modeling 
an outbreak of a pH1N1, surges at Hospital emergency departments, demographic data 
integration, and a preliminary framework for modeling “crowdinforming”.  Challenges 
include the inherent complexity associated with modeling social dynamics with as much 
fidelity as one can afford, the requirements of using real data to the extent possible or 
available, and the intuition associated with computer based experiments and statistical 
inferencing. Dynamic social system modeling and simulation are conjectured to be 
computationally irreducible in the Wolfram sense of the principle; as such, the ABM 
approach is a viable methodology to aid in providing guidance into policy and decision 
support systems.  
 
Keywords: Agent Based Modeling; Urban scale models, Institutional level models.   
 
 
1. INTRODUCTION 

 
The worldwide H1N1 influenza pandemic (pH1N1) in 2009 and 2010 has mobilized and 
renewed research attention to the many facets of infection control and impact, ranging from 
the epidemiology of the illness, development and deployment of vaccines and other 
pharmaceutical interventions and public health and emergency management measures.  
Predicting how a infection may spread within a population and the consequent impact that 
it may have includes forecasting with intelligent models and real data, as well as back-
casting based on available data as one validation process.  The focus of this project is to 
develop a computer simulation framework (model) of an urban community to model the 
spread of pH1N1 in the community, and with the capacity to model the impact of various 
intervention strategies, e.g. vaccination, chemoprophylaxis, hygienic and social distancing 
measures.  As the social dynamics and agent behaviours coupled with real data (economic, 
cultural, and social) become better defined, the computer simulation naturally allows one to 
focus on the population subsets and apply the framework to other jurisdictions.   
 
Ongoing work focuses on integrating a diverse range of available data sources to refine the 
accuracy and specificity of the infection spread model within an urban environment.  Data 
sources include Emergency Department Information System (EDIS) data from the 
Winnipeg Regional Health Authority (WRHA), biosurveillance data provided by the 
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Canadian Network for Public Health Intelligence (CNPHI), and community census data.  
Additional socio-environmental data being sourced include community health clinic data, 
transit ridership, school attendance, and other indicators of community health reflective of 
specific yet diverse urban environments.  The framework has the capacity to model the 
impacts of various interventions and controls related to influenza-like illness (ILI) spread 
within the community, including vaccination, antiviral delivery,  school and work closures, 
and isolation & quarantine measures.   

The research consists of iterative model development and validation, advancing the goal to 
develop a precise, accurate, and sensitive modeling tool for ILI spread in an urban 
environment.  Progress to date has advanced the model in specific directions, including: 

 Creation of a dynamic model which automates the inclusion of new and updated data, 
nearing objectives of inclusion of real time bio- and environmental surveillance feeds; 

 Creation of a predictive tool that provides information on the number of cases of 
respiratory disease, timing of cases, demographics of cases, etc. as disease spreads 
through a community environment, and thereby provide a tool that will be useful in 
planning for management of future epidemics; and, 

 Creation of a predictive tool that allows policy-makers and practitioners to model what-
if scenarios relative to interventions, to qualitatively measure the relative impacts of 
various interventions and how to optimize their delivery across the environment.   

The research derives significant value and impact from its non-conventional approach in 
using and mining data and inputs from various disciplines and sources to gain insight into 
the management of a complex phenomenon.   

1.1 Background 
 
The computer simulation framework is built, in part, on an Agent-Based Model/Modeling 
(ABM) approach.  A central premise of this project is that ABMs – combined with real data 
and as high a resolution (fidelity) as the computer system affords – will create a new 
paradigm for a better understanding of epidemiology within a social system dynamics, and 
thereby lead to more effective tools for policy makers guiding the future.  ABM is a 
relatively new approach to disease modeling (10+ yrs), an area historically addressed by 
well-vetted mathematical modeling techniques (70+ yrs).  However, the use of ABM for 
simulating infection spread within an urban area and built upon the incorporation of real 
data is only now emerging (2+ yrs).  ABM is based on simulating a collection of agents – 
i.e. the people in the model – in terms of their characteristics, behaviours, and interactions 
with other agents.  Agents (people) are purposeful and autonomous entities able to assess 
their situations make decisions and compete with one another.  ABM’s conceptual depth is 
derived from its ability to model emergent behaviour that may be counterintuitive, and to 
discern a complex behavioural whole that is greater than the sum of its parts.  ABM 
provides a natural description of a system that can be calibrated and validated by 
representative expert agents (healthcare specialists), and is flexible enough to be tuned to 
high degrees of specificity (sensitivity) in agents’ behaviours and interactions. ABMs are 
particularly well suited to system modeling in which agent behaviour is complex, non-
linear, stochastic, and may exhibit memory or path-dependence [Bonabeau, 2002; Epstein, 
2009; Hupert et al., 2008].  Early application areas of ABM include logistics, economics, 
and transportation systems. 
 
ABM is also highly effective in terms of knowledge transfer and requirements capture, 
independent of whatever other techniques may also be employed.  The model construction 
forces ideas to be clarified; unclear and hidden assumptions are exposed and debated in a 
common and familiar lexicon, leading to the ABM having a direct correspondence to the 
problem as understood by the practitioner and the developer.  Many ABMs are developed 
to gain a better understanding of operations through the use of what-if or use-case 
scenarios, and in doing provide a decision support tool to decision-makers. 
 
A more recent and considerable area of application for ABMs has been country scale 
(community-level) disease spread modeling in human populations [Epstein, 2008; Merler et 
al, n.d.], an area where its potential is thought to be significant [Epstein, 2009; Hupert et al., 
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2008].  The focus generally constitutes large scale community-level epidemics of 
respiratory infections, as this is an important public health and policy issue with far-ranging 
health and economic impacts.  Our own work has included the development of one of the 
first urban-level epidemic proof-of-concept ABMs, based on a paradigm of a ‘discrete 
space scheduled walker’ (DSSW) [Borkowski et al., 2009].  The urban scale ABM is one of 
the most appropriate modeling levels  in terms of incorporating high resolution data 
(individual based), as well as for simulating social dynamics reinforced by patterns of 
behaviour and readily available topographical data.  The proof-of-concept is built on 
synthesized data and a limited range of agent parameters.  It can model a medium-sized 
North American City using up to approximately 650,000 discrete agents (people), each of 
whom are assigned a demographic profile and a weekly schedule on the topography of the 
City of Winnipeg, Canada.  The proof-of-concept was built upon a conceptual framework 
of statistical reasoning (law of large numbers, statistical mechanics) as well as a correct-by-
construction bias, meaning that the system dynamics emerge directly out of the agents’ 
characteristics and behaviours, rather than by the inclusion of artificial small-world 
networks.  The proof-of-concept addresses where, who, when, and what elements.  Where:  
underlying topographical (network / graph) data is extracted from map and search engine 
utilities such as Google Earth, in order to build a network of objects, denoted institutions.  
Institutions are existing geographic locations such as homes, businesses, schools, leisure 
sites, hospitals, airport, and transport vehicles.  Who:  Agents are people that make up a 
community, and between whom a disease would be spread.  When:  a central premise of the 
DSSW-ABM is that agents are primarily creatures of habit, operating on routine schedules 
with slight perturbations [Song et al., 2010].  What:  The factor of interest is the spread of 
pH1N1 or other respiratory infections among the population of agents, through agent-to-
agent contact associated with routine daily activities.  To date, many inputs (agents’ 
characteristics and behaviours) into the proof-of-concept ABM have been simulated.  
Ongoing work focuses on the potential to develop a much more advanced ABM that 
derives and incorporates real data from disparate sources well suited to data mining.     
 
Other related work includes the development of ABMs for institution-level modeling to 
healthcare applications, to model of hospital emergency departments to investigate patient 
waiting times, patient diversion  and the spread of contact-based infections within hospitals 
[Laskowski et al., 2009a; Laskowski et al., 2009b; Mukhi & Laskowski, 2009].  While the 
scale of application is significantly different, a goal of the research is to integrate various 
scale ABMs within the ABM framework. 
 
1.2 Methodology 

 
The ABM engine is coded in C++, an Object Oriented Language.  The object oriented 
approach has natural extensions to the spatial modeling inherent in the spatial nature of the 
system under study.  Developing an ABM within an object oriented framework from the 
ground up provides an additional degree of understanding the problem in contrast to using a 
more commercial platform.  The simulated world is a two-dimensional (X,Y) discrete 
Cartesian world of extremely high resolution.  The ABM houses institutions such as 
hospitals, homes, malls, leisure facilities, schools, businesses, and transportation 
institutions such as cars and public transport. Graphical inputs serve as defining location 
derived from maps and community planning documents.  Validation of the model for an 
urban area with considerable economic diversity (e.g. Winnipeg) can be directly 
transferrable to any urban centre, together with their city- or region-specific data sources.  
Data input into the ABM and the results derived from the ABM are collected using a 
services-oriented approach. A services oriented approach promotes reuse and 
standardization, making it considerably easier to integrate data from various sources. 
 
The ABM is being built upon real data to model agents’ (people’s) characteristics, 
behaviours, and interactions to high degrees of specificity.  To date, data sources include 
Winnipeg census data:  this data helps outline the demographic and topographic profiles of 
the general population and population subsets; and, Emergency Department Information 
System (EDIS) data from the Winnipeg Regional Health Authority (WRHA).  These data 
sources are representative. There are other sources that we would be able to adapt if more 
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readily available. There is still considerable resistance to sharing of medical data for 
research purposes in spite of obvious benefits, yet slowly we are moving towards a data 
sharing culture [Pinowar, 2008].    Our ABM framework is illustrated in Figure 1. 
 

 

Figure 1. The ABM framework encompassing disparate data sources. 
 
2. MODELING SCENARIOS 
 
2.1 Modeling Surges at Hospitals 
 
This section outlines the urban based ABM under conditions associated with an ILI 
outbreak the community. In the model, a parameterized distribution of households is 
associated with a colour as a graphical input. Various colours represent a number of 
multiple person households more or less uniformly distributed across Winnipeg as shown in 
Figure 2. At this scale, the colours blend although roads, rivers, and features are evident. 

 
Figure 2. A screenshot of the Winnipeg ABM input. 

 
A number of institutions (schools, businesses, restaurants, leisure sites, as well as hospitals) 
are modelled. The spread of infection is a stochastic process with the probability of 
infection being directly related to social contact. Social contact can take place at home, 
work, school, leisure institutes or on public transport, with institutions also having 
probabilities of contraction associated with them. A baseline simulation involves scheduled 
agents being modelled, and as they become ill, they probabilistically isolate themselves.  
This baseline and the waves of the modelled ILI is illustrated in Figure 3as the curve “No 
Hospitals”. The next scenario modelled is that agents probabilistically go to the closest 
emergency department upon becoming ill. Once at the emergency department, another 
individual-based state or phase model is introduced as illustrated in Figure 4. At the 
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emergency department the agent may be discharged, treated, or admitted.  Once admitted, 
the patient may again undergo treatment and recover, or alternatively the agent may not 
recover. The current institutional emergency department model is quite simple but could be 
replaced with a more significant and detailed model as required.  An example of the latter 
has been developed by our group [Laskowski et al., 2009a, 2009b].  

 
Figure 3. The baseline infection spread scenario. 

 

 
Figure 4. The emergency department individual based model. 

 
The curves in Figure 3 labelled “Hospitals” and “Hospitals and Clinics” demonstrate the 
significant role of hospitals and clinics in reducing the outbreak, as a result of infected 
agents seeking treatment.  Although expected, this type of result  helps to validate the ABM 
methodology.  This reduction arises as a result of a number of simulation artefacts, not fully 
qualified at this point. These factors include the condition that once a person arrives at an 
emergency department, the infected agents are no longer exposing others in their household 
to the infection for the duration of time spent in the emergency department. This could be 
modelled as a reduced illness period, augmented again if a treatment option (e.g. antivirals) 
were exercised.  The similarity between the two curves (Hospitals; Hospitals and Clinics) is 
a result of the current coarse calibration of model parameters and the absence of tight 
capacity constraints for either hospitals or clinics.  In this case, the curves indicate that 
neither hospitals nor clinics had reached their patient capacity limit in these results. 
 
Another statistic instrumented during the simulation was the number of agents arriving at 
individual emergency departments. These surges are shown in Figure 5a for the seven 
hospitals in the simulated Winnipeg area (by postal code prefix). As a further interest was 
to model the role of mobile (temporary) clinics during an ILI outbreak, a threshold was set 
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after which patients would be diverted to a temporary facility. In the ABM, eight temporary 
clinics where modelled and the results of their invocation illustrated in Figure 5b. 

 
Figure 5. Surges at hospitals (a) without Temporary Clinics; (b) with Temporary Clinics 

 
As evident and expected, temporary clinics significantly reduce the load at emergency 
departments in each postal code area. The significance of temporary clinics would be to 
reduce the wait times at emergency departments which are non linear functions of load. 
Overall, one could reasonably argue that under conditions of a severe outbreak, temporary 
facilities may be a partial solution to reducing the impact of the outbreak, potentially 
mitigated by other capacity-related factors such as healthcare worker availability. The 
uniformity of the loads seen between individual hospitals is an artefact of the ABM, which 
directs agents to the geographically nearest hospital.     
 
Initial considerations of census data included households – specifically size, type, and 
densities.  The topography was divided into 12 areas corresponding to postal code 
information, and households were characterized to ensure the correct number and densities 
in each area relative to the other areas.  These data were used to populate the ABM.  An 
initial postal code area was chosen as the base and populated according to its demographic 
profile.  Other areas were populated by scaling relative to the base area, with reference to 
census data.  The number and type of agents in the ABM are directly determined by these 
household data.  In this way, the user can scale the agent count in the ABM according to 
need, and can populate the environment with as finely grained household detail as required, 
making it highly extendable and limited only by data availability and computational power. 
Additionally, demographic data will allow a targeted focus on population subsets with 
particular vulnerabilities to ILI infection, and also sets a framework for simulations related 
to self-directed or hospital-directed patient re-directions. 
 
2.2 “Crowdinforming” diversions 

 
The above-referenced outcomes illuminated a potential indirect intervention.  The 
modelling initially planned for reactive hospital diversions, i.e. setting demarcation levels 
related to capacity to support diversion policy and redirection as in Mukhi & Laskowski 
[2009].  With recent interests in “crowdsourcing” [Howe, 2006] and as a means to aid in 
biosurveillance of potential infection spread, the model was adapted to model a component 
of “crowdsourcing”, that being “crowdinforming.” One of the fundamental tenets of 
“crowdsourcing” is that the feedback loop needs to be closed, as information mined through 
crowdsourcing flows back to the crowd that generated it, presumably to accrue benefit. 
 
Each hospital in the WRHA has an emergency department “dashboard” in place, updating 
the number of patients waiting and their waiting times in terms of maximum anticipated 
wait at various triage levels. The dashboard is intended to inform the public (in a local 
context) of anticipated wait before being seen. These dashboards are derived from the 
WRHA EDIS, which was recently rolled out in all facilities in the WRHA.  Our model 
extends this notion and conjectures that this data could be made available through a web 
service, such that an individual would be able to query the hospital “dashboards” from the 
WRHA site over the internet with any browser, be it mobile cellular or wired. 
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For our modeling purposes, in this “crowdinforming” scenario, a proactive decision is then 
made by an infected agent. In addition to the stochastic process of deciding upon going to 
an emergency department, each agent is also provided with estimates of wait times and 
number of patients waiting and proactively decides on which facility to visit. This data is 
available and easily instrumented within the ABM.  As an illustration, we assumed four 
hospitals with waits of 1, 2, 3 and 4 hours with travel times of 60 minutes, 45 minutes, 30 
minutes, and 15 minutes, coarsely extracted from topographical distances. An agent would 
create a roulette wheel to probabilistically guide their decision once they have elected to go 
to an emergency department. The associated normalized probabilities associated with 
informed self redirection are shown in Table 1. 

 
Table 1. Informed Probabilistic Emergency Department Self Redirect 

 Emergency 
Department 1 

Emergency 
Department 2 

Emergency 
Department 3 

Emergency 
Department 4 

Total 

Wait Time 1 hour 2 hours 3 hours 4 hours  

Travel 

Time (Agenti) 
   1 hour 0.75 hour 0.5 hour 0.25 hour  

Total Time 2 hours 2.75 hours 3.5 hours 4.25 hours 12.5 

1/over 1/2 1/2.75 1/3.5 1/4.25 1.38 

Probability 0.36 0.264 0.207 0.17 1.0 
 

 
Table 1 combines estimates of travel time and wait times in an additive manner. 
Alternatively, it may be more appropriate to generate a total time as a linear combination 
weighted appropriately as in (1), to account for tendencies to discount one type of ‘wait 
time’ relative to another. 
 

                (1) 
 

Using such a method, the agents make a probabilistic decision weighted by the least 
anticipated wait. As a consequence, the overall surge seen at hospitals is dampened by the 
proactive behaviour of informed individuals. Modeling the “crowdinforming” load-
balancing, results in surges at hospital as shown in Figure 6. 

 
Figure 6. Surges at several Winnipeg Hospitals with “crowdinforming”. 

 
The results are somewhat surprising and would not support the null hypothesis at this point. 
Our expectations were for the curves to look as though they had been filtered with a low 
pass filter, and ‘smoothed’ over the various facilities (in both time and space). This is 
explained, in part, by the more or less uniform visits to the various hospitals at any instant 
of time, indicating that infected agents are distributed fairly evenly across the model’s 
topography. The next phase of the research will be to govern rates at various institutions 
with real data from the WRHA EDIS datasets, which will allow a focus on population 
subsets that are expected to be correlated with specific geographical areas as well (e.g. one 
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or more postal code areas having a disproportionately high percentage of senior adults 
relative to other areas of the city).  Although preliminary, this work represents one of the 
first modelled instances of "crowdinforming" as potentially providing a policy maker with a 
simulation to aid decision support for non obvious healthcare interventions.  The decision 
would be to create public access to "dashboard" type information that is currently available 
in emergency departments.  
 
3. CONCLUSIONS AND RECOMMENDATIONS 
 
Although this paper is iterative and largely a work in progress, a number of issues are 
becoming clearer as the role of ABM becomes better defined within the healthcare settings. 
We have demonstrated one aspect of the modeling with respect to aiding in a policy or 
decision support system.  To the best of our knowledge the work presented here represents 
one of the first attempts at modeling a public information intervention, that being the 
modeling of the impact of a public being made aware of waiting times at various aospital 
emergency departments facilitating their decision to potentially attend another. We have 
coined this intervention “crowdinforming” as it represents a component of crowdsourcing.   
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ABSTRACT

It is becoming increasingly clear that changes in the environment can promote growth of 

disease vectors like mosquitoes and rodents as well as rise in water-borne illnesses like 

cholera and other enteric diseases. Our paper is based on the concept that a multidiscip-

linary informatics scaffold can serve as an Early Warning and Automated Response Sys-

tem (EWARS) for a variety of communicable diseases. It will utilize multiple informa-

tion resources including Remote Sensing (RS), Global Positioning Systems (GPS) and 

Geographic Information Systems (GIS) for exposure assessment (John et al 2004). Early 

warning systems are not new (Witt et al 2009). However, what is novel in the proposal is 

the integration of an adaptive Fuzzy Logic Decision Support System to the early warn-

ing component being developed by the investigative team. It also markedly differs from 

other efforts to provide decision-support in the unique degree of detail and process guid-

ance delivered as well as in the broad multidisciplinary nature of the study group. Use of  

such a system would enable prophylactic public health interventions to be rapidly de-

ployed based on a real-time, scientifically-based assessment of the threat environment. 

Particular attention would be paid to environmental factors amenable to corrective inter-

ventions. The informatics component of the system would be based on open source soft-

ware, and the software developed during this project will also be in the open source do-

main. The project is multinational and multidisciplinary.

Keywords: early warning systems; human health; environmental models; fuzzy logic

1. INTRODUCTION

In 1985, NASA initiated the Biospheric Monitoring and Disease Prediction Project, to de-
termine if remotely-sensed data could be used to identify and monitor environmental 
factors that influence malaria vector populations. Initial studies used high resolution images 
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from LANDSAT to monitor the development of canopy cover in Californian rice fields. 
Changes in rice canopy cover over the season were successfully used to predict fields with 
high or low mosquito densities.

Another long-term NASA project  is the Malaria Modeling and Surveillance Project by the 
Armed Forces Research Institute of Medical Sciences in Thailand and the US Naval Medic-
al Research Unit in Indonesia (Kiang et al 2006).

The European Space Agency's two-year Epidemio project, launched in 2004, combined 
data from Earth Observation satellites, such as ESA's Envisat or the French Space Agency's 
Spot, with field work to combat the spread of epidemics. Specific situations in which Epi-
demio assisted in the analysis of and response to epidemics include studies of Ebola hemor-
rhagic fever in Congo and Gabon. Combining ESA Envisat satellite data on water bodies, 
forest cover and digital elevation models (DEMs) with field results, scientists were able 
identify dryness and drought as key factors connected to the Ebola epidemics. High-
resolution images through Epidemio also helped in controlling an outbreak of the Marburg 
virus in Angola in 2005. 

In China, there have been recent studies on Highly Pathogenic Avian Influenza, identifying 
risk factors for transmission. A study published in 2008 compared confirmed HPAI H5N1 
outbreaks in poultry and wild birds, as well as 21 human cases in mainland China during 
2004-2006. These data, together with information on wild bird migration, poultry densities, 
and environmental variables (water bodies, wetlands, transportation routes, main cities, pre-
cipitation and elevation), were integrated into a Geographical Information System (GIS). A 
case-control design was followed by multivariate logistic regression analysis which re-
vealed that minimal distance to the nearest national highway, annual precipitation and the 
interaction between minimal distance to the nearest lake and wetland, were important pre-
dictive environmental variables for the risk of HPAI (Fang et al 2008). 

A variety of internationally connected efforts are active in various parts of Africa to use RS 
and GIS for control of Malaria, Leishmaniasis and other vector borne disorders, particularly 
focusing on weather anomalies and rainfall related indices. The major thrust has been on 
malaria given the high levels of mortality and morbidity associated with this disease on the 
African continent (Ceccato 2005). 

There have been a number of studies in India with the assistance of the  Indian Space 
Research Organization (ISRO) that have also evaluated the use of remote sensing with and 
without GIS, studying Japanese Encephalitis (JE) and Leishmaniasis in the North-East 
(Sudhakar et al 2006; Bhunia et al 2010), Filariasis in South India (Sabesan 2006), Cholera 
in West Bengal and Malaria near Delhi (Sharma and Srivastava 1997), all showing 
promising results. 

The examples highlighted are credible attempts to further our ability to use the unique pos-
sibilities afforded by RS towards epidemic prevention. A desirable derivative of such pro-
jects is the cross-border cooperation that arises as a natural consequence, not only between 
states within a nation but across nations and continents. International cooperation fostered 
by such activities directed to the common good can not only help to protect global health, 
but also set new standards for political intercourse. 

2. EWARS CONCEPT

Perhaps as a consequence of the rapid technological developments occurring across the 
realm of healthcare and information technology, all too often the focus of programs and 
“research” becomes the technology itself rather than the outcome of interest. The burden of  
communicable disease has been a challenge to the public health machinery in the Third 
World. While the specter of communicable diseases has been receding, there remains the 
ever present danger of the resurgence of diseases such as malaria or new problems as exem-
plified by the recent H1N1 outbreak. The potential for problems can be amplified by the 
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large number of individuals from a variety of Third World countries, who may enter into 
countries where communicable diseases are not a significant problem as visitors or immig-
rants, and facilitate the transmission of a disease which the local health care system is not 
well equipped to detect or tackle. Clearly, a multimodal surveillance system that uses sen-
tinel, laboratory and integrated disease surveillance will be of value in ensuring the best use 
of available resources to successfully mount a targeted response to potential public health 
threats. Our proposal is built upon the concept that a multidisciplinary informatics scaffold 
can serve as an Early Warning and Automated Response System (EWARS) for communic-
able diseases, with a the potential for later extension to address non-communicable health 
issues of concern to the health system in question. It will utilize multiple information re-
sources including remote sensing (RS), Global Positioning System (GPS) and Geographic 
Information Systems (GIS) with appropriate methodologies to store, process and visualize 
the products of these multilevel information sources. Early warning systems for communic-
able diseases are not new. However, what is novel in our proposal is the integration of an 
adaptive Fuzzy Logic Decision Support System to an early warning component. It also 
markedly differs from other efforts to provide “decision-support” (such as the Malaria DSS 
developed by IVCC in Africa) in its unique degree of detail and process guidance (Yang et  
al 2007). It would generate a dynamic risk map followed by the delivery of highly specific 
advice to the public health authorities on exactly which threat to address as the highest pri-
ority, and the step by step process that should be followed in terms of allocating human re-
sources, sanitation measures, chemicals or biological agents and so on, tailored to the level 
of the actor receiving it as well as to a comprehensive database of existing resources within 
the public health system. Use of such a system would enable prophylactic public health in-
terventions to be rapidly deployed based on a real-time, scientifically-based assessment of 
the threat environment to minimize the risk of even small outbreaks which could presage a 
full-blown epidemic. The informatics component of the system would be based entirely on 
open source software, and the software developed during this project will also be in the 
open source domain, extending the generalizability of the scaffold. The collaborative group 
includes physicians, mathematicians, logisticians, health economists, entomologists, remote 
sensing experts and social scientists drawn from India, Germany, United States, South 
Africa, Canada, Ethiopia, Australia and Sweden. A number of group members are also 
members of United Nations Action Team 6 which seeks ways to Improve Public Health by 
using space-based technology. 

3. SOFTWARE COMPONENTS

The core software component is the GIS in which temporal spatial data is stored. The ap-
proach is necessary to utilize the tools visualization of GIS for disease prevention (Yang et 
al 2007). The capabilites of visualization and processing of spatial data is the first step in 
providing decision support. All data type definition of records related to temporal spatial 
modelling include the core record with attached time, longitude, latitude and height. Open-
Source software is used because it allows to share implementations without the licensing 
costs associated with proprietary software. Especially when a successfully implemented pi-
lot should be replicated the Total Cost of Ownership can be reduced. The technical para-
meters of the developed applications will be well documented, so that technical support is 
facilitated and others can build on the existing application for further customization or en-
hancement to meet their specific needs . 

GRASS (Geographic Resource Analysis Support System, see http://grass.itc.it) is used be-
cause  early warning of a possible epidemic should lead to a logistically optimized response 
utilizing  available resources.  Spatial analysis can be done with the statistical software R 
(http://www.r-project.org) for which GRASS provides an interface 
(http://grass.osgeo.org/statsgrass/). As computer algebra system MAXIMA (maxima.-
sourceforge.net) will be employed. In the final version of EWARS risk maps and resource 
supply maps according to risk will be delivered via web map server (http://mapserver.org). 

3
2309

http://mapserver.org/


 A. Babu et al. / Multi-disciplinary Development of an Early Warning and Automated Response System (EWARS) 
for Epidemic Prevention

4. MODELING METHODOLOGY 

Modeling will focus on Spatial Fuzzy Logic (Petry et al. 2005) based on the concepts 
articulated by Zadeh (1965,1973,1979). We consider environmental factors that have an 
impact on the life cycle and propogation of a vector (e.g. mosquito). As a starting point we 
have temporal spatial data of an environmental factor (e.g. Temperature) available 
x , y , h , t ,e1, …en where  x , y ∈ℝ2   is the spatial location (i.e. longitude and 

latitude) h is  the height above sea level, t is the time, when the data is collected and 
e1,... , en  are the environmental variables collected at x , y , h , t  .  A single 
environmental factor is stored in one layer of the GIS. Applying the Spatial Fuzzy Logic 
concept on a GIS environment, it is necessary to process the environmental data into fuzzy 
membership functions. Now we consider a simplified Fuzzy Logic membership function 
for the linguistic value 

“ water temperature is optimal for the larvae of mosquitoes”
If water temperature would be optimal at 21oC for larvae of mosquitoes we define the 
membership function as follows:

f :ℝ[0,1] x 1

1x−b2a

The graph of the function with b=21 is dependent on a>0.  The following two graphs show 
the differences for a=0.6 and a=5.0:

Figure 1: Graph of f  with a=0.6

Figure 2: Graph of f  with a=5.0

The parameter a  defines, how tolerant the species  is if the temperature deviates from the 
optimal value  21oC . Let e1 be the temperature variable. The membership function is 

applied on all records collected at location x , y , h∈ℝ3  at time t. Doing this we get a 

spatial visualisation of optimal areas for the larvae of mosquitoes according to the variable 
temperature of water. This creates a membership f t showing optimal areas at time t. We 

limit the domain of f t to the subset of ℝ2 with longitude and latitude x , y ∈ℝ2 , so 

that the graph of f t  is a subset of ℝ3 . The height is dependent on the location 

 x , y ∈ℝ2 .  The following figure is showing a membership function of f t and the z-
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axis is the grad of validity of linguistic value“temperature of water is optimal for the  
larvae of mosquitoes”. At the coordinates (4,7) of the sample data f t 4,7≈1 which is 
indicating, that the temperature conditions for the larvae of mosquitoes are most optimal in 
the area with that peak. Let  e1 be the temperature at x , y ∈ℝ2 , then we set:

f t  x , y := f e1=
1

1e1−b2a

This can be done for all x , y ∈ℝ2  for which the temperature is available.

The advantages of the transformation from degrees Celsius to a grad of validity become 
obvious if different membership functions are combined logically in the geographic space.

Figure 3: Spatial visualization of the optimality of temperature by membership function 
f t  

According to decision support system, we have only a small area where the membership 
function has a value close to 1 (red parts of the surface). For the decision support the 
validity of a linguistic value is normally dependent on more than on variable. Let  q t  be 
another membership function that is indicating the quality of the water, so that the larvae 
can survive. Both properties have to be true (i.e. membership function close to 1 at 

 x , y ∈ℝ2 ), so that even with perfect temperature only a few larvae can survive if there 
is bad water quality (e.g. larvicides). Applying a fuzzy-AND on the two membership 
function q t and the membership function  f t  provides a new spatial membership 
function indicating areas that fulfil both properties of temperature and quality of water. A 
fuzzy AND can be defined by the minimum. 

AND  f t ,q t  :ℝ
2[0,1]     x , y min { f t x , y  , qt  x , y }

5
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The fuzzy OR and NOT can be defined as follows:

OR  f t , q t:ℝ
2[0,1]    x , y max { f t x , y  , q t  x , y }

NOT f t:ℝ
2[0,1]    x , y 1− f t x , y 

For decision support spatial rules must be carefully evaluated. We consider rules of the 
structure:

IF <environmental conditions>  THEN <disease vector has optimal conditions> 
IF <vector has optimal conditions>  THEN <application of resource R  
necessary> 

According to classical (“crisp”) logic we have the following truth table for the implication 
(IF-THEN-statement “  ”:

p q p q ¬ p∨q

1 1 1 1

1 0 0 0

0 1 1 1

0 0 1 1

Table 1: Logical equivalence for IF-THEN statements

The equivalence of pq to pq  can be transferred to fuzzy-implication applied to 

the membership functions  p t  and q t :

IF-THEN  pt , q t :ℝ
2[0,1]  

x , y max {1− p t x , y , qt x , y  }
max  is used for the Fuzzy-OR and 1− pt for Fuzzy-NOT of p t .  

With the spatial information of the validity of an IF-THEN-statement, the decision maker 
can see, where the rule can be applied spatially and provide the information 
IF−THEN  p t , q tx , y  provide the grade of validity of the fuzzy-rule at location 

x , y ∈ℝ2 . 
It is obvious that we do have incomplete information about the membership function that 
are the basis for the Fuzzy-Rule (see Lovejoy 1991). The system is called adaptive, because 
permanent data collection changes the membership functions. 

5. PROJECT PLAN AND IMPLEMENTATION

It is anticipated that a pilot study would be carried out in the state of Kerala this year in a 
semi-rural area with an area of 60 sq. km. and a population of roughly 200,000 individuals. 
GIS information on a variety of variables including residences, public buildings, roadways 
and waterbodies are already available from prior work collaborating members from the 
Achutha Menon Centre for Health Science Studies have performed in the same territory. 

• Remote sensing and GIS data would be obtained from existing databases with the 
governments/science councils and academic research groups. This would be sup-
plemented by field data (both existing and specifically collected for the project). 
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Standardized data formats will be adopted wherever feasible to ensure the usabil-
ity of data in the open source system and in existing commercial IT infrastructure, 
and wherever feasible open-source GRASS would be used for geo-spatial data and 
R for statistical software. 

• Risk mapping related to disorders of interest would be carried out using known 
variables as well as additional factors that may have weightage from a public 
health perspective.  Given the current focus on mosquito-borne disorders, the 
group is currently considering a large number of potentially relevant variables, 
which are anticipated to be reduced and refined as work continues. 

• Retrospective analysis of RS and GIS data from selected areas would initially be 
used for validating the risk mapping followed by prospective data collection. 

• An automated risk score would then be developed such that the geographic area 
where the greatest public health threat is deemed present would be given the 
highest rating. The “threat” ranking would be generated taking into account not 
only variables compatible with high prevalence of the vector, but also proximity to 
human habitations, high traffic public areas and so on. 

• Resources to deal with the identified problems would be automatically recommen-
ded for allocation based on the database of existing resources that would be com-
piled as part of the system with an adaptive “fuzzy-logic” methodology [Classical 
mathematical logic operates with statements and rules that can be evaluated as 
“true” or “false” (1 or 0 respectively). Rule based systems in the public health sec-
tor have to deal with statements that have a degree of truth ranging between 0 and 
1. Fuzzy logic methodology as pointed out by Zadeh is a scientifically sound ap-
proach to implement decision support in complex environments]. The importance 
of spatial modeling and application of spatial rules in Geographic Information 
Systems are increasingly well established. 

• The areas under surveillance would be reviewed using GIS and field data on a 
defined schedule to determine if the identified problems have been resolved or re-
duced in severity by intervention of the public health system. RS data would also 
be used where feasible to allow objective and timely verification of 

• Risk scoring would change automatically and dynamically based on updated sys-
tem inputs and resources would be automatically recommended for allocation in 
real-time based on the revised list of highest threats. 

• The proposed system is a comprehensive Decision Support System. It supports 
health service administration in risk evaluation and allocation of resources based 
on risk scores. Feasibility and acceptance of EWARS at the level of administra-
tion, users and general populace will be systematically studied using both quantit-
ative and qualitative methods incorporating elements of action research methodo-
logy, community-led development theory and constructivism theory along with 
more traditional approaches such as models and case studies. 

6. FUTURE DIRECTIONS

The primary objectives over the next year would be to refine the project plan, implement 
the pilot project and pursue funding avenues as well as further strengthening collaborative 
connections with academic, governmental and public health authorities. The team is also 
exploring the possibility of extending the EWARS concept to dealing with public health 
problems outside the realm of communicable diseases – for example, motor vehicle acci-
dents. Periodic updates have been presented to Action Team 6 of the United Nations, and at 
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meetings of the UN SPIDER forum for disaster management. The group looks forward to 
continuing and expanding on the work commenced under this international project. 

Figure 4: Schematic showing an EWARS system for Malaria

7. CONCLUSIONS

Environmental variables play a key role in the propagation of vector-borne illnesses. The 
use of a comprehensive, data-driven early warning and response system which can lead to 
the optimal use of existing public health resources offers great promise. A fuzzy logic based 
dynamic risk mapping approach is under development by an international group. The 
planned pilot project should shed light on the success of the proposed model, and its scope 
for adoption by public health authorities. 
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Dust storms frequencies and strengths have been monitored during 2009 at different locations 

along the coastal areas of the United Arab Emirates as a representative site of the Arabian Gulf marine 

environment. The results have been compared with the previous five years data set. Moreover 

mineralogical components of the collected dust samples during the study period have been analyzed using 

both XRD and XRF techniques. The results of comparison have allowed to evaluate changes occurred in 

dust storms characteristics over the Arabian Gulf and to consider it as a sensitive signal of climate 

changes over the region. It has been also found that due to the different wind patterns over the Arabian 

Gulf, the dust sources are variable both temporally and spatially and its variability can be confirmed by 

mineralogical composition of the dust samples. Furthermore, the mineralogical analyses have also helped 

in evaluating the beneficial nutritive contribution of dust deposition to the microbial productivity in the 

marine ecosystem of the Arabian Gulf.  
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Abstract: The Risk & Impact Analysis Group of Geoscience Australia has been 
developing models to assess the hazard and risk produced by a number of natural 
phenomena. This paper describes a model to assess severe wind hazard over a region rather 
than at a recording station. The model integrates three sub-models: a statistical model that 
calculates return periods for the event using extreme value distributions; a model to extract 
and process wind speeds from a high-resolution (regional) climate model; and a Monte 
Carlo simulation model to generate wind gust speeds from mean wind speeds. Large scale 
high resolution gridded data requires a fast, efficient way to calculate wind hazard. A 
computer-based algorithm to achieve this aim is presented in this paper. To illustrate the 
methodology, wind hazard calculation over the Australian island state of Tasmania will be 
presented. 
 
Keywords: Wind hazard; Natural disasters; extreme value distributions; Monte Carlo 
simulation; high-resolution climate models. 
 
 
1. INTRODUCTION 

 
The need to develop a new approach to understand and manage the risk posed by natural 
hazards in Australia has been acknowledged and emphasised by Australian Commonwealth 
and state governments. To this effect, the Council of Australian Governments (COAG) 
commissioned a review of natural disaster relief arrangements in June 2001. A report with 
the results of the review was published by the Department of Transport and Regional 
Services in early 2004 [DOTARS, 2004]. The report proposes a fundamental shift in focus 
beyond relief and recovery towards cost-effective, evidence-based disaster mitigation. 
Consequently, while disaster response and reaction plans remain important, the move is 
now towards anticipation and mitigation of natural hazards.  
 
In this context, Geoscience Australia (GA) is developing risk models and innovative 
approaches to assess the potential losses to Australian communities from a range of sudden 
impact natural hazards.  These models aim to define economic and social impacts of natural 
hazards in a consistent fashion to allow the direct comparison of risks from different 
hazards at one location and for a single hazard over different regions. Currently, GA is 
focused on developing probabilistic risk assessment models for earthquakes, tsunami, and 
severe winds [Middelmann, 2007]. 
 
Severe wind is one of the major hazards facing Australia. While cyclonic winds are the 
major source of wind hazard in the northern states, non-cyclonic winds driven by synoptic 
lows, thunderstorms and tornadoes affect the southern states. Severe winds are responsible 
for about 40% of damage to Australian residential buildings [Chen, 2004]. 
 
This paper presents an overview of the methodology developed to assess wind hazard in 
the non-cyclonic regions of Australia. Hazard estimation for the island state of Tasmania is 
presented. 
 
2. MODEL DESCRIPTION 
 
The severe wind hazard model was initially developed for location-based analysis and later 
extended to gridded data. The latter allows wind analysts to assess hazard over a region 
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using climate simulated data. Using simulated data, it is also possible to study the impact of 
climate change on wind hazard. 
 
The model integrates three sub-models: 

 A Statistical Model (ie. data-based model) to quantify wind hazard using extreme 
value distributions; 

 A high-resolution regional climate model (RCM) which produces gridded hourly 
“maximum time-step mean” wind speed and direction fields; and 

 A Monte Carlo method to calculate severe wind hazard produced by gust winds 
using results from the Statistical Model. 

 
2.1 Statistical model 
 
The core of the statistical wind hazard model is the calculation of return periods by fitting 
extreme value distributions to the given data. If annual observations are used the return 
period (RP) is defined as the probability that a geophysical variable’s extreme value 
(rainfall, wind speed, temperature, etc.) is exceeded on average once a year, 
 
                     RP = 1/(1 – CDF)                                        (1) 
 
Where CDF is the cumulative distribution.  
 
More commonly the inverse of (1) is taken and the RP expressed as the average number of 
years, which takes for the event to be exceeded, ie. if the probability of exceeding the event 
in a single year is 0.02, we can say that the event can be exceeded, on average, once in 50 
years (1/0.02) 
 
If daily maxima are used for the analysis, as in the ‘peaks over threshold’ method, the 
expression has to be modified to take into account the number of observations per year. 
The new expression is given below [Gilleland and Katz, 2009], 
 
                     RP = 1/{(1 – CDF)}/nopy                            (2) 
 
Where:          nopy = number of observations per year 
 
The reason for the popularity of RP in natural phenomena studies is the possibility of 
extrapolating the RP curve well beyond the range of the observations; this is achieved by 
using extreme value distributions (EVD). There are two basic methods to fit EVD to a 
given dataset: a) The block maxima method in which a number of EVD are fitted to the 
annual maxima (the EVD used in this case are the generalised extreme value distributions 
or GEV. b) The ‘Peaks over threshold’ method in which the generalised Pareto distribution 
(GPD) is fitted to values exceeding a given threshold. The latter is the preferred method 
when maximum daily observations are available [Holmes, 1999]. 
 
The major limitation of the GPD in practical work is the selection of the appropriate 
threshold ‘u’ for the given dataset. Values above the threshold are considered for fitting the 
GPD. For this reason, the GPD is very sensitive to the threshold selection. To illustrate the 
problem, consider the curves of wind speed return period using the Sydney airport dataset 
as shown in Figure 1. This and other wind datasets used in this study were provided by the 
Australian Bureau of Meteorology (BoM). The dataset’s range of years is shown in the x-
axis (1939-2005). The curves were generated by fitting GPD distributions with different 
thresholds ‘u’. The right-hand side table shows the threshold used, the number of 
observations in the dataset exceeding the threshold and the shape parameter of the GPD for 
that threshold.  
 
Selecting the appropriate threshold can be a very difficult task. Although there are methods 
to help modellers with the selection process they are mostly visual, subjective techniques, 
prone to producing inaccurate results and inappropriate for large scale applications. So to 
model wind speeds using GPD distributions it is necessary to develop a technique for 
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automatic selection of the appropriate threshold for a given dataset. One such technique is 
briefly described below. 
 

 
 
                       Fig. 1. GPD sensitivity to threshold u. 
 
2.1.1  Algorithm for automatic selection of threshold 
 
Such an algorithm can be developed by observing that there are two different regions in 
Figure 1: Region 1 (with u = 20, 25, 35) is characterised by a shape parameter greater or 
equal to 0 which produces unbounded curves; these types of curves are inappropriate for 
modelling wind speed which is a naturally bounded phenomenon [Lechner et al., 1992]. 
Region 2 (u = 5, 10, 15, 30) is characterised by a negative shape parameter which results in 
bounded curves appropriate for modelling wind speed; for this reason we call this the 
feasible region. Notice however that the curves produced by thresholds 5, 10 and 15, are 
flat with quick convergence to a very low value and hence are not appropriate for 
modelling wind speeds. From Figure 1 it is clear that the appropriate threshold from those 
shown in Figure 1 is u = 30 (m/s) which produces a bounded curve (one which 
asymptotically convergences to a limiting value).  
 
The algorithm generates GPD curves in the feasible region in steps of 0.25 (m/s) and 
selects the appropriate threshold for modelling the given dataset within this region. It is 
generally the threshold producing the highest return-period curve. Based on return periods 
generated for a number of BoM datasets, a set of rules for selection of the appropriate 
threshold were compiled and coded to produce the automatic algorithm [Sanabria and 
Cechet, 2007]. Figure 2 shows the selection algorithm at work using the same dataset as 
before; RP curves in steps of 0.25 have been generated in the feasible region (the 
corresponding threshold is shown in the left hand side box). In this case the algorithm 
returns 29.0 (m/s) as the appropriate threshold to fit the GPD to the given dataset. 
 
In wind hazard applications it is important to separate the components of the wind dataset 
such as thunderstorm, tornadoes, synoptic winds, etc. because they pose a different hazard 
to people and the built environment. The Statistical Model can also separate these 
components using the weather description dataset provided also by BoM. Figure 3 
illustrates the case: the Sydney Airport wind speed dataset has been separated into 
thunderstorm and synoptic winds and RP curves using the GPD distribution have been 
calculated for each component. The original completed dataset, called ‘combined winds’, is 
also shown [Sanabria and  Cechet, 2007]. 
 
 
 

u Obs > u Shape  

5 23584 -0.216 

10 15788 -0.168 

15 5988 -0.125 

20 1574 0.0426 

25 252 0.0329 

30 38 -0.067 

35 6 5.253 
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2.1.2  Confidence interval 
 
Calculation of return periods should be considered incomplete if a confidence interval for 
the results is not presented. A confidence interval shows the range of values in which the 
true value of the RP exceedance level lies for a given probability. In this work we are 
interested in finding confidence intervals with 95% probability, in other words, we want to 
find the RP exceedance level of wind speed with the interval in which the true value of the 
exceedance level can be found in 95% of cases.    
 

 
        Fig. 2. Threshold selection algorithm.             Fig. 3. Separation of wind components 
 
The confidence interval depends on the amount and structure of the dataset, particularly the 
variance-covariance matrix which measures the spread of the samples around their mean. 
 
There are two basic algorithms for calculation of the confidence intervals (CI) of results 
produced by extreme value distributions: The ‘Delta’ method and the ‘Profile Likelihood’ 
method. Both methods have been implemented in the R environment by Gilleland and Katz 
[2009] based on Coles [2001].  Applying the methods to temperature data, they found out 
that the Profile-likelihood method gives better results because it considers the asymmetry 
of the data [Gilleland and Katz, 2005]. Figure 4 shows the RP of the Sydney Airport 
combined winds with 95% Confidence Interval calculated using the Profile-likelihood 
method (since winds are highly asymmetric). The exceedance levels for the 500-year RP 
with its 95% confidence interval is shown in red, this is the prescribed wind speeds for 
design of structures in Australia [AS/NZS 1170.2:2002]. 
 
2.1.3 Bias correction 
 
The bias introduced by the fact that CCAM calculates area-average values whilst the 
recording stations give location-based winds has to be corrected otherwise biased results 
could be obtained. To correct this bias consider the observed and CCAM-modelled RP of 
mean wind speeds as shown in Figure 5. A linear regression expression (LR) between 
observed and CCAM-modelled mean wind speeds can be found to correct the CCAM-
modelled RP and the same expression can be used to correct the bias in the curves of gust 
speed RP for both station and gridded results as shown below. For gridded results we 
combined the data from the Launceston and Wynyard sites to undertake the correction 
because they are located in the same region (north of the state). The LR correction at 500-
yr RP for these stations is 4.2 m/s. The correction for Hobart calculated from Figure 5 is 
7.2 m/s. The correction for Tasmania was then taken as the average of the two, ie. 5.7 m/s. 
 
2.2 Statistical model using gridded data 
 
Having a fast algorithm for calculation of RP using a GPD allows us to obtain RP for a 
given region rather than a recording station as show above. In climate simulation models a 
region is represented as a consisting of a number of cells, the higher the grid resolution the 
higher the number of cells. To illustrate the application of the statistical model to a grid, 
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consider the island state of Tasmania, south of the Australian main land. Wind speeds 
produced by the simulations of a high-resolution regional climate model can be extracted 
and used to calculate wind hazard over this area. It is important to point out that the 
discussion below uses only synoptic winds, ie. the green curve in Figure 3. Work is 
underway to also include thunderstorm downburst gust winds in order to calculate a 
combined RP curve for gust wind speeds (black line in Figure 3). 

    Fig. 4. RP of combined winds with 95% CI.            Fig. 5. RP curves of mean winds 
 
The climate simulation data used for this project was obtained from CSIRO’s Conformal-
Cubic Atmospheric Model (CCAM). Simulations focusing on Tasmania, using IPCC 
scenario A2, for the period 1960 to 2100, were used. Five coupled general circulation 
models (CGCM) were used to drive these simulations (dynamic downscaling) as explained 
by Corney at al. [2010]: CSIRO mark 3.5; ECHAM 5; GFDL_CM 2.1; MIROC 3.2 and 
UK Hadley_CM3. We extracted maximum time-step hourly mean wind speeds (simulated 
for 10 metre height) from each of the five simulations using NCO tools [NCO, 2010]. 
Figure 6 shows the Tasmanian contour map with the grid. The grid has a latitude-longitude 
resolution of 0.1 x 0.1 degrees, which gives a total of 2856 cells. Then the maximum mean 
hourly speeds extracted in each cell were transformed to maximum daily mean speeds 
using the R package ‘zoo’ [Zeileis and Grothendieck, 2005]. The final dataset utilised is the 
average of the 5 simulations considered. Figure 7 shows the exceedance levels of mean 
wind speeds for a 500-yr RP. 
 
For model development and validation three BoM recording stations were selected: Hobart, 
Launceston and Wynyard Airports (shown by the circles in Figure 7). These sites were 
selected because their weather stations and anemometer measurements are located at 
airports, avoiding the problem of houses or trees affecting the instruments, and also due to 
these sites having wind gust records. 
 
2.2.1 Wind hazard for future climate 
 
One of the advantages of using climate-simulated data is that it allows wind analysts to 
study the wind conditions in a given region under future climate forcing. These types of 
studies are important in the development of adaptation strategies. To examine future wind 
conditions in Tasmania, wind data from a 20-year window around 2070 was extracted from 
the simulations as explained before. 
 
2.3 Monte Carlo simulation (MC) 
 
The wind map presented above shows only mean wind speed conditions. Severe wind 
hazard requires however RP of gust wind speeds. A MC-based technique to generate wind 
gust from mean wind speeds has been developed [Sanabria and Cechet, 2010].  
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The MC works by simulating the physics of wind generation for synoptic wind conditions. 
It assumes that surface wind gusts result from the deflection of air parcels flowing higher in 
the boundary layer, which are brought down by turbulent eddies [Brasseur, 2001]. The 
method separately takes into account the mean wind and the turbulent structure of the 
atmosphere. Turbulence is represented by the gust to mean ratio, termed the gust factor in 
wind engineering. The process consists of the numerical convolution of mean wind and the 
gust factor to produce wind gust speeds. 

          
 
    Fig. 6. Tasmanian contour map.             Fig. 7. Mean speed exceedance for 500-yr  RP. 
                                                                    

2.3.1 Gust factors (GF) 

The gust factor (GF) is defined as the ratio of maximum wind speed (gust) and mean wind 
speed for the same time period. In this project the GF was calculated from the half hourly 
speed datasets provided by BoM and used for the sampling process in the Monte Carlo 
simulation. In practice the x-axis is split into a number of intervals and their corresponding 
GF distribution function is calculated for each interval in order to capture the 
characteristics of the distribution’s long tail [Sanabria and Cechet, 2010]. As an illustration 
consider the GF calculated for Sydney Airport shown in Figure 8.  

 

Fig. 8. Sydney Airport Gust Factor.             Fig. 9. RP of corrected gust speeds. 
                                                                      

3.      RESULTS 

Gust wind exceedance levels at 500-year RP for Tasmania under current climate conditions 
and around 2070 was generated from CCAM-simulated mean wind speeds using the MC 
model and is presented in Figures 10 and 11. As expected the gust wind speeds follow 
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closely the texture of the mean values (Figure 7), in particular note the increase of synoptic 
wind speeds due to the effect of the mountain slope in both the west and the north-east 
parts of Tasmania. This is consistent with detailed studies of the effect of mountain slopes 
in wind speeds [Holmes, 2007]. 

Comparing Figure 9 with Figure 10, it is possible to visually observe an increase in gust 
wind speed hazard around 2070 compared with current climate. The increase is more 
noticeable in the north-east coastal areas of the state and the mountainous region of the 
north-west.  
    Fig. 9. Wind gust exceedance at 500-yr RP      Fig. 10. Wind gust exceedance by 2070 
                (Current climate). 
 
The results are highly dependent on the quality of the mean speeds provided by the climate-
simulation models, and also the quality and representativeness of the observations (ie. is the 
record length representative of a long-term climatology for extreme wind gusts?). 
 
3.1 Future climate gust wind hazard at the Tasmanian stations.  
 
Plotting both the future-simulated and observed RP exceedance levels at the meteorological 
stations allows the determination of the trend in gust wind speed for a changing climate. 
Figure 11 (in previous page) shows the observed and corrected CCAM-modelled RP of 
gust wind for the Hobart Airport. Similar results were obtained for the other two stations 
but are  
 
      Fig. 10. Wind gust exceedance for 500-yr            Fig. 11. Wind gust exceedance for  
      RP (current climate).                                           500-yr RP around 2070. 
 
Comparing Figure 10 with Figure 11, it is possible to visually observe an increase in gust 
wind speed hazard by 2070 compared with current climate. The increase is more noticeable 
in the north-east coastal areas of the state and the mountainous region of the north-west. 
The results are highly dependent on the quality of the mean speeds provided by the climate-
simulation models, and also the quality and representativeness of the observations (ie. is the 
record length representative of a long-term climatology for extreme wind gusts?). 
 
3.1  Future climate gust wind hazard at the Tasmanian stations.  
 
Plotting both the future-simulated and observed RP exceedance levels at the meteorological 
stations allows the determination of the trend in gust wind speed for a changing climate. 
Figure 9 (in previous page) shows the observed and corrected CCAM-modelled RP of gust 
wind for the Hobart Airport. Similar results were obtained for the other two stations but are 
not presented here because of space limitations; however Table 1 presents the corrected 
exceedance levels of gust wind speeds generated by the model for the selected stations. The 
station-location results confirm the trend observed in the RP maps: there is increase in wind 
gust hazard by 2070 with respect to current climate conditions. These results agree with 
similar studies carried out for Victoria [McInnes et al., 2005]. 
 
        Table 1. Corrected gust wind speed exceedance levels (500-yr RP) at stations 
 

 Hobart Launceston Wynyard 
Observed 37.5 37.1 36.3

CCAM current 39.1 36.1 32.7 
CCAM 2070 47.0 38.9 38.4

 
 
4. CONCLUSIONS 
 
A general overview of the methodology to assess severe wind hazard has been presented in 
this paper. The methodology quantifies wind hazard by fitting an extreme value distribution 
to gust wind speed. The methodology has been used to assess wind hazard at a recording 
station as well as over a region using gridded model data. To assess regional wind hazard, 
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gridded data obtained from a high-resolution (regional) climate model is used. However 
climate-simulated wind speeds provide only mean wind speeds whilst in severe wind 
hazard the value of interests is gust wind speed. A Monte Carlo simulation model was 
developed to calculate gust wind from mean wind speed via sampling from the 
corresponding gust factor.  
A confidence interval can be calculated to assess the uncertainty of the model results. 
 
The model may also been used to assess the impact of climate change in wind hazard from 
future projections. The model has been used successfully to assess wind hazard in the 
Australian state of Tasmania under current climate and by the end of this century. 
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Abstract: In this paper, we outline and explore the use of RaVE, a sparse variable selection
method that can be used for selecting variables when modelling extreme values. We illustrate its
use by modelling the location parameter of a series of length 49 of annual rainfall maxima at two
stations in North-West Western Australia. The ensemble of potential predictors consists of 1980
atmospheric variables. Preliminary results show that RaVE can produce parsimonious yet sensible
models. Future work will focus on devising criteria to select the best choice of hyperparameters
and on methods to choose groups of spatially contiguous variables so as to aid interpretation.

Keywords: generalized extreme value distribution; variable selection; extreme rainfall

1 INTRODUCTION

Though much of the discussion of the potential impacts of climate change has been cast in terms
of changes in, for example, average temperatures or rainfalls, there is an increasing recognition
that we need to understand the behaviour of climate extremes. In particular, the climate adapta-
tion community has recognized that understanding the drivers, frequency, and impacts of climate
extremes is central to devising adaptation strategies in a wide range of areas: human health; man-
aging natural ecosystems; designing built environments; managing water resources; and many
others. A recent example of the severe impact of an extreme event that may well be a harbinger
of future climate is the European heatwave of 2003, in which “unusually large numbers of heat-
related deaths were reported in France, Germany, and Italy.” [Stott et al., 2004].

Central to the statistical modelling of climate extremes is extreme value analysis based on the
generalized extreme value (GEV) distribution [Coles, 2001]. The objective here is to model the
behaviour of a process at unusually large (or small) levels with a view to estimating what extreme
values might occur in the future. In practical terms, this means postulating and fitting plausible
models for the parameters—location, scale, and shape—of the GEV distribution. A summary of
statistical modelling of extremes can be found in reviews by Katz et al. [2002] and Katz et al.
[2005].

A common class of statistical models for modelling trends, or more generally, nonstationarity, in
extremes includes regression models for the GEV parameters. In such models, covariates may in-
clude sine and cosine functions in time to model diurnal, seasonal, or annual variability, but they
may also include variables that represent larger scale synoptic features or other environmental
processes. For example, Furrer and Katz [2008] include an ENSO (El Niño Southern Oscilla-
tion) index as a covariate in modelling extreme rainfall, as do Mendez et al. [2007] in modelling
monthly extreme sea levels. The choice of explanatory variables to use is often guided by domain-
specific knowledge, but in many applications, such knowledge may not be available or there may
well be little consensus on the the most appropriate choice. In such circumstances, it would be
useful to have an automatic variable selection method.
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Relatively little work has been done, however, on automatic variable selection methods for GEV-
distributed random variables. In part, this reflects the fact that the GEV distribution is not a
member of the the exponential family of distributions [Coles, 2001], for which variable selection
methods exist and are widely used. Furthermore, there is often a paucity of extreme value data,
especially, for example, if we consider annual extrema, and many more potential explanatory
variables. This problem is sometimes known in the literature as the ‘n� p problem’, and has led
to the development of new implicit variable selection methods.

In this paper, we introduce and the demonstrate the use of a fast, sparse variable selection method
for selecting potential predictors for extremes. The method, known as RaVE (for Rapid Variable
Elimination), is due to Kiiveri [2008]. It is related to other implicit variable selection methods
such as well-known Lasso [Tibshirani, 1996], but it provides a much more flexible framework
for model fitting and selection. We demonstrate proof-in-principle use of RaVE for modelling
extremes by using it to select potential explanatory variables for modelling the location parameter
of GEV distributions describing the annual maximum rainfall at two stations in North-West West-
ern Australia (NWWA). The initial ensemble of predictors, from which a much smaller subset
was selected, comprises a total of 1980 atmospheric variables from NCEP-NCAR reanalysis data
[Kalnay et al., 1996]; there were 20 variables at each of 99 (11×9) grid points, for a total of 1980
potential predictors.

2 VARIABLE SELECTION FOR THE GENERALIZED EXTREME VALUE DISTRIBUTION

2.1 Generalized Extreme Value Distribution

This section provides a brief introduction to the GEV distribution; more details may be found in
the monographs of Coles [2001] and Davison [2003, Section 6.5.2], from which this summary is
drawn.

Let Y represent the annual or seasonal maximum rainfall obtained from a series of daily rainfall
measurements. Then, under certain conditions, the limiting distribution of Y is a member of the
generalized extreme value distribution family, which has cumulative distribution function given
by

F(y) = exp

{
−
[

1+ξ

(
y−µ

σ

)]−1/ξ
}
, (1)

where 1+ ξ (y− µ)/σ > 0, and where the parameters satisfy −∞ < µ < +∞, σ > 0, and −∞ <
ξ <+∞. The parameter µ is the location parameter; σ is the scale parameter; and ξ is the shape
parameter. Depending on the value of ξ , the GEV distribution can take be a member of one of
three families of distributions: Gumbel (ξ = 0), Frechét (ξ > 0), or Weibull (ξ < 0). In many,
though not all, rainfall series, the shape parameter takes on a small positive value [Koutsoyiannis,
2004], which leads to a heavy-tailed Fréchet distribution.

If the characteristics of a series of n rainfall maxima {Yt}=Y1,Y2, . . . ,Yn do not change throughout
time, then we might postulate a very simple model in which a GEV with constant parameters
gives rise to {Yt}. It may well be, however, that because of seasonal effects or changing climate
patterns, the parameters depend on time or other covariates. Consequently, it is necessary to
postulate a model for how the parameters change with time. For example, if yearly maxima
appear to be increasing linearly with time, a plausible model might be Yt ∼ GEV(µ(t),σ ,ξ ),
where µ(t) = β0 +β1t. More generally, we can write θ = g(xxxT βββ ), where θ is any of µ , σ , or ξ ,
xxx is a vector of covariates, βββ is a vector of coefficients to be estimated, and g is the inverse-link
function. For example, in modelling maximum sea-levels, Mendez et al. [2007] postulate linear
models for all three GEV parameters that use sines and cosines terms to model regular cycles,
along with a covariate describingthe variability in ENSO.
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In the example described in this paper, we model only the location parameter as a linear function
of predictors, and assume that the scale and shape parameters remain constant. The challenge is
in selecting a small number of covariates x from a much large ensemble of potential predictors.

2.2 Variable Selection Using RaVE

RaVE [Kiiveri, 2008] is a general statistical engine that provides a mechanism for eliminating
redundant variables in a wide variety of existing statistical models such as generalized linear
models, multiclass logistic regression, proportional hazards survival models, and many others.
This mechanism is based on the notion of model sparsity, and hence allows for sensible estimation
of parameters when the number of observations (n) is much less than the number of potential
explanatory variables (p).

Let L(yyy|XXX ,βββ ,φφφ) be the log-likelihood function for a model that we would like to fit in order to
relate a response vector yyy of length n to an n× p matrix of data XXX . The p-vector βββ contains the
parameters of primary interest, and the q-vector φφφ contains the parameters of secondary interest.
In the context of the problem described in this paper, yyy is a vector of n annual rainfall maxima,
XXX is a matrix of values of p atmospheric variables. Since we are only interested in modelling the
location parameter of the annual maxima, we postulate a linear model of the form µi = xxx′iβββ , where
xxxi is the ith row of XXX . The vector φφφ contains the scale and shape parameters, which we assume to
be constant. The problem then becomes one of selecting a much smaller set of variables that may
be influencing the nonstationary behaviour of the annual maxima.

In conventional statistical models such as linear or logistic regression, Lasso [Tibshirani, 1996]
is a widely used for variable selection when n� p. In Lasso, the log-likelihood is penalized by
the addition of an L1-norm penalty term of the form λ ∑

p
i=1 |βi|, where λ , known as the regular-

ization parameter, controls the sparsity of the solution, that is, the number of variables that are
selected. The Lasso solution can also be interpreted as the Bayes posterior mode under inde-
pendent double-exponential priors for the coefficients [Tibshirani, 1996]. By contrast, RaVE is
formulated explicitly as a Bayesian hierarchical model. The prior for the elements of βββ is speci-
fied in such a way as to capture the underlying assumption that only a few of the coefficients are
likely to be non-zero. Kiiveri’s formulation leads to the prior of the form

p(βi) =

[
2(0.5−k)
√

πΓ(k)

]
δK(0.5−k)(δ |βi|)
(δ |βi|)(0.5−k)

, δ =

√
2
b

(2)

where K denotes a modified Bessel function of the third kind (which is a rapidly decaying func-
tion), and Γ denotes the gamma function. An expectation-maximization algorithm is used to
obtain maximum a posteriori estimates of the coefficients βi. Algorithmic details may be found
in Kiiveri [2008], and software to carry out the calculations is available as an R-language [R
Development Core Team, 2008] package GeneRaVE [CSIRO Bioinformatics, 2008].

Using RaVE for modelling GEV-distributed variables requires the user to formulate an expression
for the (log-)likelihood L(yyy|XXX ,βββ ,φφφ), and the first and second derivatives of L(·) with respect to the
linear predictor ηi = xxx′iβββ . These expressions, and other implementation details, may be found in
Phatak [2009]. Note that RaVE has two hyperparameters k and b (or δ ) that have to be selected. In
linear regression or logistic regression, N-fold cross-validation can be used to determine optimal
values of k and b, but in this initial exploration of the use of RaVE for variable selection for the
GEV, we calculate a range of possible solutions and examine diagnostic plots to assess how well
the models fit.

There are two ways in which RaVE can be used: first, as a means of selecting variables and
estimating their associated coefficients; or second, as a ‘pre-filter’ to select which variables to
retain, followed by, say, maximum likelihood estimation of the coefficients. We use the latter
method.
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3 RAINFALL MAXIMA IN NWWA

3.1 Rainfall Data

We obtained daily rainfall records from 19 stations in North-West Western Australia for the years
1958–2007, although we discuss results for only two stations, one each in the Kimberley (Sta-
tion 1) and Pilbara (Station 41) regions of NWWA. Furthermore, we consider only the wet season,
which runs from November to April. During this period, rainfall in these regions is driven by trop-
ical systems that may include tropical cyclones, monsoonal rains, and tropical depressions [Land
and Water Australia, 2008]. On any given day, the reported rainfall is the cumulative rainfall in
the 24-hour period up to 9:00 a.m. on that day.

3.2 Atmospheric Data

For the years 1958–2007, atmospheric data was obtained from the NCEP-NCAR reanalysis data
set Kalnay et al. [1996] at a 2.5◦×2.5◦ latitude-longitude grid resolution across the area defined
by 10◦ to 30◦ latitude S and 107.5◦ to 132.5◦ longitude E, for a total of 99(= 9×11) grid points
(the grids are shown in Figs. 2 and 3). The group of potential predictors consisted of 20 atmo-
spheric variables at each grid point: air temperature, dew-point temperature depression, geopo-
tential height, specific humidity, and east-west and north-south components of wind speed at 500,
700, and 850 hPa, as well as mean sea-level pressure and total-totals. Thus, there was a total of
1980(= 20 predictors/grid point× 99 grid points) potential explanatory variables, roughly forty
times more than the number of annual maxima (49). There may well be additional variables that
we ought to be considering in order to increase the information content of this ensemble, but it
was chosen with the much longer term objective of studying the downscaling of rainfall extremes
using atmospheric predictors from general circulation models.

3.3 Assessing Nonstationarity in Extremes

Before carrying out any regression modelling, we first assessed the degree of nonstationarity of
the rainfall maxima series at the two stations using visual diagnostics.

Figure 1 shows the annual maxima at Station 1; superimposed on the plot is a smoothed esti-
mate of the location parameter, obtained using the the local polynomial fitting method of Davison
and Ramesh [2000] with a bandwith of 0.3. Though Davison and Ramesh [2000] describe a boot-
strapping method for automatic choice of bandwidth, they also suggest that when exploratory data
analysis is carried out with a view to suggesting hypotheses to be explored further, it is equally
useful to gain insights into the data by trying different values of the bandwidth. For these data,
different bandwidths lead to smooths that suggest the same conclusion: there appears to be a trend,
or other nonstationary behaviour, in the location parameter.

We can also assess nonstationarity by examining whether a model in which the parameters are
constant is plausible. Figure 1 also shows probability and quantile plots of the residuals after
fitting the parameters by maximum likelihood. Although the probability plot appears to be linear,
the quantile plot indicates some lack of fit, especially for very large values of rainfall. Hence,
combining the results of the visual examination of the plots in Fig. 1, we tentatively conclude
that annual maxima at Station 1 are nonstationary and proceed to search for covariates that may
explain this behaviour. Plots such as those in Fig. 1 for Station 41 (not shown) yield a similar
result.

3.4 Variable Selection

Before we describe the results of RaVE for Stations 1 and 41, it is worth asking the question, “how
many variables should any variable selection method be expected to choose in this instance, given
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Station 1

Figure 1: (Top) Annual rainfall maxima at Station 1 (Kimberley) during the wet-season. Solid line
indicates the smoothed location parameter, calculated using the local polynomial fitting method of
Davison and Ramesh [2000]. (Bottom) Probability plot (left) and quantile plot (right) of residuals
after fitting a constant location, scale, and shape parameter to annual rainfall maxima at Station 1.
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Figure 2: Station1: (Top left) Map of NWWA showing the grid points at which NCEP-NCAR
data were obtained, the station location (black circle), and the variable that was selected for a
b/k combination of 104/0.1; (Top and bottom right) Probability and quantile plots after maximum
likelihood estimation of the coefficient of the single variable chosen; (Bottom left) Estimated
location and approximate 95% pointwise confidence intervals.

that there are only 49 observations?” Though a precise number cannot be specified, clearly, the
answer is “very few”! A rough rule-of-thumb states that 5–10 observations are required for every
parameter estimated; hence, taking into account the scale and shape parameter leaves sufficient
information for between 5 and 10 additional parameters. Indeed, as we observed, models that
contained more than about 10 variables severely overfitted the data.

We fitted RaVE models for values of b ∈
{

1,10, . . .106
}

and k ∈ {0.1,0,2, . . . ,0.9}. The num-
ber of variables selected is relatively insensitive to the value of the hyperparameter b, but very
sensitive to the value of k. This is in contrast to sparse logistic regression for modelling rainfall
occurence, where the number of variables selected is insensitive to k [Phatak et al., 2009]. For a
fixed value of b, the number of variables selected quickly increases from one to greater than 10 as
k is varied from 0.1 to 0.5.

Figure 2 shows results for Station 1 for b = 104 and k = 0.1. A single variable (dew point temper-
ature depression at 850 hPa at 10◦S, 125◦E) was chosen, and is shown on a map of NWWA along
with the station location. Figure 2 also shows the fitted location parameter along with quantile
and probability plots obtained by maximum likelihood estimation of the coefficient of dew point
temperature depression. The value of the coefficient is −4.33 with a standard error of ±1.7. If
we compare the diagnostic plots in Fig. 2 with those in Fig. 1, we can see that the addition of a
covariate appears to have explained some of the variability in the annual maxima. In particular,
the quantile plot lies closer to the 45◦ line. Although we do not show the corresponding plots
here for lack of space, fitting a model with k = 0.4 leads to 9 variables being selected, overfitting
has occurred and the performance is much degraded—although the estimated location tracks the
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Figure 3: Station 41: (Top left) Map of NWWA showing station location (black circle), and the
variables that were selected for a b/k combination of 104/0.3; (Top and bottom right) Probability
and quantile plots after maximum likelihood estimation of the coefficient of the three variable
chosen; (Bottom left) Estimated location and approximate 95% pointwise confidence intervals.

annual maxima more closely, the quantile and probability plots show clear lack of fit, and the
approximate 95% confidence intervals of many of the cofficients include zero.

For Station 41 in the Kimberley region, Fig. 3 shows the analogous series of plots to those in
Fig. 2. Here, a b/k combination of 104/0.1 selected three variables and gave the most sensible
results, based on a visual examination of diagnostic plots. Again, more variables were selected
for larger values of k. The three variables selected were dew point temperature depression at
500 hPa at 27.5◦S, 117.5◦E (coef: −1.4, se: 0.4) and at 27.5◦S, 132.5◦E (coef: 0.8, se: 0.3), and
total-totals at 12.5◦S, 130◦E (coef:5.8, se: 1.8).

4 DISCUSSION AND CONCLUSIONS

Our intent in this short communication has been to introduce and demonstrate proof-in-principle
use of RaVE for variable selection for extreme values, a topic that has, to the best of our knowl-
edge, yet to be tackled in either the literature on variable selection or modelling of extreme values.
The example we have discussed here is a particularly difficult one because the number of potential
explanatory variables (1980) is much larger than the number of observations (49). Nevertheless,
the results described here show that RaVE can produce parsimonious models that yield sensible
results. Given the ensemble of predictors that we started with, RaVE selected a single dew point
temperature depression near Station 1. Given what is known about the predominantly tropical
rainfall mechanisms in the Kimberley, such a result is plausible. For Station 41 in the Pilbara,
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the three variables selected may well reflect the multiplicity of mechanisms bringing rain to the
Pilbara in the wet season, but further investigation is required.

Routine use of RaVE for modelling extreme values requires model selection and goodness-of-fit
measures. Cross-validated likelihood may provide a partial solution. In addition, it would help
the interpretation of the results if spatially contiguous groups of variables were chosen instead of
variables at individual grid points. These and other topics will be the subject of future research.
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Abstract: Modelling the effects of climate change on vegetation and agriculture is 
arguably one of the most challenging issues the scientific community has to deal with in 
recent times. Grapevine being among the world’s old and most expensive cultivated crops 
with winemaking consisting of a rich history of centuries-old traditions makes 
contemporary research into modelling climate effects on viticulture of significant interest. 
Novel approaches are explored for gaining more scientific knowledge on the phenomenon 
climate change, in particular its potential impact on grapevine growth stages, phenological 
events and wine quality. In this context, the paper looks at literature on recent  analysis 
based approach to establishing associations between daily extreme weather conditions and 
some perennial crop yield at larger spatiotemporal scales, i.e., yield comparisons among 
wine regions/ national annual yield of apples, walnuts, oranges, almonds and avocados 
with three decade old data. Consequently, recent novel approaches investigated at the 
Geoinformatics Research Centre (GRC) to studying the effects of daily maximum 
temperature on grapevine yield using data at a different spatiotemporal scale along with 
results obtained are outlined. The paper then details on extending the approaches to other 
daily extreme weather data; minimum air and soil (grass) temperatures with a) a single 
vineyard’s yield over a period of 12 years (1997-2009) and b) weather conditions, recorded 
at a nearby weather monitoring station belonging to the National Institute of Water and 
Atmosphere (NIWA), extracted via NIWA’s web portal. The results show interesting 
nexuses between daily extreme weather conditions, the independent variables and 
grapevine yield, the dependent variable at spatiotemporal scales not previously ascertained 
i.e., at a vineyard (micro scale) but using macro climate data. The approach provides a 
means to gaining precise information relating to climate effects on viticulture, useful for 
training grapevines appropriately and thereby improving the quality of grapevine yield/ 
vintage.  
 
Keywords: daily air maximum, minimum and soil (grass minimum) temperature.   
 
 
1. CLIMATE EFFECTS ON VITICULTURE   

 
Climate change, especially its impact on vegetation and agriculture, is seen as one of the 
world’s most argued thorny issues. Climatologists worked on the issues now ponder upon 
the accuracy of the climate data initially used in the analysis which led to the conclusion 
that the recent climate warming as most likely to be “predominantly man-made”. 
Meanwhile, the debate on whether the “Medieval Warm Period was warmer than the 
current period…” still continues as stated by Jones, [2010:1]. In this context, research into 
analysing the climate effects on viticulture with different climate prediction models, draws 
significant interest. The research results of Jones [2007] suggest that the effects of potential 
climate change on vegetation and agriculture to be inconsistent across the globe and hence 
on the world’s famous wine growing regions too. The effects are predicted to be severe in 
Mediterranean wine regions, where even over 1oC increase in temperature is predicted to 
change grapevine phenological events and growth stages dramatically that would in turn 
make the continued production of premium quality wines produced from these regions 
impossible as they are already at their peak in ripening ideal grapes for the varieties 
cultivated. In the southern hemisphere, within Australia, viticulturists are advised to 
prepare themselves for replanting their vineyards with new varieties that would suit the 
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country’s changing climatic conditions, which is an expensive exercise this again has led to 
further controversies  as discussed by Webb [2006].   
 
1.1 Introduction 
 
Viticulture has its origins dating back to as much as medieval times. Present day world 
famous wine regions could be distinguished with narrow climatic and geographical niche 
conditions that most suit different grapevine varieties. Some centuries old manual records 
in particular, at a prominent Château in France, records belonging to sixtieth century, 
evidence how these wine regions have developed into what they are today identified with 
fine wine labels as detailed in a study by Jones, et al., [2000].  However, scientific 
understanding on climate effects in this regard is still rather limited.  But the situation is 
changing, since the last decade, research into unravelling some old traditional practices and 
concepts, such as the Mediterranean “Terroir x clutiva”, relating to environmental and crop 
varietal factors that influence grapevine growth stages, phenological events (budburst, 
floraison and veraison), berry ripening process and wine quality from a regional 
perspective appears to be more focused and valuable for viticulturists. The research results 
provide beneficial insights into the way independent factors impinge upon grapevine 
growth, response and yield useful for improving viticulture practices (i.e., buds/ shoots to 
retain at pruning, irrigation) that best suit the region’s base and local year-to-year 
variability in climatic conditions thereby enhancing the berry ripening process. Gaining 
additional knowledge in the regard could further help viticulturists to estimate target yields 
(grapes tons/ ha) in quantity and quality achievable and also economically feasible. 
 
1.2 Previous research on modelling the effects daily extreme weather on 

viticulture/ horticulture 
 
The section briefly outlines recent research in modelling the effects of daily extreme 
weather conditions i.e., daily maximum temperature, on selected perennial crop production 
(annual) that is considered to be significant and relevant to this work.   

In the original research, the influence of daily extreme weather conditions (maximum/ 
minimum temperatures and precipitation) on annual apple production was modelled using 
iterative �statistical method. The approach was successful in that it enabled analysts to 
establish the measures of association between the weather (independent) and yield 
(dependent) variables analysed. For this, apple annual production data was initially 
separated into quartiles by the level of production and then both “upper” and “lower” 
quartiles were analysed separately against combined “mid” two quartiles. Meanwhile, data 
on the daily extreme weather conditions was converted into matrices of occurrences 
(frequencies in number of days) recorded at consecutive 3oC interval classes (for 
temperature) over moving three week windows within a stipulated period of time prior to 
harvest. Iterative � analysis was run for high-low and low-high for all independent 
variables in search of any deviation in the � rates generated between each extreme and 
the combined mid-quartiles. A deviation was identified with the “critical” (cardinal or 
turning) point in each weather interval.  The approach enabled the analysts to find not only 
the significant associations but the degree of those existed between the climate and annual 
apple high/ low yield data as well over the 72-year (1920–1991) time span.  

An Australian research by Soar [2008] used a similar iterative �analysis approach to 
modelling the influence of daily extreme weather conditions on grapevine phenology and 
wine quality in four major wine regions within that country. This Australian research 
looked at ways and means to quantify what was described by the authors as “qualitative 
and fragmented knowledge” on the nexuses between key weather variables and berry 
ripening/ wine quality using the approach.  This study was carried out using data from 
Australia’s four major wine regions, namely, Hunter Valley, Margaret River, Coonawara 
and the Barossa Valley. The regional wine ratings were used in the study as surrogate for 
wine quality for a comparative analysis between the frequency of defined weather 
conditions and the “high” (top 25%) and “poor” (bottom 25%) vintages. The results of this 
study produced the exact maximum (and minimum) temperatures associated with better 
quality wine in the different regions, such as temperatures above 34°C throughout most of 
ripening in the Hunter, below 28°C in early January in the Margaret River, 28-33.9°C 
towards harvest in Coonawarra, and below 21.9°C in late January and early February and 
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28–30.9°C towards harvest in the Barossa. It was concluded that the approach provided a 
means for a quantitative assessment that allowed for establishing the timing and magnitude 
of weather influences on wine quality on a regional scale with data covering at least three 
decades.  

In a similar study, Jones and Davis [2000] compiled grapevine phenology of floraison, 
veraison, and harvest dates for Bordeaux region in France.  In this study, authors used 
reference vineyards’ data from 1952 to 1997 and calculated the average dates (averaged 
between châteaux and variety).  They also established budburst dates with the use of simple 
models based on an observation that in most viticulture regions, on average, budburst starts 
to occur when the mean daily temperature exceeds 10oC for five consecutive days or six 
after a cold spell.   

Meanwhile, vintage ratings for the whole time span (1940-1995) were compiled using 
data from a wide variety of sources stating that any qualitative assessment of a vintage 
would be a generalisation, ratings being commonly seen as serving as the industry-wide 
benchmark for comparing vintages. The overall vintage quality ratings for the reference 
vineyards used in the study were scaled from 1 to 7 with 1 being a terrible year and 7 an 
exceptional year.  Even though quality ratings were considered to be inherently subjective, 
it was presumed that variations in quality among the individual châteaux would not be 
contributory to the final ratings due to the relativity in measure and therefore, when 
tabulated in a consistent manner, the rating method was considered to produce a reliable 
measure for an assessment against general climatic influences.   

For the climate data, the authors used meteorological recordings from a Bordeaux 
station for 1949 to 1997 obtained from METEO-France weather station, the only reason for 
selecting this station was that this had not been relocated over this period. This data 
consisted of daily observations of maximum temperature (Tmax), minimum temperature 
(Tmin), hours of insolation, and precipitation. Based on these general climate parameters 
other variables commonly used in viticulture studies for the region, such as The Sum of 
Average Temperatures (SAT = (Tmax + Tmin)/2), Estimated Potential evapotranspiration 
(PET = SAT - precipitation) and the number of days with extreme cold were derived. The 
extreme cold days were stipulated with two variables, the numbers of days with minimum 
temperatures less than -2.5oC and less than -10oC, two variables were used for the 
assessment of both moderate and extreme cold events respectively. Similarly, the numbers 
of days with maximum temperatures greater than 25oC as well as 30oC were derived for the 
assessment of both moderate and extreme warm events respectively.   

Finally, the associations between the viticulture data (on phenology, production, must 
composition, and vintage ratings) discussed above (or the dependent variables) and the 
climate (or the independent variables) in this case (summed by phenological interval), were 
then analysed with multiple regression procedures.   

In a study by Caprio and Quamme [1998], authors modelled the response in yield to 
temperature and precipitation changes in some perennial crops with statistical models 
developed from 1980-2003 records of state-wide yield and variations in monthly average 
temperature (minimum and maximum) and rainfall data. In another study, the same authors 
Caprio and Quamme [2002] used an exploratory data analysis and then multiple 
regressions to develop a suitable model to predict the annual yield for different crops, 
namely, Grapes (wine & table), Lettuce, Almonds, Strawberries, Hay, Oranges, Cotton, 
Tomatoes (processing), Walnuts, Avocados and Pistachios. The initial exploratory analysis 
was performed to select appropriate predictor climate variables. Of these predictors 
derived, two most important climate averages (daily/ monthly) were later used in the 
multiple regressions to develop best fit models with three climate variables for each of the 
crops analysed.    
 
2. DATA AND THE METHODOLOGY 
 
The section outlines the data used, pre-processing methods adopted to create matrices on 
the weather variables and finally the different approaches explored to model the 
associations between the dependent (grapevine yield) and independent (daily extreme 
weather) variables analysed in this research.  
 
2.1 Grapevine yield and daily weather data 
 

2336



S Shanmuganathan et al. / Modelling the effects of daily extreme weather on grapevine phenology and … 

The grapevine yield data and classification used in a previous research by 
Shanmuganathan, et al., [2010], is used in this research as well along with the daily 
minimum of air and soil (grass) temperatures extracted from NIWA’s web portal.  The 
yield data (grapes in tons/ hectare, Brix, acid and pH) for 12 years (1997-2009) is classified 
into low, average and high years based on winemaker observations.  

The NIWA’s daily extreme weather variables logged at Henderson River Pk, 
(36.85539S, 174.62383E) agent no. 1423(A64863), and disseminated via NIWA’s web 
portal [2009] is used to create matrices of numbers of days recorded in each of the 
continuous classes (at 3oC interval) within moving 3 week windows, each window in 
succession adding a new week and dropping the first week as the window advanced. Time 
span of each matrix is 45 weeks prior to harvest date and separate matrices were created for 
daily extreme air and soil (grass) minimum temperature data obtained from NIWA. The 12 
year vineyard harvest yield data consists of 3 years of each low, average and high rating.  
Daily extreme maximum temperature data has been already studied against the vineyard’s 
yield and for further details on this work please refer to (Shanmuganathan, et al., 2010). 

 
2.2 The methodology 
 
The weather data converted into frequencies of daily minimum temperature (air and soil) at 
3oC intervals (between the maximum and minimum of the variable in consideration) during 
moving week windows over a period of 45 weeks prior to harvest of each yield year was 
analysed to find out any associations between yield classes (low, average and high) and 
extreme weather frequencies. The yield data from this vineyard covers only 12 years hence, 
insufficient for any meaningful analysis with conventional methods, in this case with 
iterative 2 analysis approach alone in a similar manner to that of examples explained in 
section 2. Therefore, an explorative data mining approach with Kohonen’s self-organising 
map (SOM)1 was applied to the data initially to look for any correlations between the 
weather frequencies and yield, the independent and dependent variables. 
 
3. THE RESULTS 
 
The results of both, SOM technique based data mining and iterative 2 analysis give details 
on the daily extreme minimum (air and soil) temperature range/s and frequencies at which 
they affect the yield and are illustrated in this section.      
 
3.1 Data mining results 
 
SOMs were created with daily extreme minimum (air and soil (or grass)) temperature 
frequencies at 3oC intervals within -3.1 to 24oC and -5.1-22oC respectively for the weather 
variables being analysed in this paper.     
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1 Self-organising maps (SOMs) are single layered, feed forward artificial neural networks (ANNs) that 
use an unsupervised algorithmic training developed by Tuedo Kohonen based on late twentieth century 
understanding on the functioning of the cortex cells of the human brain. SOM techniques are  
considered to be excellent tools for exploratory data analysis as trained SOMs produce low dimensional 
displays of complex multi dimensional data sets, in which correlations between the vectors in the raw 
data could be easily visualised and studied,        
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Figures 1 a & b. SOM and components of daily minimum frequencies (within moving 
three week windows) over the 45 weeks prior to harvest date.  Grapevine yield years 

(rate_code) and week nos are given higher priority to enhance clustering based on these 
factors.  

 

 
 

Figure 2. Graph of C7, C8 and C6 SOM cluster profiles showing the temperature 
frequencies in daily minimum during week 32-45 (moving three week window) prior to 

harvest, for yield year rated low (1), average (2) and high (3).  Frequencies at 6.1-9 oC and 
18.1-21oC show notable difference between low and high yield years. 

 
A SOM was created with all the air minimum temperature frequencies along with week no. 
(with priority 2) and rate code (with priority 4) to favour clustering based on the latter two 
variables. In this SOM (Figures 1 a & b) of air minimum temperature frequencies, 6.1-9, 
9.1-12, 12.1-15 and 15.1-18 oC  show marked differences within the low, average and high 
yield years. More importantly, 6.1-9, 9.1-12 and 18.1-21oC are the intervals that show 
different frequencies between the low (cluster 7 rate code 1) and high (cluster 6 rate 
conde3) ratings.  Similarly, a SOM (figure 3) was created for minimum soil temperature 
frequencies and -5.1-2, 2.1-1, 1.1-4, 4.1-7, 7.1-10, 10.1-13, 13.1-16, 16.1-19 and 19.1-22oC 
along with week no. (with priority 2) and rate code (with priority 4), the priorities being 
given more for the two variables to favour clustering based on them. 
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Figure 3. SOM and its components of soil minimum temperature frequencies, rate code 
and moving three week show the associations between temperature interval ranges, 

frequencies and yield classes. 
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Figure 4. SOM cluster profiles of low, average and high yield years for soil (grass) 
minimum temperature frequencies at continuous 3 oC intervals within -5.1-22oC.  The 
histograms show the difference in frequencies for low (C 5) and high (C 4) yield year 
temperature intervals 4.1-7 oC, 7.1-10 oC and 10.1-13 oC intervals during week 31-45. 

 
3.2 2 analysis method results 
 
Iterative2 analysis was carried out for the 30-45 moving week temperature frequencies of 
low and high yield years to find out the exact minimum temperature ranges (air and soil) 
and the frequencies (figures 5 - 8) that show associations between yield classes and  
weather conditions.  In both temperate frequency matrices, very low and high ranges were 
added up to remove the zeros in them. For example, below 9oC intervals of soil minimum (-
3.1-0, 0.1-3, 3.1-6 and 6.1-9) were added to form <9 oC.  Similarly, above >15oC intervals 
(15.1-18, 18.1-21 and 21.1-24) were added to form >15 oC.  The time span as well had to 
be reduced to 30-45 week period to remove any zero frequency in preparation of the data 
set to run the 2 analysis.   
The� iterative 2 rates for daily minimum temperature during week 32-34 i.e., late 
November to early January (veraison/ change in grape berry colour) show that >15oC at 
higher frequencies to be associated with high yield years and <9oC at higher frequencies 
associated with that of low years.  In the meantime, an opposite effect is reflected during 
the ripening season, late February to early March higher frequencies of <9 oC is associated 
with high yield and higher frequencies of >15 oC with low yield years (figures 5 & 6).  
These findings seem to reflect that of the daily soil (grass) minimum temperature and are 
illustrated. 

 

week time <9oC 9.1-12oC 12.1-15oC >15oC 2 rate p-value

32 11/30-12/21 3.00 3.67 5.67 8.67 10.94 0.001
33 12/07-12/28 0.67 3.67 6.67 10.00 8.81 0.003
33 12/13-01/03 5.00 7.00 5.33 3.67 9.94 0.002
34 12/14-01/04 0.67 3.33 5.33 11.67 10.08 0.001
34 12/20-01/10 3.67 7.67 5.33 4.33 6.23 0.013

 5.12 0.024
40 01/31-02/21 0.33 7.00 7.33 6.33 3.90 0.048
44 02/22-03/14 2.67 6.33 6.67 5.33 5.44 0.020
45 02/29-03/21 4.00 9.00 4.67 3.33 9.31 0.002
45 03/07-03/28 0.33 5.00 6.00 9.67 9.26 0.002  

 

Figure 5: Table showing the details of 2 analysis for minimum air temperature 
frequencies that are associated with high (in bold) and low (in italics) yield years. 
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Figure 6: Graphs showing the daily minimum air temperature range, week and frequency 
distribution that are associated with high and low yield years at a vineyard in north of 

Auckland. Week 32-34 early - late December and week 40-45 late February to early March 
are related to veraison and ripening of grapes respectively in northern New Zealand. 
week time <7oC 7.1-10oC 10.1-13oC 13.1-16oC >16oC rate p-value

31 11/23-12/14 8.67 3.67 4.00 2.00 2.67 5.444 0.020
32 11/30-12/21 5.00 2.00 5.00 1.33 7.67 20.167 0.000
32 12/06-12/27 8.00 5.33 4.00 3.33 0.33 4.555 0.033
33 11/30-12/21 2.00 2.67 6.33 2.33 7.67 17.640 0.000
33 12/13-01/03 6.67 5.33 4.00 4.33 0.67 7.538 0.006
34 12/07-12/28 1.67 3.00 5.00 2.67 8.67 10.939 0.001
34 12/20-01/10 5.00 6.67 3.67 3.33 2.33 5.000 0.025

4.172 0.033
42 02/08-02/29 1.00 7.33 7.00 4.00 1.67 4.571 0.033
44 02/22-03/14 6.33 5.00 5.00 3.67 1.00 4.481 0.034
44 02/28-03/20 2.67 5.33 3.33 6.00 3.67 6.259 0.012
45 02/29-03/21 8.67 6.00 3.67 2.33 0.33 12.500 0.000
45 03/07-03/28 2.00 5.67 3.33 6.67 3.33 4.571 0.001

7.364 0.003  
    
Figure 7: Table showing details of 2 tests for minimum soil (grass) temperature 

frequencies that are associated with high (in bold) and low (in italics) yield years. 
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Figure 8: Graphs showing the daily soil (grass) minimum temperature frequency 
distribution that show associations with high and low yield years at two critical 

phenological stages (verasion and ripening of grapes) in a vineyard in north of Auckland.    
 

Iterative2 analysis method conducted on soil (grass) minimum as well produced precise 
details of the associations between the temperature ranges and frequencies (number of 
days) with high and low yield years of the vineyard (figures 7 and 8).  During week 31-34 
late November to early January, here again the time relates to fruit veraison and >16oC 
daily minimum soil temperature, at higher frequencies 2.67, 7.67, 7.67 and 8.67 
respectively, are associated with high yield years.  Meanwhile, <7oC at frequencies 6.67 
and 5.00 during week 33 and 34 respectively are associated with low yield years.  Before 
harvest time, weeks 42, 44 and 45 (at frequencies 1.00, 6.33 and 8.67 respectively), late 
February to early March, ripening of grapes season temperature ranges <7 oC at higher 
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frequencies show associations with high yield years. This is reinforced by the higher 
frequency 6.00 and 6.67 at 13.1-16 oC during week 44 and 45 respectively being associated 
with low yield years. 

 
4. CONCLUSIONS 
 
The results of both data mining and 2 analysis method based approach support the 
anecdotal evidence provided by the winemaker relating to climate effects on grapevine 
phenology and yield. At this particular vineyard, higher frequencies of >15oC in daily 
extreme weather conditions (in maximum, minimum (air and soil) temperatures) during 
grapevine veraison (late November to mid December) as expected are seen to be associated 
with high yield years.  During near harvest i.e., mid February to early March, which is the 
grape ripening season, higher frequencies of <9 oC temperatures again are seem to be 
associated with high years.  Similarly, higher frequencies in daily extreme weather 
conditions  <9 oC during veraison and >15oC before harvest show associations with low 
and high yield years respectively.  Hence, with these quantified information on temperature 
ranges, frequencies and their associations with high and low yield years, it is now possible 
to estimate target yield for the vineyard / wine region that could be economically viable as 
well achievable under current weather conditions (that could be captured in situ using 
wireless sensors) and then to adopt cultivation practices accordingly in order to achieve the 
set target yield/s.   

  
5. FUTURE WORK 
 
The GRC team is working on building yield prediction models to use along with these 
models to estimate the yield achievable under current weather conditions that is 
economically feasible as well.       
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Abstract: The ability of regional dynamically-downscaled general circulation models 
(GCMs) to assess changes to future extreme climatic events was investigated by comparing 
hindcast model outputs with observations. Projections were generated on a 0.1 grid across 
Tasmania using the CSIRO Conformal Cubic Atmospheric Model (CCAM). Two future 
SRES emission scenarios (A2 and B1) and multiple boundary conditions from GCMs were 
used for the period 1961-2100. A bias-adjustment procedure was employed to spatially 
correct extreme magnitudes. Events were fitted to a Generalised Pareto Distribution (GPD) 
using an automated threshold selection procedure developed for gridded precipitation 
datasets. Estimates of precipitation average recurrence intervals (ARIs) were calculated 
using extreme value analysis and compared to gridded observations. Spatial patterns were 
found in gridded precipitation extremes that closely matched observations. Projections of 
future changes to precipitation extremes were found to vary spatially between models, 
correlating with projected changes to regional climate drivers. Results demonstrate that 
dynamical downscaling captures regional climate variability (particularly relevant for 
precipitation) and displays significant ability in modelling future changes to the intensity, 
magnitude and frequency of extreme events at the local scale for use in adaptation and 
emergency planning applications. 
 
Keywords: extremes; regional downscaling; precipitation; climate change; extreme value 
analysis. 
 
 
1. INTRODUCTION 

 
The Antarctic Climate and Ecosystems Cooperative Research Centre (ACE CRC), Hobart, 
has produced high-resolution climate change projections for the Australian state of 
Tasmania as part of the Climate Futures for Tasmania project. A key component of the 
project is to establish possible changes to climatic extreme events as a consequence of 
climate change up to the end of the 21st Century. Natural climate variability produces 
extreme climatic events in Tasmania including heat waves, flooding, droughts and severe 
storms. These events can have devastating and wide-ranging costs to all sectors of society, 
including agriculture, water resources and emergency planning. Six general circulation 
models (GCMs) have been dynamically-downscaled to a 0.1 grid for the period 1961-
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2100. The hindcast ability of the downscaled GCMs at capturing extreme precipitation 
events is investigated and a bias-adjustment procedure introduced using observations. An 
automated extreme value distribution fitting procedure is developed for large gridded 
observational and modelled datasets and its performance evaluated through changes to 
magnitudes for given average recurrence intervals. The change to frequency, magnitude 
and duration of extreme events across Tasmania due to anthropogenic interference of the 
climate through the enhancement of the greenhouse effect is assessed. 
 
 
2. DYNAMICALLY-DOWNSCALED REGIONAL CLIMATE PROJECTIONS 
 
 
2.2 Tasmania’s Climate 
 
Tasmania is an island state of Australia that lies to the south-east of the mainland between 
40 and 43.5 south and has a varied temperate maritime climate. Tasmania is mountainous 
in the western, central and north-eastern parts of the state, affecting the flow of air overland 
and precipitation distribution. The principle characteristic of the Tasmanian climate is the 
interaction between prevailing westerly winds and the mountain ranges near the west coast 
and the central plateau. This interaction strongly influences the spatial variation of 
precipitation across the state [Langford, 1965]. 
 
 
2.2 Modelling 
 
GCMs are typically of relative coarse resolution and do not have the necessary skill to 
capture Tasmania’s varied topography and climate (e.g. convection, land-sea interactions) 
accurately. A regional downscaling approach was required to model the state’s climate 
variability. The Climate Futures for Tasmania project made the technical and financial 
commitment to undertake an extensive downscaling process involving multiple GCMs and 
SRES scenarios [Corney et al., 2010]. Six GCMs were dynamically-downscaled using the 
CSIRO Conformal Cubic Atmospheric Model (CCAM) [McGregor, 2005] using the high-
resolution 0.1 grid for the period 1961-2100. The GCMs selected were CSIRO-Mk3.5 
(Australia), GFDL-CM2.0 and GFDL-CM2.1 (USA), ECHAM5 (Germany), UKMO-
HadCM3 (UK) and MIROC3.2(medres) (Japan). The model selection was based on an 
assessment by Smith and Chandler [2009] that assessed the ability of selected models at 
reproducing the present-day climate of the Australian region. Two SRES emission 
scenarios were used to provide a range of likely projected futures, from a low (B1) to a 
high (A2) increase in atmospheric greenhouse gas emissions. 
 
The CCAM dynamical downscaling process [Katzfey et al., 2009] uses a stretched-grid 
global model with forcing data taken from a host GCM. The result is a fine-scale dynamical 
model over the area of interest (often referred to as a regional model). To achieve a desired 
final resolution of 0.1, a two stage downscaling process was required. The first stage 
(intermediate model) involved downscaling from the host GCM to a grid with the high-
resolution face of the cubic conformal grid covering all of Australia at a resolution of 
approximately 0.5. The second stage placed the high-resolution face over Tasmania and 
the Bass Strait islands at an approximate resolution of 0.1. 
 
Figure 1 shows the average annual precipitation totals for the state at three resolutions; a 
typical GCM and the two stages of downscaled results (here demonstrated by GFDL-
CM2.1). A typical GCM resolution (left panel) only has two or three grid cells covering the 
state, suggesting the average state-wide annual total precipitation to be ~746 mm. The 0.5 
resolution model (centre panel) shows an improved spatial pattern of precipitation, with the 
predominantly dryer eastern and wetter western regions starting to be defined, and an 
average annual total of ~1006 mm. The finest 0.1 resolution model (right panel) has an 
average annual total of 1385 mm, closely resembling the observed spatial patterns and total 
of 1390.4 mm. It was concluded that the high-resolution 0.1 dynamical downscaling 
process had the ability to model the local climate of Tasmania accurately across the 
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downscaled models, including seasonality, spatial variance and relationships between the 
different climate variables [Corney et al., 2010]. 
 
 

  

Typical GCM projection 0.5 intermediate 
downscaled projection

0.1 downscaled projection 

 
Figure 1. Average annual precipitation totals for Tasmania projected on typical GCM, 0.5 

and 0.1 grids [Corney et al., 2010]. Precipitation scaled from 0-3000 mm per annum.  
 
 
2.3 Bias-adjustment 
 
Whilst capturing the correct spatial pattern of total annual precipitation in the downscaled 
models is important, when attempting to project future changes to extreme precipitation 
events, the correct magnitudes of events are also of key importance. Extreme precipitation 
events are a result of the complex interaction between temperature, moisture, winds and 
orography, and are typically localised phenomena. As such, the magnitudes of extreme 
precipitation events can vary greatly over relatively short distances and elevations. To 
enable the modelling output to be used for the extreme value analysis, five key climate 
variables (daily maximum temperature, daily minimum temperature, daily precipitation, 
daily potential evaporation and daily solar radiation) from the 0.1 model output were bias-
adjusted using observations. The bias-adjustment process was based on a percentile binning 
method [Corney et al., 2010], using the Australian Water Availability Project (AWAP) 
[Jones et al., 2009] interpolated observed dataset for Tasmania. The adjustment process 
was applied on a daily, cell-by-cell basis, for each of the land grid cells. The overlap period 
between the 0.1 modelling output and the AWAP observed dataset (1961-2007) formed 
the training period where the required adjustments for each percentile bin were calculated. 
The adjustments were then applied to the entire modelling dataset (1961-2100).  
 
 
3. EXTREME VALUE ANALYSIS 
 
 
3.1 Methods 
 
A simple way to assess extreme events in natural phenomena is through the concept of 
average recurrence intervals (ARIs), often referred to as ‘return periods’. The ARI allows 
climatologists, engineers and planners to estimate both the magnitude and frequency of 
extreme events occurring. Formally, the ARI is the average interval or period between 
exceedances of a given value (e.g., precipitation total or wind gust speed). Commonly, the 
ARI is approximated from the inverse of the annual exceedance probability (AEP) of an 
event exceeding a given value in any one year (for example, if the probability of exceeding 
a given event in a single year has an AEP of 0.02, we can say that the event may be 
exceeded, on average, once in every 50 years): 
 

ARI = 1/(1 – AEP)         (1) 
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where:  AEP is the annual exceedance probability  

ARI is the average recurrence interval, expressed in years-1 

 
The reason for the popularity of ARI in natural phenomena studies is the possibility of 
extrapolating the ARI curve beyond the range of the observations. This is achieved by 
using extreme value analysis and specialised extreme value distributions (EVD). There are 
two basic methods to fit an EVD to a given climatic dataset: a) the block maxima method 
where an EVD (typically the Generalised Extreme Value family of distributions) is fitted to 
an annual maxima series; b) the ‘peaks-over-threshold’ method where the Generalised 
Pareto Distribution (GPD) is fitted to values exceeding a selected threshold (typically 
applicable to daily time series). As maximum daily data were available from the CCAM 
model runs, the GPD method was selected as the preferred method for this study. 
 
The fundamental problem when fitting a GPD is the selection of an appropriate threshold 
for the ‘peaks-over-threshold’ calculation. The parameters of the GPD are very sensitive to 
the threshold selection. Most methods developed to solve this problem are difficult to 
implement, especially for large-scale gridded model output as was available for the Climate 
Futures for Tasmania project. These kinds of problems require efficient methods to find 
the appropriate threshold.  
 
In this study, the automated threshold selection method developed by Sanabria and Cechet 
[2007] for wind speed datasets was altered for precipitation data in the R programming 
environment [R Development Core Team, 2009]. This procedure is based on the extreme 
statistical theory introduced by Coles [2001] and developed in the R programming 
environment by Stephenson [2004]. The procedure has also been adapted for selected 
extreme events in the Sydney region of Australia by Abbs and Rafter [2009]. The 
procedure generates all feasible ARIs for each grid cell in the study area (2856 cells, 
including 721 land cells) using a continuous algorithm with thresholds increasing in steps 
of 0.25 mm from a selected starting value. The algorithm is automatically stopped when the 
remaining number of observations available exceeding the threshold falls below 25. The 
threshold that produces the highest ARI of precipitation is then selected. Feasible 
thresholds are those that produce convex curves (e.g., curves that tend to a limiting value). 
These type of curves have been shown to be appropriate to model naturally bounded 
phenomena including precipitation, wind speed and temperature. 
 
 
3.2 Data Preparation 
 
Unlike other climate variables such as wind speed or temperature, precipitation requires 
careful preparation of the data before it is submitted to the extreme value algorithms. 
Precipitation weather systems can track slowly, thus the same event may span several days 
at any given location. It was therefore necessary to sort the precipitation data into 
independent events – a fundamental condition of extreme value analysis. Two parameters 
were defined: the threshold above which daily precipitation events were extracted 
(typically this can be relatively low), and the number of consecutive observations below the 
threshold such that the event may be considered to have ended and a new event may occur. 
The final value of each independent event is then given by the maximum daily precipitation 
value in the window. The package ‘EVD’ [Stephenson, 2004] in the R programming 
environment was employed to sort the gridded daily precipitation data. 
 
Figure 2 illustrates an example of the technique using 250 daily precipitation records (mm) 
observed at Sorell, a Bureau of Meteorology recording station about 25 km east of Hobart, 
Tasmania’s capital. Here, the threshold value for an event was selected as 5 mm. In this 
example, when the algorithm locates a daily precipitation value greater than 5 mm the event 
window starts, and only ends when 3 (or more) events below the threshold occur 
consecutively (standard event window of +/- 3 days). Figure 2a shows that there are 10 
event windows (grey bands) in the 250 daily precipitation series. Figure 2b shows that by 
selecting the maximum value from each window, only 10 independent precipitation events 
are found that exceed the threshold in this daily time series.  
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a.  

b.

 
 
Figure 2. Illustration of the automated independent precipitation event selection process at 
a single location (Sorell, Tasmania): a. grey bands show the automatically selected event 

windows; b. independent maximum daily precipitation values selected from each window. 
 

 
3.3 Confidence Intervals 
 
A confidence interval (CI) shows the range of values in which the value of the ARI lies for 
a given probability. The CI depends on the amount and structure of the data samples, which 
measures the spread of the samples around their mean.  
 
Gillelland and Katz [2005] found that the 
‘Profile Likelihood’ method for the 
calculation of CI values to extreme value 
temperature data produced accurate results 
as it considers the asymmetry of the data. 
Since precipitation data is also highly 
asymmetric, the ‘Profile Likelihood’ 
method as implemented in the R 
‘extRemes’ package by Gillelland and Katz 
[2009] was used. Figure 3 shows an 
example ARI plot of observed precipitation 
at a single location in Tasmania (Sorell) 
with calculated 95% CI. Both the upper 
and lower bounds for the ARI are shown 
asymmetrically with respect to the 
calculated ARI. Note that the CI 
substantially increases as the ARI values 
increase indicating a higher degree of 
uncertainty when making inferences 
substantially beyond the range of the data. 

 
 

Figure 3. Example of observed precipitation 
data fitted to a Generalized Pareto 

distribution with 95% confidence intervals at 
Sorell, Tasmania 

 
 
4. RESULTS 
 
 
4.1 Validation and Performance 
 
The ability of dynamically-downscaled GCMs at capturing the magnitude and frequency of 
extreme precipitation events was investigated using the automated extreme value GPD 
fitting procedure. The procedure was applied to the gridded raw and bias-adjusted 
modelled output generated across the state of Tasmania on a 0.1 grid. The performance of 
the models was compared against interpolated observations from the AWAP dataset using 
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the same GPD fitting procedure and grid resolution. The validation period was selected as 
the standard climatology period of 1961-1990.  
 
Figure 4 compares example daily precipitation magnitudes of the 200-year daily ARI for 
the validation period, generated from the AWAP (observed) gridded observations and the 
raw and bias-adjusted downscaled CSIRO-Mk3.5 modelled outputs. The automated GPD 
fitting procedure was found to perform well with all three sets of gridded data across the 
models. In this example, the most noticeable feature however is the underestimation of the 
extreme magnitudes displayed by the raw downscaled CSIRO-Mk3.5 data (centre panel) 
compared to observations (left panel). Although the AWAP observations were found to lie 
within the CI of the raw downscaled CSIRO-Mk3.5 data (CI not shown), the differential in 
magnitudes can be explained in part by the lack of orography in the CSIRO-Mk3.5 model 
across Tasmania. The downscaled GCMs do not fully account for the steep mountain 
ranges inland of the west coast, or the steep drop off from the Western Tiers mountain 
range in the central west that cast a rain-shadow over this region. In contrast, the bias-
adjusted downscaled CSIRO-Mk3.5 modelled data (right panel) showed greater spatial 
similarity to the AWAP observations, although some magnitudes were found to be slightly 
too high, mainly in the south-western region of the state where observations are limited. It 
was concluded that the bias-adjustment applied to the downscaled GCMs had improved the 
spatial pattern of extreme precipitation magnitudes [White et al., 2010]. 
 
 

  
AWAP observed  

200-year ARI 
CSIRO-Mk3.5 raw  

200-year ARI 
CSIRO-Mk3.5 bias-

adjusted 200-year ARI 

 
Figure 4. Example validation of the daily precipitation magnitudes of the 200-year ARI for 

1961-1990: AWAP (observed); raw CSIRO-Mk3.5 (modelled); bias-adjusted CSIRO-
Mk3.5 (modelled). All data for the validation period projected on a 0.1 grid. 

 
 
4.2 Future Projections 
 
The dynamically-downscaled GCM simulations provide a suite of climate change datasets 
driven by an increase in atmospheric greenhouse gas composition up to the end of the 21st 
Century. Modelled precipitation projections from the downscaled projections under the 
SRES A2 high emission scenario were used to calculate bias-adjusted magnitudes (mm) of 
the 2, 5, 10, 20, 50, 100, 200 and 500-year ARIs using the automated GPD fitting 
procedure. Figure 5 shows a panel of the projected percentage change in the magnitude of 
the 200-year ARI for 2070-2099 relative to 1961-1990 baseline period for each model.  
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CSIRO-Mk3.5 GFDL-CM2.0 GFDL-CM2.1 

  
ECHAM5 UKMO-HadCM3 MIROC3.2(medres) 

 
Figure 5. Percentage change magnitudes of the 200-year ARI for 2070-2099, relative to 

the 1961-1990 baseline across Tasmania. Models: CSIRO-Mk3.5 (Australia); GFDL-
CM2.0 and GFDL-CM2.1 (USA); ECHAM5 (Germany); UKMO-HadCM3 (UK); 

MIROC3.2(medres) (Japan). 
 
Whilst the projection of mean total annual precipitation for Tasmania under SRES A2 
displayed no significant trends up to the end of the 21st Century [Grose et al., 2010], 
significant changes in the frequency and severity of extreme events was found [White et 
al., 2010]. This was noted to be particularly apparent for the regional extreme precipitation 
trends that showed a steadily emerging pattern of increased magnitudes of daily extreme 
events, particularly over the central-eastern and western regions, with reduced magnitudes 
over central areas and in some areas of north-west Tasmania. The spatial pattern however 
was not found to be uniform across the six models with notable spatial differences, 
suggesting that the automated GPD fitting procedure has successfully retained the unique 
climate change signals from each of the models. The changes in seasonal extreme 
precipitation events were stronger still with the west coast of Tasmania displaying a pattern 
of significant increase in precipitation extremes in winter and a significant decrease in 
summer events that emerge by the end of the 21st Century (not shown). 
 
 
5. CONCLUSIONS 
 
The bias-adjustment process performed well when correcting the extreme magnitudes 
whilst preserving the frequency of events from each model. Results displayed a close 
spatial pattern to the AWAP observational data for the period 1961-1990. Confidence 
intervals were calculated to assess the accuracy of the results (not shown), with 
observations found to lie within the confidence intervals of the downscaled data. The 
automated GPD procedure produced good results for both the observed and modelled 
gridded datasets over a range of ARIs. The variation between the six downscaled future 
projections demonstrates that the unique climate change signal from each model has been 
preserved by the automated GPD fitting procedure for large gridded datasets. 
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Abstract: We propose to couple computational fluid dynamics (CFD) and geophysical 
fluid dynamics (GFD) methods to simulate multi-scale and multi-physics coastal flows. In 
particular, an unsteady, three-dimensional (3D), incompressible CFD model is coupled with 
the Unstructured Grid Finite Volume Coastal Ocean Model (FVCOM). The coupling is 
two-way and realized using domain decomposition method with Chimera overset grids, and 
the resulting hybrid system will be able to capture flow phenomena with spatial scales from 
centimeters to hundreds of kilometers. In order to demonstrate the feasibility and 
performance of the proposed hybrid system, simulations of effluents discharged into a river 
and a coastal region are presented, together with discussions on issues for its further 
development. 
 
 
1. INTRODUCTION 
 
Coastal ocean flow phenomena span a vast range of spatial and temporal scales. For 
instance, tropical waves may propagate with wavelengths of one thousand kilometers and 
periods of one month (Legeckis et al., 1983). Spatial sizes of Langmuir cells hanging below 
water surfaces range from one to one thousand meters (Weller et al., 1985; Thorpe, 2004). 
Flows around enormous numbers of swimming microorganism are restricted to scales of 
micrometers (Pedley, 1992). Here, the scales refer to observation scales such as 
characteristic length and time, or, process scales such as those in wavelet analysis (Kumar 
and Foufoula-Georgiou, 1997).   
 
In the few past decades, a number of geophysical fluid dynamics (GFD) models have been 
developed for coastal ocean flows. For example, the Princeton Ocean Model (POM), the 
Unstructured Grid Finite Volume Coastal Ocean Model (FVCOM), and the Hybrid 
Coordinate Ocean Model (HYCOM) were developed to predict currents, salinity, sea level, 
temperature, and turbulence distributions in the coastal ocean (Blumberg and Mellor, 1987; 
Chen et al., 2003; Halliwell, 2004). In recent years, computational fluid dynamics (CFD) 
approaches, which solve the full Navier-Stokes equations and can accurately model small 
scales and detailed flow structures, are now applied to flows with large ranges of scales 
(Tang et al., 2008). It should be pointed out that, although both GFD and CFD are based on 
the Navier-Stokes equations, they are different approaches with aspect to numerical 
technique, turbulence closure, and parameterization for small scales.  
 
It is now urgently needed to accurately simulate coastal ocean flows because of emerging 
issues in economic development, human welfare, and military operations. Nevertheless, 
there is a great challenge in view of the fact that the flows happen at vastly different space 
and time scales and the efforts using numerical simulation have been greatly successful but, 
until now, merely at one, and occasionally two, space and time scales. The challenge comes 
from model restrictions, numerical techniques, and computer capabilities (Griffles et al., 
2000; Dolbow et al., 2004). For instance, a deep ocean model has difficulty in dealing with 
the vertical mesh at sudden bathymetry changes as well as the smaller scales of nearshore 

 
* Correspondence: htang@ccny.cuny.edu 

2351



flows (Song and Hou, 2006; Heimusund and Berntsen, 2006). Limitations such as 
hydrostatic assumptions and/or two-dimensionality of GFD models are inherent restrictions 
that prohibit accurate simulations of many important phenomena such as vertical motions 
of Langmuir cells. Although in principle CFD approaches have no such limitations and can 
capture flow phenomena at various scales, they are prohibitively expensive and not 
applicable in simulating actual coastal ocean flows.  
 
Multi-physical/multi-scale modeling provides accurate simulation of coastal ocean flows, 
and it is becoming a trend in prediction of coastal ocean flows in recent years (Dolbow et 
al., 2004; Fringer et al., 2006; Tang et al., 2009). It is commonly recognized that a single, 
comprehensive model capable of dealing with multi-physical/multi-scale problems is 
unlikely in the near future. Nevertheless, given the fact that computer modeling has reached 
the point where the simulation of flows over relatively narrow ranges of scales has become 
mature, the hybrid method (HM), together with domain decomposition method (DDM), is 
one of the most promising currently available techniques to bridge the scales and overcome 
difficulties in multi-scale/multi-physics modeling (Benek et al., 1983; Harten, 1993; 
Dolbow et al., 2004). By HM and DDM, a flow domain will be divided into many 
subdomains, and each of them is assigned to an individual model, which is coupled with 
others used for its neighbor subdomains. A crucial as well as challenging issue in HM is 
coupling of solutions obtained using the individual models at the interfaces between them.  
 
This paper describes a multi-scale/multi-physics approach for coastal ocean flow 
prediction, which couples CFD and GFD models using HM and DDM with Chimera 
overset grids, and it presents numerical examples to demonstrate its feasibility. Particularly, 
a three-dimensional (3D), unsteady, incompressible CFD model is coupled with the 
FVCOM model (e.g., Chen et al., 2003; Tang et al., 2008). The proposed approach is 
illustrated in simulations of effluent released from discharge ports with diameters of order 
centimeters into a river with kilometer in width, and the simulations results are compared 
with those obtained with pure CFD. In addition, modeling of such discharge with higher 
temperature into a coastal flow environment using the HM approach is presented, together 
with discussions on further development of the proposed hybrid approach.  
 
 
2. GOVERNING EQUATIONS 
 
The governing equations of the CFD models are the 3D continuity and Navier-Stokes 
equations that, in general curvilinear coordinates, are expressed as follows: 
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The governing equation for heat transfer reads as 
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In the equations, t is the time, and 1, =lk , , and 3 , which correspond to the Cartesian 

coordinates 
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x , y , and , respectively. Here and hereafter, repeated indices imply 

summation. e is the unit in the gravity direction. p is the static pressure divided by the 
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density, u, v, and w are the Cartesian velocities in x, y, and z direction, respectively, and T 
is the temperature.  are the curvilinear coordinates,  ( , i=1,2,3) are the 

contravariant velocities in  directions, and  are respectively u, v, and w  when i=1, 2, 

and 3. Besides, is the metrics of the geometric transformation, J is the determinant of 

Jacobian of the geometric transformation , and ( ) is the 

contravariant metric tensor. Re is the Reynolds number, Fr is the Froude number, and Pr is 

the Prandtl number. 
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ν  is the turbulence eddy viscosity, and Prt is the turbulent Prandtl 

number. The standard mixing length model is used in this work (Tang et al., 2008). 
 
In the FVCOM model, the governing equations are the continuity and momentum 
equations. The model consists of an external mode and an inner mode. The governing 
equations for the external mode are vertically averaged two-dimensional (2D) continuity 
and momentum equations: 
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and the governing equations of the internal mode are 3D continuity and momentum 
equations with x and y as horizontal coordinates and σ  as vertical coordinate: 
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In the FVCOM model, i, j, l=1,2 ( ji ≠ ). η  is the water surface elevation, and D and H 

are respectively water depth and mean of water depth. are depth average velocities in xl 

directions, 
lU

ω  is vertical velocity in σ  coordinate.  Am and K are horizontal and vertical 
eddy viscosity, respectively, and they are determined using the Mellor and Yamada level-
2.5 turbulent closure (Mellor and Yamada, 1982; Chen et al., 2003).  
 
 
3. NUMERICAL METHODS AND COUPLING STRATEGY 
 
In the CFD model, the governing equations are discretized using a second-order-accurate, 
implicit, finite-volume method on non-staggered grids, and they are solved using a dual 
time-stepping artificial compressibility method. The time derivative is approximated using 
the three-point backward differencing, the convective terms are discretized using the 
QUICK scheme, and the other terms are treated using central differencing. A third-order, 
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fourth-difference artificial dissipation method is employed to eliminate odd–even 
decoupling of the pressure field. The discretized system is integrated using an implicit, 
pressure-based pre-conditioner enhanced with the local-time-stepping and V-cycle 
multigrid method to accelerate convergence. A DDM approach using Chimera overset grids 
is implemented by which the flow domain is divided into subdomains arbitrarily 
overlapping with each other, each of them and is covered by a structured, body-fitted, 
curvilinear grid. Two-way coupling is enforced among subdomains, and the Schwartz 
alternative iteration is employed (Schwarz, 1869). In order to achieve seamless transition of 
solutions between subdomains, an effective mass conservation algorithm is proposed. For 
details about the technical aspects of the model, the reader is referred to Tang et al. (2003), 
Paik et al. (2005), and Tang (2006). 
 
In the FVCOM, the flow domain is discretized using a triangle mesh on the horizontal 
plane and a layer mesh in the vertical direction. The governing equations are discretized 
using finite volume method. In both the 2D external mode and 3D internal mode, the 
convection terms are discretized using second-order accurate upwind schemes, and Runge-
Kutta methods are used to march in time. In the solution procedure, first, the external mode 
is solved to obtain water surface elevation and horizontal average velocities, and then the 
internal mode is solved to predict velocity distributions. Second, in the internal mode, 
solving the momentum equations provides horizontal velocity distributions, which are then 
adjusted according to the horizontal average velocities obtained in external mode. Then, the 
vertical velocity component is obtained using the continuity equation in the internal mode. 
In order to maintain consistency between the internal and external modes, the vertical 
velocity is modified to ensure mass conservation at every time step. The external and 
internal modes may have different time steps. Details for the FVCOM model can be found 
in Chen et al. (2003) and Chen et al. (2006).  
  
In this paper, the CFD model is employed to resolve local flow phenomena, and FVCOM is 
used to model background circulations. The solution domains of CFD and FVCOM and 
overlap in a certain region (Fig. 1). As seen in Eqs. (1), (2), (7), (8), and (9), CFD model 
solves for velocity u, v, and w, and the internal mode of the FVCOM model also provides 
solutions for them. Therefore, as a 
natural strategy, the CFD model is 
coupled to the internal mode of the 
FVCOM, and the two models exchange 
solutions for the velocity distributions 
at grid interfaces between them. The 
strategy is based on the assumption that 
the horizontal velocity distributions in 
the vertical direction do not directly 
affect water surface elevation and 
averaged values of horizontal velocities, 
and it is consistent with the assumption 
in FVCOM (Chen et al., 2003). 

   
 
  Figure 1.  Schematic representation of  
  CFD and GFD coupling 

 
Chimera overset grids overlap arbitrarily with each other, and this method provides the best 
possible flexibility in connecting different models. In this research, Chimera overset grids 
are used between CFD and FVCOM models. At grid interfaces between the two models, 
the procedures and techniques described by Tang et al. (2003) and Tang (2006) are used in 
searching host cells in the CFD model grids (structured grids) for FVCOM interface grid 
nodes. Similar methods are employed in finding the host elements within the FVCOM 
model grid (triangle mesh in horizontal directions) for interface grid nodes of the CFD 
model. It is noted that the host cells do not change in horizontal plane during simulation of 
a flow. However, in view that FVCOM uses σ  coordinate in vertical direction, the host 
cells may change as water surface elevation changes (unsteady flow). As a result, the 
relative positions of CFD and FVCOM grids change during modeling, the host cells of 
interface grids in both CFD model and FVCOM are subject to change, and they need to be 
located at each time step during the simulation. The solution exchange at grid interfaces 
requires transferring solutions from host cells/elements to interface grid nodes. Tri-linear 
interpolation is used to facilitate the solution exchange from the CFD model to FVCOM 
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(e.g., Tang et al. 2006), and a linear interpolation is employed to implement solution from 
FVCOM to CFD at grid interfaces. The interpolations have second-order accuracy, which 
is consistent with the accuracy of the both models. The coupling is two-way and 
implemented using the Schwarz alternative procedure in the iteration between the two 
models (Schwarz, 1869). In order to achieve correct as well as accurate solutions at grid 
interfaces, it is necessary to enforce conservation of certain properties such as mass (Tang, 
2006). However, this needs special treatment and will be left for future study. 
 
 
4. NUMERICAL EXAMPLES 
 
First, an effluent discharged from a diffuser into a rectangular channel is simulated (Fig. 2). 
The diffuser consists of a pipe and 10 discharge ports on it. The pipe is 1.32 m in diameter, 
it lies on the channel bottom with an angle of 110 degree to the flow direction, and its 
offshore end is 201 m away from the left bank. Totally 10 ports are installed on the pipe, 

and they are 0.175 in diameter, 3.05m apart between each other, and with different upward 
angles gradually changing from 45o to 18o in y direction. The ambient flow is 0.3 m/s in 
velocity, and the depth at the exit is 16 m. The effluent is discharged at the port mouths 
with velocity of 3.92 m/s. Multiple layers of grids are used to fully resolve the diffuser 
configuration, and each port has a few grid nodes across their diameters (Fig. 2b and 2c). 
The grids for the CFD model have 180,000 nodes. For details on the diffuser and its CFD 
mesh arrangement, the readers are referred to Tang et al.  (2008). The GFD uses 11 layers 

 

 
 

 

a 

b

c 

Figure 2. River bend flow with effluent discharge. a). River and diffuser. 
b). Mesh. Structured mesh in green– CFD, unstructured mesh in red – 
FVCOM. c) Mesh around the diffuser.  

       

        
 

Figure 3. Solution for velocity. Left -- coupling of CFD and FVCOM (red 
line – FVCOM boundary, black line – CFD boundary), right -- CFD 
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of grids in the vertical direction with the total 115,000 nodes on each layer (Fig. 2b). The 
flow is also simulated by only using the CFD model with 220,000 grid nodes. 
 
The computed flow field at a cross section 3m above the bottom of the river is presented in 
Fig. 3. It is seen that coupling CFD/GFD approach and CFD model alone predict similar 
structures of flow field, and the difference between their results is attributed to the fact that 

they use different conditions; the former has a slip velocity at the lateral walls and a free 
surface, whereas the latter uses a no-slip condition at the lateral walls and rigid surface. It is 
seen in Fig. 3 that the solution transition between CFD and GFD models is smooth, and the 
interface treatment preserves the flow structures there. This is further demonstrated in Fig. 
4, which presents the solutions on a vertical plane crossing a discharge port. Fig. 3 and 4 
also illustrate that the proposed coupling technique produces a solution similar to that 
provided by the CFD model.  

 

  
 

              
 

Figure 4. Top -- CFD and FVCOM coupling (red line – FVCOM boundary, 
black line – CFD boundary), bottom – CFD.  

 

 

CFD model 

 
Figure 5. New York/New Jersey coast region and FVCOM mesh and CFD location 
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Second, the effluent discharge in the previous river flow case, with a higher temperature, is 
put into the setting of the New York and New Jersey coastal region under action of tides. 
The coastal flow and the effluent discharge are respectively 20.5 oC and 32.0 oC in 
temperature. The flow is simulated using the CFD and FVCOM hybrid approach, with flow 
domain and mesh as shown in Fig. 5. The computed solutions for the flow filed and 
temperature at the diffuser are presented in Fig. 6. Fig. 6a and 6b demonstrate the flow 
velocity distribution under flood and ebb tide conditions on a plane 3m above the diffuser, 
and it is clearly seen that the flow can smoothly pass the interface between CFD and 
FVCOM models. Fig. 6c and 6d illustrate a computed 3D view of the thermal discharge 
plume at flood and ebb tides. 
 

   
 

           
 

Figure 6. Solution for thermal discharge. Top – velocity field, bottom – thermal 
plume and water surface vectors, left – flood tide, right – ebb tide.   

 
5. CONCLUDING REMARKS 
 
This paper proposes to simulate multi-scale and multi-physics coastal ocean flows using 
CFD and GFD hybrid approach on the basis of a rigorous foundation.  Particularly, DDM 
with Chimera overset grids is employed to couple CFD and FVCOM models. Coupling 
strategies are discussed and numerical examples are presented. The numerical examples 
demonstrate the feasibility and promising capability of the approach. It should be noted that 
the techniques coupling CFD and FVCOM employed in this paper are also applicable in 
coupling CFD with other coastal models such POM and NCOM. In order to achieve 
correct, accurate, and robust coupling between CFD and GFD models, important issues 
such as conservation at interfaces between the models will be the future study topics. 
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Abstract: Many of Australia's tropical rivers are amongst the most ecologically intact in 
the world, but have been relatively little studied. Now, however, there is pressure for 
further development of these tropical land and water resources. To avoid repeating 
management mistakes that have been made elsewhere, it is essential to improve our 
understanding of how these rivers function. As part of the Tropical Rivers and Coastal 
Knowledge Research hub, we studied flow, nutrients, and primary production in the Daly 
River (N.T.), a perennial tropical river maintained in the dry season by ground-water and 
developed a dynamic simulation model to predict the coverage and biomass of each of five 
key plant and algae groups in the river. Flow is the key driver in this model, controlling 
both loss and growth terms for plants. When flow (and hence shear stress) is high, 
sloughing and bed-scouring contribute to loss of biomass, while shear stresses (and hence 
higher boundary layer thickness) limit the rate of transfer of nutrients to benthic plants. 
This paper will describe work to understand and model these dynamics, and will discuss 
what this might mean for the river's future. 

Keywords: dynamic simulation model, environmental flow, shear stress, benthic plants, 
nutrient transfer, boundary layer transfers, primary production 

1 INTRODUCTION 

Many of Australia's tropical rivers are amongst the most ecologically intact in the world, 
but have been relatively little studied.  By better understanding how these complex systems 
work, we can provide the information needed by land and water resource managers, to the 
benefit of farmers, pastoralists, commercial fishers and other industries that rely on healthy 
ecosystems.  Plants, including algae, form the basis of the food web as well as being an 
important component of the habitat of aquatic animals and the aesthetic value of the Daly 
River. Changes in primary production (photosynthesis and subsequent growth and 
accumulation of plant biomass) and the relative abundance of different plants can affect the 
entire ecosystem and the biogeochemical functioning of the river. 

Previous work in the Daly River (Rea et al. 2002; Townsend, S.A. and Padovan 2005; 
Townsend, S. A. and Padovan 2009) has demonstrated that it is an oligotrophic (low-
nutrient) system in which the velocity of water and shear stresses play a key role in 
determining the coverage and biomass of plants, particularly Spirogyra and Vallisneria. 
Here, we aim to build on previous work to develop a dynamic simulation model of plant 
coverage and biomass in the Daly River, which can be used explore scenarios for the future 
of the River. 

The input data used to drive the following model were derived from flow records from the 
Northern Territory government and observational data and process studies reported by 
Robson et al. (2010). 
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2 MODEL DESCRIPTION 

Five benthic plant groups are represented in the model: Spirogyra (a benthic macroalgae), 
Chara/Nitella (benthic algae of more complex structure), Vallisneria (a flowering aquatic 
plant), Schoenoplectus (an emergent sedge), and periphyton (a mix of microalgae and 
bacteria that grows on submerged surfaces). The model simulates growth and biomass of 
these five groups throughout a 130 km stretch of the river. 

The rate of change in biomass of each plant group is a result of the balance between growth 
and loss. Growth is controlled by light, nutrient availability and availability of suitable 
substrate.  Losses are due to physical sloughing (enhanced at higher flows), grazing, and 
mortality due to other causes such as viruses (often higher when plant density is high). Our 
numerical model uses the following formulation: 

   max, 1, 2, 3 1 5 *      , ( ... ) ( , ) ( )

i
i i i i

i i i i i i i i

dC
C S G

dt
C f I f N P f C C S u C G C





  

    

  (1) 

where t is time in days, iC is the areal biomass (mg chl a m-2) of plant group i, 
i  is the 

current growth rate of plant group i (d-1), 
iS  is the rate of sloughing under current flow 

conditions, 
iG is the loss rate due to grazing and mortality other than through sloughing, 

max,i is the maximum growth rate of group i under optimal conditions,  1,if I  is a function 

of light reading the bottom of the water column (I),  2, ,if N P  is the nutrient limitation 

function, a function of the dissolved inorganic phosphorus concentration in the water, P, the 
dissolved inorganic nitrogen concentration in the water, N, and the shear velocity at the 

bottom of the water column, *u .  
3 1 5( ... )f C C  is a function of the current areal coverage of 

all plants, representing limitation by self-shading and limited substrate as biomass 
approaches the maximum. 

iS  represents the rate of loss due to physical sloughing (breaking 

away of algal biomass, especially at higher flows), which is a function of *u  and 
iC . The 

rate of loss due to grazing and other mortality,
iG , is a function only of 

iC , as grazers and 

viruses are not explicitly represented in the model. 

The derivation of each of these terms and their basis in field measurements or previous 
literature is described in detail by Robson et al. (2010). Space limitations prohibit a full 
model description here. Distinctive or novel features of the model are: 

 In this low-nutrient environment, growth of plants is primarily limited by the rate 
of nutrient transfer across the surface boundary layer in the water near leaf 
surfaces (not, as is more common in models of mesotrophic and eutrophic streams, 
by the rate of nutrient transfer through the cell wall). Hence, nutrient uptake is 
controlled by local shear stress (calculated from water velocity, depth and slope) 
as well as nutrient concentrations in the water. Similar models have previously 
been applied in a few cases to marine ecosystems, also subject to low nutrient 
concentrations (Stevens et al. 2003; Fram et al. 2008), but their use is uncommon 
in limnological models. 

 The primary loss term is sloughing, a function of shear stress and biomass. A 
quadratic grazing and mortality loss term is also included, as is a term to represent 
competition for substrate and light. 

 The model relies on input from a separate, two-dimensional hydrodynamic model 
that represents the bathymetry of the 130 km reach as 42,030 nodal points in 8,400 
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cross-sections across the width of the river. The productivity and biomass model is 
not spatially resolved, but reflects the spatial heterogeneity of the physical 
environment by grouping these nodes into 57 physical habitat categories.  Each 
category is composed of a set of (often spatially disparate) nodes for which the 
relationships between flow and depth, and between flow and shear stress, match. 
At any given upstream flow, all points within a given category have approximately 
the same depth and shear stress. 

Similar approaches have previously been taken in terrestrial habitat models, but 
the approach is unusual for a temporally dynamic model of an aquatic ecosystem. 
The approach has the advantage of greatly reducing the processing requirements of 
the model relative to those of a detailed, spatially resolved model, while retaining 
a representation of the key aspects of spatial heterogeneity in the physical 
environment. The main disadvantage of this approach is that it does not allow the 
impact of each cell on its neighbours to be simulated (e.g. the effect of upstream 
nutrient uptake reducing the nutrients available downstream). 

 The model does not simulate stocks of other system components, such as nutrient 
concentrations in the water column or the fate of detrital plant material: where 
required, these are taken as time-varying inputs from observational data. The result 
is a simple model that makes full use of the available observational data, but that 
does not simulate feedback loops, which may become important in some 
management scenarios. 

The model was initialised with minimal plant biomass at the start of the 2008 dry season (1 
April). Minimum values were set to 0.1 mg chl a m-2 for periphyton, 0.01 mg chl a m-2 for 
Schoenoplectus, and 0.02 mg chl a m-2 for other plants.  The model was then stepped 
forward with a daily time-step, forced with estimated nitrogen and phosphorus 
concentrations (derived from regular observations), flow (derived from stage height 
records) and light (from meteorological records and estimated depth and turbidity). The rate 
of change of plant biomass with time,

idC dt , and hence a time-series of 
iC , was 

calculated at each time-step through the duration of the 2008 dry season (April to 
November 2008) for each plant group in each of 57 physical habitat types in the model. 

3 RESULTS 

The simulated areal biomass of each of the five plant groups included in the model is given 
in Figure 1, with observational results from (Robson et al. 2010) overlain. Observations 
taken at the same station at different times are connected by dashed black lines.  The low 
resolution of the bathymetric data mean that it is not practical to attempt a point-by point 
comparison of observations with model results.  Instead, we present the model results in 
terms of statistical probability. In each of the figures below, the lighter blue area indicates 
the full range of model output for areas with suitable substrate. The apricot-coloured line 
indicates the mean value. The darker blue area delineates the region between the 25th and 
75th percentile, weighted by geographical area. If the model were perfect and the sampling 
sites chosen at random, we would expect around 50% of the observational data points to 
fall within the dark blue band, and all data points to fall within the lighter blue areas. 

The model successfully reproduces the general ranges and relative abundance of the five 
plant groups, and shows a transition from a Spirogyra-dominated system in the early dry 
season to an increased abundance of Nitella/Chara and macrophytes later in the dry season. 

The model underestimates the degree of spatial variability in Spirogyra (Figure 1a) in 
September and November and may over-estimate Spirogyra biomass in the mid dry-season.  
The high spatial variability simulated in the early part of the dry season is due mainly to 
spatial variations in shear velocity as flows recede following the wet season.  Later in the 
dry season, lower shear velocities limit nutrient uptake by this fast-growing alga, and 
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biomass is reduced.  The model’s underestimation of spatial variability later in the dry 
season may indicate the simplified topography of our model system, or it may reflect the 
influence of grazing on Spirogyra in the real system and the feeding and habitat preferences 
of the animals that consume Spirogyra. 

At the sampling sites in our study, both Vallisneria (Figure 1b) and Nitella/Chara (Figure 
1c) increased gradually in the early part of the dry season, reaching a maximum in the mid-
late dry season. The model reproduces this general pattern in both plants, but again 
underestimates the degree of spatial variability. It may also underestimate the early growth 
of both species and over-estimate the late dry-season growth of Nitella.  In the case of 
Vallisneria, it is possible that early growth is enhanced by remnant plants that have 
survived through the wet-season: this possibility is not included in the model. In the case of 
Nitella, it is likely that we have not adequately specified the parameter values, given our 
reliance on literature values from other systems and complete lack of data regarding 
sloughing. Process studies of Nitella and/or Chara responses in the Daly River would 
improve our ability to model these species. 

Schoenoplectus biomass (Figure 1d) was low, and grew slowly, both in the model output 
and in the field observations. This plant often does well in eutrophic (high nutrient) 
systems, and is used in sewage treatment wetlands (Zhang et al. 2009), so it might be 
expected to grow more strongly if nutrient concentrations were to increase. Given the low 
biomass and limited observational data (Schoenoplectus accounted for a negligible 
proportion of total chloropyhll a in 2008 observations), it is impossible to be confident that 
the model correctly simulates the dynamics of Schoenoplectus. 

 Periphyton biomass is relatively low and relatively consistent throughout the 2008 dry 
season in both the model and observational results (Figure 1e), but shows more spatial 
variability than most of the other plants simulated. 
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Figure 1 Simulated and observed plant biomass during 2008; a) Spirogyra; b) 
Vallisneria; c) Nitella; d) Schoenoplectus; e) periphyton. Triangles indicate 
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observational data points, the orange line indicates the area-weighted mean value 
from the model, the dark blue shaded area indicates the space between the 25th and 
75th percentile of modelled values, and the lighter shaded area indicates the full range 
of model results. 

3.1 Photosynthesis and primary production 

The model can also be used to calculate the rate of photosynthesis necessary to support the 
simulated growth of benthic plants if we assume a fixed C:chl a ratio for each plant group, 
and a 1:1 ratio between carbon fixed and O2 released. Figure 2 shows the results of this 
calculation.  This calculation gives a result much lower than the actual photosynthesis 
calculated by Robson et al. (2010) from oxygen data (0.050 mmol O2 L

-1 in July, 
0.074 mmol O2

 L-1 in September and 0.090 mmol O2 L
-1 in November). It has been noted 

previously (Webster et al. 2005) that it is likely that much of the photosynthesis occurring 
in the Daly River produces carbon that is released as extracellular carbohydrates rather than 
being incorporated into plant biomass, due to the strong nutrient limitation of the system.  
The difference between the photosynthesis required to support plant growth calculated here 
and the actual photosynthesis calculated by Robson et al. (2010) gives a measure of the 
amount of carbon that is fixed but does not contribute to the production of plant biomass. 

3.2 Nitrogen and phosphorus stores 

Model outputs can also be converted to nitrogen and phosphorus stores. Nitrogen and 
phosphorus stores in all five benthic plant groups gradually increase over the course of the 
dry season (  

Figure 3) while water-column dissolved inorganic nitrogen (DIN) and dissolved inorganic 
phosphorus (DIP) gradually drop (approaching the detection limit in early September). 
Estimated water column total nitrogen (TN) and phosphorus (TP) stores decline faster than 
DIN and DIP stores in the first few months of the year and continue to decline until the last 
measurement in November 2008. The initial rapid decline in TN and TP stores in April to 
June may be associated with deposition of sediments on the river bed (Robson et al., 2010) 
as water velocities decline in the early part of the dry season. Nutrients associated with 
these sediments may subsequently become available to plants through gradual bacterial 
degradation. Simulated plant nutrient stores drop and water column stores rise at the start of 
the next wet season, when plant beds are disrupted by higher flows. 

When dissolved inorganic nutrient concentrations in the water column drop to very low 
levels in the mid dry season, benthic plant biomass must be sustained by recycling of 
nutrients within the plant beds, degradation of organic detrital material in the water column 
or deposited sediment stores, or by new inputs (e.g. from atmospheric deposition or leaf 
litter). These model results suggest that the observed plant biomass growth does not require 
significant new nutrient inputs in the latter part of the dry season, i.e. nutrients present at 
the start of the dry season may be stored within the river and gradually converted to plant 
biomass. The maximum benthic plant nitrogen store of approximately 2.6 t of nitrogen in 
this stretch of the river represents only a tiny fraction of the total nitrogen load carried by 
the river during the wet season (approximately 3350 t, Robson et al. 2010). 
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Figure 2 Photosynthesis required to support 
plant growth (averaged over the model 
domain). 
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Figure 3 Changes in estimated water 
column and benthic plant nitrogen stores 
(integrated over the model domain) over 
the course of the 2008 simulation. 

4 CONCLUSIONS 

The model is able to reproduce many of the observed features of plant dynamics in the Daly 
River and may form a basis for a range of scenario simulations. From the results of our 
simulations, when combined with the results of the process studies reported by Robson et 
al. (2010) and previous work in the Daly River, we can conclude: 

1. Primary production in the Daly River is strongly controlled by nutrient availability 
and the river is likely to be particularly sensitive to any change in nutrient loads. 

2. Growth of plant biomass in the first half of the dry season is supported by uptake 
of nutrients from the water column. Towards the end of the dry season, plant 
biomass may be supported by recycling of nutrients stored within benthic 
communities and release of nutrients from sediment stores. 

3. Plant biomass is strongly affected by seasonal changes in flows, with sloughing or 
scouring of benthic plant material at higher flows playing an important role in 
seasonal patterns and the distribution and relative abundance of different species. 
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Abstract: Predication of environmental flows is a critical issue in water resources 
management integrated with ecological considerations. It is also a complex issue due to the 
relationship between ecological and hydrological processes with different temporal and 
spatial scales in estuarine ecosystems. The salinity gradient is a basic characteristic for an 
estuary ecosystem, which is largely affected by the alteration of freshwater inflows because 
of human activities. In this paper, a numerical model was developed for simulating the 
salinity distribution under the action of river discharge and tide current in the Yellow River 
Estuary. Environmental flow requirements were determined for critical periods in the 
Yellow River Estuary after identifying the salinity objectives for ecosystem health, and the 
salinity variability within sensitive habitats in response to fresh water inflow changes. The 
temporal variation of the environmental flows was determined using average monthly 
natural river discharge. The impacts of freshwater inflow alteration were assessed based on 
the comparison between different environmental flows and river discharges. It is concluded 
that the minimum annual environmental flow requirements can be fulfilled by river 
discharge under the action of water and sediment regulation since 2001. River discharge 
can meet environmental flow requirements in June, however, it cannot meet the medium 
even the minimum water requirements in other periods of time. 
Key words: Environmental flow; Numerical modeling; Salinity gradient; Yellow River 
Estuary 
 
 
1. Introduction 
 
Environmental flows describe the quantity, quality and timing of water flows required to 
sustain freshwater and estuarine ecosystems and the human livelihoods and well-being that 
depend on these ecosystems (Brisbane Declaration, 2007). Different management 
approaches have been implemented in many countries to protect the environmental flows 
for estuaries. Based on the relationship between inflow and salinity, a rule called X2 (based 
on the distance from the Golden Gate Bridge to the 2 ppt isohaline) was established to 
identify the salinity ranges required by various natural resources in San Francisco Bay 
(Kimmerer, 2000). Successful environmental flow prescriptions require an accurate 
understanding of the linkages among flow events, and biotic responses. Due to a lack of 
data for describing eco-hydrological process in estuaries, numerical models are 
recommended to predict ecological responses to different managed flow scenarios, evaluate 
alternatives, guide implementation and inform adaptive management (Sun et al., 2009; 
Shafroth et al., 2010). However, numerical models for environmental flows assessment 
became more complicated in order to describe the complex flow alteration-ecological 
response relationships and their temporal and spatial scales variability in estuarine 
ecosystems, which limits their applications in water resources management (National 
Research Council of the National Academies, 2008). Identifying key aspects of the 
physical process and critical requirements for ecosystems become important for 
understanding complex flow alteration-ecological response relationship in am estuary. 
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Considering the temporal and spatial scale differences in eco-hydrological processes in 
estuaries, target salinities for the spawning habitat of Chinese shrimp (Penaeus chinensis) 
and river discharge were identified to be critical ecological objectives for ecosystem health 
in the Yellow River Estuary. In this paper, the relationship between salinity objectives and 
freshwater inflows was established based on the numerical modeling of salinity distribution 
in the Yellow River Estuary. Environmental flow requirements were proposed for the water 
sources management of the Yellow River Estuary. 
 
 
2. Ecological objectives for environmental flows in the Yellow River Estuary 
 
The Yellow River is the second largest river in China and the sixth largest river in the 
world. The Yellow River Estuary is located in eastern Shandong province, west of the 
Bohai Sea (Figure 1). Many important fishery species spend their whole or part of early life 
in the Yellow River Estuary. However, the frequency of complete drying or ephemeral 
flow has been increasing in the Yellow River since the early 1970s. In the early 1990s, 
drying took place annually, with an average of 100 days per year without water in the 
lower reaches. The mean annual penaeid shrimp catches in the Bohai Sea in autumn flood 
seasons decreased greatly in the past three decades. 
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Fig.1 Yellow River Estuary in China 

 
As an important spawning site and habitat for Chinese shrimp, the Yellow River Estuary 
was selected as a site for experimental releases of this shrimp in China. As shown in Table 
1, the salinity requirements for this shrimp during the spawning season (Zhang, 1992), 
from May to June, were selected as ecological objectives for determining the 
environmental flows.  

Table 1 Ecological objective for critical habitat and periods in the Yellow River Estuary 
Indicator Species Water Depth (m) Critical Periods Salinity 

Acetes Chinensis 0.8-5.0   17-(21.18)-30 

Chinese shrimp 1.0-5.0 June-July 8.77-25.8 

 
In order to maintain a natural flow regime in an ecosystem (Poff, 2009), a monthly 
variation of natural river discharge was chosen as an indicator of the temporal variation 
objectives of environmental flows. The temporal variation is expressed as the ratio of the 
monthly river discharge to the annual discharge: 





n

j
j

n

j
jii WWR

11

                                                  (1) 

Where Ri is the ratio (%) of the monthly river discharge in month i to the annual discharge, 
Wj is the annual river discharge (m3) in year j, and Wji is the river discharge (m3) in month i 
of year j. Temporal variation in the natural river discharge of the Yellow River Estuary is 
shown in Figure 2. 
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Fig. 2 Temporal variation objectives for environmental flows in the Yellow River Estuary 

 
Based on the salinity objectives of the critical habitat during the critical periods in Table 1, 
and the temporal variation objectives in Figure 2, the spatial and temporal scale variability 
could be considered in the assessment of environmental flows.  
 
 
3. Relationship between salinity and river flows 
 
The relationship between ecological processes and flow regime can be determined using a 
numerical model that simulates the spatial and temporal distribution of salinity as a 
combined function of the river discharge and tidal currents. The depth-integrated equations 
for conservation of motion and water are written as: 
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Where t is time (s); u and v are current velocities (m/s) in the x and y directions, 
respectively; f is the Coriolis factor; C is the Chezy coefficient (m1/2/s); H is the total depth 
(m) of the water from the water surface to the bottom; and g is gravitational acceleration 
(m/s2).�   is a dispersion coefficient (m2/s).  
The two-dimensional convection–diffusion equation integrated over water depth, which 
assumes vertically mixed, is written as: 
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Where S is the concentration of dissolved solutes (unit/volume); Sm is a source term; K is 
the depth-averaged dispersion–diffusion coefficient (m2/s).  
The numerical model was applied to establish the relationship between salinity distribution 
and river discharges. The length of the spatial step used in the calculation was △x =△y 
=200 m and the time step was △t = 10 s. The numerical model was validated using 
hydrographic data obtained from 25 to 26 August, 2003, and the recorded river discharge 
was 187 m3/s at the station in upstream of the Yellow River Estuary (Shi, 2008). Figure 3 
shows different stations located in the Yellow River Estuary. 
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Fig. 3 Locations of the measurement stations in the Yellow River Estuary 

 
The observed and modeled data of tidal heights at different stations are compared in Fig. 4. 
HK02 and HK05 station are located outside and inside the river mouth respectively.  
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Fig. 4 Observed tidal heights and calculated values at different stations 
 
Figure 5 shows the comparison between measured and calculated salinity at different 
stations in the Yellow River Estuary.  
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Fig. 5 Calculated and observed salinity at different stations in the Yellow River Estuary 

 
The differences between the observed and predicted results at HK05 station were partly 
due to the complex mixing of fresh water and salt water and complicated topography 
around the river mouth. In order to get a more accurate result, additional research on 
numerical model will be needed to refine the numerical results in these areas. 
 
 
4. Results and discussions 
 
Based on the validated numerical model, the relationship between salinity in critical habitat 
and river discharges was established in the Yellow River Estuary (Fig.6). Freshwater 
inflows range from 200 m3/s to 3000 m3/s in different scenarios in the calculation. 
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Fig.6 Relationship between salinity in critical habitat and freshwater inflows 

Considering the relationship between salinity and freshwater inflows shown in Figure 6 and 
ecological objectives in Table 1and Figure 2, temporal variation of environmental flows 
can be evaluated in order to meet salinity objectives in the Yellow River Estuary. Fig. 7 
shows the annual river discharge and different levels of environmental flow requirements 
in the Yellow River Estuary. Different levels of environmental flows were determined 
based on different salinity objectives listed in Table1. 
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Fig.7 Comparison between river discharge and environmental flows 

 
In the last 40 years, water utilization for agriculture, industry and municipalities has 
increased about 68.01%. As a result, river discharge has decreased and, in the past 20 
years, has actually fallen below the projected minimum environmental flow levels (Fig. 7). 
In order to alleviate the conflict between increasing water demands and water shortages in 
the Lower Yellow River, the unified water resources regulation was applied to the Yellow 
River Basin in 2001.  
The seasonal flow regime has been modified by water resources utilization for humans. 
Given the temporal variation objectives, 16% of the annual environmental flows should be 
maintained during May to June and August; and 13% of the annual environmental flows 
should be maintained in October. It is found that river discharge in 1956 and 1962 could 
meet medium level of water requirements (Fig. 8).  
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Fig. 8 Temporal variation of environmental flows and river discharge 

 
In the 1970’s and 1980’s, the greatest discrepancies occurred in May and July, which was 
caused by water utilization for irrigation. In the 1990’s, with increased requirements for 
different objectives such as agriculture and industry, freshwater inflow in the estuary was 
mainly focused on the periods of flood in August. After 2001, the maximum river 
discharge occurred in June because of water and sediment regulation. In 1996 and 2005, 
river discharge met the high level of environmental flow requirements in August and June, 
however, it cannot fulfill even the minimum water requirements in other periods. 
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5. Conclusions 
 
An approach for environmental flow assessment was developed considering spatial and 
temporal scale differences of eco-hydrological processes in an estuary. The relationship 
between the ecosystem and river flows in the Yellow River Estuary was established by 
numerical modeling of salinity distribution in the Yellow River Estuary. And then, 
temporal variation of environmental flows could be determined considering the salinity 
objectives in critical periods and temporal variation objectives of river flows in the Yellow 
River estuary. It is concluded that the minimum annual environmental flow requirements 
can be fulfilled by river discharge using water and sediment regulations in force since 
2001. River discharge can meet environmental flow requirements in June, but it cannot 
fulfill the medium even the minimum water requirements in other periods. 
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Abstract: The response of ecological processes to hydrological processes is a critical issue 

in the assessment of environmental flow requirements in estuaries. Considering its 

representative function of the primary productivity in estuaries, the phytoplankton 

community was selected as the bioindicator to indicate the variation of ecosystems 

influenced by hydrological processes in estuaries. Based on the regression analysis, a 

response relation model was established for describing the relationship between 

characteristics of phytoplankton communities (chlorophyll a, Fucoxanthin, chlorophyll b, 

and pyridinin) and indicating factors including salinity, COD, ammonia nitrogen, and 

dissolved oxygen. The biomass objective of high nutritional level organisms, the biomass 

of phytoplankton communities, and the concentration of diagnostic pigments were 

proposed in the Yellow River Estuary according to the principle of nutritional energy flow 

of ecosystem. An ecohydrodynamic model combined a phytoplankton growth model and a 

hydrodynamic model was developed in order to simulate relationship between river 

discharges and preference of phytoplankton in the Yellow River Estuary. Threshold values 

of environmental flows in the estuary were determined based on objectives of ecosystem 

and the relationship between ecological processes and hydrological processes in the Yellow 

River Estuary. It is concluded that the maximum, medium, and minimum annual 

environmental flows account for 105~111%, 65~68% and 31.7~32.4% of natural runoff in 

the YRE. 

Key words: Phytoplankton community; Diagnostic pigments; Environmental flow; 

Ecohydrodynamic model; The Yellow River Estuary 

 

 

1 Introduction 

 

Estuaries are described as places where freshwater from rivers mixes with saltwater from 

the sea. The salinity and other environmental factors (such as COD, Do, total nitrogen, et 

al.) gradients are significant for migrated species in estuarine ecosystems. However, 

estuarine ecosystems are also sensitive to variation of hydrological processes affected by 
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the upstream utilization of freshwater flows. The response of ecological processes to 

hydrological processes is a critical issue in the assessment of environmental flow 

requirements in estuaries. Phytoplankton community is the physical and energy foundation 

of the estuary ecosystem, and also used to be taken as the indicator species for ecosystem 

healthy. In order to establish relationship between ecological processes and hydrological 

processes, ecohydrodynamic models were developed based on a combination of different 

types of phytoplankton growth models and hydrodynamic models (Spillman, 2007; 

Håkanson, 2007; Skarðhamar, 2007; Lessin and Raudsepp, 2007; Lopes et al, 2009). Due to 

the complexity and mobility of phytoplankton bio-process, the parameters in phytoplankton 

model were usually determined by the empirical formula and the experimental measured 

data.  

In this paper, environmental flow requirements (EFRs for short) were determined by 

considering requirements of phytoplankton community objectives, which represented by 

diagnostic pigments. Different levels of the FIRs are proposed and the critical periods of 

protecting the freshwater inflows are identified. Finally, suggestions for water resource 

management of the YRE are presented. 

 

 

2 Ecohydrodynamic model 

2.1 Phytoplankton bio-progress model 

 

Phytoplankton communities were selected as the bioindicator of ecosystem health of the 

estuary. The temporal and special distribution of phytoplankton communities were 

analyzed in the YRE based on an on-field monitoring. The diagnostic pigments including  

Fucoxanthin, chlorophyll b, pyridinin, and chlorophyll a, were identified to represent 

characteristics of phytoplankton communities in YRE. The abundances of each community 

were variability in different seasons, the abundance of diatom in autumn occupied higher 

percentage than that in spring, but the abundances of green algae and blue algae in autumn 

occupied lower percentages than in spring. 

By using the method of quantitative ecology (canonical correspondence analysis, CCA), the 

relation between the different environmental factors and the variation of phytoplankton 

communities was determined. It is found that the most important environmental factors that 

influence variation of diagnostic pigments include salinity, COD, ammonia nitrogen, and 

dissolved oxygen.  

The relationship between phytoplankton communities and critical factors of environmental 

flows was proposed in the YRE in different seasons. After conducting a regression analysis, 

a response relation model describing 

Theoretically, there is the exponential relationship between the diagnostic pigments 

concentration and critical factors for EFRs. 

bxaey                                     (1) 

ibxay  lnln                                (2) 
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jijiji xbaY                                  (3) 

where xj is the jth critical factors; Yi is logarithm value of the ith diagnostic pigments; aij is 

the constant value; bij is the coefficient. 

According to the experimental data of diagnostic pigments and critical factors, the linear 

regression diagnostic pigments formulas are determined. The coefficient values are shown 

in Table 1. 

Table 1 Coefficient values in the linear regression formulas 

Diagnostic 
pigments 

Critical factors for EFRs 

salinity COD ammonia 
nitrogen 

dissolved 
oxygen 

chlorophyll a 0.032 0.636 0.058 0.447 
Fucoxanthin -0.139 0.492 -0.043 -0.331 
chlorophyll b -0.012 0.041 -0.004 0.028 
pyridinin -0.053 0.188 -0.016 0.126 

 

The results of t test for the linear regression formulas are shown in Table 2. Based on the 

corresponding t value, the P value is lower than a (significance level), therefore, there is a 

significant linear relationship between critical factors and diagnostic pigments. 

The average errors between the simulation results and the experimental data are shown in 

Table 2, which are range from -20% to 20%. It is concluded that these linear regression 

models can be applied in calculating the diagnostic pigments concentrations based on the 

concentration of critical factors of EFRs values. 

Table 2 Errors between simulation results and experimental data (%) 

 chla fuco chlb perid 

Spring 16.2% 18.4% -20.7% 18.5% 
Autumn 13.3% 17.9% -16.1% -15.9% 

 

 

2.2 Hydrodynamic and water quality model 

The depth-intergrated equations for conservation of motion and water are the same to the 

model described by Zhao et al (2009). In addition, the two-dimensional convection-

diffusion equation integrated along depth is described by Zhao et al (2009). The water 

quality parameters in this model contains BOD, COD, ON(organic nitrogen, 

AMN(ammonia nitrogen) and DO(dissolved oxygen). The model was validated using 

hydrographic data for two tidal cycles (from 21–26 August, 2003) obtained several 

measurement stations in terms of tidal heights, current velocity and water quality 

parameters. 

 

 

3 EFRs in the YRE 

 

3.1 Ecological objectives for the EFRs 
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According to the higher nutrition level of organisms’ biomass, the primary nutrition level 

organisms’ biomass (phytoplankton i.e.) is calculated by the energy flows formula, which is 

written as: 

r
r

p AtA  1

                         (4) 

1/  r
rp tAA

                         (5) 

where Ap is the biomass of phytoplankton communities; t is the transferring rate between 

two nutrition levels(10%-20%); Ar is the biomass on the rth nutrition level. 

The annual fish catches were 258 kg/ha, 117 kg/ha, 77.5 kg/ha, and 8.5kg/ha in 1959, 1982, 

1992, 1998, which decreased sharply in these 50 years. The nutrition level of fish in YRE 

decreased from 4.1 to 3.4 (Zhang, 2005). According to fish catches in different decades and 

different transferring rates of 10%, 15%, and 20%, the phytoplankton community 

biomasses can be determined (Table 3). 

Table 3 Ecological objectives in critical periods in the YRE (logarithm values) 

Diagnostic 
pigments 

Spring  Autumn  

 Maximum Medium Minimum Maximum Medium Minimum 

chlorophyll a 2.51~0.26 -0.26~-1.97 -1.64~-3.37 0.87~-1.15 -0.16~-1.93 -0.46~-2.19 

Fucoxanthin 1.83~0.19 -0.19~-1.43 -1.19~-2.45 0.71~-0.94 -0.13~-1.58 -0.38~-1.79 

chlorophyll b 0.15~0.02 -0.02~-0.12 -0.10~-0.20 0.11~-0.14 -0.02~-0.24 -0.06~-0.27 

pyridinin 0.699~0.07 -0.073~-0.55 -0.456~-0.94 0.151~-0.20 -0.028~-0.34 -0.081~-0.38 

 

Based on the diagnostic pigments objectives in Table 3, and the ecohydrodynamic model 

conbined the response relation model in critical habitats, environmental flows can be 

determined during critical periods in the Yellow River Estuary. The required monthly 

environmental flows can then be derived based on the objectives for temporal variation in 

the water inflows (Sun et al, 2009). 

 

 

4. Results and Discussions 

 
Considering objectives of diagnostic pigments, the threshold value of environmental flows 
can be determined at critical habitats (Fig. 1 and Fig. 2). 

 119.15 119.2 119.25 119.3 119.35 119.4 119.45 119.5 119.55
37.65

37.7

37.75

37.8

37.85

37.9

37.95 habitat a

habitat b
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Fig. 1 Two critical habitats in the YRE 

 

(a) May                                  (b) October 

 
(c) May                                  (d) October 

Fig. 2 EFRs for critical habitat in the YRE . (a) and (b) is the EFRs for the critical habitat a; 

(c) and (d) is for the critical habitat b. 

 

The maximum, medium and minimum annual environmental flows of critical habitats are 

452.4~476.9×108m3, 280.2~291.4×108m3, and 136.4~139.4×108m3 respectively, which 

account for 105~111%, 65~68%, and 31.7~32.4% of natural runoff. The actual river 

discharge can meet requirements of the minimum environmental flows except April. 

However, it cannot satisfy both the medium and maximum water requirements of habitats. 

Notable changes have occurred on the flow regime of the YRE(Fig. 3). Since 1990, the 

status of ecosystem health were worse than that before in the Yellow River Estuary. 

 

Fig. 3 the EFRs for the critical habitat and the actual river discharges (after 1980)   

 

5. Conclusions 

 

Salinity, COD, ammonia nitrogen, and dissolved oxygen were identified as the most 

0

200

400

600

800

1000

minimum medium maximum

d
is
ch
ar
ge
s 
m

3 /
s

700

1200

1700

2200

2700

3200

minimum medium maximum

d
is
ch
ar
ge
s
m

3
/s

0

200

400

600

800

1000

minimum medium maximum

d
is
ch
ar
ge
s
m

3
/s

0

500

1000

1500

2000

2500

3000

minimum medium maximum

d
is
ch
ar
ge
s
m

3
/s

2376



Rui Zhou et. al. Environmental Flow Requirements 

 

important influencing factors on variations of diagnostic pigments including Chlorophyll a, 

Fucoxanthin, chlorophyll b, and pyridinin. Based on a response relation model describing 

the relationship between phytoplankton communities and indicating factors of 

environmental flows, an ecohydrodynamic model was used to describe the relationship 

between river discharges and preference of phytoplankton in the Yellow River Estuary. The 

maximum, medium and minimum annual environmental flows of critical habitats are 

452.4~476.9×108m3, 280.2~291.4×108m3, and 136.4~139.4×108m3 respectively, which 

account for 105~111%, 65~68%, and 31.7~32.4% of natural runoff. 
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Abstract: We have studied the three-dimensional flow field of a reservoir using a 
numerical simulation on an energy equation. Firstly, we used a boundary-fitted-coordinate 
system applied to a curved computational grid for a reservoir. Secondly, the curved 
computational grid was made into a fine-mesh by subdividing it into layers/stripes 
(horizontal and stripes vertical). Lastly, the flow field can be calculated as one-dimensional, 
plane two-dimensional and vertical two-dimensional using an energy equation. As the grid 
can be freely tessellated, the calculation accuracy of the flow field can be controlled 
effectively. The whole process of simulation is easy to be programmed and can be applied 
to other flow fields.  

Keywords: reservoir; numerical simulation; element flow; boundary-fitted-coordinate; flow 
field 

1. INTRODUCTION 

A constructed reservoir is essential for the development of water conservation and 
hydropower. They are generally used in flood control, power generation, irrigation, fish and 
water supply in regions lacking of water resources. Constructed reservoirs may also cause a 
number of variations on local environment such as climate, water and organisms. 

As a result, there are lots of relative researches focused on reservoirs (Guo et al., 2007; 
Liang et al., 2009; Ma et al., 2007; Zhang et al., 2006; Huang et al., 2006; Jean et al., 2004; 
Dong et al., 2006). In the process of studying 3-D numerical simulation of a reservoir, it 
usually refers to flow field calculation. So, it is necessary to use numerical methods to 
study the flow field in reservoirs. Ma Fangkai built a flow and water temperature model 
based on the Navier-Stokes equations of three-dimensional steady flow, and simulated the 
3-D flow and temperature field of the area from Miaohe to Three Gorges Dam (Ma et al., 
2007). Dong Yanchao found the flow distribution regularities of the primary spillway for 
Dahuofang reservoir using the RNGk-ε model (Dong et al., 2006). The simulated results 
tally well with physical experimental results. The flow velocity and distribution of the 
stepped spillway in Yu Beishan reservoir was calculated by Chen Qun using a 
three-dimensional turbulent flow simulation based on a k-ε double equation (Chen et al., 
2002). From the foregoing, 3-D numerical simulations of the flow velocity in a reservoir 
must solve 2-D and/or 3-D equations, which makes the modeling process very complex. In 
this article, the reservoir grid was divided by layers/stripes (horizontal and stripes vertical) 
on the basis of an energy equation of element flow and the velocity of flow in the reservoir 
was calculated on these partitions. 
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2. THEORETICAL FOUNDATIONS  

2.1 Boundary-fitted-Coordinate Transformation 

A boundary-fitted-coordinate system is a curvilinear co-ordinate system whose reference 
axes coincide with a physical plan transformed to a calculating plan (Figure 1). The 
transformation of boundary-fitted-coordinates is common in two-dimensional numerical 
simulations but was rarely seen in three-dimensional numerical simulations (Mao et al., 
2008; Jie et al., 2004). 

 
Fig.1 Transformation of the BFC method 

In order to use the boundary-fitted-coordinate transformation, we set x, y, z as Cartesian 
coordinates for an arbitrary point to indicate physical space xj; set ξ, η, ζ as arbitrary curved 
coordinates to indicate computation space ξi. The following equation can be found; 

r


stands for radius vector.  

r


= r


(ξ、η、ζ) = r


(ξi) = r


 (x、y、z )= r


(xj)                (1) 

Curvilinear coordinate ξ, η and ζ were taken as independent variables in this article. The 
value of points (x, y, z) on isolines was calculated from Poisson’s equation: 

2 1
( ) 0i j

i i
g g

g


 
 

  
 

                         (2) 

We got equations as follow: 

2

1
( )

k k
i j j k

i j j

j i j
i

i j

x x
g F Q

F g g
g

g g

  



  
    

 
 

 


                         (3) 

The gij is a contravariant metric tensor:  

                              
i j k k

i jg  
                               (4) 
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                              (6) 

Equations 5 were used in numerical calculation and we can derive equation 6. The 
transformation relation between point (x, y, z) in the original physical space and the 
curvilinear space point (ξ, η, ζ) was found by this method. 

2.2 Energy equation of element flow 

We adopt an equation of stream tube (7), which is also called Bernoulli's equation. 

s 0
u u z

u g g J
t s s

  
    

  
                         (7) 

Equation (7) is integrated to obtain:  

 
2 2
1 2

1 2( )
2 2 w

u u
z z h

g g
                                 (7)’ 

In this equation (7) and (7)’: u= local velocity of 3-D (point flow velocity); s= the distance 
of the flow; Js =energy slope. Total energy loss of stream tube hw =is calculated using the 
equation, where: 

                        
w f ih h h                                 (8) 

In this equation (8): hf indicates the frictional head loss and hi indicates the inertia head loss. 
We know the section flow Q, and calculate the mean gradient Js on every section by the 
equation (9). The mean gradient of a section for a subregion is: 

2

2 2

Q
Js

A C R
                                  (9) 

In this equation (9): Q=flow of section; A=area of section; C=Chezy coefficient; 
R=hydraulic radius. Changes of Js on different sections indicate the energy loss between 
sections. 

The relationship between section flow Q and peak flow rate um can be deduced from: 
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In the equation (10): B=river width of section; b=half-breadth of section; z=water potential; 
zb= reservoir bed elevation; y=Distance divided from boundary on section; h=depth of 
water; u= local velocity of 3-D (point flow velocity); um=maximum velocity of section; 
q=elemental flow of section; jb =increment of half-breadth of section (Figure 2). The 

flow rate of a specific point on a section can be determined after the element flow of the 
section is given.  

 

Fig.2 The schematic of section of flow calculation 

3. THREE-DIMENSIONAL FLOW FIELD NUMERICAL SIMULATION  

The transformation into boundary-fitted-coordinate system builds reservoir grids. 
Furthermore, the curved computational grid was made into a fine-mesh by subdividing it 
into layers/stripes (horizontal and stripes vertical) and the flow field of the reservoir can be 
then calculated as one-dimensional, plane two-dimensional or vertical two-dimensional. 

We select an assumed reservoir as the simulation object of this paper. The element flow 
Q=300m3/s in the reservoir. The reservoir can be divided into a grid with 13×5×4 points. 
Given grid node coordinates on the grid boundary of the reservoir area.   

3.1 The meshing results of the reservoir area 

The transformation into boundary-fitted-coordinates and meshing by the subdividing 
process above builds a reservoir trellis on the grid node coordinates. The meshing results 
for the reservoir are shown in Fig3 and 4.  
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a 

 
b

 
c 

Fig.3 The grid section of reservoir area (a. indicate plan view of reservoir area; b. indicate 
elevation view; c indicate side view.) 

 

a 
 

b

c 

 
d 

Fig.4 The map of reservoir area model (a, b, c, d indicate reservoir simulation 
diagram of different perspectives on the space.) 

The combination of arbitrary grid refinement and subdivision into a fine mesh to calculate 
increases the accuracy of the calculated velocity as figure 5 shows. 

 
a 

 
b 

Fig.5 The map of grid refinement (a. before the grid refinement; b. after the grid 
refinement) 
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3.2 The simulated results of flow filed 

The 3D flow field distribution of a reservoir was found in three steps. First, the relationship 
between Q and maximum velocity um was established according to the exponential 
distribution of time- turbulent velocity (Equation 9) after the element flow of reservoir was 
given.  

                          

1/

1/

( / )

( / )

e 10

n
m

n
m

n

u u y b

u u z h

R

 



 

                               (11) 

In equation (11)：Re—Reynolds number; n—order power. 

Second, the curved computational grid of the reservoir was divided by layers/stripes 
(horizontal and stripes vertical) to convert the three-dimensional computational grid into 
several two-dimensional grids, and then into series of one-dimensional computational grids. 
Finally, the velocity of each grid node was counted individually based on the energy 
equation to obtain the 3D velocity distribution of the reservoir. Energy loss from the 
element flow was represented by mean gradient (Js) in the simulation. The energy equation 
can be used in elements. 

The simulated flow field is represented in Fig 6. a、b、c (the axes dimensions is meter.) as 
horizontal maps of the velocity distribution at 3 depths (from reservoir surface to reservoir 
bottom). The figures show that velocity gradually becomes smaller along the x direction 
(axis i in the figure 6) and with depth. The velocity at each depth decreases from the middle 
to both sides. The predicted velocity distribution of the reservoir area is reasonable. 

              
a                                   b 

 
c 

Fig.6 Maps of the velocity distribution of the reservoir area: (a) the reservoir surface; (b) at 
mid-depth; (c) at the reservoir bottom 
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4. CONCLUSION 

(1) In this paper, first we systematically analyzed the theoretical foundations of the research 
needed, and then calculated three-dimensional flow field of a reservoir based on an energy 
equation by transformation of boundary-fitted-coordinates and subdividing the domain into 
layers/stripes (horizontal and stripes vertical). 

(2) The meshing method as applied to the problem of a numerical simulation of the 
three-dimensional flow field of a reservoir based on an energy equation can also be used to 
simulate the 3D temperature field, water quality, sediment transportation and density 
current within a reservoir. 
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Abstract: The problem of determining unknown parameters in the two-dimensional heat equation 

is considered. A method based on the Levenberg–Marquardt algorithm (LMA) is examined. The 

approach is successfully applied to solve the inverse problem of a two-dimensional parabolic 

equation whose coefficient is a partition paragraph function. The numerical results demonstrate the 

effectiveness of the proposed method. 

 

Keywords: parabolic equation; inverse problem; Levenberg–Marquardt 

 

 

0. Introduction 

 

Inverse parabolic problems arise from various backgrounds in engineering. For instance, in 

thermal systems, thermal properties, including the heat convection coefficient 
(Martin et al., 1998) and temperature dependent thermal conductivity(Dowding et al., 1999), are 

often unknown and need to be recovered. Recent applications also include the optical, wherein the 

interest is to recover anomalies in human tissues(Barbour et al., 1995. National Research Council, 

1996). In most applications, one is led to excite the system by an external means and record the 

associated system response. The collected data are then used to recover the sought-after unknown. 

These kinds of problem have been investigated by many researchers. Recent results include an 

analytical method for the solution of the over-determined inverse heat conduction(Taler, 1997), 

application of neural networks for the recovering of electrical conductivity profiles (Glorieux et al., 

1999), a spectral method for solving the lateral heat equations(Berntsson, 1999), and a discrete 

diffusive model for the recovery of the absorption coefficient from diffused reflected light(Martiz 

et al., 1998). Additional methods include nonlinear optimization using genetic algorithms(Stoffa et 
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al., 1991), Marquardt’s procedure, and thermal wave- slice tomography. Most of the discussions in 

the literature are devoted to the qualitative analysis of the equations such as existence and 

uniqueness of solution. 

 

1. The Problem 

 

In this paper, we study numerical procedures for the inverse problem of simultaneously finding the 

unknown functions  ,p x y  and ( , , )u x y t  to satisfy: 

       

( , ) ( , )

, , , , , 0

u u u
a x y b x y

t x y

u u
p x y p x y d x y u f x y t t T

x x y y

(x, y) Ω

  
 

  

                  


    (1) 

with the initial-boundary conditions, 

  0, , 0 =  (  , )u x y u x y                    (2) 

   , ,
, ,

u x y t
u x y t (x, y)

n
 


  


      (3) 

and the additional condition, 

( , , ) ( , , ), ,u x y t u x y t x y                                     (4)  

where ( , )a x y , ( , )b x y ,  ,d x y , f  , ,x y t , and ( , , )u x y t  are known functions, 

 and  are given parameters, and the functions ( , , )u x y t  and  ,p x y are unknown. When 

 ,p x y  is given, there is a rather satisfactory theory for the direct problem (1)–(3) regarding 

posedness and other related properties. When  ,p x y  is unknown, in order to find a solution as 

well as  ,p x y , one needs additional condition (4), the actual form of which depends on the 

concrete physical model. 

 

2. Nonlinear Optimization and Levenberg–Marquardt Algorithm 

In general,  and ( , , )u x y t are known in the fixed, prescribed interior point in   whose 

boundary is denoted by  . Assuming that T is the sampling period, they can be measured at 

( 0,1, , )t iT i I   . Further assume that  * ,p x y  is the exact solution of  ,p x y  and 
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 * , ,u x y t  is the exact solution to the problem (1)–(3). Let K  be a complete linear space of 

real numbers and  * ,p x y K , then      1 2, , , ,nx y x y x y  L L is a group of basis 

functions in K . 

Then 

   * *

1

, ,i i
i

p x y k x y




                                                      (5) 

We represent  * ,p x y  as a finite sum of the form 

   * *

1

, ,
n

i i
i

p x y k x y


                                                      (6) 

the size of n is determined by approximate accuracy. 

Therefore solving the inverse problems is to determine an n-dimensional real vector                    

 1 2, , ,T n
nK k k k R   L                                                  (7) 

Then the function  

     
1

, , ,
n

T
i i

i

p x y k x y K x y


     

satisfies the model (1) ~ (4) , where         1 2, , , , ,
T

nx y x y x y x y    L . 

If   , ; , ,u p x y x y t  is the solution of the initial boundary value 

problem (1) ~ (3) corresponding to  ,p x y , the problem of determining  ,p x y can be 

converted to find the solution of the following minimization problem: 

                       2*

( , , )
min ( , , ) , ; , ,

tx y t
u x y t u p x y x y t





              (8) 

where {( , , ) , [0, ]}( 0,1, , )t x y t t iT i I        and T  is the sampling period of 

*( , , )u x y t . From (7) we know we can find a n-dimensional real vector   which minimizes 

the functions . Then instead of (8), we study the problem: 

                   * 2

1 0

min ( ( , , ) ( ; , , ))
m I

j j i j j i
j i

u x y t u x y t 
 

                (9)  

where  ; , ,u x y t  satisfies the model (1) ~ (4) . 

Multiplying both sides of (9) by 0.5 produces a general non-linear least squares problem: 
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( 1)
2

1

1
min [ ( )]

2

m I

l
l

f r 




                                  (10)  

where 
1

2
f  ; 

*( ) ( , , ) ( ; , , ), ( 0,1, , , 1, 2, , )l j j i j j ir u x y t u x y t i I j m      . 

The inverse problem is thus converted into a nonlinear optimization problem.Let us introduce the 

Levenberg–Marquardt algorithm as follows: 

Initialize: k=0, 

                  0 : initial guess vector of   

At iteration k:        ( 1) ( ) ( ) , 0,1,2,k k k k                                  (11) 

( )k can be solved by a set of linear equations: 

                      ( )( )T k
k k kA A I A r                                   (12)  

where: 0  , 1 ( 1)( ) [ ( ), , ( )]m IA r r     ，and ( ) i
i

r
r 




 


. Solving the above 

equations, a new initial guess vector is obtained when we substitute its solution ( )k  into (11). 

The above solution process is repeated until the data meet the accuracy requirements. In the 

above-mentioned algorithms, each iteration should solve the direct problem. The direct problem 

involved in this article is being implemented with a finite element method. 

 

 

3. Numerical Examples 

 

Letting  * ,p x y  be the exact solution, we compute   * , ; , ,u p x y x y iT by solving the 

direct problem, which yields the additional data recorded as u ; ° ,p x y  is obtained by the 

above-mentioned algorithm. We then compare ° ,p x y with the true solution  * ,p x y . 

 

 

Example 1 

Consider problem (1) ~ (4) on [0,1] [0,1]  with the following conditions: 

( , ) , ( , ) , ( , )a x y t y b x y t x d x y t x y        
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with the initial-boundary conditions 
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and the additional condition  

1( , , ) ( , )xu x y t y t   

the time sampling is taken as , 1,2, ,i j n  0.1, 0.3, 0.5t t t   ，i.e. 3I  . 

The determined parameter is 1 2 3( , )p x y k x k y k t   , where ( 1,2,3)ik i  is to be 

determined. The true solution is *( , ) 3 3 5p x y x y t   , the direct problem is being 

implemented with the finite element method. The initial value is taken as 0 ( , )p x y x y t    

and 0 ( , ) 2 2 2p x y x y t   , the results are shown in Table 1: 

Table.1 Numerical simulation results of parameter 

 

parameter 0K =[1,1,1] 
0K = [2,2,2] The true 

solution 
Iterations 2 4 6 2 3 4 

k1 2.6171 2.9979 2.6607 2.9616 3.0005 3.0002 3 

k2 3.2780 3.1712 4.8296 3.2185 2.8612 2.9999 3 

k3 2.6607 3.0024 4.9980 4.4260 5.0878 5.0001 5 

Error 2.3867 0.2416 0.0031 0.6154 0.1642 2.4495 10-4  

The error between the numerical solution 1 2 3[k ,k ,k ]K   and the true solution 

* * * *
1 2 3[k ,k ,k ]K   is * 2 * 2 * 2

1 1 2 2 3 3(k k ) (k k ) (k k )ER      . 

The error * 2 * 2 * 2
1 1 2 2 3 3(k k ) (k k ) (k k )ER       between the numerical solution 1 2 3[k ,k ,k ]K   

and the true solution * * * *
1 2 3[k ,k ,k ]K   for iteration L is shown in Figure 1: 
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（
0K =[1,1,1]）                           （

0K =[2,2,2]） 

Figure.1 The relationship between the computation accuracy and the number of iterations. 

 

In the following section, the data in Example 1 were modified by random perturbations (errors) of 

1%, 5% and 10%: 

                          u 
 = (1 )u   

where:  = the random variable between [-1, 1];  = 0.01, 0.05, and 0.1, respectively. For the 

different initial guess and different random measurement error, simulation results are shown in 

Table2: 

Table.2 

Noise  r% 1 5 10 

Initial guess K0 (1,1,1) (2,2,2) (1,1,1) (2,2,2) (1,1,1) (2,2,2) 

Iterations 7 5 6 6 6 6 

The resulting 

value 

 

2.9602 

3.0370 

5.0001 

2.9601 

3.0367 

5.0003 

2.9045 

3.1316 

4.9851 

2.9310 

3.1245 

4.9626 

2.6263 

3.3728 

5.0354 

2.8621   

3.2528   

4.9221 

ER 0.0543 0.0542 0.1633 0.1472 0.5290 0.2983 

The error between the numerical solution 1 2 3[k ,k ,k ]K   and the true solution 

* * * *
1 2 3[k ,k ,k ]K   is * 2 * 2 * 2

1 1 2 2 3 3(k k ) (k k ) (k k )ER      . 

 

Example 2 

In order to demonstrate the performance of the proposed scheme in dealing with discontinuous 

coefficients in the equations, consider problem (1)-(4) on [0,1] [0,1]   and subject to the 

following conditions: 

2( , ) 2 , ( , ) 2 , ( , )a x y x y b x y x y p x y x y       

2 2( , , ) 2 ( 1) (1 )x t x t x t x tf x y t ye xye x ye x y ye           

with the initial-boundary conditions 

( , ,0) xu x y e y  

2390



Tao Min et al. / Parameter Inversion Model For… 

ex tu
y
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and the additional condition 

1( , , ) ( , )xu x y t y t    

the time sampling is taken as , 1,2, ,i j n  0.1, 0.3, 0.5t t t   ，i.e. 3I  . 

The determined parameter is
1 2

3

0 1, 0 1/2
( , )

0 1, 1/2 1

k x k y x y
d x y

k x y

    
    

,where 

( 1,2,3)ik i   is to be determined. The true solution is a piecewise function 

* 2 4 0 1, 0 1/ 2
( , )

4 0 1, 1/ 2 1

x y x y
d x y

x y

    
    

, the direct problem is being implemented with the 

finite element method. The initial value is taken as 0

0.5 0.5 0 1, 0 1/2
( , )

0.5 0 1, 1/2 1

x y x y
d x y

x y

    
    

 

and 0

0 1, 0 1/2
( , )

1 0 1, 1/2 1

x y x y
d x y

x y

    
    

, the results are shown in Tables 3: 

Table. 3 Numerical simulation results of parameter（
0K =[0.5,0.5,0.5]） 

parameter 0K =[0.5,0.5,0.5] 
0K =[1,1,1] The 

true 

solution 
Iterations 2 3 4 2 3 4 

k1 1.7389 1.9805 1.9998 1.8780 1.9932 1.9999 2 

k2 4.1899 4.0358 4.0004 4.1245 4.0163 4.0002 4 

k3 4.1899 3.9896   3.9999 3.8545 3.9963 4.0000 4 

Error 0.4198 0.0421 4.5826 10-4 0.2271 0.0180 2.2361 10-4  

 

The error * 2 * 2 * 2
1 1 2 2 3 3(k k ) (k k ) (k k )ER       between the numerical solution 1 2 3[k ,k ,k ]K   

and the true solution * * * *
1 2 3[k ,k ,k ]K   for iteration L is shown in Figure 2: 
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（
0K =[0.5,0.5,0.5]）                        （

0K =[1,1,1]） 

 

4. Conclusion  

 

  The results illustrate that the Levenberg–Marquardt method is applicable and efficient in the 

case of determination of an unknown parameter in the two-dimensional heat equation. In particular, 

the algorithm was steady for data with a random disturbance. The method is successfully applied 

the inverse problem of a two-dimensional parabolic equation whose coefficient is a partition 

paragraph function. It turns out that the best perturbation method is one of the efficient methods to 

solve this kind of problems. 

Its rate of convergence is high and its domain of convergence is wide enough to be successfully 

used in practice. Note that the algorithm has a certain dependence on the initial guess of the 

inverse parameter. 
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Abstract For agricultural production, climate change will have the greatest impact on water availability.
At the same time, rural farming communities are at the heart of poverty reduction strategies. Furthermore,
healthy rural societies must be maintained to contain urbanization and associated sprawl. Thus, sustainable
adaptation strategies must take into account the complexity of societal responses. However, scientific tools
to assess such interactions are lacking. A promising approach is the integration of data and models across
scientific disciplines and in collaboration with local stakeholders. Empirical, process-oriented models can
even quantify these interactions and feedback. As a contribution to this challenge, the project ‘Integrating
governance and modeling’ combined the agricultural economics multi-agent farm decision model MP-
MAS and the hydrological model WASIM-ETH dynamically. Models were calibrated empirically, with
increasing level of detail and interactions. The stepwise and iterative integration/calibration of these cou-
pled models allowed for sensitivity assessment across disciplines but it also pointed to the relevance of
knowledge gaps along disciplinary divides: production risk at multiple decision horizons, the unequal sus-
ceptibility of different marketing venues in case of production failures, and farmers’ unequal access to
water under fluctuating supply.

Keywords: Integrated assessment; Watershed; Multi-agent system; Climate change impact; Farming sys-
tem; Irrigation Security

1 INTRODUCTION

The ‘International Assessment on Agricultural Science, Technology and Development’ calls for a shift
toward more holistic research for natural resource management, to (·) resolve the biophysically and socially
complex issues of NRM using formal, local and traditional knowledge, and collective, participatory and
anticipatory decision making with diverse stakeholders across multiple scales, and to (·) adopt a holistic or
systems-oriented approach [. . . ] to address the complexity of food and other production systems in different
[contexts] (p. 59, IAASTD [2008]).

Climate change is a global phenomenon. Its impacts, however, will be felt locally. Agriculture is one of the
economic sectors that is most susceptible to climate change because it is nature that provides many of the
most relevant inputs – fertile soils, pollination, and clean and sufficient water. However, it is the farmers
who must cope with the impacts of climate change, while providing food for the world’s growing popula-
tion. Ultimately, it is the individual characteristics of a farmer that define his/her personal vulnerability as
well as his/her adaptive capacity (ibid.).

With improvements in climate change modelling, the scientific focus has shifted from global circulation
models toward regional and more local impacts [Kundzewicz et al., 2007]. Currently, a holistic assessment
of impacts on heterogeneous farming systems is still lacking [IAASTD, 2008], even though promising pro-
totype approaches exist that consider the heterogeneity of food producers within their local circumstances
(e.g. Rivington et al. [2007]). Agricultural economics, irrigation engineering, hydrology, meteorology, soil
sciences, ecology and social sciences are disciplines that all offer certain perspectives on the circumstances
of food producers, but no single discipline can fathom the complexity of the rapidly changing environment
that most farmers face today.
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Climate change impacts can be thought of as several components: a change in mean characteristics such
as sea level, temperature and CO2 content of the atmosphere; a change in weather variability and extreme
conditions; and indirect impacts because societies function differently after the climate regime has shifted.
Global change science has evolved beyond the assessment of mean characteristics toward the analysis of
variability and its impact. However, to understand how farming societies may react to weather with changed
variability, an essential starting point is to understand how farmers deal with current weather variability,
and their capacity to manage those risks imposed by their biophysical environment.

Integrated, model-based assessment has been suggested as a way to understand cause-effect chains and
feedbacks faced by individual farmers [Rivington et al., 2007], [Berger et al., 2007]. To link these chains
and address knowledge gaps along the interfaces of ‘hard’ and ‘soft’ sciences [Ekasingh and Letcher, 2008]
with complex, process-oriented and dynamic models, the project ‘Integrating Governance and Modelling’
aimed to improve the usefulness of existing models for irrigation water management, looking at both indi-
vidual incentives of water users and at the watershed scale.

This paper summarizes how such a complex modelling system can help to describe the environmental
constraint ‘weather variability’ which farmers face, as well as their coping strategies. This dual perspective
is a first step in understanding the impact of climate change on farmers, because it allows for the assessment
of the direct impact of weather variability and also how farmer’s vulnerability depends on his/her access to
coping options. Other impacts of a shift of irrigation practices – on water quality and quantity in rivers, on
groundwater recharge and groundwater level, and on the natural ecosystem is acknowledge but at this time
not investigated further. The paper exemplifies one important interface between hydrology and agricultural
economics, by illustrating how the index ‘long-term irrigation security’ is used to fine-calibrate variable
irrigation water supply as one major production risk. Furthermore, implications for other interfaces that
depend on this link are briefly elaborated. Finally, the challenge of integrated modelling are discussed in a
larger context.

2 INTEGRATED MODELLING OF IRRIGATION AGRICULTURE

2.1 Modelling Context

The system of study covers the watersheds of the Putagán, Ancoa, Achibueno and Longavı́ rivers, in the
Maule Region of Chile, between Santiago and Concepcion. At a total area of 5300 km2, this region contains
approximately 100.000 hectares of agriculturally used lands. During the hot and dry summers, temperatures
often exceed 30◦C and precipitation is as low as 4mm/month, so all summer crops and pastures require
irrigation. Winters are temperate and wet (200 mm/month). During the hot summer months (December-
February), irrigation water is taken from rivers that originate in the Andean mountains and are fed by
precipitation and snow melt, which starts with the spring thaw in August and lasts well into January.
Water is delivered by river organizations through a complex canal system, to smaller user organizations
who oversee secondary irrigation canals (irrigation sectors), and finally to farmers. Using inputs such as
land, labour, water, fertilizer, knowledge and technology, farmers produce products such as apples, pears,
berries, vegetables, rice, corn, wheat and meat, which they sell at prices determined by markets. Over
time, meteorology, prices, technology and knowledge evolves dynamically, as does the income and capital
of each farmer. Farmers belong to different groups that employ adapted strategies, ranging from small,
specialized family farms to large, commercial farm enterprises.

Integrated Modelling System. Under a (semi-) predictive modelling paradigm, a model system was built
that integrates the basin-scale distributed hydrological model WASIM-ETH [Schulla and Jasper, 2007] and
a bio-economic, agent-based model MP-MAS used for agricultural water use analysis [Berger et al., 2007].
Further, an intermediate model EDIC for connecting channels and intermediate user organizations (sec-
tors) links both scales [Arnold, 2009]. The MP-MAS model uses Mixed Integer Linear Programming, a
method established in agricultural economics for farm-level production analysis, and for developing opti-
mal production plans under constrained asset endowments and expected future conditions of markets and
the environment [Hazell and Norton, 1986]. Over time, a learning model is implemented that updates and
improves expectations. Finally, a crop model is integrated that estimates yield deficit under water stress,
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based on plant- and location specific parameters and a reduction factor approach. Together, the modelling
system allows for the simulation of a vast range of interactions across disciplinary boundaries and for the
specification of the interfaces between these disciplines, both quantitatively and dynamically.

A wide range of empirical data was collected to parameterize the extended model, including two full agri-
cultural censuses (INE 1997, 2007) that provided data on land use, farming and irrigation technologies and
crops [Troost, 2009], market prices, local crop parameters and hydro-meteorological time series, and com-
plete land- and water right registries, which were compiled with the help of local water user organizations
[Uribe et al., 2009].

Calibration. Model components can be used and calibrated as standalone software, to facilitate calibra-
tion by disciplinary experts. Then, interactions variables remain external boundary conditions taken from
a data base that all team members use. To study the relevance of interactions, more complex model setups
are used that internalize one or more interaction processes, including a full hierarchical coupling scheme
[Arnold, 2009]. With each integration step, boundary conditions that were external are internalized as dy-
namic interfaces between model components, and become subject to additional calibration. A fundamental
challenge of calibrating a complex, integrated model is the organization of such a step-by-step process in
a research team [Arnold, 2009]. On one hand, disciplinary model components should be sophisticated so
that researcher partners can publish their disciplinary work in specialized journals, to maintain interest of
disciplinary experts. On the other hand, user interfaces for integration must remain simple enough so that
specialized and experts are enabled to extend their knowledge beyond their disciplinary expertise and em-
brace integration with other disciplines. Finally, step-by-step calibration requires that the results of several
sub groups are joined into one larger product that is consistent with empirical data. Eventually, models
must be refined with improved understanding of interfaces and affected components must be re-calibrated.

2.2 Irrigation Security (IS) and Weather Variability

To calibrate the interaction of transient hydrological conditions and a recursive farm economics model
MP-MAS, the transfer of water from rivers to farmers must be understood. For individual farmers, weather
variability results in the economic risk of loosing yields and thus income. The water distribution model
EDIC is used to simulate and calibrate the fluctuations of water supply to each irrigation sector and total
reuse within these sectors.

For a single year, water availability to farmers could be determined and parameterized, with costly mea-
surement efforts for each farm. For a long-term and integrated analysis of the impact of irrigation water
use, a more complex calibration index is needed that captures the uncertainty of fluctuating irrigation water
supply.

Chilean institutions use two indices to measure irrigation security: (1) the ‘plant satisfaction factor’, which
measures the ratio of plant irrigation demand that was actually met, and (2) the percentage of years in which
the planned water supply is ‘served’, using the National Irrigation Commission’s (CNR) definition from
the ‘Chilean Water Code’. More precisely, two conditions are used to define ‘served’ years: (a) during no
more than one month, less than 90% of irrigation demand was supplied; and (b) during no month, less than
85% of irrigation demand was available to farmers.

To compute the irrigation security index, Chilean institutions usually estimate water demand from the total
water rights endowment of an area. However, this computation rule is of little use when assessing individual
farms – partly because farmers accept a certain yield deficit for some crops, and also because many farmers
rely on ‘traditional’ water access that complements water rights-based access [Arnold et al., 2010].

With detailed data and knowledge of complex farming strategies, water demand can be estimated from
the cropping pattern of an area, which allows for more detailed analysis and insight: For some traditional
crops, water deficiency is quiet common and farmers accept yield reductions in many years, because they
irrigate only if enough water and labour resources are available. Other crops are highly sensitive to water
deficit and require a high level of irrigation security. In addition, many farmers irrigate not only to increase
the yields of pastures, but also for less obvious purposes, e.g. to affirm their customary water entitlements
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in years of excess supply [Uribe et al., 2009]. To reflect such heterogeneous processes at the micro scale
of a farming system, IS can also be computed for each individual crop. By assuming a constant land use
over the full time horizon, IS is estimated using precipitation, plant irrigation demand and water supply
for each crop.

In situations of irrigation water shortage, farmers prioritize the crops they irrigate. Local experts group
crops by irrigation priority (‘IPG’), starting with 1. perennial investments with high economic value, export
vegetables and contract farming (‘fruit plantations’), 2. horticulture, 3. annual higher-value field crops
(corn, beans, rice), 4. annual low-value field crops (‘wheat’), and 5. fodder crops, wood plantations and
irrigated pastures (’pastures’) [Berger, 2001]. Local farmers irrigate higher IPGs first and reduce water
supply for low-priority crop groups, if necessary. Therefore, any crop-specific IS measure should take
such practice into account.

Calibration of a Model Interface. To calibrate the water supply for the transient farm production model
MP-MAS, the interface model EDIC was calibrated using crop-level irrigation security. This bucket model
uses time series data on river flows and precipitation and the total water rights in each irrigation sector. It
also routes return flows from upstream to downstream sectors and computes internal reuse. Other input
data are land use data from agricultural census, local crop water requirement data and method-specific
irrigation efficiency corrections. Irrigation security (IS) data was taken from DOH/SMI [2004]: IS ranges
from 85% for fruit plantations and horticulture, 75% for annual crops, 85% for spring wheat and 40% for
pastures. For spring wheat, IS is high even though it has low priority, because it is harvested before water
shortage is severe.

The interface model was re-implemented in MatLab as a slim function with minimum overhead. For each
calibration run, the model was executed for 50 years and sector-parameters were modified, ranging from
canal efficiency losses, within-sector distribution losses, between-sector return flows and within-sector
reuse.

Calibration Results. With many degrees of freedom in uncertain and effective parameters (reuse, losses,
canal efficiency), calibration can identify a set of parameter combinations that reproduce empirical data
(called ‘behavioral’). These are all ‘equifinal’ [Beven, 2001] because empirical data does not allow for
the identification of which of these combinations is true. Thus, structural uncertainty within the interface
model EDIC remains. However, the complex indicator ‘irrigation security’ allows for the parameterization
of the MP-MAS model consistently to weather volatility.

Figure 1 illustrates the effect of proportional reduction of total water supply (x-axis), for one sector ‘05d’,
with a variation factor of (1.0) reproducing a ‘behavioral’ set of parameters. On the left side, the y-axis
shows the CNR irrigation security index, in the middle it shows the mean plant factor of satisfaction (FoS).
From top to bottom, the IS decreases with decreasing irrigation priority. Variability within each group
depends on the crop-specific annual cycle of irrigation water demand: crops that grow during early spring
are least sensitive (highest IS), and plant water demand during during the driest summer months are more
sensitive (lowest IS).

Furthermore, the CNR IS criteria is more sensitive than the factor of satisfaction and thus better suited for
calibration. Finally, for the sector-level aggregation, perfect distribution of water supply among farmers is
assumed within each sector.

Implications for Other Model Components. The improved description and parameterization of one
model-model interface points to a cascade of inconsistencies of other interfaces that must be adjusted, and
require additional conceptualization, implementation and data collection. For example, informal water al-
location rules seem to play a relevant role when assessing the individual water supply to farmers. Water
that is distributed through these informal rules (or even by open access) fluctuates stronger than legalized
water, and farmers who rely on it are more vulnerable (for detail see [Arnold et al., 2010]). Another in-
consistency is between the farm expectation model and the crop growth model: Full yields can only be
harvested in those years when water is plenty, while deficits occur in many years for crops with low IS
under dynamic meteorological conditions. From the perspective of the individual farmer, a certain water
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Figure 1: Sensitivity of irrigation security to proportional reduction of total water supply.

deficit and thus a yield reduction must be expected for all crops with irrigation security below 1. As rational
actors, farmers would take this into account during planning and adapt their yield expectations accordingly.
Further, farmers’ expectations on unreliable water supply and uncertain yield would be consistent with ex-
pected crop irrigation demand. The mathematical formalism of the MP-MAS production plan model must
thus use reduced (effective) yield demand expectations, typical water supply and effective plant irrigation
demand to reproduce reduced yields consistently. In contrary, a crop model that computes actual yield
reduction as function of actual water supply would also use actual parameters for maximum yields, water
supply and plant irrigation demand. Thus, if irrigation security is used for calibration and conceptual model
consistency is to be maintained, then the parameterization of the farm planning model and the crop growth
model must be adjusted (for details, see Arnold [2009]). Under dynamic boundary conditions, the adaptive
expectation model must also be expanded (ibid).

2.3 Coping Strategies of Farmers

The chain of causes and effects starts with water availability in the natural system, its supply to irrigation
sectors and then to farmers (according to water endowments), to meeting plant water demand and crop
harvest. The chain of events continues with incomes generated from this harvest and ends in savings and
investments into farm production assets. Along this cause-effect chain, farmers have several options to
minimize the negative impact of weather variability and cope with water shortage. Coping mechanisms
that were identified from literature, with farmers and extension workers range from improving water sup-
ply and reducing irrigation demand, the (re-)allocation of water endowments and an improved marketing
of produce. Coping options range from modification of on-farm practices and technologies, over water
management at the level of irrigation sector or the watershed, and finally the marketing strategy.

On-farm practices to reduce water demand range from investing in technology that improves irrigation
efficiency (automated sprinklers, drip or pigote) [Troost, 2009]; an adjustment of the crop mix, either
with drought-resistant varieties, or by buffering crops with high security demands with crops that are less
sensitive to temporary water shortage. Some farmers own water rights far beyond their requirements in
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normal years, when they leave surplus water for the use of others. Only in dry years, their water entitlements
are fully utilized [Arnold et al., 2010]. In recent years, farmers increasingly utilize alternative sources of
water more intensely: supplemental irrigation with groundwater is increasing rapidly. More research is
recommended on how this will impact the water cycle, especially with a concurrent decrease of inefficient
irrigation from surface water sources that contributed to recharge.

Increases of water supply occur either at a larger scale, at watershed or at sector level. In our study region,
the Melado canal supplies water from a neighboring watershed. Through these additional and anti-cyclical
inflows, water shortages are alleviated. Also at watershed level, a reservoir is being build that dams the
Ancoa river, thus adds a new and safe supply [Latynskiy, 2009]. At sector level, farmers may strengthen
their engagement in water management organizations and improve the physical canal infrastructure, its
maintenance and the enforcement of endowments, partly by accessing financial support through the Chilean
government. Such reduction of losses increases the value of every water right, but may interfere with
informal water sharing agreements [Arnold et al., 2010].

The improvement of allocative water use efficiency is defined as the transfer from water rights from those
holders that create low economic returns to others that can create higher returns. This was the main gov-
ernmental objective when water rights were established as a tradeble market commodity. Within the study
region, little empirical evidence was found that such transfers occur at significant quantity.

Finally, farm income not only depends on the quantity and quality of harvest, but also on the prices that
farmers obtain for it. Thus, the conditions of markets and access to these markets may greatly impact
the risk with respect to weather variability. Statistical data from ODEPA indicates that the harvest of
fruits and especially vegetables is seldom impacted during drought years, while the harvest of wheat and
rice fluctuates significantly and in a correlated manner. However, the price impact of such fluctuating
production quantities is heterogeneous across market segments: global prices are not impacted by the
production of a small region in Chile. National prices, especially for the supply of large supermarket chain,
can partly mitigate local production gaps by buying from (slightly more expensive) international markets.
In Chile, prices on local markets are usually far below supermarket prices and fully depend on supply from
local farmers. These prices strongly fluctuate with weather conditions, with a maximum that is set by
supermarket prices. Especially during dry years, the anti-cyclical price response of local markets makes
direct marketing an effective risk reduction strategy. Many farmers have diversified marketing strategies
and sell to more than one segment, partly because quality and certification requirements can be balanced
out, and partly because the lower prices on local markets are still beneficial because intermediaries are cut
out. However, little studies are done the relevance of these ‘inferior’ local markets and data availability is
poor, because direct marketing is difficult to trace on behalf of the government. Nevertheless, the relevance
of this direct marketing and anti-cyclical price fluctuations should be investigated futher.

Several coping strategies were identified that help farmers to mitigate the impact of weather variability.
However, most of these options have more than one benefit. For example, supplemental irrigation with
groundwater is not only a safe irrigation water source in drought years; it also guarantees that water has con-
sistently high quality, as required for advanced irrigation methods (drip, micro sprinkler). With improved
consistency of production inputs and thus harvest quality, marketing can be diversified to supermarkets and
export markets. Also, groundwater gives independence from surface water management organizations and
personal politics. Thus, the financial viability of one coping mechanisms must also take a broader and
integrated perspective.

3 DISCUSSION AND CONCLUSION

By integrating existing modelling software from agricultural economics and surface hydrology, we ana-
lyzed farm decisions under dynamic meteorology. Its understanding is a precondition to assess the impact
of a climate change on agriculture.

This paper uses the concept of irrigation security to calibrate temporally variable water supply to farmers
consistently. To demonstrate the sensitivity of the irrigation security index, total water supply was re-
duced proportionally. Location-specific plant water demands during each month and the way that farmers
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prioritize crops in this local context result in different impact of this reduced water supply for each crop.

Supply-side mechanisms were already implemented into the software and successfully tested. The mod-
elling framework offers ways to describe even complex coping strategies of farmers to complex processes
such as Climate Change, in a process-oriented and theory-based manner. Calibration of individual model
components and of model-to-model interface processes used the best data available and is successful for
single processes. This calibration revealed model inconsistencies that could be resolved [Arnold et al.,
2010]. Other mechanisms require further research – for conceptual understanding, for technical solutions
and regarding the collection of empirical data.

The improved conceptualization and calibration of one model-to-model interface resulted in a cascade of
further improvements needed in other model components. While each of these improvements may be rel-
atively simple and within the existing body of knowledge, these inconsistencies only become apparent at
a late project stage, after other model components were calibrated with empirical data. If integration is
performed in a large research consortium, then these inconsistencies may be located within several model
components and managed by multiple researchers from different disciplines and institutions. With more
researchers involved, transaction costs increase and significant resources are needed for planning, commu-
nication and error management. This cascade is an organizational challenge of orchestration and of timing.
The complexity of systems is mirrored in organizational complexity to assess it.

For integrated assessment of global or regional systems that require numerical modelling (oceans, weather,
climate change), the spatial scope justifies government investment into large specialized model agencies,
for example climate change research centers or meteorological services. Here, departments can respond
to the organizational complexity: departments specialize on data management, visualization, data collec-
tion, data quality assurance, calibration and analysis, model architecture, numerics and model component
development. Also, longer-term funding is secured to minimize staff turnover and knowledge loss.

The limited scope of smaller watersheds and irrigation management confines the resources that can be
justified for their assessment. Nevertheless, local impacts of climate change are equally complex and their
analysis requires knowledge that is equally dispersed across multiple disciplines. Furthermore, cause-
effect chains must be assessed within their local context, and they may vary qualitatively at each location.
Currently, researchers must use ‘patience and perseverance’ [Ekasingh and Letcher, 2008] to resolve the
host of interfaces and data transfers between model components. However, as long as the timing of a
research process conflicts with the pace of the world of policy making, then integrated modelling remains
confined to the academic realm. Only by reconciling these time frames, the ‘outcome gap’ [K.B.Matthews,
in IMACS 2009] of research for NR management can be bridged, and the ‘yet another modelling framework
- phenomenon’ of current research [Evert et al., 2005] can be overcome.

Little procedural knowledge exists on how to apply integrated modelling under a given resource constraint
and a given research setting (compare [IMACS, 2009]). Can lessons from successful global change mod-
elling be translated to smaller systems, for example small watersheds? What would an institution look like
that provides integrated, meaningful and timely support to watershed management? What organizational
form would be required to use complex modelling in a local context? While scientists agree on the impor-
tance of integrated modelling and have proven its feasibility in numerous projects, the IAASTD concluded
that agricultural research has failed to deliver its promises to meet development goals in praxis so far. The
intergovernmental panel concludes that ‘Business as usual is not an option’ [IAASTD 2008].
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Abstract: Functional data analysis provides a framework for analyzing multiple time series 
measured frequently in time, treating each series as a continuous function of time. 
Functional linear models are used to test for effects on hydraulic gradient functional 
responses collected from three types of land use in Northeastern Montana at fourteen 
locations. Penalized regression-splines are used to estimate the underlying continuous 
functions based on the discretely recorded (over time) gradient measurements. Permutation 
methods are used to assess the statistical significance of effects. A method for 
accommodating missing observations in each time series is described. Hydraulic gradients 
may be an initial and fundamental ecosystem process that responds to climate change. We 
suggest other potential uses of these methods for detecting evidence of climate change. 
 
Keywords: Wetland hydrology, prairie potholes, functional linear model, climate change.   
 
1. BACKGROUND 

 
Data are increasingly being collected with automated data loggers such that the process of 
interest is measured nearly continuously in time. Standard statistical methods are not 
designed to account for this sampling resolution, but functional data techniques (Ramsay 
and Silverman, 2005) have been developed to model the differences in the (nearly) 
continuously measured processes in time. Functional linear models (FLMs) build on typical 
linear model structures but attempt to explain variability in functional responses, with 
functional regression and functional ANOVA (analysis of variance) being special cases. 
We describe these methods and motivate their use to explain differences in vertical 
hydraulic gradients across a set of fourteen locations in Northeastern Montana, USA.  
 
1.1 Introduction 
 
Our wetland study was motivated by wildlife and agricultural interests in the Prairie 
Pothole Region (Figure 1) on behalf of the U.S. Department of Agriculture’s Natural 
Resources Conservation Service (NRCS). Resource managers recognize the importance of 
these wetlands to nesting and migrating birds, especially waterfowl. We explored the role 
that land use has on wetland hydrology in small, seasonal wetlands. Specifically, can we 
explain wetland hydrologic patterns based on certain factors: land use, soils, hydraulic 
conductivities, and landscape topography? Farming, grazing, and grassland restoration are 
known to affect wetlands (van der Kamp et al. 2002). Geologic processes from Pleistocene 
continental glaciations have generated extensive areas of pothole wetlands in Northcentral 
North America (Fullerton et al. 2004). The geomorphology of the landscape in the study 
area is dominated by processes typical of stagnation and recessional moraines, 
characterized by interrupted drainage (Winter 1989; Winter and Rosenberry 1995), 
hummocky terrain, and thousands of shallow wetlands. These landscapes have till, outwash, 
and lacustrine deposits, and other glacial features, and the mixture allows for subterranean 
hydraulic conduits affecting the movement of groundwater between wetlands. We are 
aware of no similar work in or near Montana, although van der Kamp and Hyashi (1998) 
and van der Kamp et al. (2002) in the Canadian prairies collected similar field data but they 
were not able to statistically test any hypotheses related to hydraulic gradients or water 
levels such as those proposed here. We propose a new analysis method to be able to test for 
effects on multivariate hydrologic time series with missing observations. Our study area 
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receives about 70% of the precipitation of Winter’s Cottonwood Lake study area, about 
400km Southeast of ours, and we have observed that salt tolerant plants are more common 
in seasonal wetlands than farther East. The hydrology in semi-arid regions tends to be 
depression-recharge (Lissey 1971; van der Kamp and Hayashi 1998). We surmised that 
small changes in temperature and precipitation related to climate variability and change 
might result in near-term changes in wetland hydrologic processes. 
 

 
Study Site Selection Process: 
The three land use types of interest were cropland (dryland wheat), native prairie, and lands 
retired from agricultural production under the Conservation Reserve Program (CRP). 
Uplands in this last category are planted to a mixture of grasses and legumes and are only 
grazed or hayed occasionally. We selected wetlands that were entirely surrounded by one of 
these types. Field sizes are smaller than catchments in this area, so we were not able to 
select wetlands with a single land use in the entire catchment. We applied the following 
nine criteria when selecting wetlands: (1)classified on the National Wetland Inventory as 
palustrine-emergent-seasonal (PEMC); (2)undrained; (3)soil series mapping units were 
either Dimmick, McKenzie, or Williams-Zahill; (4)agricultural landscapes were dryland 
spring wheat, cultivated at least 25 years; (5)CRP landscapes were planted between 1985-
2001; (6)wetlands were 0.5-2.5 hectares; (7)wetland geometry was depressional and 
generally simple and round/oblong. Linear wetlands were not considered. (8) >100m from a 
road; (9)access was made available through NRCS, the Conservation District, or the USDI-
Fish and Wildlife Service. We included two wetlands in native prairie on a Waterfowl 
Production Area (WPA) previously instrumented by Montana State University for a similar 
(but abandoned) study. Although that WPA, itself, had not been selected at random, 
wetlands within it had been and comply with all criteria. 
 
Spatial data were secured from the Montana Geographic Information Clearinghouse 
(http://www.nris.state.mt.us/gis/). There were 821 PEMC wetlands in the Missouri Coteau 
of Sheridan County; and 567 met the selection criteria (other than access). We then 
instrumented selected wetlands, in priority provided by random numbers, with a maximum 
of ten (the number we could physically instrument with augered wells) in each land use. 
Equipment failure (e.g., destruction by cattle, flooding, etc.) or other logistical problems, 
resulted in there being data from 14 wetlands, 5 cropland, 3 native prairie, and 6 CRP, and a 
total of over 53,000 observations obtained during the 2009 field season.  
 
1.2 Measuring Vertical Hydraulic Gradient 
 
A key interest was whether a site was dominated by groundwater discharge (i.e., greater 
hydraulic head with increasing depth in the subsurface, causing water to move from the 
shallow aquifer towards the wetland) or by groundwater recharge (i.e., decreasing hydraulic 
head with depth in the subsurface, causing water to move into the shallow aquifer from the 
wetland). A groundwater well and a piezometer were installed less than a meter apart at 

Figure 1. The inset shows 
the location of our study 
area within the Prairie  
Pothole Region. The 
photo shows study sites 
organized by land use 
type and all seasonal 
wetlands. 
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each site. Groundwater wells were screened for their entire length and provided a 
measurement of the top of the saturated portion of the aquifer, or height of standing water if 
present. Piezometers were screened along a short interval at their base, providing the 
hydraulic head of the aquifer at the depth of the screen midpoint. The calculation of vertical 
hydraulic gradient depends on whether there is standing water in the wetland. In both cases, 
the difference in water levels between the groundwater well and piezometer is determined. 
When there is standing water, this difference is divided by the distance from the piezometer 
screen midpoint to the sediment-water interface. When no standing water is present, this 
difference is divided by the distance from the piezometer screen midpoint to the water level 
in the groundwater well (Figure 2). Hydraulic gradients vary over time and space and are 
related to the 3-D distribution of hydraulic conductivity of the sediment, precipitation, and 
evapotranspiration. Well pairs were constructed using polyvinyl chloride pipe with a 
diameter of 3.81 cm (piezometer) or 5.08 cm (groundwater well). Each was equipped with a 
capacitance rod data logger recording water height, in mm, every half hour. Due to the 
close spacing of the well pairs, differences in water heights is assumed to represent vertical 
gradients, calculated with no horizontal component.  
 

 
 
1.3 Explanatory Variables 
 
Four explanatory variables were thought to directly affect groundwater-surface water 
interactions, based on either the ability of material to transmit water or the amount of water 
and its associated head. These are surrounding land use type, horizontal hydraulic 
conductivity (K), area of surrounding wetlands, and soil properties. To determine the 
hydraulic conductivity of the sediments beneath and adjacent to the wetlands, slug tests 
were performed on both the groundwater and piezometer wells (Bouwer and Rice 1976). 
Both falling and rising head tests were conducted on the piezometers, however, due to low 
water levels in the groundwater wells, only rising head slug tests were performed on them. 
The average of all available K measurements for each site was used. The area of wetlands 
was calculated by delineating a buffer of one kilometer around each study wetland. The 
lowest point of all wetlands with any portion of their area in that buffer was determined and 
the area of all wetlands topographically above the site was calculated. A final variable was 
based on the textual and chemical properties of the soil. Soil samples were collected from 
each wetland and analyzed by the USDA for particle size using the hydrometer method 
(Gee and Bauder, 1996). Of particular interest was the percent of clay minerals at depths of 
0-15 cm and 35-50 cm because it may restrict flow. We also sampled Sodium, Calcium, 
and Magnesium at a depth of 35-50 cm because groundwater discharge in wetlands can 
concentrate such cations (Richardson et al. 2001; Knuteson et al. 1989) at these depths 
(Richardson and Hanson 1977). These five soil characteristic variables (Sodium was log-
transformed because of skew) were combined using a principal components analysis with 
the first PC, which was most highly (negatively) correlated with log10-Sodium, Calcium, 
and Magnesium, used in the analysis (further exploration of each variable used in the PCA 
yielded similar results as those for the first PC discussed below). 
 

Figure 2.  Schematic of  
how vertical hydraulic  
gradients were measured. 
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The fourteen vertical hydraulic gradients that were analyzed from the 2009 field season are 
presented in Figure 3. We note that not all piezometers were started at the same times due 
to slug tests being performed, instrument failure, and water levels outside the measurement 
ranges. Diurnal patterns are present in some locations and not in others; e.g., NP02 and 
CRP08 show similar trends, but CRP08 contains high frequency variation that NP02 does 
not. In other locations, diurnal variation seems to be present at various times and absent in 
others. On average, 62 days of measurements are available for the fourteen locations 
(minimum=13, maximum=109), with measurements were taken every 30 minutes. The 
functional data approach converts this large volume of time series measurements into 
continuous functional representations for each location with a total sample size of 14. 
 

 
 
2.1 Functional Data and Functional Linear Models 
 
Functional data analysis begins with converting each time series, yt, into a functional 
representation, y(t), using the model yt =y(t)+et, where the subscript t is used to indicate the 
measurement is discrete in time, (t) indicates a continuous function of time, and et the 
random error at time t. Smoothing or penalized regression spline techniques with cubic B-
spline basis functions are typically used to estimate y(t). The choice of knots, locations 
where the piecewise polynomials are joined, is the first step in determining the flexibility of 
the estimated continuous function when estimated by penalized regression splines. 
Generalized cross-validation (GCV) is recommended to select an optimal amount of 
smoothing given the initial choice of knot locations. This can be performed using a 
generalized additive model as in mgcv (Wood, 2006) in R (R Development Core Team, 
2009). The function gam was used to estimate the continuous functions using an adaptive 
smoothing algorithm, which allows the function to be rougher or smoother depending on 
local features in t. We used four knots per day and GCV to select the optimal estimate for 
each series, augmenting the effective degrees of freedom, a measure of complexity of the 
estimated spline function, by a multiplier of 1.4 as suggested by Kim and Gu (2004) in the 
GCV formula.  
 
The FLM (Ramsay and Silverman, 2005) is defined as Y(t)=Xβ(t)+(t). The components of 
the model are: Y(t) of dimension nx1 with n functional observations defined continuously 
over t; X is an nxp design matrix (see, e.g., Kutner et al., 2004); β(t) is a px1 vector of slope 
coefficients, usually including an intercept coefficient; and (t) is an nx1 vector of 
continuous residual error functions. Functional linear models are estimated using the 
fRegress function from the R package fda (Ramsay et al., 2010). Nonparametric 
techniques are typically used for hypothesis testing in these models since distributional 
assumptions for (t) are difficult to assess and to validate. Permutation testing methods 
make the less restrictive assumption of exchangeability of observations under the null 
hypothesis of interest.  
 
Shen and Faraway (2004) suggest a test statistic for FLMs based on the sum of integrated 
squared residuals, ei

2, ∑  and the total sums of squares, 
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∑ ̂ , where ̂(t) is the overall mean. Using these sums of squares and 
the typical ANOVA degrees of freedom, they define FI=MSTI/MSEI and provide an 
approximate parametric distribution for hypothesis testing with FI. Delicado (2007) 
suggests a permutation approach to finding the sampling distribution for FI. Ramsay and 
Silverman (2005) define an alternative continuous F-statistic, F(t), which is the point-wise 
application of the typical F-statistic and built on functional versions of the sums of squares 
for treatment, SST(t), and error, SSE(t). Ramsay et al. (2009) suggest using the maximum of 
F(t) over t in a permutation test statistic. In simulations, Greenwood (submitted) found that 
FI significantly outperforms max(F(t)), so we focus on FI. 
 
Delicado (2007) shows that the integrated sums of squares in FI can be calculated by 

defining the distance, Dij, between functions i and j as . This is 
the same definition used generally in calculating the pseudo-F statistic from permutational 
MANOVA (perMANOVA, Anderson, 2001). PerMANOVA is similar to standard 
MANOVA, but the test statistic is calculated directly from the distances between the 
responses. It has a decade of application in Ecology, partially because it is legitimate 
whether the dissimilarity measure is a full distance metric or not. To use perMANOVA for 
FLMs, the first step is to calculate the distance matrix, , between the responses. We 
integrate the squared difference of the two functions using a trapezoidal rule numerical 
integration. A function for performing perMANOVA, called adonis, is available in the R 
package vegan (Oksanen et al., 2010). It is also possible to perform perMANOVA tests in 
PC-ORD (McCune and Grace, 2002) and PRIMER-E (Clarke and Gorley, 2006). In 
perMANOVA, constraining the permutations within a blocking variable, such as our 
stratifying site type, is recommended where the design warrants it.  
 
Vertical gradient data have missing observations in each series, as well as different starting 
and end points for each location. We want to maximize information used, so truncating the 
data set to only consider times with complete records leads to a short window of time to 
compare the locations. Using pairwise comparisons, we can compare each pair of locations 
using all common times of observation, estimating the difference based on all times of co-
observation. The pairwise differences are standardized to account for differences in length 
of records compared. We accomplish this by estimating a function using a first order 
(constant) B-spline function, I(t), that is 0 if yt is missing at t and 1 if yt is obtained at t. For 
any pair of locations, we can find the total time of common measurement as 
= . A new distance measure is defined to “standardize” the distance based on 

the time of common observation, , providing the 

difference per day between functions i and j, Dij. This is a new extension for the distance-
based approach to testing in FLMs. Our methods would reduce to the standard pairwise 
distance if the series were all observed over the same time. Due to the different times of 
comparison, it is possible for this measure to fail to meet all the properties of a distance 
metric. This is not problematic for applying the perMANOVA methods, but does represent 
an extension of the typical FI. Calculating this augmented distance requires two numerical 
integrations with the numerator incorporating a weight function based on  to 
provide a weight of one where both functions are observed and zero otherwise. With this 
distance matrix in hand, we can test for effects of our explanatory variables on the observed 
vertical hydraulic gradients using our modified version of FI. 
 
3.1 Results 
 
Little is known in the literature about the variables related to vertical hydraulic gradients 
measured at the resolution we considered. We chose to investigate whether land use affects 
hydraulic patterns, but other variables are thought to either (1)explain recharge versus 
discharge behaviour at locations, or (2)change as a function of long term recharge or 
discharge patterns. Winter (1989), Winter and Rosenberry (1995), and van der Kamp and 
Hayashi (1998) showed that wetlands topographically higher than a given wetland often 
contributed groundwater via discharge to that wetland. Thus, we hypothesized that the 
amount of wetland area topographically higher than the wetland of interest could be related 
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to differences in the gradients, with greater amount of topographically high wetlands related 
to increased groundwater discharge. Gradients could be related to characteristics of the 
local soils such as hydraulic conductivity, percent clay, or Calcium, Magnesium, and 
Sodium concentrations. These cation concentrations can serve as proxies for term local 
groundwater discharge. To help control the number of tests, a principal component analysis 
of soil characteristics was used to reduce the dimension of these characteristics; the first 
principal component score was used as an explanatory variable. Horizontal hydraulic 
conductivity (K) values were thought to influence local vertical hydraulic gradients, but 
were skewed so were log10 transformed.  
 
Four different hypothesis tests were considered to look for effects that significantly explain 
variation in the fourteen hydraulic gradients. Due to the small sample size, models 
including interactions were not considered, although future studies with larger sample sizes 
should explore reasonable interaction effects. For tests of quantitative explanatory 
variables, the permutations are constrained within land use type to reflect the stratified 
random sampling of sites. Testing for a land use effect is performed with unconstrained 
permutations. Of these tests, only log10-transformed K-values were significant in explaining 
differences in the hydraulic gradients with a pseudo-F of 6.0 and p-value of 0.0356. This 
test was based on 10,000 randomly sampled permutations, constrained within site type. 
With no constraints, the p-value was estimated to be 0.0161, but the constrained estimate is 
a more accurate and robust estimate of the p-value. None of the other tests were significant. 
PC1 of the soil data (p-value=0.41) and wetland area above each site (p-value=0.46) were 
not significant based on permutations constrained within land use type. For the land use 
effect, evaluated with unconstrained permutations, the p-value was 0.45. 
 
3.2 Conclusions and Recommendations 
 
By exploring gradients between wetlands over time, we found a significant difference in 
vertical hydraulic gradient based on horizontal hydraulic conductivity. Smaller 
conductivities (i.e., less permeable material) were associated with greater vertical gradients 
(i.e., more prominent discharge). At first, this might seem counterintuitive from the 
perspective of water moving towards the wetland (laterally or vertically) being less 
restricted when coarse-grained materials exist. But, the opposite is also true: the probability 
of water leaving the wetland to recharge the aquifer is also greater with coarse-grained 
materials. If groundwater recharge is impeded by tight materials, then the opportunity exists 
for evapotranspiration to drive the system, essentially pulling water towards the surface 
from those tight materials. Generally, wetland soils in the Coteau are dominated by clay 
rich tills. However, till can also have preferential flow paths within itself due to vertical 
fracturing (Grisak and Cherry 1974), or can be underlain by fluvially reworked glacial 
sediments such as outwash that are typically dominated by coarse-grained materials. 
 
No differences were detected based on land use, textural and chemical soil properties, or 
the acreage of surrounding wetlands. While the sample size was small, land use does not 
appear to explain the differences in hydraulic gradients. However, our subjective 
observations allow us to perceive differences in wetland vegetation, which is thought to 
respond strongly to hydrologic parameters over relatively short time frames (Cronk and 
Fennessey, 2001; Kantrud et al., 1987). It is thought that agricultural production results in 
less surface water in prairie wetlands when compared to wetlands in native prairie 
catchments (van der Kamp et al., 2002). We were unable to demonstrate these effects on 
vertical hydraulic gradient in this study, possibly due to working near the end of a drought 
period when soil moisture may not have equilibrated towards wetter conditions. Richardson 
et al. (2001) has indicated that layers with increased carbonate levels may occur at depths 
(e.g., development of a K horizon) in wetland soils due to groundwater discharge over time 
periods required for soil formation. Our short term vertical gradient measurements did not 
show a relationship with soil properties measured. Lastly, wetland acreage topographically 
higher or lower than the study wetland did not exhibit a relationship with hydraulic 
gradients. This, too, may stem from soil moisture levels in the catchments still reflecting a 
relatively dry prior time period. 
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This analysis does not directly address climate change, except as it pertains to 
understanding variables that were associated (or not) with variability in vertical hydraulic 
gradients. However, similar FLMs could be used to assess evidence for change over time in 
data collected at “high” time frequency, where natural breaks in long time series exist. 
Specifically, temperature, streamflow, and snow pack are often delineated by “water year” 
or calendar year and are measured on at least a daily basis and are fraught with missing 
observations, making them prime candidates for this adaptation of functional linear models. 
For a single location, a trend test can be constructed using year to explain the changes in, 
for example, a yearly temperature function. We applied the same functional linear models 
to an analysis of daily temperature from 1911 to 2008 from the Medicine Lake, MT 
weather station, the weather station that was closest to our study area in the U.S. Historical 
Climatology Network (Easterling et al., 1996, http://cdiac.ornl.gov/epubs/ndp/ushcn/ 
ushcn.html). A linear trend test provides evidence of a significant linear change in the 
yearly minimum temperature profiles (p-value=0.0002) but less evidence for a trend in the 
daily maximum temperatures (p-value=0.0504). The result for this location is not 
inconsistent with other studies documenting evidence of temperature change in Montana 
over the same time frame; Pederson et al. (2010) found evidence of linear trends in 
Montana temperatures after averaging temporally and spatially. The significant trend in 
minimum temperature curves could be due to a variety of types of change, from an overall 
shift to a change in the shape of the “average” minimum temperature curve, modifying the 
timing of the warmest or coolest parts of the year. These methods can detect nearly any 
type of consistent change in the functions over time, which is both their strength and 
weakness; finding a significant result is just the first step in understanding how the system 
is changing over time. Prior to the development of methods that can tolerate missing 
observations in functional data, we could not have addressed the first fundamental research 
question: Is there evidence of changing temperatures in this area? 
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Abstract: Nowadays there is new and stronger evidence that sea level rise, increased 
storminess and coastal erosion as a consequence of global warming are likely to have 
profound impacts on coastal communities and ecosystems. Regional Risk Assessment 
(RRA) is an interdisciplinary approach to evaluate and rank potential impacts, targets and 
areas at risk from climate change hazards. Within the Euro-Mediterranean Centre for 
Climate Change (CMCC) a RRA methodology was developed to assess impacts of climate 
change at the regional scale and to assist coastal communities in planning adaptation 
measures. The proposed methodology integrates the output of downscaled climate, 
circulation, morphodynamic and biogeochemical models to represent the exposure to 
climate change hazards (e.g., flooding, erosion, water quality changes) and includes the 
analysis of site-specific environmental and socio-economic vulnerability of coastal systems 
to the impact of hazards (e.g., land use, geomorphology, vegetation cover, population 
density). It is implemented as part of a GIS-based DEcision support SYstem for COastal 
climate change impact assessment (DESYCO), that will provide information about 
downscaled climate change scenarios and regional/local vulnerabilities and risks, and will 
guide decision-makers in planning appropriate adaptation strategies. The main components 
of the DSS and of the RRA methodology and the preliminary results of their application to 
the coastal area of the Northern Adriatic Sea (Italy) are here presented and discussed. 
 
Keywords: Risk Assessment, Climate Change, Decision Support Systems, GIS 
 
 
1. INTRODUCTION 

 
Nowadays there is new and stronger evidence that global warming is likely to have 
profound impacts on coastal communities and ecosystems [IPCC, 2007]. Accelerated sea 
level rise, increased storminess, changes in water quality and coastal erosion as a 
consequence of global warming, are projected to pose increasing threats to coastal 
population, infrastructure, beaches, wetlands, and ecosystems. Beyond this, coastal zones 
represent an irreplaceable and fragile ecological, economic and social resource. Being the 
result of a dynamic, unpredictable and interdependent set of subsystems, they are under 
increasing pressure leading to coastal resources depletion, conflicts between use, and 
natural ecosystems degradation [COM(2007) 308 final]. Climate change impacts affecting 
coastal communities and ecosystems are greatly influenced by regional geographical 
features, climate and socio-economic conditions. Impact studies should therefore be 
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performed at the local/regional level, taking into account downscaled climate change 
scenarios and site-specific coastal vulnerability determined by environmental and socio-
economic conditions. Accordingly, it is necessary to develop innovative interdisciplinary 
approaches and tools to effectively cope with climate related risks and support decision 
making processes at the regional to local level. 
 
Decision Support Systems (DSSs) are computer based information system designed to 
support unstructured problem solving, decision making, and decision implementation [Le 
Blanc, 1991].  In particular, DSSs are considered useful tools to cope with climate change 
related issues and support decision makers in a sustainable management of natural 
resources and in the definition of mitigation and adaptation measures. These tools can be 
characterized by a framework and a structure. The first one refers to the assessment and 
management issues to which the DSS responds and for which it offers a specific 
functionalities while the structure describes the main components of the system in terms of 
database, model and graphical interface [Agostini et al, 2009]. 
 
As stated by Janssen [1992], a DSS is expected to support rather than replace judgement of 
decision makers, to assist them and to improve effectiveness of decision making rather than 
its efficiency. There are different types of DSS, such as spatial DSS and environmental 
DSS. As stated by Densham [1991], spatial DSS are “explicitly designed to provide the 
user with a decision-making environment that enables the analysis of geographical 
information to be carried out in a flexible manner”. An environmental DSS consists of 
various coupled environmental models, databases and assessment tools, which are 
integrated under a graphical user interface, often realized by using spatial data management 
functionalities provided by geographical information systems (GIS) [Matthies, 2005]. A 
DSS applied in a coastal zone management perspective need to be at the same time spatial 
and environmental. 
 
With the main aim to prioritize potential impacts, targets and areas at risk from climate 
change on coastal zones at the regional scale, a spatial and environmental DEcision support 
SYstem for COastal climate change impact assessment (DESYCO), was developed within 
the Euro-Mediterranean Centre for Climate Change (CMCC, www.cmcc.it) and applied to 
the coast of the North Adriatic Sea in Italy. The core of the DESYCO is a Regional Risk 
Assessment methodology (RRA) that allow to estimate the relative risks in the considered 
region, compare different impacts and stressors, rank targets and exposure units at risk from 
climate change, in order to support decision-makers in the design of adaptation strategies. 
In this paper, after a brief description of the CMCC centre and of the case study area, the 
main objectives and functionalities of the DESYCO and of the RRA methodology will be 
presented and discussed.  
 
 
2. THE CMCC CENTRE   
 
The Euro-Mediterranean Centre for Climate Change (CMCC, www.cmcc.it) is a national 
(Italian) research centre devoted to the study of climate change and its impacts, focusing on 
the Mediterranean region. The CMCC make use of a new supercomputing centre that was 
inaugurated in January 2009. It is composed of two last-generation supercomputers that 
allow to run numerical models of different complexity and realism, in order to study the 
natural variability of the climate and the climatic changes, with a particular emphasis on the 
European and Mediterranean region. The modelling outputs of CMCC are used to assess 
climate change impacts on the economy, agriculture, on the marine and terrestrial 
ecosystems, on coastal areas and on human health. Within CMCC the development of a 
DEcision support SYstem for COastal climate change impact assessment (DESYCO) is 
being coordinated by Venice Research Consortium, whose partners for this project are the 
National Research Council, the Tidal Forecast and Information Centre of the Venice City 
Council and the Ca’ Foscari University of Venice. 
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3. THE CASE STUDY AREA 
 
The area considered in the Case study involves the coastal zone of Veneto and Friuli- 
Venezia Giulia regions, bordering the North Adriatic Sea with a overall length of about 286 
km (Fig. 1).  
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Figure 1: The case study area: the Northern Adriatic Sea and the coast of the Veneto and 

Friuli Venezia Giulia regions (Italy). (Adapted from google maps: maps.google.it). 
 
The coast of the case study area runs along the Adriatic Sea from the national border 
between Italy and Slovenia to the mouth of the southern tributary of the Po Delta system 
(i.e., Po di Goro). From north east to south west, between the Slovenian border and the 
Timavo river mouth, the coast is high and rocky with few narrow beaches. In the rocky 
coast there can be found the gulf of Trieste and several bays (e.g., Sistiana Bay). Moving 
southwards, from Monfalcone to the Po river delta the coast consists of low sedimentary 
shores. The overall continuity of the coast is interrupted by several river outlets (e.g., 
Tagliamento, Isonzo, Livenza, Piave, Brenta, Adige and Po) and lagoons (i.e., Marano, 
Grado and Venice lagoons and the lagoons of the Po river Delta). From a morphological 
point of view the sedimentary shores of the case study area include straight littoral coasts, 
lagoonal barrier islands, spits, river outlets and salt marshes. The main coastal activities of 
the case study area are petrochemical industry, tourism, fishing, seaport/ port activities and 
ship traffics. On the whole, the Northern Adriatic Sea coast, comprises a very precarious 
coastal environment subject to continuous morphological changes that can be appreciable 
even over short geological time scales [Gambolati and Teatini, 2002]. Moreover, erosion is 
still active in many areas both on the coastal sea floor and on the beach since the beginning 
of the 20th century and especially after 1960 [Bondesan et al., 1995]. Many areas, 
particularly around the Po River Delta, are also located below the mean sea level and 
affected by natural or man-induced subsidence [Pirazzoli, 2005]. Furthermore, the 
municipality of Venice has been experiencing an increase of high tide events with 
consequent flooding of the city (www.comune.venezia.it). In the Mediterranean Sea, rates 
of sea level rise for the three longest tide-gauge stations ranged from 1,1 mm/yr to 1,3 
mm/yr [Tsimplis and Spencer, 1997]. However, spatially the change is not uniform and in 
the North Adriatic sea the observed sea level rate can vary from 1,2 mm/yr in Trieste to 2,5 
mm/yr in Venice [Antonioli and Silenzi, 2007]. Therefore, climate change and sea level rise 
is a prominent issue for the case study area both considering the vulnerability of fragile 
ecosystems such as coastal lagoons, and the concentration of cultural and socio-economic 
values. Accordingly, DESYCO and the RRA methodology proposed in this paper are 
innovative tools to characterize climate change related hazards, vulnerabilities and risks in 
the case study area and support the definition of preventive adaptation strategies. 
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4. THE REGIONAL RISK ASSESSMENT METHODOLOGY AND THE 
DECISION SUPPORT SYSTEM FOR COASTAL CLIMATE CHANGE 
IMPACT ASSESSMENT (DESYCO). 

 
The proposed RRA methodology for the estimation of climate change impacts on coastal 
systems is intended to be an aid for national and regional authorities in examining the 
possible consequences associated with uncertain future climate and prioritize adaptation 
measures. Traditionally, RRA aims at providing a quantitative and systematic way to 
estimate and compare the impacts of environmental problems that affect large geographic 
areas [Hunsaker et al., 1990]. In more detail, the RRA is defined as a risk assessment 
procedure which considers the presence of multiple habitats, multiple sources releasing a 
multiplicity of stressors impacting multiple endpoints [Landis, 2005]. Accordingly, the 
RRA approach concerns the use of MultiCriteria Decision Analysis (MCDA) in order to 
estimate the relative risks in the considered region, compare different impacts and stressors, 
rank targets and exposure units at risk, and select those risks that need to be investigated 
more thoroughly.  
 
According to Torresan et al. [2007], the RRA methodology is part of a more comprehensive 
framework for climate change impact and risk assessment in coastal areas at the regional 
scale. The framework integrates tools and methodologies for the identification of potential 
climate change impacts and the assessment of bio-physical and socio-economic coastal 
vulnerability, in order to rank relative risks in the considered region. For this purpose, the 
framework structure is composed of 3 main phases: the Scenarios construction phase which 
is aimed at the definition of future climate scenarios for the examined case study area at the 
regional scale, the Integrated impact and risk assessment phase which is aimed at the 
prioritization of impacts, targets and affected areas at the regional scale, and the Risk and 
impact management phase which is devoted to support adaptation strategies for the 
reduction of the risks and impacts in the coastal zone, according to ICZM principles. 
Within the aforementioned framework, the main output of the RRA is the development of 
GIS-based maps. RRA maps include exposure maps representing the exposure to climatic 
changes against which a system operates (e.g., inundation level) and vulnerability maps 
representing the spatial distribution of environmental and socio-economic vulnerability 
factors. These maps allow the visualization and prioritization of impact areas and 
vulnerable coastal receptors,  the identification of more sensitive areas in the coastal 
territory, and the location of more suitable areas for human settlements, infrastructures and 
economic activities. Moreover they allow an easy and flexible visualization of 
vulnerabilities and risks for stakeholders and decision makers. 
 
In order to represent potentially significant hazard scenarios at the regional scale and build 
climate change Exposure maps to be used in the risk assessment, a chain of models was set 
up for the study area of the North Adriatic Sea. The models chain includes different types 
of numerical models simulating relevant circulation and morphodynamic processes that 
may influence climate change impacts on coastal areas at different spatial scales. Starting 
from global and regional circulation models representing the main climate dynamics and 
covering large spatial domains (i.e., from the global to the sub-continental scale), the chain 
of models includes a suite of higher resolution models able to simulate ocean dynamics and 
circulation, biogeochemical and fate and transport processes in coastal waters, with a 
spatial domain ranging from the sub-national/regional to the local scale. Moreover, the suite 
of models applied to the North Adriatic Sea includes a regional fugacity model to analyse 
coarse fate and transport processes of persistent organic pollutants in the Adriatic Sea. 
Models included in the models chain have been made available by partners involved in the 
CMCC project that are the National Institute for Geophysics and Vulcanology, the Marine 
Science Institute of the Italian National Research Council and the University Ca’ Foscari of 
Venice. Within DESYCO the proposed model chain is forced by the IPCC SRES scenario 
A1B [Nakićenović et al., 2000] and allows the investigation of different climate change 
impacts including regional inundation processes and increased storm surge flooding due to 
global sea level rise, erosion processes due to bottom stress, wind, waves and tide, water 
quality variations due to the concentration of nutrients and contaminants. The outputs of the 
model chain are called hazard metrics (HM) that are used in the RRA equations for the 
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construction of GIS-based exposure maps that identify and classify areas potentially subject 
to the examined impacts and provide spatially resolved information about the intensity of 
potential hazards linked to climate change in the case study area. 
 
The characterization of the territorial vulnerability and the construction of vulnerability 
maps involves the development and application of a range of vulnerability indicators and 
indexes, representing the sensitivity of the coastal communities, systems or assets to the 
damaging effects of climate change hazards [Torresan et al. 2008]. Consequently, in order 
to identify site-specific targets and areas vulnerable to potential climate change impacts in 
the considered region, a subset of vulnerability indicators was defined and applied to the 
coasts of the North Adriatic Sea. 
 
According to Voice et al. [2006] and the Australian society of Coastal Zone Management 
(www.ozcoasts.org.au), the subset is referred to different coastal receptors (e.g., beaches 
and dunes, wetlands, hydrological systems, protected areas or fisheries and aquaculture), 
and is related to different climate change impacts (e.g., erosion, inundation, water quality 
variations). Moreover, it encompass a wide range of biogeophysical and socio-economic 
factors representing the coastal vulnerability to climate change at the regional scale, and 
was selected taking into account the availability of environmental and territorial data for the 
study area. 
 
Available data were provided by various public institutions in graphic format or database, 
and include a 5 m Digital Elevation Model (DEM) supplied by Veneto Region and a 10 m 
DEM by Friuli Venezia Giulia Region, the digital Corine Land Cover (CLC2000) database 
(e.g., wetlands, vegetation cover, hydrological systems, dunes) 
(http://www.clc2000.sinanet.apat.it/cartanetclc2000/clc2000/prodotti.asp), a list of Natura 
2000 sites (i.e., ZPS and SIC areas) supplied by regional authorities, coastal data included 
in the geographic coastal information system(e.g., coastal morphology, sediment budget, 
artificial protections) implemented by the Italian Environmental Protection Agency (APAT, 
now called ISPRA) (http://www.mais.sinanet.apat.it), technical regional maps supplied by 
the Veneto and Friuli Regions (www.regione.veneto.it /Ambiente+e+Territorio/; 
www.regione.fvg.it/rafvg/territorioambiente), and administrative boundaries of coastal 
municipalities and provinces furnished by regional authorities. 
 
Within the RRA, vulnerability indicators are classified in three main categories of factors: 
Susceptibility Factors (SF), Value Factors (VF) and Pathway Factors (PF). SF determine 
the degree to which a receptor is affected, either adversely or beneficially, by climate-
related stimuli. They denote the dose-response relationship between the exposure of a 
receptor to climate stimuli and the resulting effects. VF identify relevant environmental and 
socio-economic values of the receptors that need to be preserved for the interest of the 
community (e.g., land use, fishing areas, etc.). PF are physical characteristics of the 
receptors determining the possibility of contact with climate change hazards and therefore 
potential exposure areas (e.g., elevation, distance from coastline). 
 
In the RRA model, vulnerability factors and hazard metrics are used for the estimate of 
risks and damages related to each receptor, according to the following equations: 
 

 kjskskj SEfR ,,1,, ,  

 
Rj,k,s= risk related to the impact k, an exposure Ek,s and a susceptibility (Sj,k); 
Ek,s = exposure related to the impact k and the scenario s; 
Sj,k = susceptibility of the receptor j to the impact k. 
 
 

 kjskjskj VaRfD ,,,2,, ,  

 
Dj,k,s= damage related to an impact k, a risk Rj,k,s and a Value (Vaj,k); 
Rj,k,s= risk related to an impact k, an exposure Ek,s and a susceptibility (Sj,k); 
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Vaj,k = environmental or socio-economic value of the receptor j in relation to the impact k. 
 
The exposure function (Ek,s) is an impact specific function that aggregates HMk,s provided 
by numerical models for the scenario s and the impact k with PFj,,k associated to the 
receptor j and the impact k. For impacts affecting the terrestrial environment (e.g., sea level 
rise inundation, storm surge flooding) the exposure function is used to project the 
information provided by sea water models inland. 
 
The susceptibility and the value function (Sj,k and Vaj,k) aggregate SFj,k and VFj,k related to 
the receptor j and the impact k using a specific MCDA function: the Chouquet integral. 
According to Choquet [1953], the Choquet integral is an aggregation function based on a 
measure which tries to average the scores given by experts to different coalition of criteria 
rather than on single criterion scores. The Choquet integral is able to generalize additive 
operators, such as the ordered weighted average or the weighted mean, and is perfectly 
suitable in situations where adversarial and synergic effects are present between the criteria 
to be aggregated. 
 
 
5. CONCLUSIONS AND REMARKS 
 
DESYCO and the RRA approach are innovative tools to study climate change impacts on 
coastal zones at the regional scale and support the development of effective adaptation 
strategies and sustainable Integrated Coastal Zone Management (ICZM), taking into 
account the increasing issues related to climate change. Regional vulnerability/risk 
classifications should not attempt to provide absolute predictions about the impacts of 
climate change. Rather, they should be considered relative indices which provide 
information about the areas within a region likely to be affected more severely than others. 
 
The originality of our approach consists of the application of a multi-model chain which 
allows (1) the downscaling of information provided by climate models at the global and 
sub-continental scale, and (2) the investigation of cascading processes at the regional/local 
level. This approach also allows the development of a vulnerability assessment procedure 
that provides a ranking of relative vulnerabilities in the examined coastal territory and 
allows the identification of the potential for harm from a range of climate related impacts. 
Building a multi-model chain requires great initial efforts in terms of time and resources 
and the tool is applicable only for the study area of concern. However, once set up, a model 
chain can be improved with other models and used to perform other scenario simulations.  
The main issues related to the vulnerability assessment procedure and the construction of 
vulnerability maps are the diversity of data sources, formats, and spatial scales that 
introduced geographical errors in the assessment of vulnerability. Moreover, to deal with 
numerous and heterogeneous data at the regional/local scale increase the geometrical 
complexity of the analysis and of the results. 
 
Within DESYCO and the developed RRA approach, numerical model simulations used for 
the construction of climate change scenarios and exposure maps are validated through the 
comparison with observed data for a control period (Gualdi et al., 2008; Djurdjevic and 
Rajkovic, 2008). Moreover, the feasibility of the system structure and the efficacy of its 
interfaces for the final users will be tested through a stakeholder analysis and a 
questionnaire that will allow to allow the confirmation of the validity of the methodology 
choices (e.g., the validity of the set of receptors investigated by DESYCO; and the 
functionalities offered by DESYCO). This will supply some useful contribution to improve 
the DSS framework. 
 
Finally, the consistency of results provided by DESYCO and the RRA for the case study 
area will be tested through a sensitivity analysis that allows the ascertainment of how much 
the uncertainty in the output of the system is influenced by the uncertainty in its input 
parameters (i.e., scores and weights). This information could be useful for the DSS end 
users because it explains synthetically how much the assessment of a RRA study is biased 
by the expert judgements. 
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Abstract: Radar ornithology has provided tools for studying the movement of birds, 
especially related to migration. Researchers have presented qualitative evidence suggesting 
that birds, or at least migration events, can be identified using large broad scale radars such 
as the WSR-88D used in the NEXRAD weather surveillance system. This is potentially a 
boon for ornithologists because such data cover a large portion of the United States, are 
constantly being produced, are freely available, and have been archived since the early 
1990s. A major obstacle to this research, however, has been that identifying birds in 
NEXRAD data has required a trained technician to manually inspect a graphically rendered 
radar sweep. A single site completes one volume scan every five to ten minutes, producing 
over 52,000 volume scans in one year. This is an immense amount of data, and manual 
classification is infeasible. We have developed a system that identifies biological echoes 
using machine learning techniques. This approach begins with training data using scans that 
have been classified by experts, or uses bird data collected in the field. The data are 
preprocessed to ensure quality and to emphasize relevant features. A classifier is then 
trained using this data and cross validation is used to measure performance. We compared 
neural networks, naive Bayes, and k-nearest neighbor classifiers. Empirical evidence is 
provided showing that this system can achieve classification accuracies in the 80th to 90th 

percentile. We propose to apply these methods to studying bird migration phenology and 
how it is affected by climate variability and change over multiple temporal scales. 
 
Keywords: NEXRAD; Machine Learning; Climate Change; snow goose 
 
 
1. INTRODUCTION 

 
Radar ornithology has provided tools for studying the movement of birds, especially related 
to migration (as demonstrated by O’Neal et al. [2010]). Using radar, scientists can observe 
birds at night and other times when visibility is poor. Scientists can also use radar to follow 
the movements of birds over vast distances, provided they have the right kind of equipment.  
 
Despite the potential for broad scale studies of migration using radar, studies of this nature 
are impeded by the cost of acquiring radar equipment and employing field workers to 
operate the equipment, as well as by the logistical difficulty of simultaneously collecting 
data for a large geographic area. 
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In recent years, progress has been made in using broad scale weather surveillance radars in 
a radar ornithology context. The NEXRAD network of WSR-88D radar stations is 
particularly appealing to scientists because NEXRAD data offer broad coverage of the 
continental United States, are freely available, constantly updating, and archived back to the 
1990s. Using NEXRAD data mitigates many of the costs typically associated with radar 
ornithology, but offers new challenges that scientists must address in order to use the data 
effectively. The first challenge is that NEXRAD data are generally much coarser than data 
from radars typically used for radar ornithology. Identification of individual birds is not 
possible; instead the WSR-88D provides radar information for an entire region of space 
known as a pulse volume. It is not unusual for pulse volumes to be roughly a cubic 
kilometer. Despite this potential loss of granularity, Diehl and Larkin [2002] have provided 
qualitative evidence indicating that migration events can be visually identified in WSR-88D 
sweeps. Further development of their techniques in combination with technological-based 
observations (portable X-band radar and infrared imagery) has further demonstrated the use 
of NEXRAD for quantifying bird movements. As scientifically useful as their techniques 
are, they had not been automated for detecting birds in the NEXRAD data. 
 
Another obstacle to using NEXRAD data 
is the sheer magnitude of data available. 
The network of 159 radars is constantly 
producing and archiving data, with each 
site acquiring new volume scans roughly 
every five to ten minutes. A single site 
could produce over 52,000 scans in a 
single year. The system produces 
terabytes of new information every year. 
Manually searching through such a vast 
amount of data is impractical for studies 
encompassing large geographic areas or 
any considerable span of time. 
 
A potential solution to the problem of 
sifting through NEXRAD data has 
recently been proposed by Mead et al. 
[2008] in the form of a system that 
employs machine learning classifiers to 
automatically identify biological echoes in 
the WSR-88D Level II output. Initial 
results indicated that the system was 
capable of identifying mid to large scale 
passerine migration events. 
 
In this paper, we provide further empirical 
results for the system initially proposed by 
Mead et al. [2008] by using an expanded 
training dataset as well as by using lesser 
snow goose (Chen caerulescens) training 
data. The latter was collected using direct 
3-dimensional observation by researchers 
in the field on over 1.5 million geese. We 
begin with a brief overview of NEXRAD 
data in Section 2. In Section 3 we describe 
our methodology and briefly describe the 
machine learning framework we are 
using. Our results are provided in Section 
4. We then discuss potential applications of our methodology in Section 5, and conclude 
with a general discussion of this work in Section 6. Here, we explain how this system could 
be used to study changes in bird migration phenology related to climate change using the 
long term archive of weather radar data in the United States. 

 
 

(a) Conceptual Layout 
 
 

 
 

 (b) Realistic Layout 
 

Figure 1: NEXRAD Hierarchical Data 
Structure 
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2. BACKGROUND 
 
NEXRAD radars scan a three dimensional space around the radar that can be 
conceptualized as a half sphere. Level II data (the least processed data freely available via 
the NCDC distribution network) organize this space in a hierarchy as illustrated by Figure 
1. At the outermost level is the volume. The volume is divided into a number of sweeps. As 
the name implies, a sweep contains data for one full sweep of the radar. It can be visualized 
as a disk, with subsequent sweeps being stacked on top of lower sweeps. Each sweep is 
taken at a particular elevation angle, so in reality, sweeps resemble flower petals more than 
stacked disks. Each sweep is divided into a number of rays like the spokes on a bicycle 
wheel and each ray is divided into a number of pulse volumes. The pulse volume is the 
smallest spatial unit and it is the three dimensional space within a pulse volume that the 
radar characterizes. Further details regarding Level II data are provided by Crum et al. 
[1993]. 
 

NEXRAD Level II data provide three data 
moments (or features): reflectivity, mean 
radial velocity and spectrum width. 
Reflectivity is a measure of signal strength, 
mean radial velocity is the component of 
sensed velocities moving towards or away 
from the radar and spectrum width is a 
measure of the variability of the radial 
velocity moment. Figure 2 provides an 
example of how an actual reflectivity sweep 
is visually rendered. The sweep shown in 
Figure 2(a) shows a typical non-biological 
sweep. In this case, we see the irregular 
shape typical of precipitation. Figure 2(b), 
on the other hand, shows a sweep that 
experts would probably classify as 
biological. The sweep shows a symmetrical, 
spherical shape with a texture that is 
consistent with birds landing or taking off 
during a migration event. More information 
on weather radar data moments is provided 
by Doviak and Zrnic [2006]. 
 
 
3. METHODOLOGY 
 
Our methodology begins with training data 
that are visually classified by experts or are 
extracted from observations by researchers 
in the field.  Observers used global 
positioning systems, geographic 

information systems, and digital rangefinders to gather 3-dimensional observations 
(latitude, longitude, altitude [AGL]) on flocks of lesser snow geese associated with major 
migration staging areas, such as those birds at Sand Lake National Wildlife Refuge in 
northeastern South Dakota and Freezout Lake Waterfowl Management Area in 
northwestern Montana.  Data collected included, number of geese, direction of flight, 
overall shape of flock, and weather conditions.  Because such large numbers of geese were 
being observed in rapid succession, observers had to take written field notes and transcribe 
them later to a spreadsheet. The data from the spreadsheet were then error checked and 
transferred to a mysql database where they was stored. Before this data can be used by our 
system, they must be preprocessed in a number of ways. Preprocessing selects the 0.5° 

 
 

(a) Non-biological Sweep 
 
 

 
 

 
(b) Biological Sweep 

 
Figure 2: Visually Rendered NEXRAD 
Sweeps 
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sweeps from the full volume scan, merges those sweeps, removes clutter prone pulse 
volumes within 20 km of the radar site, removes radial velocity ambiguous pulse volumes 
beyond 145 km, removes pulse volumes with bad or range-folded values, and calculates a 
set of second order moments that statistically characterize the neighborhood of a pulse 
volume. After preprocessing the data to clean it up and highlight important information, the 
training data consist of a series of pulse volumes that have been labeled as either biological 
or non-biological. Each pulse volume is characterized by the three data moments described 
earlier and also by several statistical measures that provide information about the 
neighborhood of a pulse volume. These measures are variance, skewness and kurtosis as 
described by Joanes and Gill [1998]. These statistics are calculated for each of the three 
base data moments. 
 
Following the preprocessing step, a machine learning classifier, either k-nearest neighbor, 
naive Bayes or a neural network, is trained and then the desired task is performed. Mitchell 
[1997] provides an overview of machine learning techniques, including those used in our 
system. We used a k value of three for the k-nearest neighbor classifier. The neural network 
had one hidden layer consisting of three nodes and was trained over the course of 300 
epochs, using a learning rate of .3. To avoid over-fitting, the neural network reserved five 
percent of the training set for validation. 
 
Typical tasks include system validation using ten-fold cross validation and the classification 
of unlabeled data. We use ten-fold cross validation as described in Kohavi [2005]. Ten-fold 
cross validation allows us to estimate the accuracy of our system in a robust manner. This is 
accomplished by dividing the training data into ten “folds”. Accuracy results are calculated 
for each fold by using the remaining nine folds to train the classifier. The accuracy results 
for all ten folds are then averaged to estimate the overall accuracy of our system. The folds 
for the snow goose data were stratified to retain class distribution, but the folds for the 
passerine data were not. An in depth description of our methodology is provided by Mead 
et al. [2008] and Mead [2009]. Random over sampling and random under sampling was 
used to randomly copy or delete training instances in order achieve balanced data sets 
containing an equal number of biological and non-biological training examples. 
 
 
4. RESULTS 
 
In this section, we provide some empirical results for the system we have developed. To 
measure the effectiveness of our system, we tested it in two different contexts. First, we 
tested the system using passerine data that have been classified at the sweep level by 
experts in the field of radar ornithology. After this, we attempted to provide better ground 
truth by testing our system on snow goose data collected from researchers in the field. 
 
 
4.1 Passerine Data 
 
Mead et al. [2008] describe how 
this system was originally 
trained and tested using expert 
classified passerine data.  
Results for experiments using 
the original dataset are provided 
in Table 1. The percentages 
indicate the number of correctly 
classified sweeps (biological and 
nonbiological) divided by the 
total number of sweeps 
classified. The original dataset 
used training examples that 
experts consider obvious and 

Table 1: Original Diehl Dataset 
Classifier Correctly Classified Sweeps 

K Nearest Neighbor 95%  ± 0.7% [94.3, 95.7] 

Naïve Bayes 97.5%  ± 0.4% [97.1, 97.9] 

Neural Network 95% ± 0.7% [94.3, 95.7] 

 
Table 2: Expanded Diehl Dataset 

Classifier Correctly Classified Sweeps 
K Nearest Neighbor 91% ± 0.5% [90.5, 91.5] 

Naïve Bayes 77% ± 1.1% [75.9, 78.1] 
Neural Network 82% ± 1.2% [80.8, 83.2] 
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were therefore arguably easier to learn. All values are provided with 95% confidence 
intervals to help assess statistical significance. 
 
An expanded training dataset was developed in order to measure the system’s effectiveness 
when given more difficult training examples. The results for the expanded dataset are 
provided in Table 2.  
 
 
4.2 Snow Goose Data 
 
The focus of the snow goose dataset is to facilitate a set of experiments for which ground 
truth is known. Unlike the sweeps in the passerine training data, which were classified at 
the sweep level by radar ornithologists, the snow goose training data were classified at the 
pulse volume level. These classifications are drawn from actual observations of snow geese 

in the airspace.  Overall, we 
gathered observations on over 
1,500 flocks representing over 1.5 
million snow geese.  Most of 
these observations on which we 
report, here, come from the 
Aberdeen, South Dakota area. 
This dataset is the first to almost 
exclusively use the new higher 
resolution data provided by 
NEXRAD Build 10. After 
random over sampling and 
random under sampling was 
performed we had a balanced 
dataset consisting of 828 non-
biological pulse volumes and an 
equal number of biological pulse 
volumes. The results of ten test 
runs have been averaged to 
provide the confusion matrices in 
Tables 3 and 4. Tolerances next to 
each value define 95% confidence 
intervals. 
 
The confusion matrix allows us to 
see the number of correct 
classifications as well as the 
number of false positives and 
false negatives. These results 
show a lower classification 
accuracy for the geese data than 

for the passerine data. The results of validating the system against the goose data also show 
that the neural network outperformed naive Bayes in both overall classification accuracy 
and specifically classification of biological echoes. 
 
Performance differences between the classifiers used are the result of the different inductive 
biases that the classifiers use to generalize training data and thereby make predictions for 
new data. 
 
 
5. POTENTIAL APPLICATIONS 
 
After this system has been trained and an acceptable accuracy rate is achieved, we propose 
that it can be used to investigate certain aspects of avian behavior and migration. As an 
example, we have used the system to classify sweeps from three radar stations over the 

Table 3: Naïve Bayes Classifier Results for Goose 
Dataset 

 Predicted Class 

Actual Class Non-biological Biological 

Non-biological 45.2% ± .004% 4.8% ± .004% 

Biological 21.6% ± .003% 28.4% ± .003% 

Accuracy = 73.6%  ± .005%  

 
Table 4: Neural Network Classifier Results for 

Goose Dataset 
 Predicted Class 

Actual Class Non-biological Biological 

Non-biological 42.5%  ± .018% 7.5%  ± .018% 

Biological 15.9%  ± .014% 34.2% ± .014% 

Accuracy = 76.7%  ± .003%  

 
Table 5: K-Nearest Neighbor Classifier Results for 

Goose Dataset 
 Predicted Class 

Actual Class Non-biological Biological 

Non-biological 44.7%  ± .001% 5.3% ± .001% 

Biological 11.7% ± .004% 38.3% ± .004% 

Accuracy = 83.0%  ± .005%  
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course of two migration seasons. The stations are KMKX Milwaukee, KGRB Green Bay 
and KTFX Great Falls. The seasons we selected are fall 2007 and spring 2008. We 
collected the first sweep of every hour for three months for each of the seasons. Specific 
months were chosen based on recommendations from a radar ornithology expert. The 
classifier used for this example was a neural network that had been trained using the snow 
goose data. 
 
 
By plotting the average number of biological pulse volumes per sweep for a given day, we 
can produce graphs such as those shown in Figures 3 and 4. These graphs are scatter plots 
which have been smoothed using locally weighted scatter plot smoothing (LOWESS). 
These graphs could be used to gather information about starting and ending migration 
dates. 

 
 

Figure 3: Fall 2007 Migration 

 
Using our system to study migration phenology in relation to any temperature and 
precipitation trends correlated with climate change is our next research step. Since our 
system is efficient enough to process multiple seasons of data, an appropriate next step 
would be to acquire data for several seasons from stations that are near large concentrations 
of waterfowl (e.g., Great Falls, Montana), process the data, and then extract information on  
 

 
 

Figure 4: Spring 2008 Migration 

Milwaukee 
Green Bay 
Great Falls 

Milwaukee 
Green Bay 
Great Falls 
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any trends that exist over time and space.  Such trends might be sensitive to changes in 
time, e.g., average time of peak migrations, but variability in short term climate patterns 
(within a year) would have to be analyzed.  Similarly, changes in spatial distribution of 
birds could be examined.  For example, the station at Aberdeen, South Dakota could be 
analyzed in relation to the station to its South, Hastings, Nebraska.  The ability to monitor 
changes in bird migration since the late 1980s or early 1990s, depending on the station, 
using the freely available NEXRAD data archive is quite exciting.  This is especially so 
when we recognize that weather radar stations are widely distributed across the United 
States of America. 
 
 
 
6. CONCLUSIONS AND FUTURE DIRECTIONS 
 
The results show that this system performs well on passerine identification tasks, achieving 
accuracy rates in the 80th to 90th percentile for sweep level classification. These rates held 
up even on the more difficult expanded training dataset. Geese classification accuracy was 
somewhat lower, having classification accuracies in the high 70th percentile.  
 
There are a number of factors that may be negatively affecting classification accuracy on 
the geese training data.  The first is the amount of training data available. The sweep level 
classifications given to the passerine data allow every pulse volume in the sweep to be used 
as training data. This results in a training data set with hundreds of thousands of training 
instances. In contrast to this, the snow goose training data are based on direct field 
observation for individual pulse volumes and contains less than two thousand training 
instances. It is possible that the limited amount of training data is affecting the classifier’s 
ability to learn the complex function mapping pulse volume features to the correct class. 
 
One partial solution to our lack of training data is to use semi-supervised learning approach. 
Under certain conditions, semi-supervised learning can use unlabeled data to improve 
classifier performance. The availability of large amounts of unlabeled radar data makes 
semi-supervised learning attractive and we plan to look into incorporating a semi-
supervised learning component in the future. Zhu [2005] provides a survey of the semi-
supervised learning literature. 
 
Another factor that is potentially affecting classification accuracy is additional noise in the 
training data resulting from geolocation issues. By geolocation issues, we are referring to 
the difficulty of associating an observed location with the correct pulse volume provided by 
the radar. In addition to finding the correct location after taking into account the variable 
elevation of the radar beam and the curvature of the earth, there is also the issue of timing. 
The radar equipment takes a certain amount of time to make the 360° sweep and a field 
observer has no way of knowing how long it will be before the beam is directed at the space 
that she is observing. This problem is exacerbated by the constantly moving nature of geese 
in flight. Updates to the NEXRAD system that have increased pulse volume resolution 
make it more likely that geese in flight could cross the boundary between adjacent pulse 
volumes in the time between an observation and when the radar is actually passing over that 
particular area.  We have begun to explore ways to observe NEXRAD level II data in near 
real time.  In combination with that, we plan to communicate probable locations of birds to 
field observers for them to validate visually.  Alternatively, we will also attempt to use 
portable X-band radar to document the location of birds in the airspace, although that will 
not provide information about species of birds.  It is probable that classification accuracy 
for geese will improve with additional training data that are free of the noise introduced by 
geolocation errors.  In addition, as the precision of NEXRAD data increase fourfold, and 
recognizing that flocks of snow geese might intersect multiple pulse volumes, the amount 
of data (numbers of pulse volumes) might also dramatically increase. 
 
Before our work, no one had published information about using algorithms for 
identification of birds in NEXRAD data, although experts had been able to do so visually.  
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Such expert identification had been at the sweep level, and were able to do so at the pulse 
volume level.  This indicates, and we have corroborating unpublished data, that the data 
being returned from a pulse volume for small birds were different than that returned for 
large birds.  This had not been demonstrated before, and we look forward to investigating 
those differences more fully.  We expect that the implementation of polarimetric Doppler 
radar for weather forecasting will provide further data moments to analyze and further 
refine our ability to not only detect birds, in general, but to potentially differentiate species. 
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Abstract: The Landscapes Toolkit, a spatially-explicit integrated modelling framework, 
was developed in collaboration with stakeholders in the Tully basin, Australia. The aim of 
the Toolkit is to assist local communities and government as well as natural resource 
management (NRM) organisations in assessing options for sustainable landscape 
development. The Landscapes Toolkit analyses and compares the outcome of stakeholder-
defined land use and management change scenarios on water quality, biodiversity and 
economic performance by linking the respective disciplinary models. Experiences from 
applying the Landscapes Toolkit in the Tully basin, a catchment flowing into the Great 
Barrier Reef lagoon, suggest that the modelling framework strikes a satisfactory balance 
between capturing the richness of social-ecological system processes, disciplinary science 
and the capacity of stakeholders to understand and compare scenario results. Therefore the 
Landscapes Toolkit offers a promising framework to support local communities, 
government and NRM organisations in making more informed decisions about sustainable 
landscape development. In this paper, I explore the potential contribution of the Landscapes 
Toolkit to the emerging field of transdisciplinary landscape research.  
 
Keywords: collaborative research; decision-support-tool; sustainability learning; sustainable 
landscape development; problem-oriented research 
 
 
1. INTRODUCTION 
 
The interest in transdisciplinary research and practice, which refers to overcoming the split 
between the sciences and humanities, has increased remarkably in the past decade (e.g. 
Tress et al. 2003; Hirsch Hadorn et al. 2008). Within the field of landscape planning and 
management, transdisciplinary researchers aim to bridge the natural sciences, social 
sciences and humanities, in an effort to find innovative solutions to complex landscape-
related issues. In addition, transdisciplinary researchers engage a wide range of 
stakeholders, including scientists with different disciplinary backgrounds and non-
scientists, and capitalise on the experiences of all participants (Tress et al. 2003).  
 
According to Mittelstraß (1992; 1995), a German philosopher, transdisciplinarity is a type 
of research which is based on real-world problems and aims to identify and solve such 
problems without relying on any specific discipline. Kinzig (2001) argues that 
transdisciplinary research fills the gaps existing between disciplines when the problem to be 
solved transcends the boundaries of scientific disciplines. Hoechtl et al. (2006) add that the 
problem to be solved not only transgresses the boundaries of scientific disciplines but also 
science as a whole. This conceptualisation is similar to Funtowicz and Ravetz’s (1993) 
notion of post-normal science. In the post-normal sciences stakeholder participation is 
relevant, particularly when facts are uncertain, values are in dispute, stakes are high and 
decisions are urgent (Funtowicz and Ravetz 1994). In this context, where stakeholders play 
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a crucial role, Funtowicz et al. (1998) suggest that the main science objective may be to 
enhance the process of the social resolution of the problem. Mutual learning among 
stakeholders to address the problem through adaptive management might be the outcome, 
rather than a definitive ‘solution’ or technological implementation. This is a significant 
change in the relation between problem identification and the prospects of science-based 
solutions.  
 
Consequently, in transdisciplinary research new insights and explanatory theories are 
generated through collaboration between stakeholders as well as through cross-fertilisation 
of ideas, knowledge and experience from participating stakeholders (Tress et al. 2003; 
Lawrence 2004). Thereby, transdisciplinary research enhances systems understanding, 
achieves more appropriate, and potentially more innovative, solutions and a synergy of new 
methods. 
 
In this article, primarily addressed to scientists, planners and policy makers involved in the 
development of sustainable land use and management strategies at the landscape/regional 
scale, I explore the potential contribution of the Landscapes Toolkit, a spatially-explicit 
integrated modelling framework, to transdisciplinary landscape research. The intention is 
not to present the Landscapes Toolkit in detail; that was the aim of a different paper 
(Bohnet et al in review), but to explore how and why the application of the Landscapes 
Toolkit may contribute to transdisciplinary landscape research.  
 
 
2. THE LANDSCAPES TOOLKIT 
 
The Landscapes Toolkit, a spatially-explicit integrated modelling framework, was 
developed in collaboration with stakeholders in the Tully basin, Australia. The aim of the 
Toolkit is to assist the regional NRM organisation, council and the local community in 
exploring options for sustainable landscape development (Bohnet et al in review). The 
rationale for developing this decision-support-tool was driven by the need to improve water 
quality in the basins draining into the Great Barrier Reef (GBR) lagoon (Anon. 2003). 
However, while water quality is of major concern in the region to protect the environmental 
and economic values of the GRB, NRM organisations, councils and local communities are 
also interested in enhancing biodiversity and maintaining agricultural industries and 
farmers’ incomes in the region. Aiming to achieve multiple landscape goals, the Toolkit 
integrates a common database and disciplinary component models that allow for the 
comparative-static assessment of stakeholder-defined scenarios (Figure 1). A key difference 
between the Landscapes Toolkit and multi-criteria analysis tools is that the Landscapes 
Toolkit is driven by stakeholder-defined spatially-explicit land use and management change 
scenarios based on their knowledge, assumptions and values (Figure 2). Whereas multi-
criteria analysis models are driven by stakeholder rankings of many criteria based on their 
importance.  
 
In contrast to projective and predictive approaches, which forecast likely land use and 
management change scenarios based on past trends and/or aggregate agent behaviour, the 
explorative approach taken in the Landscapes Toolkit allows future scenarios to be 
developed by stakeholders. The linked disciplinary models allow for analysis of the impacts 
of changes in land use and management on water quality, biodiversity and economic 
performance of the landscape as a whole (Bohnet et al. in review). Stakeholders are central 
to the Landscapes Toolkit, which has been developed as a participatory planning tool aimed 
at supporting stakeholders: i) in discussing trade-offs between different future scenarios and 
ii) in making more informed decisions about sustainable landscape development.  

2426



 
 

 Iris C. Bohnet / Modelling and Stakeholder engagement 

 
 

Figure 1. Schematic representation of the Landscapes Toolkit depicting the separation 
between the user interface and the external models. The Baseline scenario and associated 
datasets and functionalities form the central part of the Landscapes Toolkit, which support 
participatory development of future scenarios (e. g. Improving water quality/Tropical food 
and fruit bowl/Cassowary coast). The water quality (SedNet/ANNEX), economic (EESIP) 
and biodiversity (TBM) models are the component models linked in the Landscapes 
Toolkit. TIME based connectors have been created for each component model to act as the 
glue between the user specified scenario configurations and the models (Source: Bohnet et 
al in review). 
 

 
 
Figure 2. Screenshot from the Landscapes Toolkit software showing the ‘Tropical food and 
fruit bowl’ scenario developed by stakeholders based on their knowledge, assumptions and 
values on the left. On the right a colour-coded legend and areas (in ha) per land use/cover is 
provided.  
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3. CHARACTERISTICS OF TRANSDISCIPLINARY LANDSCAPE RESEARCH  
 
The perception of one or more extra-scientific problems, i.e. problems that are a production 
of everyday life, marks the start of a transdisciplinary project (Jaeger and Scheringer 1998). 
In landscape research the increasing pressures and competing demands placed on 
landscapes call for a transdisciplinary approach to solve landscape-related issues (Tress et 
al 2003).  
 
The transdisciplinary problem solving strategy (Figure 3), put forward by Jaeger and 
Scheringer (1998) is divided into four steps: (1) problem comprehension, (2) problem 
analysis, (3) treatment of subareas, and (4) integration of subareas in order to achieve 
overlapping results. Here I use this problem solving strategy to explore how and why the 
Landscapes Toolkit may contribute to transdisciplinary landscape research. 
 

 
 
Figure 3. The problem solving strategy in transdisciplinary projects (Source: Based on 
Jaeger and Scheringer 1998 in Hoechtl et al. 2006) 
 
 
3.1 Problem comprehension 
 
The Landscapes Toolkit was developed to support stakeholders in exploring options for 
sustainable landscape development (Roebeling et al. 2005; Bohnet et al. in review). 
Stakeholders can define spatially-explicit land use and management change scenarios for 
the landscape under study that are plausible to them and can assess the likely impacts of the 
scenarios. Examples of the questions that stakeholders might pose that the Landscapes 
Toolkit can address include: 
 

1. What are the likely water quality, biodiversity and socio-economic impacts of a 
particular land use and management change scenario? 

2. To what degree do these impacts differ to the current situation (i.e. land use and 
management practice)? 

3. What are the trade-offs between different scenarios and the current situation (i.e. 
land use and management practice)? 

4. Based on the priorities for the future development of the particular landscape 
under study, e.g. water quality improvement, which scenario seems most 
promising in achieving the desired outcome? 
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Questions which this current version of the Landscapes Toolkit can not address include 
questions related to optimising the landscape for a particular outcome such as:  
 

1. What are the most cost-effective land use and management practice change 
arrangements that will improve water quality (for details to answer these kinds of 
questions see Roebeling et al. 2009)? 

2. What are the most cost-effective land use and management practice change 
arrangements that will enhance overall biodiversity? 

 
Since landscape problems are generally complex and involve trade-offs between different 
values, the Toolkit was developed as an explorative tool rather than an optimisation tool. 
However, optimisation models may be added in the Landscapes Toolkit to explore those 
land use and management change configurations that are tailored to achieve a particular 
landscape outcome (e.g. water quality improvement).  
 
 
3.2 Problem analysis 
 
Due to the complex interactions occurring in landscapes, the Landscapes Toolkit was 
developed for triple-bottom-line assessment of land use and management change scenarios. 
The Landscapes Toolkit links three disciplinary models: (1) the catchment model 
SedNet/ANNEX (Sediment River network model/Annual network Nutrient Export) 
(Prosser et al. 2001; DeRose et al. 2002) to assess the water quality impacts from land use 
and management change scenarios, (2) the Environmental and Economic Spatial 
Investment Prioritisation (EESIP) model (Roebeling et al. 2009; Bohnet et al. in review) to 
assess the regional economic implications of land use and management change scenarios, 
and (3) the Terrestrial Biodiversity Model (TBM) to assess the biodiversity implications of 
land use and management change scenarios (Bohnet et al. in review). The three models are 
run as separate stand-alone models in the Landscapes Toolkit enabling discrete analysis of 
water quality, economic performance and biodiversity impacts. 
 
The land use change routines (GIS-allocation rules) built into the Landscapes Toolkit as 
well as the management change options which are part of the component models allow 
stakeholders to develop land use and management change scenarios that are plausible to 
them. Providing a spatially-explicit context also allows stakeholders to use their local 
knowledge The scientific results (including their uncertainties) from the stakeholder 
developed scenarios are readily available for a range of water quality, regional economics 
and biodiversity indicators. These scientific results provide the starting point for 
stakeholders to discuss trade-offs between different landscape configurations, policy 
requirements and values attached to different parts of the landscapes. 
 
 
3.3 Treatment of subareas 
 
In the Landscapes Toolkit the subareas were defined around core functions and interests of 
rural (non-urban) landscapes: water, biodiversity, agricultural income and human choice. 
Models which allow the assessment of water quality, regional income from agricultural 
production, and biodiversity were integrated in the Landscapes Toolkit to produce results 
for a wide range of indicators. Indicators for water quality, for example, include sediment, 
phosphorus and nitrogen. Human choice is incorporated in the Landscapes Toolkit through 
the ability for stakeholders to develop their own scenarios. Stakeholders have the 
opportunity to develop and assess a wide range of scenarios using a wide range of 
indicators or only one scenario for one indicator depending on the particular question, 
interests and values. This kind of modelling approach is very different from science-driven 
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models which produce predictions or projections for the future, as the Landscapes Toolkit 
does not provide ‘the optimal’ solution to a particular question (Bohnet et al. in review).  
 
 
3.4 Integration of subareas 
 
The summary of the subarea results finally provides answers to the main questions related 
to the potential impacts of future land use and management change (section 3.1). Since in 
most landscapes, the answer regarding sustainable landscape development is not clear-cut 
and depends on the priorities set by policy-makers and the values of the people living in the 
landscape under study, the Landscapes Toolkit supports stakeholders in making more 
informed decisions about future developments. Through the operationalisation of scenario 
development (Figure 2) and evaluation (Figure 4) with stakeholder participation, using 
disciplinary simulation models for quantitative assessment and comparative analysis, the 
Landscapes Toolkit expands the use of computer models beyond the usual reach of 
traditional science-driven integrated models (Bohnet et al. in review).  
 

 
 
Figure 4. Example of output from the Landscapes Toolkit showing comparative analysis 
between four scenarios (x-axis) displayed for, in total, four indicators (listed below x-axis) 
using multiple scales. Note that regional economic income from agriculture is highest in the 
‘Tropical food and fruit bowl’ scenario, whereas water quality and biodiversity is improved 
most in the ‘Cassowary coast’ scenario.  
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3.5 How and why the Landscapes Toolkit may contribute to transdisciplinary 
landscape research?  
 
Experiences from developing and applying the Landscapes Toolkit in the GBR region 
(Roebeling et al. 2005; Bohnet et al. in review), suggest that the modelling framework 
strikes a satisfactory balance between capturing the richness of social-ecological system 
processes, disciplinary science and the capacity of stakeholders to understand and compare 
scenario results. Regular stakeholder meetings provided the opportunity for scientists to 
present their component models linked in the Landscapes Toolkit, how they work and what 
information they provide. End-users, such as community groups, NRM organisations and 
local government, had the opportunity to ask questions about the models including certainty 
of results and to make suggestions and raise concerns. These meetings guided the 
development of the Landscapes Toolkit and ensured that the Landscapes Toolkit would be 
meeting the expectations of potential end-users and researchers.  
 
Based on a holistic landscape concept (e.g. Naveh 2001; Tress and Tress 2001; Swanwick 
and Land Use Consultants 2002) and the idea that transdisciplinary landscape research is a 
future orientated, pro-active science that takes on the challenge of looking beyond the 
boundaries of one’s own discipline and familiar ways of thinking (Hoechtl et al. 2006), the 
Landscapes Toolkit, through its spatially explicit nature, offers a framework for pro-
actively exploring stakeholder defined future land use and management change scenarios 
and assessing their impacts on a range of indicators related to water, biodiversity and 
economics. Through its design as an explorative tool and the in-built land use and 
management change functionalities, the Landscapes Toolkit offers great potential to 
advance the theory and practise of transdisciplinary landscape research.  
 
Stakeholder acceptance of the tool and participation in research projects that use the 
Landscapes Toolkit with the aim to address and solve real-world problems is critical and a 
prerequisite to its success. Therefore the contribution of the Landscapes Toolkit to 
transdisciplinary landscape research will largely depend on how the participatory or action 
research approach is structured, which stakeholders are invited to participate in the process 
and how the suggested solutions are linked to other planning processes or policies (e.g. 
Kirchner-Heßler et al. 2007). As with any participatory or action research project, 
managing stakeholder expectations will also be critical for any project that employs the 
Landscapes Toolkit.   
 
 
4. CONCLUSIONS 
 
The Landscapes Toolkit offers a promising integrated modelling framework to support 
local communities and government as well as regional NRM organisations in making more 
informed decisions regarding broad questions related to future landscape development or 
more specific questions related to water quality, biodiversity and regional economics 
related to farming. The experience from developing and applying the Landscapes Toolkit to 
date underlines the need for strategies directed to local and regional needs. To develop 
landscape related policies (e.g. for water or protected areas) and actions the concerns of 
local communities need more attention because the challenges related to real-world 
problems cannot be resolved by desk studies alone (Hoechtl et al. 2006). To test the 
usefulness of the Landscapes Toolkit as a participatory planning and learning tool and the 
potential contributions it can make to transdisciplinary landscape research will require 
further applications in different landscape contexts and to different research questions 
which will in turn necessitate a variety of stakeholder configurations and participatory 
processes.   
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Abstract: Shrinkage is understood as the process of population decline in an area which is 
the result of different processes such as deindustrialisation or demographic change. Local 
stakeholders in shrinking cities are faced with a contradictory task: they have to ensure a 
good living quality under conditions of shrinkage with fewer funds for this purpose and 
become increasingly dependent on external sources. Set against this background, the paper 
analyses different ways of how local stakeholders are involved in developing empirically 
founded rules to model local trajectories and decision-making heuristics of urban 
shrinkage. After the introduction of research objectives (1.1), the paper provides an insight 
into the challenge of urban shrinkage from the perspective of local stakeholders (1.2). Next 
materials and methods for modelling local pathways of urban shrinkage by involving local 
stakeholders are presented (2.). A third part introduces different research projects/ 
approaches working with stakeholder involvement and modelling techniques (3.).  By 
means of these case studies, we show how stakeholders are enabled to participate in 
knowledge creation. The last part of the paper discusses what the impact of local 
stakeholders in the presented cases really is. (4.) Thus, we argue that stakeholder processes 
have generated new knowledge and valuable insights into drivers and relationships of the 
shrinkage process, and have also supported the generation of more comprehensive future 
development trajectories.  
 
Keywords: Urban modelling, urban shrinkage, local stakeholder knowledge, scenario 
games  
    
 
1. Introduction 

 
1.1. Research objectives 
Urban shrinkage represents a major challenge for many cities across Europe: is understood 
as the process of population decline in an area which is the result of different processes 
such as deindustrialisation, demographic change or natural hazards. Shrinking cities have 
to adapt to decreasing population numbers, densities and demands for housing, 
infrastructure and amenities and lower tax revenues or municipal income. At the same time, 
the municipalities have to ensure the liveability of the city and its attractiveness for 
investment. In sharp contrast to growth contexts, which up to now predominate the 
thinking of urban planners around the world, local stakeholders in shrinking cities are faced 
with a contradictory task: they have to ensure a good living quality under conditions of 
shrinkage with fewer funds for this purpose and become increasingly dependent on 
external sources. Despite the lack of expertise mentioned above, urban research has 
recently become increasingly engaged in the explanation of the causes and consequences of 
urban shrinkage (Haase et al., submitted). This also applies to the modelling of local 
trajectories of urban shrinkage and its consequences. Here, the knowledge by local 
stakeholders is indispensable: firstly, to build comprehensive causal relationships that 
describe shrinkage and secondly, to formulate rules for spatially explicit land use, system 
models and scenario games. Only thus is it possible to create surplus knowledge through 
the modelling of results and the participatory process that help local stakeholders to get 
along better with the challenges of urban shrinkage in their daily business (Haase et al., 
submitted).   
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Set against this background, this paper analyses how local stakeholders are involved in 
developing empirically founded rules to model local trajectories and decision-making 
heuristics of/under urban shrinkage in different urban regions across Europe. We show 
how stakeholders are enabled to participate in knowledge creation, what their impact really 
is and how they evaluate the outcomes of the models. We use empirical evidence from 
different European research projects. Although our focus will be on Europe, we emphasise 
that we understand urban shrinkage as a global challenge and treat our conceptual and 
modelling approaches as also being transferable outside the European realm. 
 
1.2. The challenge of urban shrinkage from the perspective of local stakeholders 
Urban shrinkage has been conceptualised in different ways. Some scholars interpret the 
term as a decreasing population in the urban core as part of wider shifts in the spatial 
organisation of urban regions (for example, between the urban core and the hinterland) in 
the course of which existing built environments are devalorised and made obsolete (Berg et 
al., 1982; Lever, 1993; Garreau, 1991). Others discuss urban shrinkage as an inevitable 
result of uneven economic development, emerging as something rather natural that is 
deeply rooted in the nature of capitalist economies (Harvey, 2006) and the underlying 
dynamics of the territorial division of labour (Amin and Thrift, 1994; Storper, 1995). Still 
another explanatory approach discusses urban shrinkage in the light of demographic 
change and relates it to declining birth rates, changes in household formation and migration 
impact (Haase et al., submitted). 
In this paper, we present urban shrinkage as an event resulting from the specific interplay 
of different macro-processes at the local scale (Rink et al. 2009; Großmann, 2008a). 
Macro-processes may be related to the economic, demographic or settlement system 
development as well as to environmental issues or changes in the political or administrative 
system. Urban shrinkage occurs when the specific interplay of the mentioned macro-
processes leads to population decline (cf. studies by Oswalt and Rieniets, 2006; Turok and 
Mykhnenko, 2007). Population decline is due to both natural decline (death surpluses) and 
losses by out-migration (suburbanisation, intra-regional migration, emigration). Moreover, 
changes in household formation – more related to demographic change than to shrinkage – 
lead in addition to altered decision-making heuristics of this declining population (Haase et 
al., 2010).   
Urban shrinkage affects both the physical space and the society of a city whose mutual fit 
is diminishing; this leads in turn to phenomena such as mismatches of supply and demand 
in various respects. We also differentiate between urban shrinkage as a process and its 
results, which are reconfigured or reshaped urban structure or patterns. We are mainly 
interested in its causal relationships and underlying dynamics, as well as the impact it has 
on different fields of urban development. Urban shrinkage represents a particular challenge 
for local urban planning and policy-making since the overwhelming majority of planning 
and policy strategies and instruments are based on the growth paradigm, that is, the implicit 
assumption that successful urban development is linked to growth, e.g. increasing 
population numbers, improving economic performance and enlarging the area of influence 
of a given city. The task of urban planning and policy, in this context, is to streamline and 
steer growth processes, and to provide solutions for markets of demand surplus – in terms 
of housing, employment, allocation of new businesses etc.  
Local stakeholders in shrinking cities are faced with a contradictory task: they have to 
ensure a good living quality and social equity under conditions of decreasing population 
numbers and – in most cases – complicated economic and employment conditions such as 
an exodus of capital, lack of attractiveness of the given city for new investment and high 
rates of unemployment and under-employment. They are faced with an underuse of urban 
land and infrastructure as well as a perforating urban body as a consequence of 
abandonment, housing and commercial vacancies and derelict areas. Urban shrinkage 
means higher costs for the maintenance of urban infrastructures and amenities that are 
either used by fewer inhabitants or are used by people who do not live in the city but still 
work there (Naumann and Bernt, 2009). Subsequently, municipal administrations in 
shrinking cities are faced with higher costs and, at the same time, have fewer funds and 
become increasingly dependent on external sources. In relation to questions such as natural 
decrease and rapid ageing the most striking challenges for planning are thus an excess of 
out-migration, impoverishment, the re-definition of values of density and correct-sizing of 
infrastructures disposing at deficit budgets. Other challenges include new forms of dealing 
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with underuse, supply surplus and decreasing demands, the restoration of brownfields as 
well as issues of ecological mitigation of post-industrial areas (Blanco et al. 2009; Rink and 
Kabisch 2009).    
2. Materials and methods for modelling local pathways of urban shrinkage by 
involving local stakeholders 
For this paper, we use the empirical evidence of several European research projects –
PLUREL (Peri-urban Land Use RELationships; contract no. 036921; 2007-2010), 
SHRINK SMART (full title: Governance of shrinkage within a European context; contract 
no. 225193; duration: 2009-2012) and the project “Town houses in a shrinking city”. In 
these projects, one task was to integrate the knowledge of local stakeholders into a 
scientific study on urban shrinkage. While in SHRINK SMART local trajectories of 
shrinkage are developed in cooperation with stakeholders (in the form of workshops), the 
task in PLUREL is to develop tools to assess the sustainability impact of urban and peri-
urban land use changes under different future scenarios, e.g. shrinkage. In the third project, 
the decision-making heuristics of local residents (as stakeholders) concerning moving to 
new town houses built on former brownfields was of interest (both for modellers and for 
the urban administration). 
In all cases, the involvement of local stakeholders is indispensable for the attainment of 
high quality results in research. Moreover, research results of all projects should also serve 
as knowledge for action in the form of decision support as well as guidelines for strategies 
and tool development. For the purpose of this paper, we compare the “who”, “when”, 
“how” and “why” referring to stakeholder involvement in modelling knowledge on urban 
shrinkage of the three projects.   
Different methods exist to incorporate stakeholder knowledge and decision-making in 
urban (land use) modelling. They depend on the manner of participation of both 
stakeholders and researchers, which is described in the following list showing the type of 
cooperation as well as the varying amount of time and personal involvement: 

a) interviews and questionnaire surveys: using knowledge of stakeholders that has 
been gained from classical social science methods such as interviews or 
questionnaire surveys. Output is the qualitative and quantitative data and 
information of a representative group of stakeholders on specific questions/issues; 

b) qualitative models: mental models or mind maps are developed together with 
stakeholders using pen and paper or a visualisation software. The process might 
end up in a consensual group model (out of round tables and focus groups). 
Output is the graphical representation of stakeholder knowledge; 

c) planning or role games with stakeholders: the outputs are maps or narratives, both 
by the stakeholders, which can be used by the modeller to enhance and improve a 
model; 

d) scenario workshops: running scenario games together with the stakeholder whilst 
both sitting in front of a computer. The stakeholder can modify/alter the input 
data, parameter weights or suitability. The output is a stakeholder-generated data 
set; 

e) participatory methods such as Knowledge Elicitation Tools (KnETs): KnETs 
represent a new and reproducible way to formalise specific knowledge using 
computational techniques and, what is more, to implement scenario techniques 
within stakeholder interviews. The output is either a set of decision rules or 
individual/collective decision trees. 

 
3. Empirical case studies 
In this section, we describe the role of stakeholders, the process of stakeholder involvement 
and the process of integration of stakeholder knowledge into the modelling process based 
on applications in three different research projects (mentioned above).  
 
3.1 PLUREL scenario workshop  
In the EU-project PLUREL we develop scenarios for future land use development in 
European urban regions facing population growth or shrinkage (Haase et al., 2009). We 
combine the spatially explicit modelling work with a participatory approach to involve 
stakeholder knowledge on drivers and policy instruments to steer land use development. 
Our scenario technique aims at incorporating feedbacks from planning into land use 
modelling. 
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In the PLUREL-project stakeholders – which are mainly local and regional planners and 
land use managers – are involved in urban land use modelling through scenario workshops 
and interactive planning games (Haase et al., 2009). In a first phase of the project, a 
scenario framework, including possible trajectories of land use change according to 
population, economic development and planning impact for the PLUREL case studies, was 
designed. Accordingly, a respective scenario matrix and respective storylines were created 
by scientists using information from expert interviews. Afterwards, a first model was set up 
using the cellular automata model MOLAND (Figure 1 left side). The resulting maps series 
were presented at the regional scenario workshop as an introduction. Based on the land use 
classes and time/space constraints the model uses, a planning game was created in the form 
of three divergent storylines, which however include all preferred ideas by the stakeholders 
invited: extreme growth, managed growth and managed shrinkage of urban land use. The 
game itself had three phases: firstly, stakeholders had to create a land use map for their 
specific scenario for the future using pen and paper (“design studio”; Figure 1 right side). 
Secondly, they had to discuss the drivers and pressures behind their mental land use 
development map and explain the respective planning instruments they would use to steer 
this development (“expert panel”). Thirdly, a joint discussion of the results with the other 
two groups (“regional council”) uncovered the pros and cons of each scenario. The results 
of all three phases of the scenario workshop were recorded and summarised by the 
participating scientists. Finally, the new stakeholder-based knowledge was integrated into 
the MOLAND model (Monitoring land use changes; Barredo et al., 2003) for a second 
phase of simulations. In terms of shrinkage, it was particularly important for the recent 
experiences of the planners to be captured by the modellers: for example, that open 
governance processes are seen as being important to create visions about how to 
sustainably steer land use development under population decline, whereas making 
decisions is still based on prevailing classical planning instruments such as preparatory 
plans. The scientists further learned about the significance of interim use agreements at 
urban brownfield sites (Lorance and Haase, submitted). The participating stakeholders, on 
the other side, were introduced to a way of commonly visualising and discussing their ideas 
of regional land use development.  
 
Science input: MOLAND model map of a 
shrinkage scenario as “researchers input” 

Planning game: transfer of a shrinkage 
scenario storyline to maps as “stakeholder 
input”

 

Figure 1. Modelling and mapping land use scenarios of shrinkage (Petrov et al., 2009) 
 
3.2 Modelling trajectories of shrinkage: SHRINK SMART 
The SHRINK SMART project uses qualitative social sciences’ methods, such as interviews 
and document analysis, to gather knowledge about local trajectories of urban shrinkage as a 
prerequisite to discuss the impacts of urban shrinkage on local governance arrangements 
and decision-making processes. It uses empirical evidence from seven case studies across 
Europe (Leipzig/Halle, Germany; Liverpool, UK; Genoa, Italy; Ostrava, Czech Republic; 
Sosnowiec/Bytom, Poland; Timisoara, Romania; Donetsk/Makiivka, Ukraine). Stakeholder 
workshops form part of the result-creating procedure; they take place at different stages of 
this process.  
The project started with an analysis of local trajectories of urban shrinkage in different 
European cities by scientists together with stakeholders (brainstorming meetings, 
interviews, document analysis). A workshop and discussion of preliminary results of this 
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analysis together with local stakeholders helps to qualify them. The aim of the workshops 
is to bring in the knowledge and assessment of practitioners. The further elaboration of the 
material will take place in close cooperation with stakeholders and will finally lead to 
practice-validated policy recommendations, strategies and tools, among others conceptual 
models (Figure 2).  
The challenge of the SHRINK SMART stakeholder-modelling-process is to get to a similar 
stage of knowledge, to understand the thinking and priorities of both participating scientists 
and stakeholders and to shape the discussion on an equal footing. The creation of a 
conceptual model, such as that shown in Figure 2, helps to integrate two (potentially 
different) points of view/approaches (analysis-led and practice-led) and to produce an 
added value for all persons involved: for stakeholders who best know the local situation 
and can help scientists/modellers to understand local specifics and logics, and for the 
scientists who use this local expertise and their theory- and method-driven expertise to 
create practice validated knowledge that later serves for policy recommendations, cross-
cutting analyses and general conclusions. 
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Figure 2. Conceptual model of stakeholder-driven collection of indicators about shrinkage, its drivers, processes 
and impacts 
 
3.3 Knowledge elicitation analysing decision-making: applying KnETs 
In the third project a participatory method named Knowledge Elicitation Tools (KnETs) 
was used to represent a new and reproducible way to formalise stakeholder knowledge by 
using computational techniques. The resulting decision trees shed light on what knowledge 
is used for decision-making by the respective group of stakeholders and how different 
criteria are weighted in these choices. It was applied to the programme of newly built town 
houses in the German city of Leipzig (Stadt Leipzig, 2003) which focuses on an enforced 
re-settlement on recycled former brownfield land within the inner city. KnETs aims to 
analyse the decision-making behaviour by urban dwellers (who are the stakeholders in this 
case) concerning the acceptance of town houses as infill-strategies of shrinking urban 
districts. KnETs can be understood as an amplified methodology of classical social science 
empirical tools such as interviews and questionnaire surveys combined with scenario 
games. In a first step, a question for stakeholder decision-making in the field of urban / 
town planning, which is also related to urban shrinkage, is elicited.  
In a second step, interviews with experts of the respective stakeholder group, which usually 
makes the decision, elicited help to create a scenario computer game including major 
drivers, instruments, processes, constraints, potentials of the decision-making process 
including different decision options and respective reasons for them. In a fourth step, this 
game is run together with members of the same group of stakeholders. The machine 
learning based on about 50 games or more results in decision-making heuristics (rules). 
Respective decision-trees are created using pen and paper. The validation of the trees is 
done again together with stakeholders before the game is played once more in a verification 
phase with a “zero-group” of the same type of stakeholders. Their decisions are compared 
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with those made by the tree. The results of a KnETs game can either feed individual 
models (agent-based models) in order to test resident stakeholder decision-making in case 
the environment changes in the future. Most importantly, the resulting decision-trees help 
the creators of the town houses programme to improve adaptation of their ideas to what 
potential town house dwellers might expect. Thus, our results feed current decision-making 
processes to reduce uncertainties in the future. 
 

 

Figure 3. GUI and output decision-tree of the scenario game on decision-making heuristics of local households 
concerning buying a town house on a brownfield site   
 
4.   Preliminary conclusions concerning the stakeholders’ impact 
The stakeholders’ impact on the modelling activities and the models themselves in the three 
projects can be summarised as follows:   
 

 PLUREL project: improvements of the inputs into the cellular automata model 
arising from the stakeholder feedback after presentation of the model during the 
regional workshop. This helps to improve understanding of complex processes of 
simultaneous growth at the fringe and decline in the core city. 

 SHRINK SMART project: creation of practice-validated knowledge on local 
trajectories of urban shrinkage, which serves as an input for the concept model. 
Joint definition of the relationships of the shrinkage process in cities, which finally 
lead to the building up of the conceptual model as presented in this paper. The 
concept model brings together both newly generated knowledge and new insights.   

 KnETs project: design of the model and its scenarios itself only works when 
stakeholder input is given. Subsequently, a living KnETs model is directly linked 
to stakeholders’ input. 

 
Table 1. Advantages and disadvantages of participatory modeling (PM) involving local or regional stakeholders 
(SH) (based on Sendzimir et al., 2009, adopted)  

Possible problems of PM Advantages to involve local SH 
Disadvantages and challenges  to 
involve local SH 

SH might not be prepared to 
operate on a voluntary 
basis. 

SH groups from different disciplines 
discuss together and inform each other. 

Involving SH is very costly in 
terms of time and money. 

SH might not be prepared to 
communicate with each 
other, or other disciplines. 
Might not be open for other 
opinions? 

Newly generated knowledge through SH 
involvement qualify models and improve 
model output. 

SH group might not be 
representative in the communities 
and might generate a biased set of 
solutions. 

Problem might not require 
PM approach. 

SH knowledge generates new insight into 
scientists’ analysis output and helps to 
improve understanding of complex 
processes. 

SH group might use PM to 
propagate their specific opinion. 

 SH gain new knowledge and methods by 
using researchers’ approaches and results. 

 

 Both SH and scientists improve their local 
database by using information from the 
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other respectively. 

 
The core part of our written paper describes different ways about how local stakeholders 
are involved in developing empirically founded rules to model local trajectories and 
decision-making heuristics with respect to urban shrinkage. In the oral paper, we show 
different ways of how stakeholders are enabled to participate in knowledge-creation in 
more detail and expand on how their knowledge is recorded and translated into different 
types of models or, in short, what the stakeholders’ impact really is. Moreover, we will 
discuss advantages and disadvantages of participatory modelling (Table 1) and how the 
stakeholders evaluate the outcomes of the models.  
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Abstract: Although climate change adaptation can occur over various political, social, and institutional 
scales, the majority of adaptation decisions take place at the local level where an intimate understanding of 
the particularities of local circumstances (i.e. successful responses to past extremes events) exist alongside 
a lack of formalised expertise in projecting and analyzing future possibilities.  The relationship between the 
experts who produce counterfactual knowledge, and the individuals who apply it, is thus central to the 
challenge of responding to climate change successfully.  I present a deliberately polarized caricature of this 
relationship in an attempt to facilitate knowledge exchange (i.e. to identify barriers to knowledge 
exchange).  Through bibliometric analysis I am able to identify various traits\characteristics of the abstract 
knowledge associated with the climate change adaptation literature.  This “knowledge” is then placed 
before local stakeholders in a way that highlights its apparent implications for future economic, societal and 
environmental impacts, as well as its limitations and uncertainties.  In this context, as derived from a 
philosophy, history and sociology of knowledge perspective, a framework for discussion is initiated that 
allows localised knowledge to be recognised and valued more explicitly in the planning process.  Impacts 
in Northern Canada will be used as a case study for such analysis. 

Keywords: climate change, adaptation, reflexivity, policy, planning, counterfactuals 

 

 

1. INTRODUCTION 

In his popular discussion of societal collapse, Jared Diamond (2005) examines historic societies 
to glean lessons from those which have, or have not, adapted successfully to their environments.  
He considers the well-known case of Easter Island in the south Pacific, but also discusses the 
lesser known historical circumstances surrounding the human settlement, and abandonment of 
Greenland in the Arctic.  In particular he compares the Norse and the Inuit cultures, and attempts 
to discern why the Norse did not survive in Greenland, while the Inuit did.  

 “Unlike the Norse, the Inuit represented the climax of thousands of years of cultural 
developments by Arctic peoples learning to master Arctic conditions.  So, Greenland 
has little wood available for building, heating, or illuminating houses during the 
Arctic winter darkness?  That was no problem for the Inuit; they built igloos for 
winter housing out of snow, and they burned whale and seal blubber both for fuel 
and for lighting lamps.  Little wood available to build boats? Again no problem for 
the Inuit; they stretched sealskins over frameworks  to build kayaks as well as to 
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make their boats called umiaqs big enough to take out into unprotected waters for 
hunting whales.” (Diamond 2005) 

The exceptionally rich Inuit culture represents one of the most adaptive communities in human 
history, given the extreme nature of their physical environment.  In many ways the Inuit exist at 
the pinnacle of adaptive capacity, and yet they are currently considered to be one of the most 
environmentally vulnerable peoples in the world. 

According to the Fourth Assessment report of the IPCC (2007a, b, c), climate change has 
dramatically affected their environment as evidenced by a contraction in snow cover area, 
including increases in thaw depth over most permafrost regions, and decrease in sea ice extent.  
The report suggests that Arctic late-summer sea ice may disappear almost entirely by the latter 
part of the 21st century.  And though climate change will affect the entire globe, the Artic will 
face some of the most severe changes.  All of the ‘reasons of concern’ identified by the IPCC will 
be experienced in the North (i.e. risks to unique and threatened systems; risks of extreme weather 
events; distribution of impacts and vulnerabilities; aggregate impacts; and risks of large-scale 
singularities).  These changes are particularly alarming given that northern communities are also 
considered to have some of the lowest levels of economic and social adaptive capacity in the 
world. 

Even more disconcerting is the underlying ‘reason’ for these dramatic changes.  Climate change 
is (most likely) the result of increased green house gas concentrations in the atmosphere that are 
the result of industrial activities of the Western world in the 19th and 20th Centuries.  These 
changes might be called the unwanted by-products of modernity (Beck 1992), or what economists 
refer to as an economic externality (Stern 2007). In other words, those who produce(d) 
greenhouse-gas emissions will have imposed costs upon the world and on future generations that 
they themselves will never have to face (Stern 2007).  This is clearly unjust insofar as the peoples 
of the North have rarely benefited from the wealth produced by modern industrial growth.  As 
such, the ethical dimensions of this situation are unavoidable (i.e. ethical considerations include 
an examination of climate change on welfare, equity and justice, freedoms and rights, and intra- 
and inter-generational equity (Stern 2007)). 

This article is concerned with climate change adaptation in the North.  It accepts the necessity of 
proactive adaptation, and adopts the imperative of facilitating beneficial adaptation through 
scientific research efforts (i.e. a post-normal sensibility).  Yet this position places scientists in an 
interesting predicament; as a group they have: 1) enabled the conditions of climatic change 
through the production of physical, technical and social knowledge1 (i.e. knowledge has been a 
driver of the vast industrialisation and accompanying globalisation of our planet); they have also 
2) produced the knowledge which has created awareness of the possibility of climate change and 
its associated impacts.  It is the intention of this research effort to employ the tools, techniques 
and methodologies of scientific rationalism to facilitate adaptation to climate change in the North.  
Yet it is also acknowledged that the knowledge and techniques produced, only has value if they 
are employed.  The question is: ‘Why would anyone use such knowledge, tools and techniques 
when similar products ‘caused’ the climate change problem in the first place?   

                                                           

1  “Ecological threats are the outcome of socially organized knowledge, mediated by the impact of 
industrialism upon the material environment. They are part of what I shall call a new risk profile introduced 
by the advent of modernity.” Giddens 1990. 

2442



James Ian MacLellan / The Northern\Global Climate Change Adaptation Dialogue  

 

3/11 

To answer this question, I will discuss the nuances of climate change adaptation from both a 
conceptual and operational perspective.  I will then identify the key elements of a feedforward, 
proactive, adaptation planning system and its implications for specific acts of local adaptive 
agency.  This will highlight the importance of the concept of ‘trust’ in its modern operational 
sense.  The insights of Beck and Giddens, and their proposed ‘solution’ of reflexive modernity 
will be examined within this context.  I will then extend the planning process to consider the 
insights of reflexive modernisation in the context of the knowledge production and exchange.  I 
will conclude with a brief discussion of the relevance of this framework for adaptation in the 
North. 

 

2. THE PROBLEM WITH ADAPTATION   

The necessity of proactively adapting to climate change (as opposed to solely mitigating green 
house gases) is generally supported by reference to simple physics: the inherent lags in the 
atmospheric, oceanic system ensure that we are committed to decades of climatic change.  This 
will occur in spite of our actions concerning green house gas emissions2.  We therefore have an 
adaptation imperative which is turned by many into an imperative of planning.  Unfortunately this 
decision to “act” or rather to “plan” does not make the task much easier for numerous reasons.  
First among these is the encompassing nature of the concept of adaptation 3  in subsuming 
information (physical. chemical, biological, ecological, etc.) not only about the environmental 
‘event’ to which the agent is responding, but about the nature of the agent itself (i.e. individual, 
group, species), and the mechanisms available to it (behavioural, technical, cultural, etc.). 

The term is also ambiguous with regard to its reference points.  In the case of climate change as it 
is currently understood, much debate surrounds whether or not the changes we are seeing are out-
of-the-ordinary which presumes some sense of what is natural or normal.  This of course raises 
questions of the scale (i.e. changes since the Mesozoic, the Holocene or maybe the Anthropocene) 
as well as the completeness of environmental knowledge, both past and current.  The concept 
further presumes or standardizes certain assumptions about the agent’s ability to respond to 
environmental change.  This must account for the nature of the agent (e.g. species, population, 
society, nation, ecosystem, etc) as well as the adaptive mechanisms available to the agent (i.e. 
physiological, morphological, behavioural, cultural, institutional etc.).   

Equally problematic is the promiscuity 4  of the term insofar as it applies to almost any 
environmental response by any imaginable agent.  Species of course adapt, but so do people, 
businesses, governments, institutions, and cultures; these entities represent different actors 
(individual vs group), adaptive mechanisms, currencies, constraints, histories, etc.  Human 
adaptive behaviour therefore occurs over many levels, from the biological, to the behavioural to 
the institutional, and takes into account many spheres of human influence.  Much adaptation is 
spontaneous insofar as the agent belongs to a system (evolutionary or behavioural) which 
responds involuntarily (or automatically).  Planned responses are considered to be more efficient 

                                                           

2  IPCC Assessment Report 4, Working Group II, 748. (2007) 

3  The term has its origins in evolutionary biology and by extension, cultural anthropology Smit, B., and Wandel, J. 
2006. Adaptation, adaptive capacity and vulnerability. Global Environmental Change 16(3): 282-292. 

4  Definition: consisting of members or elements of different kinds grouped or massed together without order; of mixed 
and disorderly composition or character” OED. 2010 
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in that they provide the opportunity for direct action in anticipation of future environmental 
conditions and impacts.  Numerous ‘possibilities’ can be considered and those which provide the 
greatest utility can be chosen, and the conditions for their realisation created. 

This ability to anticipate and manipulate the future has been highly successful for humans (i.e. we 
are naturally ‘seekers of end’ according to James) but it has its limits.  It is dependent upon the 
ability to project system behaviour into the future (i.e. to create counterfactual information).  
Simple systems over short time periods are relatively easy to anticipate, but the climate system is 
extremely complex, with numerous interacting components that occur over multiple extended 
scales.  Needless to say, it has stretched the limits of human ability to build General Circulation 
Models and project climatic change in response to increases in green house gas concentrations 
(Weart 2003).  The challenge for researchers does not end with the climate though, but also 
requires that we are able to simulate the relative impacts of those changes upon society, and to 
devise appropriate adaptational responses.  This is not only a function of the physical 
environment but how impacts are perceived, valued and responded to.   

 

 

FIGURE 1: A simple feedforward system.  This planning system (Fussel, H.M. 2007) 
changes in anticipation of the future. The system is founded upon the ability to project 
the future.  In terms of a climate change adaptation planning system, it is composed of 
three basic steps: Step 1) is the most fundamental step and it wholly dependent upon 
the ability to project future changes in the climate.  Step 2) projects changes to the 
system based upon the projections of the future climate.  Step 3) represents the 
decision making process, and is based upon assessing the value of impacts and the 
potential for other potential futures. 

 

In Figure 1.0 we can see a simple three stage planning system (Fussel 2007).  It is a highly 
abstract process that is reliant upon modeled projections (counterfactual knowledge) of GCMs 
RCMs, and downscaled data.  Large degrees of uncertainty exist in all elements of the modeled 
system including socio-economic factors.  Models are constrained theoretically computationally, 
epistemologically and can ultimately prove nothing (Oreskes 1994).  They are offered as 
guidance to aid in the decision process which must affect change (adaptation) at the local and 
individual level.  Such inclusiveness is reflected in the nature of the adaptation planning domain 
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which is typically referred to as a wicked planning problem5 (Rittel and Webber 1973) and 
certainly begs the question why anyone would trust in such a highly uncertain, abstract process?   

 

3. COUNTERFACTUAL KNOWLEDGE & TRUST 

Experts mediate our relationship with the environment and organise large areas of our material 
and social environments.  They not only calculate environmental and socio-economic futures 
through planning, risk assessment, etc., but they create the universe in which we exist (Giddens 
1990).  Climate change itself is a key example of the fact that no one can ‘opt out’ of the global 
system which modernity has created, whether you are living in New York or Iqaluit.  We trust 
such systems, not because we have a choice, but rather because we have a lack of knowledge.  
Trust (in expert systems) is therefore much less a “leap to commitment” than a tacit acceptance of 
circumstances in which alternatives are largely foreclosed. (Giddens 1990).   

Nevertheless, individual ‘lack of control’ in the context of modernity and globalization, does not 
imply lack of influence.  The lay6 public is a major element in the local\global dialectic wherein 
local happenings may move in quite different directions from globalising influences.  According 
to Johnston (2000) the ‘local global dialectic’ can be understood as: 1) a global processes that 
leaves its footprint on places, allowing little local choice; 2) a process where diverse local 
processes ‘turn’ global processes (i.e. global processes must fit with local cultures); or the 
interpretation favoured by Giddens 3) where the mechanism is somewhat between the previous 
two views and represents a complex interaction between globalizing and localizing tendencies 
(Johnston). 

In pre-modern environments, the “local knowledge” … was rich, varied and adapted 
to the living in the local milieu. …. Yet although “local knowledge” cannot be the 
same order as it once was, the sieving off of knowledge and skill from everyday life 
is not a one-way process.  Nor are individuals in modern contexts less 
knowledgeable about their local milieu than their counterparts in pre-modern 
cultures.  Modern social life is a complex affair, and there are many “filter back” 
processes whereby technical knowledge, in one shape or another is re-appropriated 
by lay persons and routinely applied in the course of their day-today activities. 
(Giddens 1990) 

Globalizing mechanisms must necessarily interact with reembedded contexts of action or they are 
lost (not applied, not bought, not implemented). As such knowledge can become re-appropriated 
or recast to reflect local conditions of time and place.  In the context of the knowledge production 
associated with climate change adaptation this is precisely the process we wish to strengthen. 

 

                                                           

5 The traits of a wicked problem: a) no correct formulations; b) numerous stakeholders, perspectives; c) no 
stopping rules; d) no criteria to judge ‘goodness’ of decisions; e) inability to test decisions except by 
execution; f) no enumerable or exhaustible describable set of possible solutions (Rittel 1973) 

6 Giddens (1990) notes that we are all lay individuals in the context of modernity insofar as no one can 
‘know’ but a very small part of the overall expert or abstract system.  No one can become an expert, in the 
sense of the possession either of full expert knowledge or of the appropriate formal credentials in more than 
a few small sectors of the immensely complicated knowledge systems which now exist.   
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FIGURE 2: Squashing the Pyramid: An idealized relation between actors (knowledge 
producers and users) in the climate adaptation planning process.  The solid pyramid 
represents the traditional understanding of knowledge production and utilization in the 
linear, hierarchical model.  The purpose of the mechanisms proposed in this paper is 
to flatten (squash) these relationships so that practioners and modeler (for instance) 
are conceptually closer making it easier to ‘interpret’ and appropriate such highly 
abstract counterfactual knowledge locally. 

 

Imagine our relationship with expert systems in the traditional, hierarchical, linear sense7, where 
highly abstract knowledge (i.e. typically produced by the most fundamental science – physics) is 
produced by a very few theorists (see the solid triangle in Figure 2).  This information is re-
interpreted by academic intermediaries, who are then re-interpreted themselves.  Knowledge 
moves from physics, to climate systems, to hydrological systems, to terrestrial systems, 
ecological systems, economic systems, to social systems, to operations researchers and 
management scientists, and finally it moves outside the academic realm to planners, politicians 
and eventually to the individual who will act, or not, based upon that knowledge.  More people 
partake of the physical knowledge as it moves down the system to actual action (see Figure 2) but 
the knowledge also becomes more fragmented, isolated and fixed (unidirectional).   

I propose that successful, planned adaptation will require continual interpretation of knowledge 
(multi-directional), and the interaction of all these players using trust as a critical currency.  This 
will require that we re-embed social relations locally, by minimising the barriers that separate the 
abstract thinkers from the users of knowledge.  What we want to do is to squash the pyramid in 
Figure 3 (see the outline of the squat pyramid) so that the users are much closer vertically to the 
theoreticians, and can ‘understand’ the limitations and nuances of what is being said, thereby 
making the information more applicable and more readily available to many more people. 

 

                                                           

7 For an interesting discussion on Organisations see Hindle (2006). 
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4. REFLEXIVE MODERNITY AS SOLUTION 

How do you squash the pyramid, and re-embed social global relationships into the local context?  
The answer appears to be associated with the question of trust, which according to Giddens is tied 
to knowledge, or the lack thereof.  When individuals have more information about the abstract 
systems on which they depend they will be in a better position to make local decisions that not 
only take new, global, abstract information into account, but embed it in such a way that it 
reflects the character of the local particularities to which they are apart.  The pyramid is squashed 
by providing knowledge in a way that makes it more accessible.  Though this is not necessarily a 
new insight, the work of Giddens and Beck points to a novel way in which it can be 
accomplished. 

Their suggestion is essentially to dig even deeper into the rabbit hole.  This is somewhat counter-
intuitive insofar as the notion that we further scientize our social relationships would appear to 
make things more complicated, more rigid, more hierarchical and less understandable.  In reality, 
this actually means that we expose the limitations of science itself.  It does not imply giving 
oneself up to the traditional image of science as a purveyor of truth, or to accept its practioners as 
final authorities on human reality or our relationship with the environment.  It is rather to turn 
scientists’ own microscopes back upon themselves, not only with regards to the epistemological 
status of the products of science, but with respect to the position of scientists within society today.  
An important trend in the literature is the realisation that scientists should actually become part of 
an environmental solution, helping resolve the negative environment impacts of the by-products 
of their profession.  

In the reflexive phase, the sciences are confronted with their own products, defects 
and secondary problems, that is to say, they encounter a second creation in 
civilisation.  The developmental logic of the first phase relies on a truncated science, 
in which the claims of scientific rationality to knowledge and enlightenment are still 
spared from the application of scientific scepticism to themselves.  The second phase 
is based on a complete scientization, which also extends scientific scepticism to the 
inherent foundations and external consequences of science itself.  In that way both 
the claim to truth and the claim to enlightenment are demystified. (Beck 1993) 

Beck realizes that science in the context of a major environmental crisis such as climate change, 
is no longer concerned with truth, but is rather concerned with decision-making (Beck 1993).  In 
particular, scientists should be concerned with the major problems associated with decision 
making or planning. As we have seen in the context of climate change adaptation, these include a 
conceptual ambiguity, inclusiveness and promiscuity associated with the concept of adaptation.  It 
also includes handling complex interactions between different planning modules or components, 
multidimensional interactions between numerous factors and thereby between numerous 
disciplines, etc etc.  And it includes consideration of the goals or ends of the final users of such 
highly abstract and counterfactual knowledge.  It is a wicked problem. 

The solution I propose is to idealise the relations between the producers and the users of 
knowledge to such an extent, that these relationships become open to critique, and evolution.  To 
formalize knowledge relationships so that knowledge pathways can be more easily identified and 
facilitated.  In other words I wish to structure these relationships between actors, and the 
knowledge associated with them, so that they are open to reflexive considerations in light of the 
goals of climate change adaptation.  Figure 3 represents information components as tied to the 
goals of climate change adaptation planning.  In other words, the relationships implied in this 
diagram reflect the lens of knowledge utilization in the context of adaptation planning. 
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FIGURE 3: An idealized representation of the relationships between groups or teams 
of knowledge producers and users in the context of climate change adaptation 
planning.  Teams are focused upon a particular subset of the overall goal (i.e. to 
facilitate adaptation to clim,ate change)  These relationships are necessarily idealized, 
cartooned, to make the relationships open to critique and evolution.  The relationship 
to Figure 2 should be readily apparent. 

 

As we can see, the pyramid in Figure 2 is decomposed into relationships of knowledge producers 
and users (cartoons) in Figure 3.  The diamonds represent the fact that any specific idealized 
activity (e.g. planning) actually has ties to the activities above (unless you are a physicist) and 
below it (unless you are considered to be a member of the lay public in the context of the 
planning exercise – the component shape for citizens is of course a triangle).  Although the 
majority of those involved in the activity of planning have little direct affiliation with climate 
modelers for instance, there is, and must be some association (e.g. through researchers into 
planning systems) with climate modeling so that the products of modelers are correctly 
interpreted.  Similarly, planners do not always have direct relationships with the lay public, but 
interact with representatives of them (e.g. politicians). 

The glue that brings these structured, formalised components together is knowledge, but not in 
the manner that is typically produced by experts.  In a sense we step back from this raw 
information and interpret these products specifically in the context of CCA through the use of 
bibliometrics.  Bibliometrics is a way of laying bare what a field is up to using simplistic 
categorizations that have meaning within the larger context of the planning problem.  It allows a 
common language that everyone concerned with the planning issue speaks, while at the same time 
providing access to more detailed information for those who need to dig deeper into the claims of 
knowledge.  It is essentially knowledge about knowledge.  It creates the context and structure for 
the components of decision making, showing clearly where we think a component sits in 
relationship to a larger schema, thus making relationships open to examination.  In this sense 
bibliometrics facilitates reflexive behavior both in terms of the knowledge itself and the 
relationships between various forms of knowledge in the context of the system goal which itself is 
open to critique.   
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FIGURE 4a: A three step adaptation planning process based upon Figure 1.  The blue 
shaded area represents the activities of experts, while the yellow represents the 
involvement of stakeholders.  In this sequence the traditional roles of those who 
produce abstract knowledge and the local users\producers of knowledge.  This version 
represents a uni-directional process from the experts to the public.   

 

As an example, circumstances exist where the utility of expert knowledge versus local 
experiential knowledge is not self-evident.  In these circumstances knowledge crosses boundaries 
(i.e. it can be produced by either specialists or by lay individuals) and the above framework can 
be used for the identification and refinement of these choices (Maclellan 2007).  In Figure 4, we 
have isolated the relationship from Figure 3 between highly abstract, top down abstract systems 
and more bottom up, experiential systems in the context of a three step adaptation planning 
system (Fussel 2007).  It is clear from this diagram that experts can be enlisted to: 1) determine 
the future climate regime; 2) determine future impacts; and 3) to select a course of action for a 
given locality (Figure 4a).  In the first instance, the process clearly is meant to represent the 
activities of climate modelers; in the second researchers and academics typically interpret the 
output of climate modeling in the context of their given specialty (i.e. biodiversity), while in the 
third instance decision analysis can be performed by either economists or management scientists 
to reveal optimal planning options. 
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FIGURE 4b: A three step adaptation planning process based upon Figure 1.  The blue 
shaded area represents the activities of experts, while the yellow represents the 
involvement of stakeholders.  In this sequence the public, stakeholders, or consumers 
of abstract knowledge have a role in the process.  Clearly the public cannot produce 
projections of climatic change over decades, but they can identify impacts based upon 
past experience with weather and they can choose possibilities which are amenable to 
their local circumstances and values.  The currency that facilitates this shift in roles is 
more strategic form of knowledge.  

 

In Figure 4b, we can see that while Step 1 remains the domain of climate modelers (and must in 
the sense that they have created our awareness of the potential for climate change), Steps 2 and 3 
have shifted to a more bottom up, experiential perspective.  There are numerous reasons why this 
makes sense (MacLellan 2007), needless to say, local experience may be more profound and 
more reliable in this context.  The dialectic may require that local knowledge is considered as a 
means of interpreting the information products of climate scientists.  An exercise in planning 
would then be comprised of utilizing both forms of knowledge as facilitated by bibliometrics on 
the one hand, and consultation (and archiving of local experience) on the other hand (see 
Flyvbjerg (2006) for a discussion case studies). 

 

5.  CONCLUSION 

Giddens suggests that we have four choices when it comes to our relationship with expert systems 
and the knowledge they create:  

1) Pragmatic acceptance: concentration on surviving, the events as they occur are outside 
the realm of individual influence 

2) Sustained optimism: a continued faith in providential reason – technological solutions 
can be found 
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3) Cynical pessimism: cynicism used to dampen the anxieties of potential catastrophes 

4) Radical engagement: a practical contestation towards perceived sources of danger – we 
can and should mobilise either to reduce the dangers or transcend them – not 
necessarily a faith in rational analysis, but in action. 

Radical engagement requires that as lay individuals (and we are all lay individuals in the modern 
context) we become engaged to minimise environmental and social dangers.  I propose that this 
be made possible by facilitating reflexive modernisation, through the formalisation of knowledge 
exchange processes in climate change adaptation planning.  The end result should ‘lay bare’ the 
limitations of modern science and to provide the knowledge produced by these processes in a 
meta-format so that they are easily grasped within the context of the end goal of science, which in 
this case is climate change adaptation.  The implications for northern communities are clear 
insofar as science loses its traditional status and pre-eminence while local, traditional is elevated 
to the status which first nations groups have long understood it deserves. 
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Environmental decision making requires data about current status of the environment and 
possible environmental states after anthropogenic impact. Environmental models are aimed 
to produce the results which complement observations on environmental indicators when 
the latter cannot be obtained directly, e.g. missing observations or predictions. One of the 
approaches to environmental modeling rests on process-based models. Environmental 
indicators relevant to an investigated case study are selected and their spatial and/or 
temporal dynamics is imitated by describing natural processes affecting the indicators 
based on mathematical formulae. The set of indicators determines the number of model 
state variables and processes which must be taken into account. The processes which 
significantly contribute to indicators’ variability are included into a model using balance 
equations. It may call for additional processes to be added to the model and each process to 
be described by a particular mathematical term. Alternatively, several natural processes can 
be described by one aggregated term.  
 
It might seem that the more processes are taken into account and included into the model, 
the better simulation results describe the reality, i.e. the more precise the model is. At the 
same time, an increasing level of details leads to a more complex model. Usually, 
additional processes increase the number of model state variables and parameters which 
both traditionally characterize model complexity. The role of complex models has received 
due attention in modern literature (e.g., Scheffer & Beets, 1994; Reichert & Omlin, 1997; 
Van Ness & Scheffer, 2005). While benefits and disadvantages of complex and simple 
models are elaborated, the verge between these two groups is not delineated. 
 
Model complexity is considered based on an intuitive definition which attributes it to a 
large number of state variables, natural processes affecting these variables and, hence, a 
huge number of model parameters to be identified. With this respect, the concept of model 
complexity requires a formal definition, and the index of complexity, perhaps, deserves 
further elaboration. 
 
An attempt to formalize the concept of model complexity was made by Snowling & 
Kramer (2001) where the complexity index was introduced. The index was aimed to reflect 
the model structure and the level of details in the description of processes included into the 
model and was evaluated based on the Peterson matrix. The index counts the number of 
parameters and number of arithmetic operations for each term of the model and for the 
entire model. The index can be used to compare models with different mathematical 
expressions. Unfortunately, the complexity index does not reflect the type of mathematical 
terms used in the model, since both linear and non-linear terms can be described by the 
same score, whereas non-linear models should be considered as more complex than linear 
ones. 
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When an environmental model is built based on mass-balance differential equations, the 
same natural processes can be described by either linear or non-linear terms. For such 
models, non-linearity introduces additional stationary points of equilibrium which change 
the stability portrait of the model solutions affecting and their dynamic behavior. That is 
why, a simple replacement of non-linear terms for certain processes by their linear 
approximation can be done for applications in which simulations actually interpolate values 
of state variables. However, such substitution may not be valid for long term predictions 
where complex interactions of processes create notable effects on investigated state 
variables. Likewise, reactions of an investigated system to various perturbations cannot be 
fully described by only linear approximation of a model when interactions are imitated by 
non-linear terms. 
 
In the latter case, the reduction of model complexity can be done by employing a well-
known cascading simulation framework (e.g. Ambrose et al., 1993). A model with a large 
number of state variables can be split into blocks. Each block contains processes 
significantly affecting a part of model state variables. Blocks can be formed according to 
the nature of the processes involved.  
 
The approach to the building a model with reduced complexity will be considered in the 
paper. The model constructed based on a cascading simulation framework consists of a few 
blocks. Each block supplies values of its state variables as parameters for upper level 
blocks. In many cases, models contain a large number of state variables describing 
environmental indicators. All these variables are necessary for simulation, but only a few of 
them correspond to indicators interesting or important for a problem at hand, e.g., they are 
used to predict events, to compare their values with existing objectives or standards or to 
compute specific indicators. Other state variables play a secondary role. The interesting 
variables can identify the top block of the model producing results required for decision 
making process. The sensitivity analysis of the top block helps to distinguish between 
factors significantly affecting the block’s state variables and those, whose effect can be 
described by aggregated values. For important factors, another block supplying input data 
for the top block should be constructed and analyzed. The analysis will indicate whether 
another block is required or not. The equations in each block can be non-linear. Since each 
block contains sufficiently lesser number of state variables and actually global analysis is 
replaced by its local versions, the proposed scheme significantly reduces computational 
cost. Application of the framework will be illustrated by a case study on water quality 
simulation.  
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Abstract: The dynamics of socio-environmental systems are driven by exogenous forces and by the 
interaction of endogenous system components, both within the social and environmental realms, as 
well as between them. In recent years, the number of models and modelling frameworks explicitly 
representing feedbacks has increased. Thus, a synthesis of chances and pitfalls in including feedbacks 
in such models is needed. Land use systems are an important example of socio-environmental systems 
and will be used as the main focus of the analysis.  
 
Land use changes are on the one hand caused by a complex interaction of human and/or institutional 
land use demands and the environment which limits human use in several aspects. But on the other 
hand, land use changes and their effects at least partly influence the respective driving forces and 
future land-use decisions, e.g. by affecting the productivity of agricultural land, in- or decreasing the 
quality of life in (residential) urban areas, increasing accessibility and thereby facilitating the eco-
nomic development of areas and so forth. Accordingly, feedback loops of (i) land use changes or (ii) 
changes of the state of the environment on the socio-economic drivers and land-use decisions are 
crucial for capturing at least some aspects of the complex socio-environmental system. 
 
The workshop will draw upon the presentations given in the corresponding session S16 on land-use 
focused feedbacks. During the workshop, preliminary versions of one or more synthesising papers on 
this topic will be discussed. The paper(s) are intended tofocus on land-use related feedbacks in vari-
ous socio-environmental systems and shall address  

- feedbacks that are usually tackled in such models, 
- possibly neglected, but important feedbacks 
- scales of feedbacks (temporal, spatial) 
- implementation issues (calibration, validation, model coupling, how generic is the implemen-

tation, effect of initial conditions, uncertainty, scaling issues) 
 
Selected participants will be invited to contribute either as co-authors to a synthesis paper or with 
separate papers to be published in a special feature of Environmental Modelling and Software (to be 
confirmed).  
 
Keywords: feedback mechanisms; land use modelling; review; urban and rural land systems. 
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Abstract:  In this work, the GESCONDA system is presented. Initially it was conceived as 
a system for knowledge discovery and Data Mining, but currently, the system supports two 
new functionalities. A case-based reasoning engine and a rule-based reasoning shell are 
provided. These new skills of GESCONDA makes it a suitable prototype tool for the 
deployment of Intelligent Decision Support Systems, including all main steps like data 
preparation and filtering, data mining, model validation, reasoning abilities to generate 
solutions, and predictive models to support final users. The purpose of the paper is to 
present its architecture as well as its functionalities.  
 
Keywords: Intelligent Decision Support Tools; Intelligent Data Analysis; Environmental 
Systems 
 
 
1. INTRODUCTION 
 
GESCONDA is a system for Knowledge Discovery and Data Mining. The aim of this 
research is to design and develop a prototype tool for intelligent data analysis and implicit 
knowledge management of databases that can guide the decision-making process, with 
special focus on databases with high amount and heterogeneous data, such as 
environmental. Though there are several Data Mining systems, the more relevant of this 
proposal are the incorporation of the statistical data filtering and the pre-processing in the 
same software tool together with the intelligent data analysis techniques as well as the 
interaction of different data mining methods. Either statistical techniques or Artificial 
Intelligence techniques or even mixed techniques that can cooperate among them are 
combined and used to extract the knowledge contained within data.   
 
GESCONDA is a standard Java application with a friendly graphical user interface (GUI). 
 
GESCONDA has a four-layer architecture. These four levels are briefly described in the 
following paragraphs. 
 
Currently, GESCONDA is composed at the data filtering layer by several statistical data 
filtering analysis methods, such as one-way and two-way descriptive statistics, missing data 
analysis, relationship between variables, hybrid Artificial Intelligence and Statistical 
methods. 
 
At the recommendation and meta-knowledge layer there is the possibility of introducing 
meta-knowledge about variables and examples, some feature weighting techniques are 
available, and a data mining techniques recommender is implemented to suggest the most 
suitable DM methods to be used according the aims of the user and the given domain. 
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In addition, several machine learning techniques, coming from Artificial Intelligence, such 
as conceptual clustering methods, decision tree induction and classification rule induction 
at the knowledge discovery layer. Some of them developed by the authors, as detailed in 
Gibert, (1998), Comas et al. (2001),  Sànchez-Marrè et al.(1999), and Gibert (2004). 
 
Finally, in the knowledge management layer, two reasoning engines have been developed: 
a case-based reasoning engine and a rule-based reasoning shell, where all the knowledge 
obtained can be combined to solve the fault diagnosis, the repairing actions or the 
predictive support within the environmental problems. 
  
The project purpose is to extend these intelligent system with some new computational 
modules, such as soft computing methods, support vector machines approaches, dynamical 
analysis techniques, and hybrid methods integrating Artificial Intelligence approaches and 
Statistical ones 
 
The prototype is evolving from a simple data mining and knowledge discovery tool to a 
more complex intelligent environmental decision support tool, with a high emphasis on 
environmental features like: 
 
• Huge amount of data 
• Incomplete information: many missing values 
• Many descriptive features: feature relevance problem 
• Temporal / Spatial feature: Dynamic and Spatial data analysis 
• Different Data format: Spatial data formats 
 
As an example of the use of GESCONDA, an IEDSS was built-up to supervise a 
wastewater treatment plant operation as described in Rodríguez-Roda et al. [2002]. 
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Abstract: One of the most difficult tasks in the whole KDD process is to choose the right data 
mining technique, as the commercial software tools provide more and more possibilities together and 
the decision requires more and more expertise on the methodological point of view. Indeed, there are 
a lot of data mining techniques available for an environmental scientist wishing to discover some 
model from her/his data. This diversity can cause some troubles to the scientists who often have not a 
clear idea of what are the available methods, and moreover, frequently have doubts about the most 
suitable method to be applied to solve a concrete domain problem. Within the data mining literature 
there is not a common terminology. A classification of the data mining methods would greatly 
simplify the understanding of the whole space of available methods. Furthermore, most data mining 
products either do not provide intelligent assistance for addressing the data mining process or tend to 
do so in the form of rudimentary “wizard-like” interfaces that make hard assumptions about the user’s 
background knowledge. In this work, a classification of most common data mining methods is 
presented in a conceptual map which makes easier the selection process. Also an intelligent data 
mining assistant is presented. It is oriented to provide model/algorithm selection support, suggesting 
the user the most suitable data mining techniques for a given problem. 
 
Keywords: Knowledge Discovery from Databases, Data Mining, Intelligent Decision Support 
Systems, Case-Base Reasoning.  
 
 
1. INTRODUCTION 
 
The classical scheme of Knowledge Discovery from Data provided by Fayyad in 1996   
refers the following steps to complete the high level process of KDD, very often also called 
simply Data Mining (Spate et al. 2006): 
 
• Developing and understanding the domain, capturing relevant prior knowledge and 
the goals of the end-user 
• Creating the target data set by selecting a proper set of variables or data samples 
(including generation of proper queries to a central data warehouse if needed) 
• Data cleaning and preprocessing. Quality of result strongly depends on the quality 
of input data, and therefore the preprocessing step is crucial (Gibert et al 2008b). 
• Data reduction and projection: Depending on the problem, it may be convenient to 
simplify the considered set of variables. The aim here is to keep a relevant set of variables 
describing  the system adequately and efficiently (Núñez et al 2004, Gibert et al 2008b). 
• Choosing the data mining task, with reference to the goal of the KDD process. 
From clustering to time series forecasting, many different techniques exist for different 
purposes, or with different requirements. See (Kdnuggets 2006) for a survey of the most 
common data mining techniques.  
• Selecting the data mining algorithm/s: once the task is decided and goals are 
codified, a concrete method (or set of methods) needs to be chosen for searching patterns 
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in the data. Depending on the choice of techniques, parameter optimization may or may 
not be required 
• Data mining: Searching for patterns in data. This will be significantly improved if 
previous steps were  performed carefully 
• Interpreting mined patterns. This is crucial if the discovered patterns have to 
support effective improvement of expert’s knowledge about the analyzed phenomenon or 
further decision-making  (Pérez-Bonilla et al 2007, Gibert et al 2010, Gibert et al 2008). 
If results look inconsistent possible further iteration of previous steps may be required to 
refine the analysis. 
• Consolidating discovered knowledge: Documenting and reporting results, or using 
them inside the target system. 

 
Currently, we are still far from having computational systems that follow this scheme in its 
totality. Most of the commercial Data Mining systems provide collections of several 
preprocessing, data mining and support-interpretation tools, which have to be properly 
combined by the data miner itself to build a correct KDD process for every particular 
application. One of the most difficult tasks is to choose the right data mining technique, as 
the commercial software tools provide more and more possibilities together and the decision 
requires more and more expertise on the methodological point of view. 
 
In (Gibert et al 2008b) a high level description of a number of Data Mining techniques was 
presented in order to provide elements to environmental scientists to decide what to do in 
front a real problem. In that case we presented the techniques that we presumed could be 
more used for making environmental KDD, and we presented them grouped by technical 
proximity between them. However, in the last years we have been experiencing that either 
experts or data miners choose the data mining technique by using two main parameters 
which have nothing to do with technical characteristics of the choice. After these 
experiences, we strongly belief that the final choice depends basically on: 
• The main goal of the problem to be solved 
• The structure of the available data set 

 
There are many references in the literature describing collections of data mining techniques 
organized in many different ways, of course all of them valid by different reasons (Fayyad 
1996; Hair et al 2002; Vazirigiannis et al 2003; Kantardzic 2003). However, providing a 
conceptual map of data mining techniques regarding the parameters used by human beings 
to decide on the right technique for a particular application is of great help on: 
• Modeling the decision process itself 
• Helping non-expert data miners to improve their decisions 
• Building technical data miner recommenders that in the future can be included at a 

higher level in Data Mining systems and contribute to approach the complex scheme 
proposed in Fayyad 1996. There are not many works in the literature addressing 
those issues. One of the available works was done by (Charest and Delisle 2006). 
Authors are not aware of other works trying to solve this task. 

 
In this work, we present a classification of most common Data Mining techniques oriented 
to support the decisional problem of choosing the right one in real applications and the 
advantage of using it as a reference on the construction of intelligent data mining 
techniques recommenders (InDaMiTe-R) is discussed. In the second part of the paper a first 
proposal on InDaMiTe-R is presented and evaluated. Finally, conclusions and future work 
are discussed. 
 
 
2. CLASSIFICATION OF DATA MINING TECHNIQUES ORIENTED TO 

DECISION-MAKING 
 
As we said before, we observed that main parameters taken into account by humans to 
choose the proper data mining technique in a real application are: 
• The main goal of the problem to be solved 
• The structure of the available data 
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According to that, we elaborated the classification displayed in Fig. 1. which includes some 
of the most popular data mining techniques useful for environmental scientists. 
 
The higher level division is taking into account the basic distinction between having or not a 
reference variable to be explained (response variable). The left part of the organigram refers 
to non-supervised methods, without response variable, in where the main goal is a better 
cognition of the target phenomenon and description is enough as a result. Whereas the right 
part of the organigram refers those supervised models oriented to re-cognition, where a 
response variable is to be explained and prediction is pursued. 
 
At a second level, for methods oriented to description, the main division regards the interest 
of describing relationships between objects (rows of data matrix), which are labeled as 
descriptive methods, or describing relationships between variables (columns of data matrix), 
labeled as  associative methods. 
 
For methods oriented to prediction, here the main distinction regards the nature of the 
response variable: while discriminant methods explain or predict qualitative variables, the 
classical predictive methods refer to quantitative response variables. 
 
Because of variety, discriminant models include a further level of subdivision. Rule-based 
reasoning methods group methods providing explicit knowledge model, which can be 
expressed by formal rules or not, to be applied for further prediction; in case-based 
reasoning methods the predictive model is implicit in historical data; the third option is a 
mixture between prior explicit knowledge model and iterative refinements based on future 
data (bayesian learning). 
 
Finally, in the presented conceptual map of Data Mining techniques, different colors have 
been used for methods coming from the field of Artificial Intelligence or Statistics, and 
additional information about more recent multidisciplinary proposals which can be 
classified in the intersection AI&Stats is also provided. As discussed in previous works 
(Gibert et al 2008b, Gibert et al 2010, Cheeseman et al 1994) these hybrid techniques use to 
be more powerful for modeling very complex domains, as environmental systems are. 
 

 
Figure 1: Classification of Data Mining Techniques 
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It is presented here a very brief description of all the methods included in this classification, 
just providing the minimum information to make the final choice. See (Gibert et al 2006) 
for more detailed discussion about the technical assumptions required on data for correct 
application on every technique. 
• Conceptual clustering: Provides grouping of homogeneous objects. Requires 
hypothesis about the number of classes to be found. Results are directly understandable. 
Usually do not work with very big data sets 
• Statistical clustering: Provides grouping of homogeneous objects. Might not require 
the number of classes. Can be efficient with big data sets. Sometimes difficult to 
understand the meaning of grouping provided. 
• Clustering based on rules: Provides grouping of homogeneous objects. Do not 
require number of classes as input. Can introduce prior expert knowledge as semantic 
bias. Guarantee interpretability of results and coherence with prior expert knowledge. 
• Association rules: Provides patterns of associated values of variables and frequencies 
of appearance. Interpretable results. 
• Model-based reasoning: Provides formal model of the causal relationships among the 
domain variables, by providing models for the dependencies among variables. 
• Qualitative reasoning: Provides qualitative model of the causal relationships among 
the domain variables, by representing which variables increase or decrease values  as a 
consequence of modifications in the values of other variables. 
• Principal component analysis: Provides graphical representation to see numerical 
variables which behave associated or not. Extra work required to interpret results.  
• Simple correspondence analysis: Provides graphical representation to see modalities 
of two qualitative variables which behave associated or not. Extra work required to 
interpret results. 
• Multiple correspondence analysis: Provides graphical representation for associations 
among modalities of various qualitative variables. Extra work required for interpretation. 
• Bayesian networks: Provides graphical interpretation of causal relationships between 
variables together with conditional probabilities. 
• Instance-based learning: Uses historical data to classify a new instance of a problem 
in a predefined set of classes. 
• Rule-based classifiers: Provide a set of classification rules that can be used later to 
evaluate a new case and classify in a predefined set of classes. 
• Decision trees: Provide a graphical representation of a tree with conditions 
associated to nodes that permit to classify a new instance in a predefined set of classes. 
Problems with very big data sets. It works with qualitative variables. 
• Discriminant analysis: Provides an algebraic discriminant function and a cut-off as 
the rule to decide between two groups for a new instance. Only for numerical variables, 
two predefined classes and works only under linearly separable classes. 
• Support Vector Machines (SVMs): They can provide discriminant functions to 
distinguish between two predefined classes that can be non-linearly separable.  
• Boxplot-based induction rules: Provide a set of probabilistic classification rules that 
can be used later to classify a new instance in a predefined set of classes.  
• Regression-trees: Provide decision trees for prediction of numerical values.  Each 
leaf has a numerical value, which is the average of all the training set values that the leaf, 
or rule, applies to. 
• Model trees: Provide regression trees combined with regression equations. The 
leaves of these trees contain regression equations rather than single predicted values. A 
model tree approximates continuous functions by several linear submodels. 
• Naïve Bayes classifier: Provides an adaptative classifier that can improve initial 
knowledge-based predictions for  the class of a new instance by refining the model on the 
basis of the evidences provided by the whole history of processed cases. 
• Connexionist models: Include all artificial neural networks models. Permit to predict 
the value of one or more variables for a new instance on the basis of non-linear 
combination of the values of several input variables and intermediary layers. 
• Evolutionary computation: Provides the optimization of a certain objective function 
through the evolution of a population of individuals, which are subjected to several 
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genetic operators. Include techniques simulating the theory of evolution, like genetic 
algorithms and genetic programming.  
• Swarm Intelligence (SI): Provides predictions of  numerical variables by training the 
system under the metaphor of the collective behavior of decentralized, self-organized 
systems, natural or artificial. Local interactions between very simple agents lead to the 
emergence of intelligent global behavior. Natural examples of SI include ant colonies, 
bird flocking, animal herding, bacterial growth, and fish schooling. 
• Simple linear regression: Predicts the value of a quantitative variable for a new 
instance as a linear equation of a single numerical variable. Requires normality, linearity 
and homocedasticity. 
• Multiple linear regression: Predicts the value of a quantitative variable for a new 
instance a s a linear equation of several numerical variables. Requires normality, linearity, 
homocedasticity and independence 
• Analysis of Variance: Predicts the value of a quantitative variable for a new instance 
as a linear combination of one or two qualitative variables. Requires conditional 
normality, linearity, homocedasticity and independence. 
• Generalized Linear Models: Predicts the value of a quantitative variable for a new 
instance as a linear combination of several numerical and qualitative variables. Same 
hypothesis as previous methods, all of them particular cases of that one. 
• Time series: Predict the value of a quantitative variable for a future instance as a 
linear combination of past values of the same variable. See (Box et al 76) for technical 
hypothesis required. 

 
 
3. AN INTELLIGENT DATA MINING RECOMMENDER 
 
As evidenced in the previous section, there are many difficult and technical decisions that 
the data miner has to face in order to obtain the best outcome for a given dataset and user’s 
goals. Selecting the more appropriate machine learning or statistical method, once a family 
of methods is found, deciding which training parameters are most appropriate or which 
particular technique is more convenient are some examples. Furthermore, most data mining 
commercial software tools either do not provide intelligent assistance for addressing the 
data mining process or tend to do so in the form of rudimentary “wizard-like” interfaces that 
make hard assumptions about the level of background knowledge required by a user in 
order to effectively use the system. 
 
At a first sight, it seems that building some knowledge-based system including as decision-
rules some translation of the conceptual map presented in previous section should be the 
better option for building an intelligent assistant to choose the right data mining technique 
to be used in a specific application. 
 
However, it is obvious that, being that map a non-exhaustive classification of data mining 
techniques, but the most common ones in environmental sciences, as the tendencies or 
needs change in the future, new refinements of the map will be required, with the 
consequent modifications on the assistant. Also, the number of data mining techniques 
available grows incredibly fast every day and this means that the knowledge-based approach 
is constrained to continuous reviews and upgrades. On the other hand, the number of 
decisions made by an expert data miner to find the right subfamily of techniques 
(hierarchical clustering, or partitional or fuzzy), the right parameters of execution (once 
decided hierarchical clustering, choose the algorithm, the metric, the aggregation criterion, 
sometimes, weight on the metrics) in a particular case is so complex that it becomes difficult 
to make it explicit in a conceptual map. 
 
That is the reason why we propose to move to a case-based reasoning approach, much more 
flexible to changes in the future on the methodological framework and using implicitly the 
expertise of data miners by means of past experiences. In fact, a key characteristic that any 
intelligent data mining assistant should possess is the capacity to learn from past user’s 
experiences, so the system can help the user to avoid the repetition of mistakes and 
motivates the knowledge reuse, and on the other hand, to adapt to new possibilities by 
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including them in the system easily. Thus, a non-expert data miner could take advantage of 
the experiences of others users facing similar problems [Charest et al., 2006].  And an 
expert can propose new solutions based on more recent trends.  
 
 
3.1  System overview  

 
Thus, an intelligent DM assistant was developed, based on a pure Case-Based Reasoning 
(CBR) approach. This DM assistant is integrated within the GESCONDA tool (Sànchez-
Marrè et al 2004). CBR is a problem solving methodology that tries to solve new problems 
by re-using specific past experiences stored in a case base, and its core proposition is that 
new problems can be solved by reusing the solutions to similar problems that have been 
solved in the past. A more detailed explanation of this problem solving method can be 
found in Kolodner [1993]. For this reason, a CBR approach naturally fits with the above 
mentioned challenge of promoting the knowledge reuse. Furthermore, this approach allows 
the construction of a dynamic system able to refine and adapt the suggestions over time, 
something that is of vital importance in a domain like the data mining processes, where is 
extremely difficult to find the best solution due to the huge number of possible 
combinations of data mining techniques and training parameters.  
 
As in most CBR approaches, the system relies on a unique case base in which past user’s 
experiences are captured. Each case/experience is composed of: 

• Case description, a set of dataset characteristics describing the type of problem the 
data miner wants to solve; 

• Case solution, a set of DM techniques with its own configuration parameters and 
also associated with its corresponding evaluation measures such as the execution 
time and the error rate.  

  
CBR is a cyclic and integrated problem solving process that supports learning from 
experience and can be described by four main phases. Retrieve the most similar case(s) to 
the new case, Reuse the solution(s) of the retrieved case(s) to solve the new case, Revise the 
proposed solution, Retain the new case into the existing case base. A more detailed 
explanation of the CBR phases can be found in Aamod et al. [1994]. For the particular 
problem domain of DM processes our system conducts each one of these phases in the 
following manner: 

1. Retrieve. The well-known K-nearest neighbour classification algorithm is employed 
in order to find the most similar cases. To do this, the system automatically 
extracts the dataset characteristics more relevant for the general type of task the 
data miner wants to solve (i.e. classification or regression task); then, the metadata 
extracted (e.g. the number of attributes and records and the relative probability of 
missing values) is used to calculate the case similarity.  

2. Reuse. The solutions of the most similar cases are filtered and ranked according to 
how well fit with the application restrictions provided by the user through the 
interface, such as the family of DM techniques the user prefers, the performance 
criteria (accuracy vs. speed) and if the models are interpretable or not. The case 
similarity to which solution belongs (calculated in previous phase) is also 
employed to generate the ranking, promoting the DM techniques with higher 
similarity.   The ordered list of DM algorithms forms the preliminary case solution.   

3. Revise. The user can execute the suggested technique or can modify/propose new 
configuration parameters and algorithms. During the user session each execution  
(a DM technique with a specific parameter configuration) is automatically 
evaluated using a particular error rate measure according to the type of task the 
user is conducting. Furthermore, the user can explicitly evaluate the results of an 
execution validating so if the results are good or bad. Finally, all the executed DM 
techniques constitute the final case solution.   

4. Retain.  The system will retain the new case if its solution contains at least the 
execution of one DM technique whose evaluation results either have been 
validated by the user or its corresponding error rate is acceptable (smaller than a 
threshold). 
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3.2 Case study 
 

An example of use is presented for illustration. A certain data miner (Maria) wants to 
conduct a classification for a given dataset (D1). She wonders the better DM classification 
algorithm and configuration parameters for D1, and she starts the DM assistant.  
 
First of all, Maria is asked to provide the type of task, that in this case, it consists of a 
classification problem. After that, the system automatically extracts the most relevant 
metadata from D1 taking into account that the user’s goal is a classification task. Some 
examples of metadata information that may be obtained in this case would be the number of 
classes, the entropy of the classes and the percent of the mode category of the class. Then, 
the user is asked to provide some application restriction, and in this case, the restrictions of 
Maria are that the model has to be as accurate as possible and interpretable. With all this 
information the system generates a recommendation consisting of two DM algorithms: the 
ID3 (decision tree type) and the CN2 (rule induction type). These two techniques are 
recommended because are the only ones that fulfill the Maria’s restrictions and, in turn, they 
have been used previously to solve a similar data mining problem to the D1 dataset. Maria 
executes the two proposed algorithms with the predefined configuration parameters and 
validates the results. As the evaluation of the ID3 is not satisfactory enough, Maria decides 
to execute again the ID3 but with different parameters. Now the results are much better and 
Maria is satisfied with the obtained results. Finally, she saves her work and logs out the 
system. At this point, the system learns the new experience with its corresponding solution: 
the ID3 algorithm with the parameters defined by Maria and the CN2 with the default 
parameters.  
 
3.3 Evaluation 
 
A small-scale evaluation was carried out with 5 data miners that knew the original system 
without the DM assistant integrated. The experiment consisted of each user trying to solve 3 
classification problems (P1, P2, P3), quite similar in terms of dataset characteristics, in 
different user’s sessions and in a sequential manner (i.e. first all users had to solve P1, then 
P2 and finally P3). Doing it so, all users should be able to reuse the past experiences of 
others users or/and their own experiences during the small experiment.     
After the execution of the experiment the users provided us some feedback about the 
usefulness of the assistant. In general, the user’s opinions were satisfactory, especially in 
users that were the last ones solving some of the problems, since they could take more 
advantage of the past experiences of the rest of users. The results show that the assistant is 
able to refine the case solutions over time, and therefore is gradually better giving support 
to the users that try to solve problems similar to the ones that have been solved previously. 
However, the strong limitation of the system, usual in CBR, is the need of a number of 
varied past experiences before the assistant provides appropriate support to most users.  
 
 
4.  CONCLUSIONS AND FUTURE WORK 
 
Choosing the proper data mining method is one of the most critical and difficult tasks in the 
KDD process. In this paper, a conceptual map of the most common data mining techniques 
has been proposed. There is not a unique and consensual classification of data mining 
methods in the literature. First main decisional criteria used by human experts in real 
decisions have been identifies and the conceptual map is organized based on them. The 
proposal helps environmental data miners in the conceptual organization and rational 
understanding of the broad scope of data mining methods; also helps non-expert data miners 
to improve decisions in real applications. Finally, this provides formal expert knowledge 
representation to be transmitted to automatic intelligent recommenders, contributing to 
approach the integral conception of KDD system. 
 
Additionally, an intelligent data mining techniques recommender is being developed based 
on same decisional criteria, in order to automatically provide recommendations on the best 
data mining technique. In order to gain flexibility and adaptability to new methods, a pure 
case-base reasoning approach has been used. The prototype has been deployed and 
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integrated in GESCONDA software and preliminary tested with successful results on 
expert’s opinion.  
 
Pure CBR approach requires enormous case bases to be reliable. Moving to a mix 
knowledge/case-based approach can mitigate this limitation. Currently, the presented 
conceptual map is being included into the system to improve searches and refinements, 
gaining efficiency and accelerating the adaptative behaviour of the recommender. In the 
future, the deployment of the recommender would be more reliable in a shared environment 
(e.g. distributed Web system), where multiple data miners could contribute to the 
enrichment of the knowledge base reducing so the learning/training time of the DM 
assistant. 
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Abstract: Optimization techniques are very useful – if not necessary – in cluster analysis, 
where sets with maximized similarity must be built. Because of their search capabilities and 
objective function independency, evolutionary algorithms offer high flexibility to be applied 
in extraction of information from large amounts of data sets. In addition, cluster analysis can 
be tackled as a multi-objective problem. In this work we present the application of a multi-
objective evolutionary algorithm called Agents Swarms Optimization (ASO) to cluster 
analysis. This algorithm is a generalization of Particle Swarm Optimization, and is oriented 
to distributed artificial intelligence. ASO is an environment where agents search the Pareto 
front in the objective space. Agents work in a distributed environment, in parallel and 
asynchronously. It is also possible to add new agents in real time to help solve the problem. 
The algorithm considers also users as agents. As a result, users can also propose changes to 
the solutions found by some agents; those changes are assimilated by the artificial agents 
and can redirect their search to areas with virtually better solutions. The application of ASO 
to a small cluster analysis example is presented in order to evaluate the algorithm. 
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Abstract: Currently, various statistical techniques, ranging from the more straightforward 
to the more sophisticated ones, permit pre and post-processing in Data Mining. In this 
contribution, an application of these tasks to data from a real water supply network is 
described. The pre and post-processing tools implemented in Clementine 9.0 (SPSS) were 
used as a classificatory step, prior to Data Mining tasks. The classification of variables 
shows trends and behaviors that permitted us to obtain a priori conclusions in the process of 
KDD. The database consists of a record of requests, complains and claims, which are 
reports of the users regarding both the primary and the domiciliary networks. The reports 
indicate the type or description of damage, its location, the technical concept involved, and 
the solution given to the problem. Pre-processing was used to check for consistency and 
concordance of reports. This helped determine outliers, and lost or missing information. 
Then, to feed the model each report was supplemented with geographic coordinates and 
nearest pipe and node of the primary network. After applying the virtually most suitable 
fusion techniques, post-processing was carried out basically by means of graphs, 
specifically scatter plots, histograms, and networks, which, interestingly, provided abundant 
and relevant information. 
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Abstract: Economic analysis of policies aimed at sustainable use and management of 
natural resources requires information about the biophysical and economic aspects of 
alternative options. Since these biophysical and economic aspects are inter-related and 
inter-dependent, it is essential that these data are integrated. However, existing biophysical 
and economic monitoring networks and studies tend to observe, collect and report 
biophysical and economic data at different scales. Consequently, much of these data are 
spatially incompatible and require significant effort in manipulating and scaling for a 
comprehensive economic analysis. In the current study, the key steps in overcoming spatial 
incompatibilities between biophysical and economic data in an integrated model to examine 
the impacts of climate change scenarios and water resources management policies in the 
Murray Basin of Australia are presented.   
 
Keywords: Water allocation; land use; biophysical-economic modelling; spatial 
incompatibilities. 
 
 
1.  INTRODUCTION 
 
Water scarcity, overallocation and environmental degradation are major water resources 
management problems in many irrigation areas of Australia. The Murray-Darling Basin 
(MDB) which is the major irrigation area of Australia, has faced overallocation 
compounded by severe drought. Further, there is the potential for climate change to 
exacerbate these impacts across the MDB.  
 
Integrated biophysical and economic modelling is becoming a common approach for 
assessing policy scenarios across watersheds or other scales (Jakeman and Letcher, 2003). 
The approach has gained momentum with the introduction of integrated catchment 
management policies (MDBMC, 2001) and legal requirements for water resources 
management in the MDB. Attempting to carry out an integrated assessment is a major 
challenge because the approach requires establishing links between different disciplines and 
integrating the various discipline specific methodological approaches. Further, the existing 
biophysical and economic monitoring networks and studies tend to observe, collect and 
report biophysical (such as, rainfall, runoff, water available, crop yield) and economic (such 
as, cost of inputs of agricultural products and prices of commodities) data at different scales 
and time periods. This problem of ‘incompatible’ spatial data has been encountered in 
several fields of study, such as by Gotway and Young (2002).  
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Our aim in this paper is to consider the problem of constructing an integrated biophysical 
and economic model to aid in the assessment of policy questions such as water 
overallocation in the MDB. We describe the key biophysical and economic data needed for 
an economic analysis and the challenges and difficulties faced in integrating them for a 
baseline description. We identify the steps taken in overcoming these difficulties and 
building an integrated biophysical and economic model for scenario and policy analyses. A 
brief discussion of the nature of the conclusions that result and the key benefits from the 
approach completes the paper.  
 
 
2. STUDY AREA – THE MURRAY-DARLING BASIN  
 
The MDB is Australia’s most significant river system. The MDB accounts for around 41% 
of the Australia’s gross value of agricultural production and around 70% of all water used 
for agriculture in Australia is used in the MDB (ABS, 1997). Water scarcity has become a 
significant issue in recent years when water available for irrigation diversion has been 
significantly lower than the licensed entitlements in most regulated river valleys. Scarcity 
has been driven by significant expansion in the area of irrigated agricultural activities over 
the last 20 years (CSIRO, 2008) compounded by reduced rainfall and water allocations due 
to drought and climate change. Increased water scarcity has resulted in greater competition 
between irrigation and non-irrigation water users (Qureshi et al., 2010). In this environment 
linking biophysical and economic models is necessary to assess relevant scenarios and 
policies and to help resource managers and policy makers in achieving sustainable water 
resource management objectives in the MDB.   
 
 
3. METHODOLOGY FOR CONSTRUCTING APPROPRIATE DATA SETS 
 
The best starting point in any overall modelling strategy is generating a baseline description 
of the particular system being studied at a scale relevant to the policy questions to be 
addressed. The policy questions for which input is required influence the type of model to 
be used, the range of data collected and the analyses performed. The end use of the model 
also raises ‘scale’ issues, including system boundaries and temporal limits, and necessarily 
is limited by the problems caused by mismatches in the temporal and spatial scales at which 
natural resources, institutions and human communities operate (Turner, 2000).  
 
The choice of an appropriate scale for the study is considered important because 
mechanisms vital to the spatial dynamics of a process at one scale may be unimportant or 
inappropriate to another. Further, relationships between variables at one scale might be 
obscured or distorted when viewed from another scale. Nevertheless, spatial aggregation is 
necessary to create meaningful units for analysis (Gotway and Young, 2002). The data and 
information needed include the area of land use by each agricultural activity (crop) across 
regions, regional water allocation and its quality (salinity), crop evapotranspiration and 
water requirements, crop yield, contribution of rainfall and irrigation water, irrigation 
efficiency, costs of all crop production inputs, and prices of agricultural products or 
commodities.  
 
In this study, we consider the sub-catchment level be the most appropriate scale. This is 
because most sub-catchments are small enough to limit variation in climate and crop 
viability and have relatively uniform rules governing entitlements and allocations but are 
large enough to minimise the total data required and for aggregated analysis of economic 
impacts. The sub-catchment scale analysis is also the most useful for resource management 
policy analysis, including impact of water reallocation, trading and infrastructure 
development. For the purposes of this model we focus on the southern MDB. The model 
includes the eight major agricultural activities undertaken in irrigated areas across the 
region, namely: cereals, rice, pasture for dairy, beef and sheep (pDairy), vegetables 
(represented by potatoes), citrus fruits (cFruits), deciduous fruits (dFruits), stone fruits 
(sFruits) and vines (grapes). Dairy represents areas of the all the pasture related activities 
including sheep and beef.  The detail of integrating and utilising land and water data for 
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each catchment is provided by Qureshi et al. (working paper) and a summary is given in the 
following sections.  
 
 
3.1 Mapping catchments and water availability 
 
Water use data are required for both past use and to explore future contingencies such as 
climate change. The CSIRO carried out a detailed basin scale assessment of the anticipated 
impacts of climate change on the availability and use of water resources in the MDB 
(CSIRO Sustainable Yield (SY) project, particularly CSIRO, 2008). Four scenarios were 
developed for analysis by CSIRO:  
 

a) base case scenario of historical development and historical climate change; 
b) historical development and future climate change dry scenario; 
c) historical development and future climate change median scenario; and 
d) historical development and future climate change wet scenario.  

 
The simulated runoff and consequent water diversion data accounted for existing water 
sharing plans and rules and water available for irrigation (CSIRO, 2008).  The CSIRO SY 
study reported average water diversion data for each sub-catchment. However, these 
catchments were not aligned with the natural resources management (NRM) regions or 
ABS SLA or SD (Statistical Division) levels. For example, in the SY project, the Murray 
catchment was considered as a single catchment which crossed over three states; New 
South Wales (NSW), Victoria (Vic) and South Australia (SA). Given the differences in 
water entitlements and allocation rules and management regimes across the jurisdictions, it 
was essential to split the Murray catchment into three separate sub-catchments. Alignment 
of these catchments with NRM regions and for ABS SLAs was also critical for linking 
biophysical and economic information and for scenario and policy analysis. This process 
resulted into 12 catchments, eight in Vic (Goulburn & Broken - GB, Campaspe - Campas, 
Loddon & Avoca - LodAvo, Murray Riverina Vic - MRivVic, Mallee Vic - MalleeVic, 
Upper Murray and Kiewa - UMurrayK, Ovens and Wimmera & Avon - WimAvon),, two in 
NSW (Murrumbidgee – Murrum and Murray Riverina NSW - MRivNSW), and one in 
South Australia (Lower Murray SA -LMurraySA). 
 
Simulated water diversion data files (including for irrigation, urban, domestic and other 
uses from different river reaches and conveyance losses) were obtained and adjusted to 
these sub-catchments for four climate scenarios from CSIRO Sustainable Yield research 
project for 111 years (personal communication, Mainuddin 2008). The data accounted for 
uncertainty in future rainfall, runoff and available water for diversion. The data were 
aggregated or distributed to each study catchment depending on the location of the 
diversion point.  
 
To represent the variability in supply in each of the CSIRO scenarios, the data was broken 
into four distinct categories or, states of nature. A very dry state of nature represents the 
12% of driest years, a dry state of nature represents the next 38% of dry years, a wet state of 
nature represents the next 38% of relative wet years, and a very wet state of nature 
represents the 12% of the wettest years in the 111 year simulation. This gave a final set of 
16 different potential stats of nature according to climate change and long-run variability in 
rainfall. Thus, the level of allocation associated with each state of nature is dependent on 
the base case and each of three climate change scenarios. For example, low water allocation 
years become more common as the climate moves from no change to severe change. The 
estimated impacts of climate change on irrigation water allocations and the associated 
reliability for four scenarios are presented in Qureshi et al. (2010). For dry and medium 
scenarios across the basin there was an overall reduction in allocations by 23% and 4%, 
respectively.  
 
 
3.2 Agricultural activities across regions 
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Land use data were obtained from the Australian Bureau of Statistics (ABS) agricultural 
statistics. Data were collected at Statistical Local Area (or SLA) level and were 
disaggregated across watershed (catchment) boundaries in order to estimate the agricultural 
activity occurring within the reporting catchments. The Bureau of Rural Sciences (BRS) 
land use grid (BRS, 2004) was used to determine what proportion of a broad land use 
category occurring in a given SLA fell into a given reporting catchment. A schematic 
representation of the steps involved in land use data scaling in southern connected MDB is 
shown in Qureshi et al. (2010).  
 
Agricultural commodities in the ABS AgStats data were categorised according to the 
SPREAD land use categories represented in the BRS land use grid.1 For example, the ABS 
category ‘wheat’ was mapped to the SPREAD class ‘cereals excluding rice’; while ‘apricot’ 
was mapped to the ‘stone fruit’ class. For specific tree crops, ABS AgStats reports tree 
numbers rather than hectares at the commodity level (e.g. number of orange trees, number 
of lemon trees).2 For the above disaggregation process, tree numbers were converted to 
hectares based on the orchard tree density estimates used in the 2001 National Land and 
Water Resources Audit. However, the ABS does report some aggregate areal statistics for 
tree crops (e.g. ‘total citrus – area’ which was used to cross check commodity level tree 
crop areas derived from tree numbers. ABS AgStats does not report livestock areas but 
rather numbers of dairy cattle, beef cattle and sheep per SLA. Also, while the land use grid 
spatially depicts pasture areas, it does not specify livestock types. To address the issue of 
dairy, beef and sheep pasture areas, the ABS areal statistic ‘total grazing land’ was 
disaggregated within that SLA across dairy cattle, beef cattle and sheep pasture based on 
the dry sheep equivalent proportions of livestock numbers reported for the SLA.3 These 
derived SLA based livestock areas were then distributed to catchments as described above 
for the crop and horticulture commodities. 
 
The aforementioned method for re-scaling SLA level agricultural commodity statistics to 
catchments resulted in total area of a crop but does not distinguish which crops are 
irrigated. The ABS does not comprehensively report irrigation area by commodity type at 
the SLA level. Instead, it reports irrigation areas within aggregated land use classes at the 
larger scale NRM boundaries; potentially to avoid individual establishment boundaries 
being identified. Again, a classification and spatial disaggregation method was used to 
derive the areas of irrigated commodities by catchment. The NRM level ABS data was used 
to determine what proportion of a given aggregate land use class was irrigated in a given 
NRM region. A summary of irrigated land use area (hectares) by each crop across the 
catchments is provided in Qureshi et al. (2010).  
 
 
3.3 Scaling land and water use 
 
There was a mismatch between historical land use and simulated water diverted or 
historical water allocation proportions in most catchments. Figure 1 shows land and water 
use proportions based on ABS 2005-06 estimated land use, CSIRO’s climate base case 
scenario expected mean water diversion, and Murray-Darling Basin Authority (MDBA) 
estimated 2005-06 water use in the MDB. The mismatch between land and water use was 
caused by a mismatch in irrigated land use data and water diversions and allocations. For 
example, in Murrumbidgee, the actual land use was 36% of the total irrigated land use in 
the basin but according to the climate base case scenario, its expected mean water diversion 
was 26%. On the contrary, for MRivNSW, the actual land use based on ABS estimates was 
less than 15% but based on the climate base scenario water allocation it was about 20%. 
This could be due to an under/overestimation of land use or water diversion data calculated 

                                                 
1 SPREAD (Spatial REallocation of Aggregated Data) procedure used by BRS 
http://adl.brs.gov.au/mapserv/landuse/index.cfm?fa=app.nationalMappingTechnicalSpecifi
cations 
2 AgStats ABS http://abs.gov.au/AUSSTATS/abs 
3 The DSE rates used to standardise livestock to reflect differential pasture stocking rates 
are as follows. Dairy cattle = 10 DSE, Beef cattle = 8 DSE and Sheep = 1.5 DSE. 
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for each catchment (i.e. inclusion and exclusion of more spatial area in Murrumbidgee and 
MRivNSW, respectively) or due to not accounting for groundwater use, especially in 
Murrumbidgee where groundwater proportion is more than 10% of total water use. A 
comparison of the proportions of land use data for year 2005-06 with the MDBA estimated 
historical water use data also found mismatches across most of the catchments (shown in 
Figure 1).  
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Figure 1. Catchment land and water use proportions – 8 major catchments 

 
Alignment of the land use data with regional the base case or initial water allocations data 
was critical for a number of reasons, including: understanding irrigation water usage by 
crops and its economic value across the catchments; the impact of reduction in water 
allocations due to drought and climate change; and for assessing cost to irrigators and 
regions of acquiring water for environmental flows. Accurate data can help government in 
bringing any policy change such as infrastructure investment, structural adjustment 
packages or developing and implementing new water sharing plans.  
 
Assuming water use can reflect land use in each catchment, we obtained historical water 
allocations data (i.e. base water entitlements multiplied by the largest announced percentage 
allocation in the season) of the last 11 years to cross check and identify and remove any 
inconsistency in each catchment’s water allocation data across the MDB. We used the 
proportions of water used to adjust the irrigated crop land use in each catchment (by 
arbitrarily increasing and decreasing land use area in respective catchments) for better 
representation of land use activities for each catchment across the basin.  
 
 
3.4 Water salinity data acquisition 
 
Agricultural productivity of water is impacted by its salt content which in turn is impacted 
by climate change. CSIRO sustainable study did not provide any information and data 
about water salinity. We used MDB MSM-BIGMOD to provide information regarding the 
climate change impact and reduced flows on River Murray salinity across catchments in the 
southern MDB.4 MSM-BIGMOD simulates the River Murray system by dividing the river 
into a number of river reaches. The salinity of the inlet channel is dependent on the history 
of flow. The model maintains a salt balance even when a reach ceases to flow and the dead 
storage evaporates (MDBC, 1999). Estimating weekly/monthly/annual river salinity under 
the different climatic conditions is in Elmahdi et al., (2008) and a summary of salinity (EC) 
data of different states of nature for different catchments is presented in Qureshi et al. 
(2010). These salinity values for each scenario along with the concentration levels have 
been used as inputs into the economic model to estimate the impact of salinity on crop 
water use requirements to maintain per hectare productivity and associated costs across 
sub-catchments in the Southern MDB.  
 
 

                                                 
4 MSM-Bigmod- http://www2.mdbc.gov.au/livingmurray/mfat/popups/bigmod.htm 
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3.5 Estimation of actual crop evapotranspiration, effective rainfall and irrigation 
requirements 

 
We have estimated actual crop evapotranspiration (ETa), effective rainfall and net irrigation 
requirements of different crops grown in the southern MDB using a soil water balance 
simulation model. The model is based on an FAO study (Allen et al., 1998), and is similar 
to that of the CROPWAT model developed by FAO. The model has been used previously 
to estimate ETa and irrigation water requirements for a range of crops grown in the MDB 
(Qureshi et al., 2007; Mainuddin and Kirby, 2009). We have used spatial average historical 
and future climate scenario rainfall and potential evapotranspiration (PET) data available 
from the MDB SY study (Chiew et al., 2008). Maximum crop water requirements (in 
millimetres) for eight major agricultural activities are estimated for each scenario and state 
of nature to use in the analysis. The detail of the data including ET and effective rainfall 
under each scenario and state of nature and potential maximum crop yield is given in 
Qureshi et al. (2010).  
 
 
3.6 Economic data collection procedure 
 
The key economic data are commodity and input prices. To deal with temporal variation in 
commodity prices, historical prices of individual commodities were obtained from ABARE 
and ABS and other publications (ABARE, 2007; ABS, 2006) as well as from state 
agricultural departments. Water prices relate to the security of water applied. Irrigators of 
horticulture generally rely on more reliable high security water entitlements. In contrast, 
annual activities generally rely on general security water entitlements or purchase water in a 
temporary market and incur cost on each unit of water usage. However, for simplicity in the 
current analysis no distinction is made between low security and high security water 
entitlements and an average water pumping charge of $20/ML is used for each activity.  
 
 
4. INTEGRATED MODEL – CONSTRUCTION, VALIDITY, RESULTS AND 

DISCUSSION 
 
4.1 Integrated biophysical and economic model 
 
An integrated biophysical and economic optimisation model has been developed based on 
the information described in the previous sections. All the hydrologic, agronomic and 
economic data were linked in GAMS (General Algebraic Modelling System) (Brooke et al. 
2004). The objective of the model is to maximise profit after accounting for establishment 
costs, fixed costs, and operating/variable costs subject to land and water constraints. A non 
linear programming structure is used to deal with the crop water, salinity, and crop 
production functions. Optimisation proceeds via a two-step process. The first stage of the 
model determines the level of investment and allocation of land to individual annual and 
perennial agricultural activities and irrigation systems without knowing how much water is 
allocated. The second stage determines the optimal area for irrigation for each activity in 
each region. The model is described in detail in Qureshi et al. (2010). 
 
 
 
4.2 Model validation 
 
The different sources and scales of data sources (e.g. spatially explicit Basin-wide cropping 
data were available only for 2000-01 and 2005-06) it is only possible to compare the 
validity of the model crop allocation and economic outcomes in these two years (only 
2005-06 is reported for brevity below). Modelled land use was compared to southern MDB 
land and crop water use for 2005-06. The results, shown in Figure 2, indicate that by taking 
the steps (mentioned above) and calibrating landuse data to actual water use data of 2005-
06, conditions are reproduced with reasonable accuracy, except the area of cereals and 
pasture. The model estimated about half of the land used by cereals and about 15% more 

2472



 7

than the land used by pasture related activities. In cereals case, this could be due to the 
possibility of cereals using rainfall as the primary water source with only limited 
supplementary irrigation and a consequent under-estimate of area within the model. Also, 
different farmers have differences in their farming objectives (including risk management) 
and may choose strategies other than pure profit maximisation.  
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Figure 2. Comparison of actual and modelled land uses by activity 

 
Model validity can also be assessed by comparing modelled water allocations against actual 
allocations. For example, a key consideration in the model is future water availability under 
climate change at the study catchment scale. For the purpose of validity checking we 
identified equivalent annual data to two of the policy scenarios developed earlier: a base 
case scenario representing mean allocation of water in the last decade; and a single year of 
data equivalent to the climate dry, very dry year scenario. We found that the model water 
use was similar to the actual water use for the relevant scenarios. As a point of interest, the 
climate dry scenario represents a future with approximately 12% of water allocations being 
delivered (2246 GL), a reasonable correspondence to allocations (2700 GL) in a very dry 
year of 2007-08.  
 
Checking the validity of the economic estimates from the model is difficult because no other 
study has carried out analysis at a similar scale. The ABS has however estimated irrigated 
areas and associated gross value at NRM region and statistical division level for 2005-06 
which are effectively an aggregated set of the sub-catchments used in the model. Some NRM 
catchments may have more than one study/modelled catchments but others are smaller. For 
example, Mallee catchment has areas of Mallee (Vic) and Loddon Avoca NRM regions. 
Irrigated areas and associated gross values of NRM catchments and estimated gross values of 
the model’s climate base case scenario are provided in Qureshi et al. (2010) indicating that 
the model behaves reasonably well, especially when impacts of water reduction across the 
whole basin is desirable. 
 
 
4.3 Discussion of preliminary model results 
 
The model has been constructed with the objective of examining the economic impacts of a 
range of specific impacts and policy responses such as the economic implications of future 
climate scenarios on the irrigation values. A particular area of interest is the economic impact 
of water markets and trading (Qureshi et al., 2010). To illustrate the nature of the results a 
preliminary set of aggregate gross values for the four climate scenarios and four states of 
nature described earlier in the paper are shown in Figure 7. These estimates allow for intra 
regional trade but no trade across regions. The results clearly indicate the degree of 
variability in gross value under different climate scenarios and the importance of this type of 
modelling for policy analysis. The reduction in economic returns is obvious, especially in 
very dry years. Further analysis (not shown in Figure 7) shows that interregional water 
markets markedly reduce the economic cost of climate change, even in very dry years under 
the very dry climate scenario. 
 

2473



 8

0

1000

2000

3000

4000

5000

6000

7000

Very
Dry

Dry Wet Very
Wet

Very
Dry

Dry Wet Very
Wet

Very
Dry

Dry Wet Very
Wet

Very
Dry

Dry Wet Very
Wet

Climate base case Climate very dry Climate medium Climate wet

Four climate scenarios with states of nature 

A
gg

ra
ga

te
 g

ro
ss

 v
al

ue
 o

f 
th

e 
M

D
B
 (
m

ill
io

ns
)

 
Figure 7. Southern MDB aggregate gross value under alternate climate futures 

 
 
5. CONCLUSIONS 
 
Sustainable use and allocation of water resources requires understanding the biophysical 
(environmental) and economic linkages and the economic implications of future climate 
scenarios and potential policy implications. This paper discusses the difficulties and 
challenges environmental-economic modellers face in integrating biophysical and economic 
aspects for economic analyses. The model described in this paper has been constructed based 
on these objectives to inform the consideration of policy mechanisms in the southern MDB in 
Australia. Several key steps are necessary to address data incompatibility and scaling issues 
and in calibrating the model. For example, land use data had to be aligned with water 
allocation data in order to describe the economic returns from irrigation water use across 
catchments, examine the impact of reduced water allocations, and for assessing cost of 
reallocating water to environmental flows.  
 
Accurate assessment of a region’s allocation can help governments in evaluating climate 
impacts, developing and implementing policy such as regional water sharing plans. The 
preliminary results presented in this paper suggest the usefulness of integrated environmental 
and economic modelling for such policy. The inclusion of a two-step estimation procedure 
was an important advance that allowed a significant improvement in model performance in 
describing relatively short run responses to climate variability. Finally, the inclusion of 
integrated crop water use and irrigation water salinity components substantially enhance the 
accuracy of economic return estimates from the model, especially under hotter and dryer 
climate scenarios. 
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Abstract: Many techniques used to model ecosystems cannot be meaningfully applied to 
large-scale ecological problems due to data constraints. Disparate collection methods, data 
types and incomplete data sets, or limited theoretical understanding mean that a wide range 
of modelling techniques used to model physical processes or for problems specific to 
species or populations cannot be used at an ecosystem scale. In developing an ecological 
response model for the Coorong, a South Australian hypersaline estuary, we combined 
several flexible modelling approaches in a statistical framework to develop an approach we 
call ‘ecosystem states’. This model uses simulated hydrodynamic conditions as input to 
predict one of a suite of states per space and time, allowing prediction of likely ecological 
conditions under a variety of scenarios. Each ecosystem state has defined sets of biota and 
physico-chemical parameters. The existing model is limited in that its predictions have yet 
to be tested and, as yet, no spatial or temporal connectivity has been incorporated into 
simulated time series of ecosystem states. This approach can be used in a wide range of 
ecosystems, where enough data are available to model ecosystem states. We are in the 
process of applying the technique to a nearby lake system. This has been more difficult than 
for the Coorong as there is little overlap in the spatial and temporal coverage of biological 
data sets for that region. The approach is robust to low-quality biological data and missing 
environmental data, so should suit situations where community or management monitoring 
programs have occurred through time. 
 
Keywords: data limitations, ecological response models, statistical modelling 
 
 
1. INTRODUCTION 
 
Ecological modelling often attempts to simplify ecological systems for the purposes of 
better understanding the interactions between components, or to assist in the better 
management of particular ecosystems [Otto & Day 2007]. In aquatic ecosystems, common 
management-related uses for ecological modelling include determining the impact of 
altered hydrology (including extractions and dams) or environmental flows, or assessing 
habitat suitability for particular species. Another increasingly-common use for ecological 
modelling of aquatic ecosystems is to determine the likely impact of climate change and 
discern the most appropriate mitigation or adaptation actions. 

The methods used for ecological modelling differ, in many cases from those used for other 
types of modelling in aquatic systems. Unlike hydrodynamic or biogeochemical modelling, 
ecological modelling is often severely limited by the theoretical understanding of linkages 
between the components of the ecosystem. Thus, fully deterministic models, which are 
commonly used in other disciplines, where mathematical relationships describe interactions 
between ecosystem components [Otto & Day 2007], are often impractical [Wikle 2003]. 
Some solutions to these challenges in the past have been to develop simplified models of 
just one aspect of interest or to look to non-deterministic solutions including statistical 
modelling approaches (e.g. Wikle [2003]) and approaches based on expert opinion or the 
available literature. 

The available data also often constrains the choice of modelling technique for many 
ecosystem-level tasks. As is the often the case, the amount of data available for ecological 
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modelling is usually limited. The cost of ecological monitoring and other data collection 
mean that this is particularly the case for biological components of an ecosystem, especially 
where remotely-sensed or logged measurements are not possible to collect or are limited to 
a few variables, e.g. seal tagging for seawater conductivity, temperature and depth data. 
Differences in methodologies for monitoring between taxa mean that data are collected 
using disparate methods that may not be directly comparable (e.g. abundances are often 
reported for birds as counts, while fisheries data are often expressed as the biomass of catch 
per unit effort), and available data can be a mixture of quantitative, semi-quantitative and 
qualitative variables. Added to this, there is often limited replication in space and/or time, 
resulting in a ‘patchwork’ of available data, with little overlap across studies or taxa with a 
mixture of spatial and temporal scales of variation at play. Furthermore, the available 
variables will often not cover all of the parameters of interest. Thus, many modelling 
approaches that work well in other contexts are simply not applicable due to differences 
between their data requirements and the available data for ecological systems. In the past, 
attempts to circumvent these limitations or simply ignore them have resulted in models that 
have uncertain predictive capabilities and/or have limited transferability to other situations.  

The aim of this paper is to illustrate how some of these modelling techniques can be applied 
to ecological data in a meaningful and applied manner, despite the many data limitations 
that are common with ecological data sets. We aim to highlight common limitations 
associated with ecological data sets and some of the methods that we have found effective 
in dealing with these data that may not be commonly applied in other disciplines. However, 
there are almost certainly cases in all disciplines where the constraints we describe are 
relevant, and the methods that are outlined here may be of use. Therefore, we describe the 
sequence of our modelling technique and then the construction of an ecological response 
model for a case study where the task was to develop a single ecosystem-level model that 
could be used to evaluate competing management actions in the light of various future 
climate-change scenarios. We then outline the advantages and limitations of our application 
of these modelling techniques, including identifying the types of data sets that are needed to 
apply this methodology and potential future enhancements of the work done to date.  
 
 
2. METHODS 
 
2.1 Study Region 
 
The Coorong is the estuary for the largest river system in Australia; the Murray-Darling 
Basin (see Lester & Fairweather [2009a] for a map). It is a lagoonal complex that stretches 
approximately 110 km along the South Australian coast and is divided from two large 
freshwater lakes immediately upstream, and the river itself, by a series of artificial barrages 
than control freshwater flow into the estuary. The system is an inverse estuary, with a 
single connection to the ocean at the north-western end of the system, the same end as 
where the majority of freshwater flows enter the system. Thus, a natural gradient, from 
estuarine conditions and ecosystems in the north-west to being hypersaline in the south-east 
exists, although limited inflows of irrigation drainage also occur to the south-east. The 
region is renowned for its ecological diversity (e.g. through its listing under the Ramsar 
Convention for Wetlands of International Importance in 1985; Brookes et al. [2009]) but 
also for its recent ecological decline as a result of ongoing drought and unsustainable 
upstream diversions of water [Brookes et al. 2009]. 

The Coorong is a complex system, with estuarine, marine and hypersaline components. 
Some aspects of the ecosystem are well-understood and well-described; surface hydrology, 
bird populations, fisheries biology, for example [Webster 2007, Brookes et al. 2009]; but 
others are less well-understood (e.g. links with groundwater, biogeochemistry, pelagic 
invertebrates). Thus, a deterministic model would need to be limited to those well-studied 
components or another approach is necessary. In this instance, we chose to use a statistical 
modelling approach in order to use as much of the available data as possible. 

Data sets for the Coorong were provided by a range of institutions and individuals and their 
provenance is given in Lester & Fairweather [2009a, b]. While the temporal and spatial 
coverage of these data sets varied significantly, there was sufficient overlap across the data 
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sets to enable the ecological response model to be constructed at an annual time step 
between 1999 and 2007 (which was the most recent data at the time of modelling) and at a 
quarterly time step between 2005 and 2007. 
 
 
2.2 Development of the Coorong model 
 
The overall level of complexity and our incomplete understanding of the system, and 
incomplete data sets meant that a deterministic model for the region was simply not 
feasible. Instead, statistical modelling techniques were used to develop an ecological 
response model for the region. State-and-transition models and classification and regression 
trees (CART) were two techniques likely to be of use for this case study [Lester & 
Fairweather 2008].  

The development of the model (including relevant references and the details of the data sets 
used) has been described elsewhere [Lester & Fairweather 2009a, b, 2010], so it will only 
be summarised here (Figure 1). The available data were divided into two sets; one 
containing biological data and the other physico-chemical (or ‘environmental’) data. 
Firstly, the biological data was cluster-analysed to identify groups of fish, birds, 
macroinvertebrates and macrophytes occurring together in space and time. Cluster 
membership based on biota was then used as the response variable for a CART analysis of 
the environmental data set. CART analyses sequentially partition a response variable (i.e. 
cluster membership) in order to maximise the differences between groups by identifying 
thresholds in splitting variables drawn from a set of associated independent variables (i.e. 
the environmental data set). The biological distinctness of cases within each terminal node 
from CART was tested using analysis of similarities (ANOSIM) tests [Clarke & Gorley 
2006], which test for significant differences between grouping factors in multivariate data 
sets, and those terminal nodes that did not support statistically-distinct biota were 
combined. Cases that had been excluded from the process to date (due to missing biological 
data excluding them from the cluster analysis step) were assigned to a terminal node based 
on their environmental data. The biological data of these new cases was then compared to 
that of the original cases within each terminal node (or ‘ecosystem state’) to test the 
predictive capacity of the model.  

The quarterly time step was included in the development of the model because the annual 
model did not capture recent declines in ecological condition. The two models (annual and 
quarterly) were combined by determining which of the end ecosystem states were 
statistically distinct (using ANOSIM) in terms of co-occurring biota and then re-running the 
CART analysis and subsequent steps in the process. Once a sufficiently predictive model 
had been identified, the physico-chemical and biological characteristics of each ecosystem 
state were described.  

Information regarding the validation and verification of the model is presented in Lester & 
Fairweather [2009a]. This model has been applied to investigate a range of management 
and climate-change scenarios for the region. These include different predictions for the 
severity of climate change and actions such as changes to flows to the region, changes in 
dredging effort at the Murray Mouth and new interventions such as pumping of hypersaline 
water from the South Lagoon to the ocean, based on output for the hydrodynamic model of 
the region [Webster 2007] applied to the same scenarios [Lester & Fairweather 2009a]. 
 
 
2.3 Applying the approach to the Lower Lakes 
 
Following the success of this technique in predicting the ecological response to assist 
managers evaluate competing interventions and strategies for the Coorong, we attempted to 
apply the same modelling technique to the Murray Lower Lakes (i.e. the two freshwater 
lakes immediately upstream of the Coorong; Lake Alexandrina and Lake Albert). 

While the Lower Lakes are geographically close to the Coorong, they differ in several ways 
that made this next application of the modelling approach a challenge. Firstly, they are 
predominantly freshwater (apart from occasional saline intrusion through the barrages), 
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rather than grading from estuarine to hypersaline. Secondly, they are not configured as a 
distinct linear gradient in the same fashion as the Coorong. Thirdly, and possibly most 
importantly, they are not nearly as well-studied as the Coorong, despite their proximity. 
The implementation of a variety of monitoring programs undertaken by the South 
Australian and Australian governments as a result of recent large scale ecological 
degradation has begun to redress this situation but the pool of available data was smaller 
and so represented an opportunity to test the limitations of the technique in a data-poor 
environment.  

The full ecosystem states model for the Lakes is currently under construction, but this 
attempted application has been included here to highlight the areas in which the technique 
is robust to sparse data versus where it is not. This will help to elucidate the conditions in 
which this approach is likely to be of use in the future, and where it may fail. 
 
 
3. RESULTS 
 
3.1 Coorong model 
 
Twelve out of the 17 available data sets for the Coorong were able to be incorporated into 
the development of the ecosystem response model. While not all data sets covered the 
entire Coorong, or the whole time period used for model calibration, sufficient replication 
in space and time existed to be of use. The cluster and ANOSIM analyses were most 
sensitive to missing data (as the dissimilarity matrices upon which they are based are 
undefined for missing values). For the most part, the spatial replication of biological data 
sets was relatively good, allowing most data sets to be included on that criterion. 
Replication in time was less consistent but the majority of data sets had some level of 
replication, particularly near the end of the time period (e.g. 2005 to 2007). Thus, those data 
sets that were excluded from the development of the annual model (covering 1999 to 2007) 
were included in the development of a quarterly model (2005 to 2007).  

The methods used on the environmental data sets (e.g. CART) were more robust to missing 
values (through the use of a penalty for missing data; see Lester & Fairweather [2009a]). 
Therefore, while data sets were extremely patchy in space and time, all data sets that 
included some degree of replication could be included in the development of the model, 
although most variables out of 230 in total did not feature in the final model as a primary 
splitting variable. 

The final ecosystem states model for the Coorong has also been described elsewhere 
[Lester & Fairweather 2009a, b, 2010]. The model included eight possible ecosystem states 
that described distinct assemblages of biota under particular physico-chemical conditions. 
The ecosystem states were differentiated first into two groups by their relative values for 
the average daily tidal range (threshold of 0.05 m); and then the maximum number of days 
without barrage flows (threshold of 339 days); then either the average annual water level 
(thresholds of 0.37 and -0.09 m above the Australian Height Datum) or the average annual 
water depth from the previous year (threshold of 1.99 m) and the average annual salinity 
(threshold of 64.5 g L-1), depending on the preceding splits. The resulting ecosystem states 
were effectively divided into four that were tidally-influenced (> 0.05 m) versus four that 
were not (≤ 0.05 m) because of average annual tidal range appearing as the first splitting 
variable (i.e. into a ‘marine’ basin versus a ‘hypersaline’ basin). The presence of the 
number of days without barrage flows as the next variable (for both halves of the 
classification tree) then divided these two basins further based loosely on their relative 
health. Given that 11 months without barrage flows occurs <1% of years in hydrological 
models with no water extractions from the catchment, we believe that those states occurring 
when this threshold is exceeded (>339 days) represent degraded ecological communities. 
This view is supported by the shifts in abundance of taxa and overall loss of biodiversity 
amongst these states [Lester & Fairweather 2009a]. Each of the final states has been named 
based on these two splitting variables for ease of interpretation:  Estuarine/Marine, Marine, 
Unhealthy Marine, Degraded Marine; Healthy Hypersaline, Average Hypersaline, 
Unhealthy Hypersaline and Degraded Hypersaline (see Lester & Fairweather [2009a]).  
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Because of the drivers identified,  the CART model could then be used to predict the mix of 
ecosystem states likely to be present under a wide variety of management and climate 
change scenarios (e.g. see Lester et al. [2009]), based on simulated hydrodynamic 
conditions within the Coorong [Webster 2007]. It has been used to demonstrate that no 
engineering interventions suggested so far (e.g. dredging of the Murray Mouth or diverting 
additional flows from irrigation drainage in the south-east of South Australia into the 
southern Coorong) would produce similar ecosystem states to those predicted for years with 
average flows from the River Murray (e.g. see Lester et al. [2009]). 
 
 
3.2 Lakes model: identifying data sets most likely to be useful 
 
The process to develop an ecosystem states model for the Lower Lakes is currently 
ongoing. The largest impediment to this process has been the lack of overlap in spatial or 
temporal scales across data sets. Only 13 of the 32 available data sets for the Lakes were 
able to be included in model development. This is largely due to the lack of temporal 
replication for many data sets, although spatial replication for many is also limited. Thus, of 
18 distinct biological data sets contributed by various sources, only eight were able to be 
used in model constructions (with fish data being a conglomerate of several surveys using 
presence/absence only). Of the 14 available physico-chemical data, only five were able to 
be included in the model development (compared with six out of 11 and six out of six 
datasets being useful for biotic and physico-chemical data in the Coorong, respectively).  

Data sets that were of most use in the construction of this model (and that for the Coorong) 
were those that had repeated measures over both space and time. Concerted short-term 
efforts to measure a set of variables over a wide area or the opposite, of long-term repeated 
surveys at a single location, while having other uses, were not particularly constructive for 
the development of an ecosystem model that was representative of the Lakes (or Coorong) 
as a whole over time. For the clustering and ANOSIM analyses, only cases without missing 
values can be included (in the absence of a detailed understanding of how various options 
for filling missing values [e.g. mean replacement] affect the ecosystem states produced), 
effectively eliminating most of the potential data sources available for many sites in many 
years (almost two-thirds of the available data sources).  

Until the model development process is complete, it is not possible to determine whether 
the resultant model will be of as much use for assessing competing management options, 
nor whether the resultant ecosystem states will be intuitive and robust to the same degree as 
those defined for the Coorong. Thus, we have yet to draw conclusions relating to whether 
the significantly smaller pool of available, useful data for constructing the Lakes model is 
sufficient (but not ideal) to construct a workable ecological response model. 
 
 
4. DISCUSSION 
 
The Coorong ecosystem states model performed extremely well overall. A leave-one-out 
analysis indicated that the misclassification rate successfully predicted in excess of 80% of 
cases for three of the four analyses conducted. The model had the most difficulty in 
differentiating between the Estuarine/Marine and Unhealthy Marine states at an annual time 
step based on the biological data. Given that some evidence exists (anecdotal and empirical; 
see Lester & Fairweather [2009a]), that the Estuarine/Marine state may, in fact, represent 
more than one healthy marine-basin state (but insufficient data exist to resolve this into sub-
states), the variability inherent in that that state, as defined, may be contributing to this 
misclassification rate. Notwithstanding, the remaining misclassification rates are extremely 
good for ecological models and suggest that the model has value in predicting the 
ecological condition of the Coorong under known (or modelled) hydrodynamic conditions.  

The statistical modelling approach that we applied here combined cluster analysis, CART 
and ANOSIM to produce a state-and-transition model.  This approach had the advantage of 
being data-derived, so was not reliant on expert opinion or literature from other locations.  
Nonetheless, the identified splitting variables were intuitive to local researchers and 
managers. The combination of CART and ANOSIM was an important step to prevent over-
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fitting in the model (see Lester & Fairweather [2009a] for additional detail).  Other 
statistical methods that could have been applied (e.g. logistic regression, multiple adaptive 
regression splines [Lester & Fairweather 2008]) tend to have more assumptions about the 
distribution of the data, equality of variances and often rely on fitting linear models.  The 
methods described here do not rely on any of these assumptions, and are also relatively 
robust to missing data, providing significantly more flexibility in model development.  This 
flexibility is likely to be of use in other disciplines in cases where the available data are less 
than complete or comprehensive.  The methods used here may be less effective than some 
others, like Bayesian belief networks, in their ability to describe events outside the scope of 
the available data. 

This modelling approach also has a substantial advantage over many other approaches in 
that the resulting ecosystem states are simple to explain and intuitive for managers and 
members of the public. The ecosystem states arising from the Coorong model are broadly 
consistent with assemblages of biota that have been observed together by researchers, 
managers and the general public (although several states occurred infrequently in the 
calibration data set and so are less well-defined in their delineation). Thus, acceptance and 
ownership of the results of the model have been quickly forthcoming, and we have had 
many requests from managers to model particular scenarios that represent options for the 
management of the system, both in the short and the long term (> 400 scenarios have been 
modelled so far). Managers, therefore, now have a relatively robust, data-derived ecological 
response model that allows them to objectively assess the relative merits of competing 
management proposals, including under a variety of climate-change and sealevel-rise 
scenarios (as long as we can derive what the scenarios mean for the driving parameters as 
inputs to our model). Combinations of management options are also possible and the results 
of these have been particularly informative. The simple nature of the model means that 
long-term changes can be assessed in a timely manner (e.g. model runs of more than 100 
years for 12 locations along the Coorong; Lester et al. [2009]). 

As for all models, there are a number of limitations with the Coorong model that need to be 
considered when results are interpreted. As yet, the predictive capacity of the model has not 
been independently assessed. We attempted to compare the predicted ecosystem states to 
data collected in 2008 with limited success due to the small number of surveys conducted 
during 2008 for which data were available at the time (see Lester & Fairweather [2009a]). 
We hope to repeat this analysis in the future when more data become available. Other 
limitations include assumptions that the trajectory of recovery will be the reverse of the 
trajectory of decline, that all transitions between all states are possible (both of which 
almost certainly will not hold), and that there is a lack of spatial and temporal dependence 
on the states that are possible at any one location. However, in the absence of additional 
data (particularly for periods of ecological recovery), it is currently impossible to quantify 
the relative importance of these limitations. Uncertainty also exists with respect to how the 
crisp transitions described in the model (e.g. a time since flow threshold of 339 days) relate 
in practice (e.g. is 339.5 days considered to be over the threshold, or does some ‘fuzziness’ 
exist?). We are currently attempting to assess this, along with determining whether the 
model can be used retrospectively to describe past ecological conditions (e.g. in 1985 when 
the region was listed on the Ramsar Convention) and how robust the model is at describing 
conditions that differ from those in the training data set. 

Attempting to apply the ecosystem states model to a nearby region, with a very different 
history of data collection, has highlighted some data-availability constraints associated with 
this modelling approach. The ecosystem states approach is substantially more limited by 
missing data in biological data sets than in physico-chemical data sets. Therefore, logged or 
remote-sensed data sets such as water level, flow, or meteorological data can be 
incorporated easily despite occasional equipment (or other) malfunctions. However, regions 
that have been poorly, or only occasionally, comprehensively-surveyed for biota are less 
likely to be able to be modelled appropriately using the ecosystem states approach. As we 
are still in the process of developing the model for the Lakes, it is currently unclear whether 
the available data are sufficient or whether they fall below the minimum data requirements.  
Describing this minimum is an area of ongoing research. 
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The ecosystem states methodology has been shown to be robust to random errors in original 
data sets (up to approximately 30% error rates; Lester & Fairweather [2009a]), so 
constraints relating to the quality of the biological data are lower than may be the case for 
other modelling approaches, provided a range of data exists for multiple time points in 
multiple locations. Therefore, wetlands that have a history of citizen or management-
oriented monitoring (e.g. Frogwatch; www.frogs.org.au) may be able to be modelled even 
though identification of individual biota to species level may not have occurred and error 
levels may be relatively high. Appropriate transformations (e.g. use of presence/absence 
data), as well as an understanding of the error rates likely to be present (through quality 
assessment of the data collection) are recommended but the data are still likely to be of use 
if they have been collected in a consistent manner through space and time.  

Thus, it is highly likely that our ecosystem states approach will be able to be used in 
regions where other modelling techniques may not be appropriate. In regions where high-
quality biological and physico-chemical data are not available (but data of reasonable 
quality do exist), this technique may be appropriate where others are not. In particular, it 
will be useful in a range of circumstances for which deterministic methods are not 
appropriate due to a lack of understanding relating to linkages amongst ecosystem 
components or no data on parameters of interest. The approach could also be of use in other 
disciplines where data are patchy or sparse and mechanisms are poorly understood.  It is 
likely to be most relevant where there is a clear distinction between dependent and 
independent variables (i.e. here environmental data usually drives biotic response) so that 
the data can be appropriately divided.  Parts of the technique (e.g. the prevention of over-
fitting through the use of a combination of methods) may be even more broadly applicable 
elsewhere. 

The technique is unlikely to be of much use, however, in areas where there is a poor or only 
recent history of replicated dependent data (here, biological monitoring data). The degree to 
which the modelling approach can be used in situations where very little replicated 
dependent data exists has yet to be determined but, clearly, the more complete the original 
data sets are (e.g. of good quality, covering a wide variety of taxonomic groups, replicated 
in both space and time), the more confident the modeller can be in the generality of the 
resultant model, and thus the more confident the manager can be in the predictions derived 
from that model. 
 
 
5. CONCLUSIONS AND RECOMMENDATIONS 
 
Taking an ecosystem states approach to ecological response modelling addresses many of 
the common limitations associated with available biological (and physico-chemical) data 
sets. It allows models to be built in the absence of complete understanding of linkages 
within the ecosystem and where available data are a mixture of quantitative, semi-
quantitative and qualitative, collected using disparate collection techniques and where they 
are patchy in space and time. The approach is also able to deal with a large number of 
possible predictive variables (~ 230 used for the Coorong model, reduced to six key 
influential drivers of transitions between states) and so eliminates the need to select 
somehow a subset of potential predictive variables that are most likely to be driving the 
system. Such an approach is likely to have broad applications both within ecological 
modelling and in other disciplines where similar data constraints are found. However, the 
technique cannot overcome severe limitations in the replication of biological data in space 
and time, and is thus not likely to be appropriate where there is not a history of consistent 
ecological monitoring through time. We therefore recommend that the ecosystem states 
approach be considered as one of a suite of modelling approaches that be assessed for use 
in a given application based on the available data and the objectives of the modelling 
exercise. 
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FIGURES 

 
Figure 1. Flow chart describing the model development process and how the ecosystem 
states model can be used in combination with other existing models for the region to run 
various scenario analyses, including the generic steps (shown in upper case) that could be 
followed in applying this method to other case studies or disciplines. 
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Abstract: Systems based approaches have been developed and applied in a broad range of 
disciplines.  These cover a wide range of processes, structures and scales.  Ludwig von 
Bertalanffy is often credited with establishing and developing ‘general systems theory’.  
The ecosystem based approach to ecology developed by the Odum brothers (Eugene 
Pleasants and Howard Thomas) instigated approaches to understanding ecological systems 
that are still advancing within the frameworks of ecosystem services and ecological 
thermodynamics.  West Churchman and Russel Ackoff were early pioneers in the field of 
operations research following on from techniques developed during the Second World 
War.  Jay Forrester was also influenced by his work on feedback systems during the 
Second World War and went onto apply these engineering principles to management 
issues.  In part due to limitations of ‘hard’ systems based approaches such as operations 
research and systems dynamics, Peter Checkland and others promoted ‘soft’ systems 
methodologies in the 1970s to take greater account of the social processes at the heart of 
complex situations.  Social learning theory of Albert Bandura has been a key component of 
‘soft’ system approaches.   In the ecological domain it has been realized that social as well 
as ecological components of the system need to be considered.  At the same time the 
ecosystem service framework has been widely utilized to help assess what benefits humans 
receive from the wider environment.  ‘Sustainability science’ has been suggested as a new 
approach that can help scientists work with a wider set of stakeholders to address societal 
needs.  At a smaller spatial scale significant advances at the sub-cellular and cellular scale 
by Hiroaki Kitano and colleagues in systems biology, has been enabled by rapid increases 
in the data and information available through genomic sequencing and high throughput 
assays.  Just as with the birth of ‘general systems theory’ and cybernetics in the 1920-1950s 
there is a need to assess what can be learned from these often disparate systems based 
approaches and how we can work towards integrating our understanding and models from 
the sub-cellular level to the global scale.  Here I suggest that diagramming, network theory 
combined with markup languages based on data and meta-data standards within an 
analytical-deliberative framework can lead to learning and greater integration across these 
disparate systems based approaches. 
 
Keywords: socio-ecological; systems biology; general system theory; ecosystem services; 
analytical-deliberative 
 
 
1. INTRODUCTION 
 
There is an increasing need to integrate our understanding and modelling over a wide range 
of spatial and temporal scales to help address complex societal and environmental 
situations we face.  To achieve this we need to increase the level of societal relevant 
science that is carried out [Lubchenco 1998].  There has been a long term interest in 
systems based approaches to understanding ourselves and our interactions with our 
environments.  Ludwig Von Bertalanffy is credited with making major advances in systems 
based approaches in the early twentieth century.  ‘General systems theory’ was further 
developed  by himself (biologist), Kenneth Boulding (economist), Ralph Gerard (biologist) 
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and Anatol Rapoport (mathematician) to address what they saw as a requirement for a more 
integrated approach to solving societal problems.  This led to the formation of the Society 
for General Systems Research in 1954, which later was renamed the International Society 
for Systems Science.  The societies aim was to reduce the growing isolation of the 
specialization of disciplines.  At this time West Churchman and Russel Ackoff wrote an 
early text book ‘Introduction to Operations Research’ [Churchman et al. 1957] that was 
based on applying scientific methods to understanding the operations of a system within an 
interdisciplinary framework.  Jay Forrester led developments of system dynamics based on 
his experience in the Second World War resulting in the famous Limits of Growth study by 
his colleague Meadows [Meadows et al. 1972] and the release of the widely used graphical 
modelling software ‘Stella’ in the mid 1980s.  In part due to limitations of ‘hard’ systems 
such as operations research and systems dynamics, Peter Checkland and colleagues 
developed ‘soft’ system approaches to counteract limitations associated with technical 
assessments [Checkland 1981].  Social learning theory of Albert Bandura has been a key 
component of ‘soft’ system approaches.  In the ecological domain it has been realized that 
social as well as ecological components of a system need to be considered.  At the same 
time the ecosystem service framework has been widely utilized to help assess what benefits 
humans receive from the wider environment.  Sustainability science has recently emerged 
as a new approach that can help scientists work with a wider set of stakeholders to address 
societal needs.  At a smaller spatial scale significant advances at the sub-cellular and 
cellular scale by Hiroaki Kitano and colleagues in systems biology, assisted by rapid 
increases in the data and information available through genomic sequencing and high 
throughput assays.  At the other extreme in the 1980s and 90s the field of earth systems 
studies developed understanding and models at the regional and global scale of key biotic 
and abiotic processes to address large scale environmental issues such as climate change 
e.g. [Dorman and Sellers 1989].  The need for finer resolution earth system models led to 
the development of nested physical based global climate models for regional studies 
[Giorgi and Mearns 1991].  To make sense of various developments in systems based 
approaches over the past century I introduce each of the major branches of systems science, 
consider what we can learn from them to enable greater levels of integration from the sub-
cellular to global scale.  This is not an attempt to provide a single approach to the wide 
ranging and complex situations we face, but to help integrate our understanding and 
modelling within this series of frameworks.  
 
 
2.  REVIEW OF SYSTEMS BASED APPROACHES 
 
2.1 General system theory, ecosystems, systems biology, operations research and 
system dynamics: Outline and main characteristics 
 
The origins of systems thinking in the 20th century are associated with the ‘organismic 
biologists’ who started to consider organisms in their entirety, one of these was Ludwig 
von Bertalanffy who argued that these ideas about organisms could be applied to all 
systems.  Ludwig von Bertalanffy developed systems based approaches in the 1920s [Von 
Bertalanffy 1969] were system was defined as “entities composed of interacting parts” 
[Marin 1997].  This was based on the idea it was not enough to study just the individual 
components of a system which was the prevalent reductionist approach at the time.  
“General systems theory is a name which has come into use to describe a level of 
theoretical model-building which lies somewhere between the highly generalized 
constructions of pure mathematics and the specific theories of the specialized disciplines” 
[Boulding 1956].  Boulding [1956] emphasized the hierarchical nature of the ‘general 
systems theory’ with nine levels starting from simple static structures to open systems e.g. a 
cell (level 4) all the way to individual humans (level 7) and society (level 8).  At the time of 
writing his paper General Systems Theory: The Skeleton of Science he suggested we had 
adequate theoretical models up to the fourth level (i.e. an individual cell) and little beyond 
this and at all levels empirical knowledge was lacking [Boulding 1956].  The idea behind 
this pivotal paper was to provide a framework of systems to enable particular disciplines to 
add substance in an orderly and coherent manner.  This ‘general system theory’ was 
advanced by James Miller in his book Living Systems [Miller J.G. 1978] and then updated 
again in 1992 [Miller Jessie L. and Miller 1992]. 
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Arthur Clapham in the 1930s conceived the term ‘ecosystem’ to describe the biological and 
physical components of a system considered together as a unit and was first used in a paper 
(1935) by his colleague Arthur. G. Tansley [Willis 1997].  In 1953 Eugene P. Odum 
published the first edition of Fundamentals of Ecology [Odum E.P. 1953].  In this 
influential textbook his brother wrote a chapter on energetics, introducing energy circuit 
language which he later developed into energy system language [Odum H. T. 1972].  The 
importance of thermodynamics to provide a common currency for analysing systems led to 
the use of emergy and exergy concepts.  Building on the research of the Odum brothers, 
Jorgensen and colleagues have recently summarized what are the fundamental properties of 
ecosystems:  1) they are open systems, 2) it is impossible to accurately predict their 
complex behavior, 3) ecosystems have network connectivity that leads to emergent 
properties, 4) they are hierarchical leading to the need to understand the interactions with 
the above and below levels, 5) ecosystems grow and develop and 6) they have complex 
responses to disturbance [Jorgensen et al. 2007].    
 
The Second World War provided stimulus for developing systems based approaches.  
Around this time the discipline of cybernetics arose from a background in engineering, 
with a key early publication being Norbert Wiener’s ‘Communication and Control in Man 
and Machine’ [Wiener 1948] in which feedback mechanisms were shown to play a key role 
in all aspects of our lives.  Operations research emerged from activities in the Second 
World War demonstrating the benefits of using mathematical approaches to solving 
complex organizational problems [Churchman et al. 1957].  This led to the rapid 
development of a new interdisciplinary field that included mathematicians along with 
management scientists.  Alongside a vibrant practitioner community, the academic 
community gained in size around the world between the 1940s and 1970s.  Also emerging 
from the Second World War was Jay Forrester who whilst based at MIT had personal 
experience of the use of weapons systems on a USA naval ship.  In the mid 1950s Forrester 
moved from engineering to the newly formed Sloan management faculty at MIT.  He 
started applying his systems dynamics approaches to a broader range of problems leading 
to a series of influential books on systems dynamics [Forrester 1961, 1969].  Leading to the 
famous study ‘Limits of growth’ for the Club of Rome by Meadows et al. [1972].  Key 
aspects of system dynamics compared to other less quantitative studies is that you are able 
to set down all the internal consistencies and to see the result of complex feedbacks.  In two 
recent papers, Jay Forrester reviewed the first 50 years of systems dynamics [Forrester 
2007b] and then looked ahead to the next 50 years [Forrester 2007a].  He sets out the 
requirements for high quality systems dynamics studies, these include: setting out the short 
comings that the study will address and display the causes in a compact model structure, 
the model is completely endogenous (i.e. no external time series driving it), the model can 
be generic and fits to the wider class of systems, it produces recommendations that the 
author can defend and enables discussion how these recommendations differ to existing 
policies.  Systems dynamics based approaches have been widely used and one example is 
in crop modelling were recent use of these approaches have led the authors to call for 
greater integration with system biology approaches [Yin and Struik 2008]. 
 
Cybernetics and ‘general system theory’ provided inspiration for the recent rapid 
emergence of systems biology [Kitano 2002].  Systems biology signaled a shift from 
understanding and modelling single genes and proteins to a greater focus on a system’s 
structure and dynamics.  This has brought the ‘–omics’ and computational sciences closer 
together.  A key step is understanding the network structure which enables the dynamics of 
complex networks to be understood and modelled [Kitano 2002].  This has resulted in 
advances in mark up languages [Hucka et al. 2003] and more recently graphical notation 
[Le Novere et al. 2009] to enable the sharing of understanding and model structures.  At the 
same time of increased interest in system biology, there has been an explosion in studies 
that aim to understand larger scale ecosystems in a more holistic manner.  In 2005, the 
global scale Millennium Ecosystem Service Assessment was published [Millenium 
Ecosystem Assessment 2005], with assessments of the science required to assess the 
functions, services and benefits that humans gain from ecosystems set out more recently 
[Carpenter et al. 2009].  A characteristic of this growth in ecosystem service science has 
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been the need to conduct more holistic studies and to consider the trade-offs between 
individual functions and services [Bennett et al. 2009].  
 
2.2 General system theory, ecosystems, systems biology, operations research and 
system dynamics: What these approaches offer and synergies with other systems 
based approaches 
 
These approaches have highlighted the need to consider the full breadth of the system 
under study, the interactions and feedbacks internally and externally, the benefit of using 
diagramming, network structures and related quantitative model structures to set down the 
components of the system understudy and the need to be fully aware of what exactly the 
purpose and aims of the study are. 
 
2.3 Soft systems methodologies, social learning, socio-ecological systems and 
sustainability science: Outline and main characteristics 
 
The preceding group of systems based approaches can be classed as ‘hard’, since their 
focus is on goal seeking [Checkland 1985].  In the 1970s the field of operational research 
faced a serious loss of confidence.  There were a number of reasons for this including poor 
delivery of solutions to real problems and from being a very broad discipline [Corbett and 
Vanwassenhove 1993].  In the UK, Peter Checkland and colleagues promoted an 
alternative to these complex mathematical based operational research solutions in the form 
of soft systems methodology that could be used alongside more technical approaches 
[Checkland 1981].  This was combined with the realization that the most difficult aspect of 
any study was establishing what the exact question to answer was.  More recently the 
approaches of ‘critical systems thinking’ [Flood 1990] and ‘critical systems heuristics’ 
[Ulrich 2003] have stressed the need for reflective professional practice and a focus on the 
judgments made about the boundaries of a study.  Social learning theory of Albert Bandura 
[1977] has been a key component of ‘soft’ system approaches.  Systems methodologies that 
embrace social learning are increasingly being applied to better understand how land and 
catchments can be managed and how the situation of managing complex systems can be 
improved [Collins et al. 2007].  
 
In the field of ecology, Holling [1973] first introduced the concept of resilience of 
biophysical and social systems, highlighting that there was a need to understand how 
resilient social and biophysical systems were to disturbance.  A socio-ecological system is 
defined as encompassing ecological and societal subsystems in mutual interaction.  
Gallopin et al. [2001] suggested that socio-ecological systems are the natural unit of study 
for sustainable development research, this is because socio-ecological systems are complex 
and have a large number of non-linear processes which vary across scales.  Complex 
systems are characterized by:  variables that can be conceptually portioned into classes and 
subclasses, the presence of relatively separable subsystems that function on their own but 
also influence each other and that they are greater than the sum of the parts [Ostrom 2007].  
Through studying complex coupled socio-ecological systems there needs to be more 
emphasis on the dynamics of vulnerability, resilience and adaptability compared to earlier 
emphases on control, stability and risk [Young et al. 2006].   Increasingly there are linkages 
to earth system science through the process of globalization leading to greater 
connectedness, speed and scale of socio-ecological systems [Young et al. 2006].  A recent 
survey of 36 quantitative models (published paper between 2003 and 2008) that integrated 
social and ecological concepts identified the need for a greater range of approaches to 
quantify human values and ways to evaluate integrated socio-ecological models [Cooke et 
al. 2009].     
 
Sustainability science has arisen from a realization that to meet the challenges we face we 
need to take a different approach to our science (methods, structures and content):  1) to 
span a wider range of spatial scales,  2) account for temporal inertia, 3) handle functional 
complexity that arises from multiple stressors, and 4) a greater recognition of what makes 
science useable by society and other scientists.  An important step forward is for “research 
itself must be focused on the character of nature-society interactions, on our ability to guide 
those interactions along sustainable trajectories, and on ways of promoting the social 
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learning that will be necessary to navigate the transition to sustainability” [Kates et al. 
2001].   
 
2.4. Soft systems methodologies, social learning, socio-ecological systems and 
sustainability science: What these approaches offer and synergies with other systems 
based approaches 
 
These approaches have highlighted that there is a need to think critically about the 
boundary judgments to any study, there is a need to balance ‘hard’ quantitative approaches 
with ‘soft’ approaches to ensure that you are asking the correct question.  In natural 
resource issues there is a need to consider the social as well as the ecological system 
understudy, the resilience of the system under study and the trade-offs between different 
ecosystem functions and services is consider in the decision making process. 
 
 
3.  POTENTIAL FOR MORE INTEGRATIVE SYSTEMS BASED STUDIES 
 
There are increasing calls for scientists, regulators and policy makers to adopt more 
integrated and holistic approaches to understanding how we manage systems from the local 
to global scales.  Recent papers have highlighted the need for more integrated approaches 
e.g. [Ison et al. 2007, Liu et al. 2007, Macleod et al. 2007, McIntosh et al. 2005, Pahl-
Wostl et al. 2007].  These draw on a variety of perspectives and approaches such as soft 
systems approaches [Checkland 1981], the advent of post-normal science [Funtowicz and 
Ravetz 1992, Lubchenco 1998], social framing of risk [Wynne 1992], participatory rural 
appraisal [Chambers 1994], participatory learning [Pretty 1995], ecosystem resilience 
[Holling C. S. and Meffe 1996, Scheffer et al. 2001] and social network analysis [Borgatti 
et al. 2009].  It is increasingly realized that a mixture of  ‘hard’ and ‘soft’ approaches are 
required to address natural resource management questions [Pahl-Wostl 2007].  
 
Potential for linking current systems based approaches to lead to greater levels of scientific 
interoperability come from two main areas and I would like to explore these in the 
workshop:  
 
1) Systems modelling approaches from systems biology to earth systems science 
include approaches that range from qualitative network models to quantitative 
process/kinetics based approaches.  It is the network models that have the potential to link 
systems biology, socio-ecological systems and earth systems science.  Advances in network 
theory and analysis have been recently reviewed by Borgati et al., [Borgatti et al. 2009].  
There has been growing interest in the application of network analysis in the analysis of 
scientific interactions [Borner et al. 2004].   
2) To increase the sharing of data between individual projects and between disciplines 
requires the establishment of data and meta-data models.  Key to the implementation of 
these have been advances in markup languages e.g. system biology markup language 
(SBML) [Hucka et al. 2003] systems biology graphical notation [Le Novere et al. 2009], 
waterML [Horsburgh et al. 2009] and earth systems markup language [Ramachandran et al. 
2004].  What is required are ways to link across these individual standards so that 
individual communities of scientists can link their understanding and models. 
 
4.  CONCLUSIONS 
 
Advances in a wide range of systems focused disciplines have increased our ability 
understand and model socio-ecological systems from the sub-cellular to global scale.  
These can be classed as ‘hard’ and ‘soft’ approaches and both are required when you are 
studying systems across multiple spatial and organizational levels.   Here I suggest that 
diagramming, network theory combined with markup languages based on data and meta-
data standards within an analytical-deliberative framework can lead to learning and greater 
integration across these disparate systems based approaches.  I am not suggesting that one 
approach or framework will address all situations, but highlighting the commonalities that 
will enable us to integrate across situations and scales, which is required for increased 
scientific interoperability.   
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Abstract: Bayesian networks (BNs) are simple graphical causal models that have been 
applied in a diverse range of fields. They were first conceived in the 1980s at the interface 
between artificial intelligence, expert systems and statistics, to deal with problems of 
reasoning and decision making under uncertainty. They have served many purposes 
including diagnosis, prediction, simulation and analysis, and are particularly suited to 
problems involving causality with inherent uncertainty. In environmental modelling, one of 
their strengths is in their ability to integrate various forms of knowledge across disciplines 
into a single modelling framework. In this paper we introduce a BN that was developed to 
model the habitat suitability of Astacopsis gouldi, the endangered giant freshwater crayfish 
in Tasmania. The BN was linked to GIS, thereby placing the model inputs and outputs in a 
spatial context. The modelling work is based on research by the Tasmanian forestry 
practices industry that developed a set of habitat mapping rules for the species that were 
translated into a habitat suitability map. The BN is used to represent current knowledge of 
Astacopsis habitat, however, unlike the previous mapping work, all causal relations are 
made explicit and transparent to users. The BN also allows management strategies to be 
tested, which better promotes system understanding, and its modular architecture will 
enable it to be integrated into a larger model or Decision Support System, making it more 
useful in a decision making context. 
 
Keywords: Spatial bayesian networks; GIS; uncertainty; structured modelling process   
 
 
1. INTRODUCTION 
 
Bayesian network models were first developed in the 1980s by Judea Pearl as an approach 
to combine artificial intelligence and expert systems. It is an increasingly popular 
modelling approach for dealing with problems of reasoning and decision making under 
uncertainty. Unlike many mathematical modelling techniques, BNs represent knowledge in 
a graphical form underlain by the concepts of causation and probability, which are 
relatively simple to understand. Many processes and systems can be represented in this 
form, and as such BN applications have ranged from medical diagnosis to troubleshooting 
malfunctioning devices, pattern recognition, financial credit assessment, natural disaster 
risk assessment and environmental management.  
 
In BNs, knowledge is mapped out by a network of nodes (variables), which are linked by 
arrows that represent dependent relationships. The structure of a BN is usually defined 
using prior knowledge, however can also be learnt from data. The strength of relationships 
between nodes are encoded in the Conditional Probability Tables (CPTs) attached to each 
node. These probability values can be derived from a range of sources including expert 
elicitation, data learning or known process equations; these sources can also be from 
multiple disciplines. Often BNs are built using a combination of domain knowledge and 
statistical data. BNs can handle uncertain information and missing values in data.  
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After the CPTs for nodes are defined, evidence in the form of observation or scenario 
values for one or more nodes can be entered into model. This evidence can represent a 
management intervention or system change (e.g. climate change). Using Bayes’ Theorem, 
the a priori probabilities of the other nodes are updated. The interactions between nodes are 
transparent, providing reasoning behind the model outputs; this makes BNs useful for 
diagnostic or explanatory purposes and for promoting system learning. There are some 
limitations to BNs such as their inability to readily represent feedback loops and temporal 
and spatial relationships. For more information on BNs, see Cain [2001] and Uusitalo 
[2007]. 
 
Many of the features of BNs make them appropriate for modelling of environmental 
systems, in particular their ability to: handle uncertainty and scarce or missing data; utilise 
data and knowledge from a range of sources in different forms; and their user-friendliness 
which serves well in participatory processes. Many studies have applied BNs to support 
environmental decision making and management, by linking system drivers and 
management actions to the species, ecological community or environmental problem of 
interest. BNs can effectively integrate physical, social, ecological and economic 
components of a system into a model, for a more holistic assessment. BNs have also been 
applied as environmental risk assessment models and to examine complex problems and 
resolve controversies, such as conflicting hypotheses about the causal factors of 
environmental problems.  
 
Natural resource management problems generally involve multiple issues and stakeholders 
from multiple sectors. BNs provide a framework that can readily link knowledge, data and 
experts from different domains to reach an integrated outcome. The easy-to-understand 
structure of BNs facilitates the communication of information across disciplines and 
between stakeholders, unlike many domain-specific modelling frameworks that may 
discourage non-specialists in contributing to or using the tool. The BN presented in this 
paper has future potential to bring together ecology, forestry and management. 
 
GIS is used widely across disciplines as a spatial analysis tool, as it stores, organises and 
analyses spatial and non-spatial information with respect to geographical location. This 
current study links a BN model to GIS, thereby attempting to overcome BNs’ weakness in 
representing spatial relationships. The integration of GIS with BN is relatively novel, with 
few existing studies linking the two tools. These include BNs used to model the effects of 
environmental variables on woodland distribution to support reforestation planning [Galan 
et al. 2009], to map habitat suitability of the endangered Julia Creek dunnart (Sminthopsis 
douglasi), based on very limited expert knowledge and empirical data [Smith et al. 2007], 
and to analysis the risk of avalanches in a spatially-explicit manner [Gret-Regamey and 
Straub 2006]. Environmental variables have a spatial dimension, and it is often useful to 
manage environmental problems with an understanding of their spatial distribution and 
relationship. This paper explores the potential of integrating GIS and BNs, by presenting a 
BN developed to model the habitat suitability of juvenile Astacopsis gouldi, the giant 
freshwater lobster in Tasmania. 
 
 
2. CASE STUDY: HABITAT SUITABILITY OF ASTACOPSIS GOULDI 
 
2.1 Astacopsis gouldi: Biology and habitat protection 
 
Astacopsis gouldi is the largest known freshwater invertebrate, and is endemic to 
Tasmania, Australia. Its population, in terms of numbers and distribution, has rapidly 
declined over the past 40 years and the species is now protected under a number of State 
and Commonwealth Acts. The causes of their decline include the clearance of riparian 
vegetation, habitat disturbance through channelization and removal of woody debris 
(referred to as snags), the construction of instream barriers to movement, the use of 
potentially toxic chemicals such as pesticides, forestry operations and fishing [Threatened 
Species Section 2006]. The threats to A. gouldi are exacerbated by the species’ slow growth 
rate and long breeding cycle. Females take approximately 14 years to reach sexual 
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maturity, after which they breed every two years with gestation taking about nine months 
[Threatened Species Section 2006]. The understanding of the species’ biology and ecology 
is far from complete; however there have been more efforts recently in addressing key 
knowledge gaps.  
 
Prior to forestry activities being carried out in Tasmania, Forest Practices Plans (FPPs) 
must be prepared and certified. FPPs must take into consideration threatened species listed 
in both the federal Commonwealth Environment Protection and Biodiversity Conservation 
Act 1999 and the state Tasmanian Threatened Species Protection Act 1995 legislation. 
Both Acts include protection measures for A. gouldi. Where forestry operations are carried 
out in catchments where suitable A. gouldi habitat occurs, operators must ensure that their 
impact on that habitat is minimal. In order to define areas of suitable habitat, a set of rules 
were developed based on information on the habitat characteristics of adult and juvenile A. 
gouldi, and these rules were overlayed on spatial maps [Davies et al. 2007b]. The habitat 
suitability map is used to identify locations requiring protective provisions under the Forest 
Practices Code, i.e. areas with high existing/potential A. gouldi habitat suitability, 
independent of current conditions resulting from existing or past land use.  
 
 
2.2 Astacopsis gouldi: Habitat suitability mapping 

 
The primary aim of this study was to demonstrate the approach and value of spatial BNs, 
particularly for mapping habitat suitability. In this paper, we are using published 
knowledge on A. gouldi habitat to develop a BN. Future iterations of the BN will include 
forestry operation and other land use and management scenarios to determine their impacts 
on A. gouldi. The current version of the BN uses spatial data from GIS to parameterise 
habitat variables in the BN, and the model predictions are represented spatially back in 
GIS. This approach enables the model inputs and outputs to be viewed in a spatial context, 
which has been a limitation of many BNs previously. This modelling work is ongoing, and 
the methodology and interim results are discussed. 
 
This study builds on the work by Davies et al. [2007b], by converting mapping rules and 
relevant GIS layers into a spatial BN. This study adopts the mapping rules, described below 
(Table 1), for habitat suitability of juvenile A. gouldi defined in Davies et al. [2005b]. 
These were considered interim rules for discriminating high, medium and low classes of 
habitat suitability, with ongoing work in refining the rules and ground-truthing habitat 
suitability. The rules from Davies et al [2005b] describe current habitat conditions, by 
accounting for riparian vegetation condition and meso-habitat. Meso-habitat consists of 
habitat features in the stream channel, such as large rocks, cavities and logs. The other 
variables considered were macro-habitat characteristics including elevation, stream class, 
slope and whether the area is within a geological contact zone (where the boundaries of 
two or more geological groups meet). Survey work by Davies et al. [2005b] found very low 
abundances of juvenile A. gouldi in non-perennial Class 4 streams, but significantly higher 
incidences in perennial Class 4 streams fed by groundwater discharge, such as those found 
in geological contact zones. Descriptions of the variables, including their data source are in 
Table 2. GIS layers were available for all variables except meso-habitat. 
 
The mapping rules from Davies et al [2005b] for discriminating stream habitat suitability 
for juvenile A. gouldi within the species range were interpreted as follows (rules are 
applied in numerical sequence): 
 

1. All stream reaches >400 m elevation → unsuitable 
2. Class 4 streams not within a geological contact zone → low suitability 
3. Stream reaches with poor riparian condition, i.e. CFEV ripveg index <0.2 → low  

suitability 
4. The habitat suitabilities of all remaining reaches (i.e. Class 1, 2 and 3 streams 

<400 m with CFEV ripveg index >0.2, and Class 4 streams in geological contact 
zones <400 m with CFEV ripveg index >0.2) are defined in the matrix below 
(Table 1) 
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Table 1. Rules for discriminating habitat suitability for juvenile Astacopsis gouldi in 
reaches below 400 m altitude with CFEV ripveg index >0.2 in Stream Classes 1, 2 and 3 

and in Class 4 streams in geological contact zones. 
  Meso-habitat & Riparian Vegetation Condition 

  Optimal meso-habitat 
CFEV ripveg index >0.8 

Optimal meso-habitat 
CFEV ripveg index <0.8 

Sub-optimal meso-habitat 
CFEV ripveg index >0.8 

Sub-optimal meso-habitat 
CFEV ripveg index <0.8 

E
le

va
ti

on
 &

 S
lo

pe
 <250 m elevation 

<10% slope 
High Medium Medium Low 

<250 m elevation 
>10 % slope 

Medium Low Low Low 

250-400m elevation 
<10% slope 

Medium Low Low Low 

250-400m elevation 
>10% slope 

Low Low Low Low 

 
The model development process for this spatial BN follows the ten iterative steps in 
development and evaluation of environmental models from Jakeman et al. [2006]. These 
ten steps were discussed in the context of BNs in Chen and Pollino [2010]. The steps 
provide guidelines to help ensure good practice in model development, testing and 
application. The modelling development process and results will be reported using this ten 
step framework. 
 
 

Table 2. Description of nodes and their data sources 
Input node Description States GIS layer/Data 
Stream class Stream size classes as defined in 

the Tasmanian Forest Practices 
Code.  

Class 1 
Class 2 
Class 3 
Class 4 

Forest Practices Board 

Geocontact Geological contact zones. Is the 
area within the zone where two or 
more geological groups meet? 

Yes 
No 

Derived from geological polygons 
[as in Davies et al. 2007b] from 
Mineral Resources Tasmania 

Elevation Metres above sea level 0 to 250 
250 to 400 
> 400 

DEM 

Average Slope Drainage section average slope 
(%) 

< 10 
10 to 30 
30 to 100 

DEM 

Mesohabitat Geomorphic mosaics that 
represent optimal meso-habitat 

Optimal 
Suboptimal 

n.a. 

CFEV riparian 
vegetation 

Conservation of Freshwater 
Ecosystem Values (CFEV) native 
riparian vegetation index  

<0.2 (poor 
condition) 
0.2 to 0.8 
>0.8 (good 
condition) 

CFEV Data – Catchments, River 
Section Catchments [Tasmanian 
Department of Primary Industries 
and Water 2008]  

 
 
 
3. MODEL DEVELOPMENT AND EVALUATION 
 
3.1 Define model purpose 
 
As stated above, the purpose of this model is to demonstrate the potential of linking BNs to 
GIS using A. gouldi habitat suitability as a case study.  
 
 
3.2 Specify the modelling context 
 
The scope of the project is limited to using existing knowledge and data on the A. gouldi, 
primarily using the work by Davies et al. [2005b] and Davies et al. [2007b]. The study will 
encode the mapping rules for discriminating stream habitat suitability for juvenile A. gouldi 
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into a BN. The model endpoint will be ‘habitat suitability’, and the model inputs will be 
stream class, geocontact, elevation, slope, mesohabitat and riparian condition. The data on 
the input variables (macro-habitat characteristics and riparian condition) will be derived 
from GIS layers (Table 1). Although data on mesohabitat is currently unavailable, 
mesohabitat has been included as a model input as it is considered an important variable 
determining habitat suitability. For this study, the value of mesohabitat in the model will be 
‘unknown’, however this can be updated as data becomes available. 
 
The geographical area to be modelled is limited to the A. gouldi range, over northern 
Tasmania. As the model considers habitat suitability given spatial data, no temporal aspect 
is built in. Many of the nodes (except mesohabitat and riparian condition) are unlikely to 
change with time. The riparian condition data (CFEV) was collected in 2003. A subsequent 
validation study found that the CFEV scores for condition correlated reasonably well with 
real data from surveyed river sections [Davies et al. 2007a], thus the CFEV data is 
considered to be a good surrogate for riparian vegetation condition. 
 
 
3.3 Review existing knowledge on system 

 
A literature review was carried out on A. gouldi using peer-reviewed papers, scientific 
reports and internet sources. The literature review included an overview of the distribution 
and habitat of A. gouldi, and the major threatening processes attributed to causing the 
decline in the species’ populations. The literature review is not included in this paper, but 
the results are summarized in the conceptual model in Figure 1. There are several factors 
influencing A. gouldi populations, however there is high uncertainty about the extent of the 
effects and the mechanisms involved. 
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Figure 1. Conceptual model of the key factors affecting Astacopsis gouldi populations 
 
 
3.4 Select model features and families 
 
BN modelling was considered a suitable approach for this case study due to the limited 
knowledge and data on A. gouldi habitat and the different forms of data available. 
Empirical data on A. gouldi occurrence is not available to test and validate a model. This 
would prohibit us from modelling habitat suitability with most modelling approaches. The 
data on the variables affecting A. gouldi habitat are from multiple disciplines and are in 
different forms (quantitative and qualitative). The A. gouldi model can later be combined 
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into a larger model (e.g. of stream communities) or combined with a management sub-
model. 
 
 
 
3.5 Decide how to find model structure and parameters 
 
The model structure will be determined by the habitat suitability mapping rules. The BN is 
used to encode mapping rules into the model’s structure and CPTs. 
 
 
3.6 Select estimation performance criteria and technique 
 
Due to the lack of A. gouldi occurrence data, performance accuracy cannot be measured. 
The model was evaluated by sensitivity analysis to identify the variables that have the most 
influence on habitat suitability. The model was tested to ensure it generates the same 
habitat suitability values as the mapping rules it was based on. Future model tests will be 
conducted through model review with experts. 
 
 
3.7 Identify model structure and parameters 
 
The BN model was built using the Netica software [Norsys Software Corp.]. The BN 
model is shown in Figure 2. An aggregate node ‘suitable stream class’ was added to reduce 
the size of the ‘habitat suitability’ CPT from 432 combinations of parent states to 144 
combinations. Adding aggregate nodes, a process known as ‘divorcing’, can potentially 
dilute the sensitivity of the model, by increasing the number of nodes between the input 
and final nodes and increasing the uncertainty propagated through the network [Cain 
2001]. 
 

Suitable stream class
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Low
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33.3

217 ± 160

Avg Slope

Low
Medium
High

33.3
33.3
33.3

13.3 ± 12

Mesohab

Yes
No

50.0
50.0

0.5 ± 0.5

CFEV ripveg index

Low
Medium
High
No data

25.0
25.0
25.0
25.0

1.5 ± 1.1

 
Figure 2. Bayesian network of juvenile Astacopsis gouldi habitat suitability 
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Figure 3. Map showing the habitat suitability of juvenile Astacopsis gouldi produced from 
the GIS linked Bayesian network model. A. gouldi range is indicated by the coloured areas 

on the map. Model input ‘mesohabitat’ was unknown. 
 
 
The GIS layers for each of the input nodes were combined into one layer using ArcMap 9.3 
[ESRI]. The data for ‘mesohabitat’ were marked as missing (*). The attribute table for the 
combined GIS layer was processed by the BN as a case file, whereby the data were entered 
into the model as findings. The model then updated the probabilities for the nodes without 
findings (i.e. ‘suitable stream class’ and ‘habitat suitability’). The output file contained the 
most probable ‘habitat suitability’ state for each polygon and an ID number. This ID 
number allowed ‘habitat suitability’ data to be imported into ArcMap and joined to the GIS 
layer containing the input data. The resulting map is shown in Figure 3. 
 
3.8 Conditional verification and diagnostic testing 
 
In order to verify that the BN model was following the mapping rules outlined in Davies et 
al. [2005b], more than 12 polygons from each habitat suitability class (except ‘High’ 
suitability, as there were none) were randomly selected from the map and the 
corresponding variables were applied to the mapping rules to derive habitat suitability 
values. The habitat suitability values produced by the BN and derived from the mapping 
rules were consistent, so it was concluded that the BN satisfactorily reproduced the 
mapping rules. 
 

 
Table 2. 
Sensitivity of ‘Habitat suitability’ due to a finding 
at another node. The nodes are ranked according to 
their degree of influence on the ‘Habitat suitability’ 
node. 
 
 
 

 
The sensitivity analyses were conducted using the ‘sensitivity to findings’ function in 
Netica; the key results are presented in Table 2. The function works by systematically 

Node Mutual Info 
Habitat suitability 1.367 
Elevation 0.960 
CFEV riparian vegetation 0.078 
Slope 0.047 
Mesohabitat 0.042 
Stream suitability 0.026 
Stream class 0.007 
Geocontact 0.003 
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varying the evidence entered into each of the nodes to simulate ‘habitat suitability’ and 
records the probability distribution for the states of this output node. The resulting mutual 
information statistic (also referred to as entropy reduction) indicates the variance in the 
‘habitat suitability’ node that is explained by changes in the respective input nodes. As the 
BN is a direct translation of the mapping rules [Davies et al. 2005a], these sensitivity 
analysis results are a reflection of the relationship between the variables and the output 
node implicitly defined in the rules. The sensitivity analysis results indicate that elevation 
has the strongest influence on habitat suitability, followed by riparian condition, slope and 
mesohabitat. From a management perspective, of the variables that can be controlled, 
riparian condition is likely to be the priority risk or key knowledge gap, and therefore 
requires further monitoring and research.  
 
 
3.9 Managing uncertainty 
 
In this first version of the model, mapping rules from Davies et al. [2005a] were used 
directly, and consequently relationships are represented as being deterministic rather than 
probabilistic. Therefore the uncertainties in the model are not expressed in the final node’s 
probabilities. One potential approach to testing uncertainties involves adjusting levels of 
certainty to find out at what level of uncertainty the predictions change; in other words 
determining how wrong the probabilities can be. Another approach involves asking experts 
to estimate uncertainties around the mapping rules. We would consider the BN to contain 
high levels of uncertainties. This is compounded by the lack of A. gouldi occurrence data to 
validate the model. The model in its current state is therefore considered to discriminate 
habitat suitability for A. gouldi at a low level of confidence. This is an area of future 
development. 
 
 
3.10 Model evaluation and testing 
 
The model was evaluated according to the objectives of the modelling exercise, which were 
to represent existing information on juvenile A. gouldi habitat suitability and demonstrate 
the potential of linking BNs to GIS. The current understanding of A. gouldi habitat 
suitability is limited and data on the occurrence of the species was not available. 
Subsequently the BN model contained a high level of uncertainty and its performance 
accuracy could not be tested. This BN is considered to be a part of an ongoing iterative 
model development process, which will be advanced as more knowledge and data about the 
A. gouldi habitat becomes available. Marcot et al. [2006] described BNs at three model 
levels: alpha, beta and gamma. Using this classification, the A. gouldi BN presented would 
be considered an alpha-level model, which is the initial functioning BN, suitable only for 
internal use and review. After the BN is formally reviewed by domain experts and revised 
according to feedback on the model structure and CPT values, the BN can be considered a 
beta-level model. The model will advance to gamma-level after undergoing further testing 
and calibration, validation and updating [Marcot et al. 2006]. 
 
The BN derived habitat suitability map was compared to the habitat suitability map used by 
Forestry Tasmania [Davies et al. 2007b]. The maps were based on different sets of rules, 
with the Forestry Tasmania map showing the habitat suitability for juvenile and adult A. 
gouldi under pre-development conditions. As expected, the two maps were very different, 
with the Forestry Tasmania map showing a much larger area of medium to high habitat 
suitability. Juvenile habitat is generally more limited in range than adult habitat; 
furthermore current conditions would render many potentially highly suitable areas to be 
less suitable habitat. 
 
 
4. DISCUSSION AND CONCLUSION 
 
The model presented in this paper is a simple representation of a BN that was encoded with 
mapping rules from Davies et al. [2005b], which represents current knowledge of juvenile 
A. gouldi habitat suitability. Future iterations of the BN will include specific management 
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interventions, for example revegetation of riparian zones or resnagging streams (i.e. 
reintroducing woody debris for mesohabitat). These interventions can be added to the BN 
as separate nodes linked to the riparian vegetation or mesohabitat nodes. After the model is 
calibrated and validated, it can be used to test the effectiveness of these management 
interventions on habitat suitability. If information on a range of management actions and 
their linkages to habitat suitability becomes available and incorporated into the model, 
model users will be able to compare the potential affect of the different actions on habitat 
suitability. Such a BN will be able to help managers to prioritise management interventions 
based on which action is likely to produce a better outcome (improved habitat suitability). 
 
Another potential future direction for the A. gouldi habitat suitability BN is its integration 
into a larger model encompassing other species. The Threatened Species Section [2006] 
recognised that A. gouldi share the same habitat as other threatened species, including 
hydrobiid snails and species of burrowing crayfish. Therefore improving A. gouldi habitat 
will also provide benefit to these and other species. It is possible to integrate habitat 
suitability BNs for a number of species into one model, due to the modular architecture of 
BNs. Depending on the management context, a multi-species model may be more useful 
than a single species model. 
 
Linking the BN to GIS has added value to the model, by placing the model inputs and 
outputs in a spatial context. Using this approach is considered to be a more cost-effective 
alternative to developing species distribution models based on field surveys, particularly 
with the rare occurrence of the species [Smith et al. 2007]. Many of the variables affecting 
habitat vary spatially, and accordingly habitat suitability will have some degree of pattern 
in spatial distribution. A stand alone BN would not be able to reveal the spatial patterns in 
habitat suitability of the species. The habitat suitability map resulting from the GIS linked 
BN can be used to analyse such patterns and potentially assist in spatially-prioritising 
habitat protection or monitoring of the species. The approach used in this study has served 
as a tool for communication across disciplines, by linking forestry, ecology and 
management into one relatively simple modelling framework. 
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Abstract: The synergies between two systems studies—one ecological and the other socio-
economic—are explored to determine how the stability of structures affects exchanges 
within a system. The ecological study is part of a whole-of-systems approach evolved 
through applications in an Australian and Pacific Island context to address regional 
planning. The core of that approach is conceptualising ecological systems as a hierarchical 
nesting of systems at various scales. Each system in the hierarchy has a set of components 
and processes comprising inputs/drivers, assets in the form of functional groups and 
habitats, and process linkages and transformation associated with the supply of ecological 
services. In the socio-economic application, a range of contextual and performance factors 
are examined to determine a nested structuring of geographic localities. The change in 
those regional structures was explored with respect to migration, changes in the 
contextual/performance factors and changes in the profiles of industries. Commonalities in 
the two studies—which are the subject of this paper—revolve around the strength of 
structures and their typologies (composition) and the stability of those structures. Strong 
typologies display weak tendencies to exchange with others, while weaker typologies may 
act as hubs that facilitate change across typologies that are very different. While change in 
both systems can take place through different modes, each mode may involve alternate 
pathways through weak structures that act as hubs of exchange. 
 
 
Keywords: Systems science; ecosystem structure; socio-economic; clusters; typologies.   
 
 

1. Introduction 

 
Attempts to manage complex, dynamic systems are destined to fail when the structure of 
the system and the functions of its components are not understood. Knowledge of how both 
managerial and non-managerial (exogenous) controls of pressures, threats and incentives 
affect outcomes is essential to avoid unexpected—and ineffective—outcomes. 
Elements of the system that need to be understood to inform decision making include: 
 

 what are the appropriate monitoring strategies, and capability, to interpret trends and 
types of impacts;  

 the relationship between the system components, and their influence on key 
outcomes; 

 how protection from, and control of, pressures, threats and incentives need to be 
aligned to the desired targets and trajectories.  
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Therefore, implicit in the ability to control, monitor and assess a system is the ability to 
model, project and predict how pressures, threats and incentives may affect assets 
responsible for outcomes. The relative merits of the variety of approaches to this problem 
must be assessed within the context of the system. Our intent in this paper is to outline an 
approach for systematically assessing complex systems. We focus on two such systems: 
ecological and socio-economic.  
 
A systematic approach to describing systems must consider a variety of aspects of systems 
and their complexity such as structure, function, hierarchy and relationships. At the heart of 
the approach we’re advocating is a framework where complexity is retained within a 
hierarchy of structures (each with its own typology) and in capturing dynamics within sets 
of simpler modes (within the hierarchy) and transitions between those modes. By “mode”, 
we mean the structure’s behaviour, or process response, to drivers or forcing. For example, 
the response of a human being to external stimuli has a variety of behaviours determined by 
the particular mode (or moods) which the individual happens to be in. Likewise, an 
ecological system behaves differently in different seasons. As with any simplification, the 
uncertainties must not outweigh the benefits of clearer insight into the dynamics, which 
would otherwise be buried in complexity.  
 
In summary, the systematic characterisation of systems involves: 
 

(1) Structure as a means of capturing typologies 
(2) Hierarchy as a means of providing context as a function of scale 
(3) Functional relationships in the structure (both within and between levels of the 

hierarchy) as exchanges between modes of behaviour 
(4) Translation of drivers, pressures and threats through the system as drivers of mode 

change or regime shift 
(5) Effects on outcomes (ecological services, productivity, livelihood, indicators, etc.) 

that are characteristic behaviours of the various modes. 
 
With that as background we provide a generic guide on how to characterise systems: 
illustrated by reference to ecological and socio-economic systems. We begin with a 
conceptual definition of a system and then focus on characterising structure as typologies 
within a hierarchical setting. We also explore some aspects of typology strength as a key 
factor that characterises a structure’s response to drivers.  

2. Typological characterization of systems 

 
A holistic approach to systems must consider not only the system providing outcomes but 
also the interconnected human–ecological, governance and exogenous systems. In this 
paper we restrict our attention to the system providing outcomes and to some key findings 
from a hierarchical typological approach to characterising an ecological system and then a 
socio-economic example. 
 
The conceptual basis of the characterisation process is that the complexity of ecological 
structures and interactions can be decomposed as a simpler nested set of structurally self-
similar systems and subsystems. The approach builds understanding of how systems are 
structured and connected at different scales, and allows us to study environments to the 
finest or coarsest level desired without undue complexity. Likewise, drivers, pressures and 
threats acting on these systems are also scale–dependent and can therefore be matched to 
the system operating at that scale. Our preferred approach, therefore, is to retain the 
complexity as a nested set of systems, each of which has a simple structure, but in 
aggregate can represent very complex dynamics through the inheritance of context (a 
hierarchical or Bayesian concept). So, in summary, we can construct and study complex 
ecological environments by systematically decomposing them as a nested set of systems 
with matching drivers. 
 
At any particular scale, a system at that scale will have context provided by the scale above. 
For example, a coral reef system on the shelf of a mainland has a different context to one 
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formed on a volcanic island located in deep water. Context is important from a number of 
perspectives: 
 

 It represents the connection of the system with the larger system (the context) within 
which it is embedded 

 
 Depending on the degree of connectivity with the larger–scale system, the system 

may inherit or be influenced by ecological components from the larger system. For 
instance, biogeographic evolutionary processes may have strong influences on the 
local species composition in one location. When that is different to another, there 
will be differences in composition even though the local environments are similar, 

 
 The interface to the larger system may involve an exchange of materials or energy 

that may form key drivers or pressures on the system. For example, the coral reef 
on the shelf may experience environmental flows from land catchments flowing 
out to sea; or the volcanic reef may be visited by species from the surrounding 
deep water, 

 
 As a prerequisite, understanding the local system requires an understanding of its 

larger scale context. Indeed, lack of understanding of the local system may require 
a study of the larger system to differentiate between the local system and what is 
known of the larger system and how it works. 

 
A critical part of system characterisation is how we conceptualise the structural 
arrangement so that it facilitates understanding how drivers, threats and pressures flow 
through to services or outcomes (Figure 1).  

 
 
Figure 1 A highly simplified view of the context of an ecological system comprising 
pressures, threats and drivers (both endogenous and exogenous) acting on a system 
composed of a hierarchy of sub-systems. Resources flow through the ecological system and 
are transformed to valued services delivered via the structures (habitats and functional 
groups) and their associated processes. Our interest in this paper is primarily with the 
structural composition of the ecological system as a set of hierarchical structures and their 
associated typologies.  
 
System characterisation should ideally involve variables that are closely related to the 
performance outcomes in order to capture the characteristic response modes. In practice, 
the characterisation is generally dictated by the available data on variables that may, or may 
not, act as surrogates for the outcomes. Thus variables for system characterisation must be 
controlled to focus on those that are informative and reliable (CSIRO, 1996). 
 
Our ecological example is based on Last et al. [2010], who describe a hierarchical 
framework for marine demersal biodiversity that underpins regional marine planning in 
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Australia. The levels in the framework (Figure 2) range from structures determined by 
paleohistoric events, associated with speciation and colonisation (the “Provinces” level in 
Figure 2), to local environmental niches (levels 3 to 7 in Figure 2). Our comparative study 
is focussed on the first and second of these levels: the province and the bathomes (depth–
related bands).  
 
 

 
Figure 2 The conceptual hierarchical framework for classifying seabed biodiversity as 
applied to marine resource planning and management in Australia. It shows the 10 nested 
levels existing within each ocean realm (from Last el al., 2010). The first seven levels are 
spatial and organized in decreasing order from “Provinces” containing endemic species 
evolved from paleohistoric events. Our focus in this paper is on the first and second levels 
in this hierarchy; the reader is referred to Last el al. for further details on the units. 
 
A key finding in the regionalisation of provinces of Australia, using a quality controlled 
database on fish species distributions, was the existence of transition regions (biotones) 
between core provinces. However, as Last et al. [2010] pointed out, “Biotones, as regions 
of biotic overlap, typically contain mixtures of species from adjacent provinces and can be 
more species–rich than their associated provinces. However, biotones typically have fewer 
unique species, and do not represent vulnerable and range-restricted local endemics as well 
as biogeographic provinces.” Spatially, provinces and biotones are adjacent structures that 
enwrap Australia’s shelf seafloor. The analysis upon which this finding rests (see CSIRO, 
1996) suggests that core regions have a well-defined, or strong, typology, while biotones 
display a mixed signature due to mixing of species from different provinces. This unique 
model of the province–biotone structure suggests that, while endemics rely on core regions 
for sustaining their existence, they will utilise transitions.  
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We speculate that the mixed species present in the biotones offers greater opportunities for 
some life–history stages (feeding, breeding, socialising), but also have drawbacks – for 
example, being preyed upon. In other words, we view transitions as regions that confer 
advantages, but they come at a greater risk. In a similar way, the finding carries across to 
the next level: bathomes (depth-related structures—see Last et al., 2010), but beyond that 
level the transitions are not as obvious. 
 
Core areas are thus important from a biodiversity perspective. They are not necessarily 
areas that are richest in species, but they are historic areas for endemic species because of 
their origins from paleo events and the presence of unique habitats, environmental and 
species associations. Core regions therefore have strong typologies. For example in 
bathomes, depth–related processes and environments constrain species distributions, but 
alongshore excursions can be extensive (see Lyne et al., 2006). Transitions are regions with 
weaker typologies due to the mixed nature of the species found there – probably reflecting 
a more mixed set of habitats as well.  
 

Socio-economic System 
 
For the socio-economic analyses, a list of indicators and contextual factors (see Appendix) 
organised by themes were analysed for four Census years (1991, 1996, 2001 and 2006). A 
two-level classification using the unsupervised HOPACH clustering algorithm (see: 
http://cran.r-project.org/web/packages/hopach/index.html) resulted in the classification of 
the Statistical Local Areas of Australia shown in Table 1. 
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Table 1 Clustering results for the socio-economic analyses listed by column as cluster 
index and the Census years (2006, 2001, 1996, 1991). The first digit in the cluster label in 
the “Cluster” column represents the main cluster level; the second digit represents the 
subcluster or Level 2 class. For instance, cluster 62 is in the main Cluster 6 and subcluster 
2 within Cluster 6. Two of the main clusters (20 and 40) are not split into subclusters while 
Cluster 5 is split into 5 subclusters. The numbers in the cells represent the number of 
Statistical Local Areas (SLAs) of Australia that were classified in the clusters; the last 
column (“Description”) is a suggested description for the main cluster. 
 

Cluster 2006 2001 1996 1991 Description 

11 166 153 150 157 
Cities 

12 104 112 119 125 

20 92 84 93 96 Mining & Agriculture 

31 82 80 66 48 
Outer Urban & Sea 

Change 32 81 90 83 80 

33 82 70 68 70 

40 154 153 151 157 Traditional Rural 

51 80 24 25 28 

Remote Agricultural 

52 24 50 62 57 

53 29 60 63 57 

54 50 56 53 50 

55 165 103 105 110 

61 153 126 127 123 

Business Centres 62 89 113 103 101 

63 49 42 50 54 

71 10 43 34 37 
Sparse Remote 

72 0 51 58 60 

 
 
Analysis of cluster stability and change in cluster membership of regions, shown in Figure 
3, suggests that some clusters have strong typologies, while others have weaker typologies 
and change their cluster membership to a greater extent from year to year.  
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Figure 3 Plot of the stability of the main clusters versus the fraction of Statistical Local 
Areas (SLA) that change their cluster membership from one Census year to the next as 
indicated by the colours in the legend. A high stability index implies that the cluster 
typology is strong (e.g. Clusters 7 and 1) while low stability implies a propensity to change 
(e.g. Cluster 2, which has higher SLA exchange rates). Thus weak typologies are found in 
the upper left and strong typologies in the lower right.  
 
 
These results imply that clusters with strong typologies (x-axis in Figure 3) either exchange 
to a much less extent with other clusters (y-axis in Figure 3), or have highly preferential 
exchanges with clusters that have similar typologies to theirs, or both. In comparison to the 
ecological example, there is higher mobility and adaption capability in human systems. 
Consequently transitions and strengths show up in typologies and less so in the spatial 
domain; although at the broad national scale there is a general pattern. For example, strong 
typologies representing clusters of migrant communities are to be found embedded within 
major cities, but their socio-economic profiles are different to the city population’s. Weak 
typologies represent “hubs” that facilitate exchanges between typologies that may be very 
different. For example in a downturn, rural workers may exchange with towns experiencing 
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mining-related growth which may offer better employment opportunities and higher pay. 
However, the risks to those who move are a potential loss of social cohesion, potential 
downturns in the mining sector subject to global trade pressures, difficulty with finding 
accommodation, and higher rental and mortgage costs. Thus, the payoffs moving into the 
“hubs” must outweigh the costs.  
 
By contrast, strong typologies while exchanging readily between themselves (for example, 
Cluster 7 has a very high internal migration exchange compared to almost any other 
cluster) do not exchange readily with others. This suggests that people from Cluster 7 find 
the “cost” of assimilating into an alternate typology high relative to moving within the 
comfort of their own typology. 
 
One observation to be noted of transitions/hub regions is that traditionally they occurred in 
areas that were less accessible and habitable (certain rural and mining regions), where 
resources were more difficult to access and secure, but where the payoffs more than 
compensated for the costs and inconvenience. A modern trend is the development of 
isolated clusters with strong typologies within a spatial region, and the spread of new 
typologies. For example, the Sea and Tree Change Cluster 3 has now spread extensively 
from south of Australia, and west of Melbourne, up the east coast to the north to at least 
Brisbane—into what were Traditional Rural areas. This cluster has a moderately weak 
typology characteristic of regions undergoing substantial change. 
 

3. Discussion and Conclusions  

 
Insights into system dynamics are possible by analysing the typology of structures. Both 
strong and weak typologies are generally present and have implications for understanding 
resilience and outcomes. In both examples studied, outcomes can be greater in 
transitions/hubs, but may come with greater risk. 
 
One implication of the findings is that shrinkage in core regions through loss of 
biodiversity or culture will result in an expansion of transition regions. Thus, while overall 
outcomes may be enhanced, there may be a loss of biodiversity and culture. Evidence-and-
outcome-based management (based on usage of ecological and human services) may 
therefore work against the conservation of culture and biodiversity.  
 
Growth and the reverse, shrinkage, are also symptoms of change. These can sometimes be 
juxtaposed, as in the so-called “sponge city” effect (see for example: Nugent, 2000). 
Growth, and hence change, in one region occurs at the expense of another, and generally 
with some preferential exploitation of resources or people from a surrounding region. 
“Change” by its very nature implies that a structure’s typology is variable and hence weak 
(because the typology or profile has greater “spread”), and the exploitation of other 
structures also weakens the exploited structures. In a future study we will show that 
structures undergoing change do so less efficiently than structures that are stable. In 
physics this is an outcome of the fundamental laws of thermodynamics (between change 
and entropy) as well as mechanics, where change in motion occurs via losses and 
inefficient transfers in energy. These observations lead us to the interesting corollary 
hypothesis that weak and variable structures are symptomatic of changes in the typology 
driven by inefficient changes in resource exploitation, or use. 
 
Recognition of typological profiles and the structural character of ecological and human 
systems can deliver management outcomes that are sensitive to the competing character of 
systems inherent in core and transitions. Both are needed, but clearly there must be a 
balance. Understanding this balance will require a more holistic assessment of the function 
of the system. However, as a first step it is important that we recognise that not all regions 
can accommodate change to the same extent and that moving towards regions that are more 
changeable does come at a cost.  
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APPENDIX A 
 
Themes and indicators used in the typology analysis for the socio-economic information. 
Indicators in bold are core variables; all others are contextual factors. ERP stands for 
Estimate Residential Population from the Census data. SLA is the Statistical Local Area of 
Australia (ASGC 2004 classification) over which the statistics were collected. “Age 
Dependency” is the ratio (expressed as a percentage) of the number of young (under 15 
years) and old (over 64 years) relative to the number of working age (15-64 years). 
 
No
. 

Theme Indicator 

1 

Economic Activity 

Number of Assessable Taxpayers/ERP

2 Number of Non-assessable Taxpayers/ERP
3 Total Employed Persons/ERP
4 % Unemployed
5 Building Approvals
6 

Income 

Estimated Real Income per Tax Payer 

7 Variability in Taxable Income

8 Estimated Aggregate Real Taxable Income 

9 Variability in Aggregated Real Taxable Income 

10 
Industry 

Industry Diversity Index

11 Employees by Industry Share

12 

Population Structure 

Total ERP

13 % 0–14

14 % 15–24

15 % 25–64

16 % 65+

17 % Age Dependency

18 

Social Geography 

Population Mobility

19 SLA Area

20 Remoteness

21 Proportion working in SLA

22 

Social Profile 

Proportion Indigenous

23 Proportion Born Overseas

24 English Spoken at Home

25 Single Parent Families

26 % of Low-income Families

27 Standardised Mortality Rate

28 

Skills 

% no Year 12, no qualifications

29 % Completed Year 12

30 % with Post-school Qualification

31 % Cert III Adv Dip

32 % Cert I and Other

33 % Graduate Degree or Higher

34 % 19–21 year olds at Uni or TAFE

35 % 30–49 year olds at Uni or TAFE
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Abstract China’s gross installed hydropower generating capacity has surged 500% since 
1980 and exceeded 100 GW in 2004, making up one quarter of gross installed electric 
power capacity and providing about e 20 percent of the country’s total electric power. 
China’s hydropower system, after nearly 20 years development, has formed a trans-basin, 
large-scale hydropower stations operation system, with complex scheduling relations and 
requiring a variety of methods and techniques to solve. One of the biggest challenges facing 
power grids of China today is how to construct a large scale operation hydropower system 
which is scientific, efficient, convenient, and available for practical system. The paper is a 
summary of the outcome of the decision support system for large-scale hydropower system 
operations oriented to provincial or municipal power grids. The background, objectives, 
challenges and contents of the decision support system are presented. The main focus is on 
the key technologies to the system, the design of the flowchart and its core components. 
The current system has been applied to the hydropower systems in the South China Grid 
Company, the East China Grid Company, the Fujian Province Power Grid, the Yunnan 
Province Power Grid and the Guizhou Province Power Grid, where the total of hydropower 
installed generation capacity has exceeded 30 GW at the end of 2009 and a total of 1500 
hydropower stations. Some techniques are also beneficial for other systems. 
 
Keywords: Large-scale hydropower system operations; Optimization; Decision support 
system; Generation scheduling;  
 
 
INTRODUCTION 
Hydroelectric power is low cost, near-zero pollution emissions, and ability to quickly 
respond to peak loads make it a valuable renewable sources. It has been accurately 
calculated that hydropower energy of 2MWh can save about 1t coal. Hydropower plays a 
significant role in replacing some non-renewable mineral resources such as coal and 
reducing emissions for environmental sustainability.  

 Since the economic reform in 1980, China has experienced unprecedented economic 
growth. The continuing economic development of the nation requires sustainability in 
electric energy supply and the demand is tremendous. During past 20 years, China has put 
priority on hydroelectric projects to meet the rising energy demand of the country’s 
booming economy. The recently released "renewable energy and long-term development 
plan" put forward the ambitious hydropower development goals: by 2010 the national 
hydropower installed capacity will reach 190 GW, and 300 GW by 2020, the degree of 
development will be close to the level of developed countries. China’s hydropower system, 
after nearly 20 years development, has formed a trans-basin, large-scale hydropower 
stations operation system, with complex scheduling relations and requiring a variety of 
methods and techniques to solve. One of the biggest challenges facing power grids of China 
today is how to construct a large scale operation hydropower system which is scientific, 
efficient, convenient, and available for practical system. However, developing such a 
decision support system for large-scale hydropower system operations will inevitably 
encounter many difficulties, they are summarized as follows: 
 The large-scale hydro system should involve lots of hydropower plants built, being 

built and to be built. When a new power plant or generating unit is put into operation, 
how to easily add it to the system and automatically update the topology without any 
adjustment of procedures and models will pose a great challenge to the system. Also, 
the issue is put top priority on developing decision support system. 
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 Optimal operation models and optimization techniques have become increasingly 
important in the past decades. Because of different actual running situation of power 
grids or hydropower plants, several models based on different objective functions 
should be available in the decision support system. Mario et al. [2003] developed a 
successive linear programming model on the basis of linear programming model and 
nonlinear programming model in view of a few objectives such as minimizing the loss 
of the stored potential energy, minimizing storage deviations from targets and 
maximizing total energy production. Wang et al. [2004] described an operation model 
to maximize hydro energy production for 27 hydropower plants. Naresh et al. [2000] 
presented a two-phase artificial neural network approach for finding optimal 
scheduling of interconnected hydropower plants with the objective of maximizing 
hydropower generation and satisfying the irrigation requirement as far as possible. 
And Shawwash et al. [2000] proposed the B.C. hydro short term optimization model 
to determine the optimal hourly generation and trading schedules in a competitive 
power market. 

 Considering reasonably time delay of cascade hydropower plants is indispensable in 
short-term operation scheduling. It was shown by Ramesh et al. [2000] that proposed a 
brief model of time delay neglecting attenuation factor, and Yeh et al. [1992] also 
introduced additional complications of hydraulic time delays for cascaded hydropower 
plants. 

 Users or decision makers often need to make a few appropriate changes for optimal 
operation results according to their own experience or the running demands, so it has 
significant impacts on the decision support system how to design a flexible and 
user-friendly human-computer interaction. 

 In the hydro system, lots of inputs are extremely complex including basic information 
(e.g., reservoir characteristics, power plant generating units), initial operation 
conditions (e.g., initial water level upstream before schedule, reservoir inflow) and 
constraints setting (e.g., minimum and maximum storages, energy demand, turbine 
capacity). Many of the above inputs and constraints are taken into account by 
Johannesen et al. [1990], Khalil et al. [1991], NAJMAII et al. [1992], El-Hawary et al. 
[1992], Rekutowski et al. [1994], Georgakakos et al. [1997], and Esteban et al. [2003]. 
As such large amounts of data have to be required or set in the process of making an 
operation schedule; practicability such as response speed will be greatly reduced if 
data acquisition and constraints setting can not be properly dealt with. 

 It is also necessary for a perfect hydro system to ensure data integrity. So the present 
system has to interact with other systems including data platform of hydro system 
which can provide the actual running results of hydropower plants, flood forecasting 
system which can provide reservoir inflow. At the same time, the present system is 
also asked to send the operation results of hydropower plants these above systems. It 
is crucial what technique will be utilized in order to achieve automatic interaction 
between different systems. 

How to reasonably deal with all of issues or difficulties above will be introduced in 
detail in other sections of the paper. 
  The decision support system for large-scale hydropower system operations has been 
developed to operate and manage the hydropower systems of provincial or municipal power 
grids. The system adopts three-layer B/S framework of the database/server/browser, by the 
use of Java technology platform for models and screens, oracle database management 
system, and integrated development environment called JBuilder9.0. The paper is a 
summary of the outcome of the decision support system for large-scale hydropower system 
operations oriented to provincial or municipal power grids. The background, objectives, 
challenges and contents of the decision support system are presented.  
 
CALCULATION FOR POWER OUTPUT 
 
In order to meet different situations, two types of calculation for power output can be 
available in the system: 
 By formula: 

            tt QHAN **                                            (1) 
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    Where N =power output during time period t(kW); A = output coefficient of power 
plant, which is less than 1.0 and related to g, hydraulic turbine efficiency, unit 

efficiency, etc.; tQ =total discharge of all generating units during time period t(m3/s). 

    The formula method is often applied to mid- and long-term operation, and also used in 
the short-term operation when all of the needed curves are not complete. 

 By the relation curve of net head, unit output and discharge in the generating 
unit: 
Using the relation curves of generating units is the best choice for real-time or 
short-term operation. This solution is with high accuracy, as the relation curves can 
exactly represent the running situations for generating units. In order to improve 
optimization efficiency, dynamic programming, one of the most promising techniques, 
is used to convert units’ curves into power plant’s curves considering the vibration 
bounds of generating units. As a result, the calculation time is not only greatly reduced, 
but also the accuracy of optimization result is kept. 

 
 
MODULES OF DECISION SUPPORT SYSTEM 
 
The decision support system is designed to provide more flexibility and consistency in 
supporting the decision-making process for operation of hydropower plants considering a 
variety of inputs and constraints of reservoirs or hydropower plants. And a few nonpower 
requirements (e.g., navigation) are also taken into account in developing operating policies. 
The system consists of the following four modules, which are briefly explained in the 
following paragraphs.  
 Medium- and long-term operation module, making yearly, monthly or weekly 

operation scheduling plans of hydropower plants; 
 Short-term operation module, making daily operation scheduling plans of hydropower 

plants during one day or several days; 
 Data management module, defining some new data (e.g., a hydropower plant that will 

be put into operation) or editing basic information and curves of reservoirs or 
hydropower plants. 

 
 
Medium- and Long-Term Operation Module 
 
Different operation schedules for hydropower plants can be developed in this module with 
three kinds of time period steps available including one month, tendays and one day. 
Completing an operation scheduling is roughly divided into three parts.  
 Data preparation: In the data preparation, the first step is responsible for the 

selection of power plants and schedule time range. In the second step, most of inputs 
and constraints are implemented. Among them, reservoir inflows, as the most 
important input for operation, can be obtained in many ways, including frequency 
forecasting, model forecasting as well as others. The frequency forecasting is on the 
basis of historical inflows. It asks the user to enter a frequency which will be utilized 
in curve interpolation for the demanded inflow series. The model forecasting is based 
on some types of mathematical statistical methods such as non-stationary time series, 
fuzzy pattern recognition and multiple linear regressions. So users can make use of 
one of the above ways to predict reasonable reservoir inflows for the next operation. 
Additionally, it sets different constraints as system load, variable constraints on the 
minimum and maximum power output, discharge over each period of time, and 
several ramping constraints.  

 
 Optimal calculation: After all input data are entered, the most important step is to 

start optimal operation. In order to meet different actual demands, users are able to 
choose a suitable one of optimal operation models that are summarized as follows: 
1) Conventional operation model, a non-optimization model, which operates on 
basis of reservoir operation rule curves. 
2) Maximum generated energy of hydro system model, which maximizes generated 
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energy of hydro system fully utilizing water resources, and it’s often used. 
Objective function 

              t
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M

m
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 1 1
,max                                  (2) 

    Where E =total energy during schedule (MWh); tmp , =average power output of the 

m th power plant during time period t(MW); t =total hours during time period t(h). 

3) Minimum purchasing power cost model, which is mainly used in the context of 
electricity market, and considers price differences between power plants to reduce the 
power purchase cost. 
Objective function 
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Where C =total purchasing cost(￥); tmv , =average electricity price of the m th 

power plant during time period t(￥). 
 Human-computer interaction: Above all, the system provides a flexible 

human-computer interaction, users can not only directly modify the data (water level, 
power output or power release) in tabular form, but also drag and drop curves 
according to own experience and the actual running situation of hydropower plant, 
then all of associated hydropower plants will automatically calculate again from the 
upstream power plants to the downstream ones.      

 
Short-Term Operation Module 
 
Its main task is to implement daily generation schedule for hydropower plants in this 
module. It involves three main aspects including plans management, plants selection, 
constraints setting, optimal calculation, scheduling submission and comparison that are 
essential to complete an operation scheduling.  
Data preparation: A new daily schedule plan firstly need to choose hydropower plants that 
will participate in optimal operation, therefore a number of shortcuts are available to users 
in the present system, such as all of power plants, a single cascade, a single station and a 
user-defined virtual power plant that means a combination of a number of hydropower 
plants with the same features or purposes.  

A few intractable inputs that are different from long-term operation are summarized as 
follows: 
 Reservoir level at the first period 

In order to prevent from the spill risk, it’s necessary to ensure the accuracy of initial 
water level for run-of-river power station with poor regulation. Therefore, the relation 
curves, net head ~ unit output ~ discharge in the generating unit, are used to calculate 
accurately reservoir level at 24 point today based on the latest reservoir level, daily 
operating schedule and real-time forecasting inflows. 
 Upstream reservoir discharge 

The term “discharge” represents the sum of power release and spill of reservoir in view 
of time delay of cascade reservoirs before schedule. It involves two parts: the actual total 
discharge that has already happened, scheduling discharge in the coming hours that are 
estimated by daily generation scheduling. 
Optimal calculation: The key step in optimal operation is to select an appropriate model 
from the model library that is proposed by different objective functions. Fig.1 presents the 
optimal operation screen of the short-term operation module. In this graphical user interface, 
it can be well known that there are a few concerned statistics of single plant scheduling on 
the top, including reservoir inflow, reservoir spill and daily power generation. Its interface 
style is in line with the output screen of long-term operation by using object-oriented 
technology. 
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Fig. 1. Optimal operation screen of short-term optimal operation system 

 
Analysis of the results: Firstly, the users are able to review their own operation scheduling, 
and compare the scheduling data with the actual running data. The next step is to choose a 
suitable scheduling which will be submitted to hydro-thermal power system for power 
grid’s daily work. Moreover, it is also demanded that other operation results such as inflow, 
water level and reservoir releases are provided with flood forecasting system and automatic 
operating platform of hydropower stations. All of the above relations with other systems are 
got through by Web Service technique that will be described in the next part of this paper.  
 
 
Data Management Module 
 
In the data management module, users can add, edit or delete amounts of data about 
reservoirs or power plants including the following: 

1) Adding a new hydropower plant or basin, deleting an existing one; 2) Basic 
information management of reservoir or hydropower plant such as characteristic reservoir 
level; 3) Generating units and relative attribute management of hydropower plants such as 
turbine capacity, number of units and type of turbine; 4) Data about time delay of cascade 
hydropower stations; 5) The relation curve including reservoir level and storage, tailrace 
water level and reservoir discharge, the net head, unit output and discharge in the 
generation unit; 6) The operation lines of reservoirs; 7) The actual running data; 

The module is significantly improved by graphical and tabulated technique which 
makes it easier for users to deal with a wide range of inputs and constraints of reservoirs or 
power plants, and every user is able to manage own default setting and the actual running 
results such as reservoir inflow, water level, average power output and the power energy 
each time period. Moreover, a excel template about required information of hydropower 
station is allowed to download, and a statistics form about data integrity of all reservoirs 
and power plants is also presented to users.  
Reservoir or power plant definition: In order to deal with dynamical launch of a new 
reservoir or power plant, a sound reservoir or power plant definition guide like software 
installation guide is available. Fig.2 shows the procedure of defining a new reservoir or 
power plant including nine steps, so the user can readily complete the definition of a new 
object without good professional knowledge, and the information lacking for optimal 
operation is also effectively reduced. 
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Fig.2 The flowchart of defining a new reservoir or power plant 

 
 
KEY TECHNIQUES 
 
It plays a vital role in the system's practicality and timeliness what techniques are used to 
deal with aforementioned issues. The key techniques have been summarized as follows: 
 
 
Automatic Relation of Cascade Hydropower Plants 
 
The optimal operation for cascade hydropower plants depends on strict rules because of the 
complexity of hydraulic connection. Above all, the calculation order must be right, as it 
may have a significant effect on calculation structure when different hydropower plants will 
be put into operation, and the wrong order may lead to invalid operation scheduling or the 
ending that convergent results are unavailable. The present system makes use of the 
depth-first search (DFS) principle to automatically obtain the correct calculation order. 
Firstly, the DFS has to choose a starting node, then performs the next criteria: (1) if possible, 
visit an adjacent node visited, mark it and put it into the stack; (2) if the last criterion can 
not be completed and the stack is not empty, a new node should be got from the stack; (3) if 
the last two criteria can not be completed, then search process will finish. Fig.3 shows the 
calculation order obtained by DFS from 0 to 23; the whole calculation process is in line 
with the routine from the upstream power plants to the downstream ones. 

Note: the right nodes are in line
 with the left hydropower plants.

 
Fig. 3. The calculation order obtained by DFS 

 
 
Automatic Setting Technique Based on intelligent Memory and Script Control 
 
In the decision support system for large-scale hydropower system operations, lots of 
calculation conditions and constraints setting are extremely complex because of the size of 
plants when a new operation plan is made, so both intelligent memory technique and script 
control technique are introduced in order to make scheduling makers avoid hands-on 
preparatory work as much as possible. Fig.4. shows the processing procedure of techniques 
above. In the basis of these techniques, large amounts of data about reservoirs or plants can 
be automatically set up according to dispatching mode and time range. In this way, the 
efficiency of making a new operation scheduling is greatly enhanced as the trouble and 
possible errors caused by a large number of manual inputs and setting are effectively 
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reduced. 

 
Fig.4. The processing procedure of the intelligent memory and script control technique 

 
 
Seamless Data Interaction with Other Systems 
 
Using a self-contained, self-describing and modular Web Service applications which is 
based on the already existing and well-known HTTP protocol, and uses XML as the base 
language, the decision support system achieves perfect interaction with data platform of 
hydro system, hydro-thermal system, dispatch management information system, device 
maintenance system and flood forecasting system between different platforms and 
programming. Also, an advanced transaction processing technique that resembles the 
Microsoft Task Scheduler is introduced together. It is not to make the present system send 
operation scheduling to a few of the above systems mentioned, but to make sure that the 
actual data, real-time information, forecasting inflow and daily scheduling of power grid or 
power plants are effectively got from other systems. Detailed interactive information can be 
seen from fig.5. 

Fig. 5. Data interaction diagram with other systems 
 
 
SUMMARY AND CONCLUSIONS 
 
This paper has presented an efficient decision support system for large-scale hydropower 
system operations. The proposed system has been applied to the hydropower systems in the 
South China Grid Company, the East China Grid Company, the Fujian Province Power Grid, 
the Yunnan Province Power Grid and the Guizhou Province Power Grid since January 2006 
as a demonstration of its capabilities and eventual implementation as an operation 
scheduling decision tool. By involvement of operators in the running process of the 
decision support system, the system has been enhanced in many aspects to solve real-world 
problems. With the application, the decision support system is successfully tested 
promising in solving the medium- and long-term and short-term operation scheduling 
problems for large-scale hydropower systems. Moreover, during the past few years, the 
present system has produced significant performance and played an important role in 
replacing some non-renewable mineral resources such as coal, reducing emissions and 
promoting informationization and networking of smart power grid. 
   Overall, it is apparent that the successful applications of the proposed decision support 
system in multi-layered power generation companies show its wide generability. A few key 
techniques such as depth-first search principle and script control technique are introduced 
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to accomplish dynamic reconfiguration of cascade hydropower plants and large amounts of 
inputs, respectively. Also, a user-friendly graphical user interface facilitates the 
specification and modification of all kinds of information. Furthermore, The optimization 
models and algorithms are site specific and can be extended to hydro systems in different 
regions with little readjustment. Therefore the system presented is a general and convenient 
decision support tool that allows dispatch operators to make hydro scheduling and analyze 
complicated optimization problems for hydropower plants. 
 
 
ACKNOWLEDGMENTS 
 
This study is jointly supported by the National Natural Science Foundation of China (Grant 
No.50979010) and 973 Program (Grant No. 2009CB226111). 
 
REFERENCES 
 
Mario T.L. Barros, Frank T-C. Tsai, et al. Optimization of large-scale hydropower sytem 

operations. Journal of Water Resources Planning and Management, 129(3), 178–188, 
2003.  

Wang jingwen, Yuan xiaohui, Zhang yongchuan. Short-term scheduling of large-scale 
hydropower sytems for energy maxmization. Journal of Water Resources Planning and 
Management, 130(3), 198–205, 2004.  

R. Naresh, J. Sharma. Hydro system scheduling using ANN approach. IEEE 
TRANSACTIONS ON SYSTEMS, 15(1), 388–395, 2000.  

Ziad K. Shawwash, Thomas K. Siu, S. O. Denis Russell. The B.C. hydro short term hydro 
scheduling Optimization model. IEEE TRANSACTIONS ON SYSTEMS, 15(3), 
1125–1131, 2000.  

Ramesh S. V. Teegavarapu, Slobodan P. Simonovic. Short-term operation model for 
coupled hydropower reservoirs. Journal of water resources planning and management, 
126 (2), 98–106, 2000.  

Yeh, W. W.-G., Becker, L., Hau, S.-Q., Wen, D.-P., Liu, J.-M. Optimization of real-time 
hydrothermal system operation. Journal of Water Resources Planning and Management, 
118(6), 636–653, 1992.  

A. Johannesen, A. Gjelsvik, O.B. FOSSO, N. Flataba. Optimal short term hydro scheduling 
including security constraints. IEEE TRANSACTIONS ON POWER SYSTEMS, 6, 
576–583, 1990.  

Khalil N. Zadeh, Jaime H. Villada Z, Anders Weibull. OPERATION PLANNING AND 
CONTROL OF CASCADED HYDRO PLANTS. IEEE TRANSACTIONS ON POWER 
SYSTEMS, 6(2), 835–861, 1991.  

M. NAJMAII, A. MOVAGHAR. Optimal Design of Run-of-river Power Plants. WATER 
RESOURCES RESEARCH, 28(4), 991–997, 1992.  

M. E. El-Hawary, K.M. Ravindranath. Hydro-thermal power flow scheduling accounting 
for head variations. IEEE TRANSACTIONS ON POWER SYSTEMS, 7(3), 1232–1238, 
1992.  

M.R. Rekutowski, T. Litwinowicz, RJ.Frowd. Optimal Short-Term Scheduling for a 
Large-scale Cascaded Hydro System. IEEE TRANSACTIONS ON POWER SYSTEMS, 
9(2), 805–811, 1994.  

Aris P. Georgakakos, Huaming Yao, and Yongqing Yu. Control models for hydroelectric 
energy optimization. WATER RESOURCES RESEARCH, 33(10), 2367–2379, 1997.  

Esteban Gil, Julian Bustos, Hugh Rudnick. Short-Term hydrothermal generation 
scheduleing model using a genetic algorithm. IEEE TRANSACTIONS ON POWER 
SYSTEMS, 18(4), 1256–1264, 2003.  

2520



International Environmental Modelling and Software Society (iEMSs) 

 2010 International Congress on Environmental Modelling and Software 

Modelling for Environment’s Sake, Fifth Biennial Meeting, Ottawa, Canada 

David A. Swayne, Wanhong Yang, A. A. Voinov,  A. Rizzoli, T. Filatova  (Eds.) 

http://www.iemss.org/iemss2010/index.php?n=Main.Proceedings 

 

DSS and MAF (Multi-agencies framework) for 

sustainable water management   
 

Amgad Elmahdi
1
 and Don McFarlane

2
  

Unit Head, Water Division- Bureau of Meteorology, Melbourne, Australi 

A.Elmahdi@bom.gov.au 
2CSIRO land and water, Perth, Australia  

 

 

Abstract:  
 

Water problems throughout the world can be seen as an issue of management, not a crisis 

of water shortage. Equitable allocation of groundwater resources is a growing challenge 

due to the increasing demand for water and the competing values placed on its use. 

Sustainable management of water resources comes with compromises and trade-offs of the 

other sub-systems (environment, economic and social) and almost ignores other 

stakeholders‘ objectives and benefits. The aim of this paper is to present and discuss the 

hypothesis that ―through multi-agency framework with supporting tools, such as a decision 

support system (DSS), a comprehensive framework can promote optimal, sustainable and 

equitable development and use of water resources for present and future generations.‖ Our 

framework has been successfully demonstrated in a case study at the Gnangara Mound 

groundwater system in Western Australia which showed what can be achieved with 

supporting DSS tools to facilitate and support the multi-agency framework and trade-offs 

analysis. DSS methods for assessing and planning the future are necessary to maintain the 

reliability and sustainability of water resource management in the long term. In addition, a 

DSS would assist the process of communicating the results with stakeholders, government 

and the community. 
 

Keywords: Sustainable management, trade-off analysis, multi-agency management, land 

use, integrated assessment, DSS 
 

1. INTRODUCTION  
 

A major challenge is to anticipate future water demands and supplies in a drying climate 

to accommodate the needs. In Australia, this challenge is very clear in Perth-Western 

Australia- Australia‘s most rapidly growing city as the urban area extends onto the 

recharge area of the unconfined aquifer. The solution of sustainable water management 

problems is no longer seen as the exclusive responsibility of government. Rather, quasi-

government organisations, the business community, civic organisations and citizens are 

demanding a greater voice in resource planning (e.g. Driessen and Glasbergen [2002]). 

Emergent forms of direct participation (e.g. interactive governance–participatory 

approach) by interested stakeholders in processes of collective decision-making are 

reducing the distance between government and their citizens. The participatory approach 

raises awareness of the importance of water among policymakers and the general public. 

Many studies have demonstrated how a participatory approach helps to develop the 

process of integrated water resource models (Giupponi et al. [2006], K‘akumu [2008], 

Andreu et al.[2009], Frisvold and Caswell [2000]). 
 

The hypothesis presented and discussed in this paper is ‗that through multi-agency 

approach, a comprehensive framework can promote optimal, sustainable and equitable 

development and use of water resources for present and future generations could be 

guaranteed, with supporting tools such as a decision support system (DSS).‘ To better 

understand the proposed approach, we present a case study that demonstrates 

implementation of the proposed framework. The case study site is the Gnangara Mound 

2521

mailto:A.Elmahdi@bom.gov.au


A. Elmahdi and D. McFarlane / DSS and Multi-agencies framework for sustainable water management   
 

  

groundwater system, the most valuable and largest single source of water in Western 

Australia (WA). Land use changes, climate change and many other factors have resulted 

in extreme recharge and discharge changes in the Gnangara Mound groundwater system, 

and the situation is no longer economically or socio-economically feasible. Raising 

awareness of sustainable groundwater is a crucial step (Elmahdi et al. [2006a]). 

Sustainability has become a major driving force for better water management systems 

(Elmahdi et al. [2006b]). Besides, current and future users need to be aware of and 

understand water system problems. Also, many private and public agencies and 

organisations question intensive management methods (many agencies involved) while 

they are using individual interest management methods (single agency/government 

department decision) (Dieme et al. [2002]). A history of using single agency decision-

making approaches has resulted in imbalanced triple bottom line outcomes 

(environmental, economic and social). This has affected policy, legislation, production 

methods and costs, and marketability of products (Dieme et al. [2002]).  

Sustainable water management is necessary to match all stakeholders/agencies‘ interests 

and profits. Thus, the main aim is to introduce and discuss the implementation of a multi-

agency approach with DSS tool support and how it is critical for sustainable groundwater 

management processes, which we will demonstrate with a case study of the Gnangara 

Sustainability Strategy (GSS) project in WA.  

 

2. CASE STUDY: GNANGARA MOUND GROUNDWATER SYSTEM 
 

The Gnangara Sustainability Strategy (GSS) is a cross-government initiative working on 

an action plan for sustainable use of water and protection of the environment. Seven 

government agencies have joined forces to form a taskforce group (TFG) to implement the 

GSS. The aim of the GSS is to ensure there is sufficient groundwater in the Gnangara 

Mound for drinking and commercial use, and to protect the environment — now and in 

the future. The Gnangara Mound is a large unconfined surface aquifer, supplies about 

60% of Perth‘s potable water supply (pop. 1.5 million), Australia‘s most rapidly growing 

city (2.7% growth rate) and provides more than 85% of all water demand (e.g. irrigation 

of parks and gardens, industry and peri-urban horticulture).This groundwater system 

extends under the Swan Coastal Plain for approximately 2200 km2 north of the Swan 

River (Figure 1). Land use in the north is dominated by state-owned pine forests and 

natural bushland. South of the mound, the land is mainly urbanised with horticulture 

prominent.  
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Figure 1. Gnangara Mound area and common land use type 

 

 

2.1 Water resource management issues 

 

Pressure on the mound is reaching critical levels and extraction is exceeding recharge 

rates with a consequent decrease in the groundwater levels and in many locations the 

watertable is very close to the surface (due to the combined effects of low rainfall, reduced 

recharge, pine maturation, land use changes and increasing abstract). As a result, many of 

the area‘s significant environmental features are dependent on accessing the watertable for 

their survival. Water levels are being impacted by climate change (Xu [2008]), and this is 

expected to become more severe (e.g. downscaling of general circulation models as 

predicted by CSIRO [2008]). In the last 30 years rainfall declined by 9% below the long-

term average, in the last 10 years the rainfall declined by 12% and in the last 6 years the 

rainfall declined by 15% Figure 2. Demand for water is increasing rapidly as the state 

develops and Perth‘s population increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Historical average rainfall 

 

The Gnangara groundwater system is very complex and interconnected, posing significant 

challenges in managing it sustainably, taking into account the triple bottom line measures. 

The ecological and socio-economic values of the Gnangara Mound have been resilient but 

there are clear risks in important groundwater areas. In general, government conditions 

for water levels to protect ecological values (i.e. WA‘s Environmental Protection Act 

1986) need to be met at all sites along the mound, and according to Department of 

Environment [2004], many sites are not meeting those conditions. This makes a ‗one 

solution fits all‘ strategy impossible given the interdependence of the components, a more 

considered and process informed strategy is much more likely to be successful.  

 

The triple bottom line values need to be better understood and maintained for present and 

future generations, which requires a tailored systematic approach. This decline in water 

level is also diminishing irrigation water volume capacity and increasing pumping cost, 

threatening public water supply, amenity/welfare losses, job losses which in turn impacts 

the economic and social values (e.g. levels of employment) (Tapsuwan et al. [2008]). 

These lead to several actions or policies (land or water use option) being developed or 

implemented by different single government agencies to improve management of the 

Gnangara Mound. All of these actions can improve the sustainability of the GSS in the 

short term but several challenges emerge while planning for longer-term options. Most 

land and water use options generate trade-offs between economic, ecological and social 

services. Therefore, for longer-term sustainable management of the Gnangara Mound 
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groundwater system, these actions and policies need to be aligned under one common 

objective by applying an integrated multi-agency approach that includes alternative 

sustainable physical management and evaluation frameworks.  

 

3. MULTI-AGENCY FRAMEWORK 

 

Given the complexity and often contentious nature of resource allocation, success requires 

a process for the inclusive and transparent sharing of ideas complemented by tools to 

structure, quantify and visualise the collective understanding and data, providing an 

informed basis of dialogue, exploration and decision-making (Tidwell and Brink [2008], 

Cockerill et al. [2007]). The need for an integrated multi-agency approach is a logical 

approach or way forward to achieve sustainable groundwater management for longer-term 

planning. The potential advantage of the multi-agency framework over single-agency 

options is that it can avoid or minimise any obstacles or any factors that reduce the ability 

of a participating agency achieving its objectives. For example, proposed land use options 

after removal of pine plantations that can achieve positive economic objectives or 

outcomes could result in critical ecological outcomes and deteriorated water quality.  

Future objectives and actions should be addressed by many agencies to reach a reasonable 

agreement through each step of the multi-agency framework. A multi-agency approach 

and its framework have to be viewed as integral parts of land and water management 

planning processes. An integrated multi-agency approach for sustainable groundwater 

management requires a new framework and new tools for analysis and planning. The 

framework for a multi-agency approach to land and water management of the Gnangara 

Mound groundwater system is shown in Figure 3.  

 

 

Figure 3.  A multi-agency framework developed for the Gnangara Mound groundwater 

management system, 2008 
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It has eight sequential steps that occur over two phases: the communication and problem 

statement phase, and the evaluation and recommendations phase. The communication and 

problem statement phase (phase 1) is where communication starts among stakeholders to 

articulate the problem and its main issues. This helps to develop a single, integrated 

objective and to define a set of proposed scenarios. In the evaluation and recommendations 

phase (phase 2), a common objective is proposed either as part of an existing development 

plan or as a ‗next step‘ following problem analysis for evaluation, and its impact 

assessment is communicated with the community and government agencies. The eight 

steps that define the process of the framework are as follows: 

 

Step 1: Develop a communication plan to facilitate communication and dialogue between 

all stakeholders and get them all together on one table. This also involves the modelling 

and database people. 

 

Step 2: Run several workshops to define the study area and its boundary, the problem 

statement and its main issues from the different perspectives held by different 

stakeholders. Describe the boundary conditions and scale for reporting, and the entry and 

exit points of water flow. Also at this step, analyse problems and opportunities of related 

water management options. 

 

Step 3: Through cross-agency dialogue, define a common objective or cross-agency 

option/objective to improve land and water use and plan for sustainable system 

management. 

 

Step 4: In consultation with policy and management experts and all stakeholders, define a 

list of scenarios or options for better land use and groundwater resource management. 

Scenarios or options (goods and services) can be implemented, preferably in a way that 

does not jeopardise the future potential of these options (i.e. environmental sustainability). 

This step feeds into modelling and developing the main database. 

 

Step 5: As each option can benefit and affect one or more groups of stakeholders, clarify 

each agency‘s role and set a timeframe for each option with clear sharing and exchanging 

of information between agencies. This step can help to build a complete and integrated 

database that will feed into the decision support system (DSS) or modelling tool. 

 

Step 6: Evaluate each listed scenario or option in terms of its economic, social and 

environmental values/indicators such as total agricultural revenue, water opportunity cost 

per land use type, revenue per land use type, wetlands recreation values and augmentation 

cost, value per megalitre per user, groundwater level, etc. This step involves modelling 

(i.e. developing a dynamic DSS), including scenario analysis, sensitivity analysis, 

evaluation (using multi-criteria analysis) and better estimation of the trade-offs. 

 

Step 7: Deliver and communicate the preliminary outcomes of the analysis to the 

community. Organise several workshops to engage the community and communicate the 

outcomes from step 6 (evaluation of proposed scenarios or options) with clear discussion of 

the trade-offs. 

 

Step 8: Describe institutional gaps and needs to inform policymakers or high-level 

government. Based on the proposed options, feedback from the community and 

institutional requirements, define recommendations for effective implementation. These 

requirements and community feedback will identify gaps in the existing institutional 

arrangements and implementation mechanism. Also in this step, communicate the 

recommendations to governments and decision-makers. 

 

This multi-agency framework provides a tool to identify the needs from a stakeholder 

perspective. It can also be used to identify the institutional gaps and the arrangements 

necessary to address the issues pertaining to integrated sustainable groundwater resources 

management. 
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4. THE NEED FOR A DSS 
 

In the Gnangara Mound case study, application of the eight steps of the Integrated Multi-

agency framework (Elmahdi and McFarlane [2009]) clearly demonstrated the need for a 

DSS tool to facilitate the process and to communicate the analysis with the community, 

researchers, stakeholders and water managers. There is a clear trade-off between the three 

systems (environmental, social, economical), so they must be considered as sub-systems. 

Any maximisations or minimisations of a sub-system objective that does not consider the 

impacts on the others — although it may appear viable and worthwhile in the limited 

perspective in which it is considered — may severely damage the overall system (which 

has been taking place so far). 

 

In order to comply with the multi-agency framework, there is a need to pull together a 

structured but easy-to-understand platform (i.e. DSS) that addresses different key aspects, 

such as hydrological, hydraulic, environmental, socio-economic, finance-economic, 

institutional-legislative and political-strategic factors. This necessitates simultaneous 

accounting of many different and non-commensurable pieces of information. It is hugely 

difficult to perform this without a suitable computer-based tool. The simulation paradigm 

is now considered to be the best approach because simulation models can be more 

representative of reality and many of the decision variables are not under full control of the 

stakeholders. If the optimisation paradigm can be used, decisions would be assumed on 

behalf of other stakeholders. Therefore, optimisation will lead to isolation of the other 

stakeholders in the water resources planning process, rather than their involvement.  

 

Furthermore, dynamic simulation is much more transparent compared to optimisation 

techniques, which allows the user to understand the interaction and relationships among 

the different variables, especially the variables related to people. Apart from the difficulty 

of merging data and pieces of information of a diverse nature (often qualitative and 

incomplete) two other reasons prevail. The first is the need to comply with vast numbers of 

rules and regulations that are related to water resources planning and management but 

often are not provided in an integrated, harmonised and rational framework. The second 

reason is the increasing claim for community participation in decision-making processes. 

In summary, our view is that the most fruitful approach is to use computer-based tools 

(DSS) to predict and assess the effects of any actions by performing an integrated analysis 

of environmental and socio-economic aspects. This forecasting exercise may rely on a 

broad set of tools ranging from expert systems, expert-based value functions and empirical 

equations to complex mathematical models. All or most of these tools can be integrated 

into one computer-based tool to facilitate and support the multi-agency framework and 

trade-offs analysis. In addition, the DSS assists the process of communicating the results 

with stakeholders, government and the community (Zaman et al [2009], and Elmahdi and 

McFarlane [2009]). 

 

4.1 DSS Criteria 

 

DSS criteria developed and recommended by the task force group which can be considered 

as general criteria for DSS in land and water management and planning processes. Theses 

criteria consider the DSS potential use, development and future update. These criteria are 

summarized as follows: 

1. The DSS should be able to assess land and water management options to provide 

quantitative assessment (with acceptable technical level) 

2. It should be able to address several scenarios (climate, land uses, land management, 

water allocations)  

3. It should be able to incorporate available economic, social and environmental data 

and values  

4. It should be able to communicate scenarios (climatic/water and land) to managers 

and informed community members 

5. It should be able to include spatially distributed information (but not dynamically 

linked to GIS at this stage) and not highly lumped 
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6. It should be able to incorporate other credited and available models such as PRAMS 

(regional groundwater model) / Local Area Model groundwater data but not be 

dynamically linked (at this stage) 

7. It should be able to assess different scenarios using different time horizon (2110, 

2020, 2030 and 2060) with more precision for 2005 to 2030 likely 

8. It should be able to include Monthly time-step (to align with climate, PRAMS, 

groundwater monitoring, seasonal water use) 

9. it should be structurally able to be adapted to incorporate more detail as required for 

specific areas/sub-area/ landuse as it becomes available 

10. It should be well documented and clear so that it can be used and modified by many 

people for building capacity (i.e. not dependent on a single user) 

 

4.1 DSS concept and design 

 

Given the complexity and often contentious nature of resource allocation, success requires 

a process for the inclusive and transparent sharing of ideas complemented by tools to 

structure, quantify and visualise the collective understanding and data, providing an 

informed basis of dialogue, exploration and decision-making (Tidwell and Brink [2008], 

Cockerill et al. [2007]). The need for an integrated multi-agency approach using a DSS is 

a logical approach to achieve sustainable groundwater management for longer-term 

planning (Elmahdi and McFarlane, [2009]). By utilising and integrating the expertise of 

multiple WA state agencies, we can develop and apply a DSS that integrates most of the 

available information. Without this integration, there is potential for greater conflict 

between agencies’ objectives and actions. The future analysis methodology or process used 

in this study is shown in Figure 4.The key focus of the Gnangara DSS is on the 

implementation of key identified actions by stakeholders in terms of landuse changes, 

water allocation and establishing groundwater dependent ecosystem requirements. To be 

successful it will require significant data and intellectual input from other projects under 

the GSS so that adaptive management options can be evaluated. The framework of the 

DSS and its linkage to other database and models such as PRAMS (regional groundwater 

model), LAM (local area model), VFM (Vertical flux model), and scenario development is 

shown in Figure 5.  The boundary and the scale of the DSS have been determined by the 

task force group.  

 

 
 

Figure 4.  Conceptual approach (adopted from Conner et al 2009) 
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A total of 29 sub-areas are modelled under six geographical zones. Each sub-area is 

modelled by the main interconnected six modules that lead to the quantitative indicators 

(environment, economic and social) values based on the land use type (see Figure 6). 

These six modules are tried to represent and mimic the most interdependencies between 

land use and system components (see Figure 7). There are several feedbacks built in the 

DSS to reflect from small scale/resolution to large? scale. All these scales can be tested 

with different climate condition and other land use scenarios. The developed GSS-DSS is 

used by TFG to readily set up scenarios in the DSS and analyse their impacts on Gnangara 

groundwater system and its values. This can be done by simple control screens; the user 

can change the DSS assumptions, constants, and policy objectives. Also, the user can run 

simulation or even scenarios with different time horizons and can do detailed analyses of 

the results. It can compare several scenarios, view the cause and use tree of each variable, 

and view results as figures or tables, and perform statistical analyses. 

 

 
Figure 5. Conceptual DSS linkage 
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Figure 6. Conceptual design of the DSS 

 

 
Figure 7. Six main modules linkage 

 

5. DSS SCENARIO AND RESULTS 

 

In order to design the Gnangara Sustainability Strategy (GSS), several land and water use 

scenarios have been evaluated in terms of their long term economic, ecological and social 

impacts. Given the logistical limitations of optimizing over discrete and spatially disparate 

land and water use options and the challenging task of comparing quantifiable and un-

quantifiable benefits across diverse groups; this study identifies seven scenarios that are 

most likely to reside.  Finally, a Mixed use Post-Pine scenario is also considered that 

highlights the possibility of maximizing returns through judiciously selecting land and 

water use options away from these boundaries. The seven scenarios involve business as 

usual (BAU), injected recycled water (60GL by 2012 and 80Gl by 2030), reduce 

abstraction (desalination by 2012) and increase efficiency (by 20%), GSS recommended 
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scenario ( less horticultural area), using 30 year average rainfall (1976-2006), maximizing 

food security and zero abstraction for public water supply (PWS) by 2013 respectively. The 

variables considered for the evaluation are the Benefits of the Gnangara Ground Water 

System (GGS) water plus a number of environmental, economic and social indicators. 

 

Figure 8, presents the groundwater depths (that were generated by the DST) under 

different scenarios. The water tables shown in Figure 8, are based upon an overall average 

of the sub-area water levels and caution must be exercised in their interpretation.  Due to 

the high levels of disparity that exists in water tables across sub-areas on the GGS it is 

possible that certain areas may not show significant improvements in the water table 

despite the average for the whole of the system improving.  If the objective is to improve 

water tables for certain ecological users of the GGS, such as GDEs or the wetlands, then it 

may be possible to attain better impacts by targeting site-specific water level.  

It was evident in the analysis of results that maintaining a "business as usual" approach to 

land and water uses on the GGS from now until 2031 would lead to a continuous decline 

in the groundwater level. Certain parts of the GGS were predicted to show a decline of 

more than 7 to 8 meters and consequent losses in property values would amount to more 

than one billion dollars due to the drying of wetlands. Much of this decline is due to the 

drier climate that is currently being experienced and this is common to all scenarios. 

However, society does gain significant cost savings (of nearly $6 billion) from continuing 

abstraction for the PWS instead of having to augment supplies with new and costlier 

sources, such as desalination, as shown in the zero abstraction scenario. Despite the 

potential cost savings, continuing on 'as usual' could lead to environmental irreversibilities 

such as the drying of all wetlands, extinction of GDEs and salt water intrusion, which 

could cause much higher economic losses in the future that could not be offset by cost 

savings to the PWS. 
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Figure 8. Groundwater depths 

 

The key messages of the results and analysis of the other scenarios are:  

1. The GSS recommended scenario improves the land uses in the post-pine areas by 

planting more bush corridors to enhance biodiversity; reduces PWS and bore 

abstraction; and significantly reduces horticultural uses of the GGS water.  This 

leads to a net marginal improvement in the water table and gains to the 

environment through bush corridors. 

2. the GSS recommended scenario does not help avoid the losses in wetlands as 

most of the suggested land and water use changes are not specifically targeted to 

positively influence the water table around wetlands. 
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3. If the 1976-2006 rainfall pattern were to repeat in the future, the sub-area water 

tables would improve all across the GGS. The average water table would fare 

much better than in the BAU and the GSS recommended scenarios.  However, 

climate projections up to 2030 suggest that the magnitude of the projected rainfall 

changes in the south western part of WA is between -2 and -20 percent than that 

of 1960-1990 and increasing later in the century (Bates et al. 2008). This 

highlights the urgent need to move away from current land and water use 

practices if society is concerned about the sustainability of the GGS under an even 

more severe climate regime. 

4. The increased allocation to commercial/industrial and urban (residential) land 

use are projected to generate additional employment of nearly 100,000 jobs by 

2030, of which 27,000 is generated through urban (residential) and 71, 000 

through commercial/industrial land uses. 

5. Drastic measures, such as zero abstraction by all Gnangara water users, need not 

be taken as they are excessively costly to society ($11.5 billion of negative NPV 

for zero abstraction, $10 billion costlier than the BAU scenario), despite a 

significant rise projected in the water table over time. It is possible to reduce 

abstraction through a combination of low cost options and prevent excessive 

societal costs from zero abstraction. 

 5. Conclusion 

 

By utilising and integrating the expertise of multiple state agencies, we can develop and 

apply a potential sustainability framework. Without this integration or multi-agency 

planning dialogue (Elmahdi and McFarlane [2009]), there is potential for greater conflict 

between agencies‘ objectives and actions. With  MAF and DSS, allow  thorough 

understanding of the triple bottom line Impacts and  ease the selection of preferred options 

because of its trade-offs and outcomes are understood. In addition, the DSS has a number 

of other benefits as follow: 

 

• DSS would assist the process of communicating the results with stakeholders, 

government and the community. 

 

• DSS methods for assessing and planning the future are necessary to maintain the 

reliability and sustainability of water resource management in the long term.  

 

However, we need to consider some of the main issues with any tools and /or DSS: 
   

1. Sometimes, the tools require a level of expertise or knowledge that users do 

not possess. For example, they may be comfortable dealing with technical 

information, but uncomfortable with socio-economic information.  

2. The tools should be flexible for different people to use them in ways that suit 

them and meet their need. 

3. The tools should be simplified to the end user to reduce the complexity. 

4. The tools should be free of bugs. It doesn't take much of a bug for potential 

users to lose confidence. 

5. The tools should be well documented with adequate help facilities and not just 

rely on one technical person. 

6. At the end, the tools should be developed with adequate consultation and 

collaboration with intended users.  
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Abstract: The mantra that successful Environmental Decision Support Systems (EDSS’s) 
are those that benefit from a high level of end-user involvement during the design phase 
and subsequent implementation is well founded.  However the practical matter of eliciting 
the relevant information from stakeholders to develop a useful and robust EDSS is rarely 
adequate and this weakness contributes to the high rate of failed EDSS’s.  Stakeholders 
sometimes have difficulty articulating the decisions they are called upon to make and 
cannot definitely describe the bounds of the decision space within which they operate.  The 
EDSS developer is challenged by having to understand the system he/she is attempting to 
simulate to the same degree as the stakeholder.  Environmental Information Management 
Systems (EIMS’s) have a better record of success than EDSS’s, though the distinction 
between the two is often blurry since information needs to organized and presented in an 
appropriate manner to inform decision making.  The “handshake” between the stakeholder 
user of the EDSS and the EDSS itself is one of the most difficult features to determine.  In 
the agricultural salinity management arena EDSS’s do not appear to have a high rate of 
adoption.  However there have been very successful EIMS’s – some of which have user 
communities that number in the thousands. Perhaps the answer is to use the EIMS as a 
stepping stone to developing a fully functional EDSS. This paper examines  a number of 
failed EDSS projects and compares and contrasts these systems with successful EIMS 
projects.  The paper suggests some lessons for future EDSS initiatives. 
 
Keywords: Environmental decision support, environmental information management 
systems, salinity management, water quality.   
 
 
1. INTRODUCTION 

 
There are a number of definitions of Environmental Decision Support System in the 
published literature – however most coalesce around the idea of using computers to support 
decision making.  Simon (1977) – one of the early pioneers of decision science – described 
a systematic decision making process which he broke down into four sequential phases : 
intelligence, design, choice and implementation. In the intelligence phase the problem to be 
solved is defined, the ownership of the problem is established and essential descriptive 
background data is collected. In design phase a simulation model or analog that emulates 
the behavior of the system is developed – the model is validated during this phase and a 
decision framework identified. The decision framework describes the various actions the 
decision maker will need to choose between. The choice phase follows which identifies a 
proposed solution identified by the model or model framework – though this solution is not 
necessarily a solution to the original problem. The fourth phase is the implementation phase 
which applies the decision support system or modeling framework  to solve the original 
problem. 
 
Hence when EDSS tools fail it is important to identify the phase within which specific 
problems begin to surface.  This is more difficult than it sounds because the same myopic 
thinking that led to failure of the system can prevent accurate pinpointing of the seeds of 
failure.  This can also be a problem of perception – where two analysts, presented with the 
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same basic facts, nevertheless reach different conclusions.  Several case studies will be 
examined in detail and examples of this problem will be discussed. 
 
In business applications a distinction is made between Business Intelligence Systems (BIS) 
and Decision Support Systems (DSS) (Tome et al., 1977). In the business environment 
DSS serves as an umbrella term for groups using computers to support decision making.  
DSS are typically constructed to directly support decision making – the process of 
choosing among two or more courses of action.  BIS on the other hand are geared to 
provide accurate and timely information – they support decision making indirectly.  
Interestingly most DSS are developed within academia – BIS are mostly developed by 
software firms for the business community.  A large number of the DSS applications 
developed by the academic community are focused on water and environmental problems.  
The use of computers in DSS has facilitated faster communications, increased productivity 
and allowed improved data management while overcoming the cognitive limitations of 
human experience.  However the DSS still places significant reliance on the person or 
people making the decision and those parties affected by the decision. This set of  
individuals is referred to as “the stakeholder group” and includes those actually using the 
computer-based DSS, those managing the application of the DSS to the problem at hand 
and those directly affected by the project.  However a rational solution for simplified model 
may not be rational for the real-world problem.  Understanding the mindset and function of 
the stakeholder group is the first hurdle in the development of a successful DSS and failure 
to accomplish this task is a common ingredient in DSS post-mortems.  Deciding how to 
decide is important early accomplishment to reaching consensus. Most decision making 
involves a willingness to settle for a satisfactory solution (Simon, 1977) – commonly 
referred to as “satisficing” – where the marginal benefit of a better solution is not worth the 
marginal cost to obtain it.  
 
Intuition is a critical factor used in solving many structured and unstructured problems.  
There is often a strong correlation between bad decisions and bad information. Decisions 
based on gut feelings usually have limited information.  Decisions are perceived as 
irrational – where a decision maker may misread or miscalculate an impact or may not 
appreciate true risk of a wrong conclusion.  Emotions can sometimes inhibit the collection 
of accurate data and analysis.    
 
The case studies that follow are examples of Environmental Decision Support Systems 
(EDSS) whose purpose is to guide water and land resource management decisions to 
minimize non-point source discharges of salts and other river contaminants. 
 
 
2.  CASE STUDIES OF EDSS FAILURES 
 
2.1  Natural Resources Workstation  
The Natural Resources Workstation NRWS is a computer-based Unix-based integrated 
modeling framework designed by Colorado State University to provide wetland managers 
with a comprehensive tool to help guide wetland habitat restoration (Garcia and 
Armbruster, 1997).  The impetus and funding for application of the software to San 
Joaquin Basin wetlands came from legal resolution of selenium toxicosis crisis at Kesterson 
Reservoir, where selenium tainted agricultural drainage water was implicated in the death 
and deformity of waterfowl embryos in wetland ponds managed by the US Fish and 
Wildlife Service. Tracts of agricultural land in close proximity to the reservoir was 
acquired by the federal government as mitigation for the land lost due to the closure of 
1200 acre Kesterson Reservoir.   
 
The NRWS is based upon a simulation model of wetland hydrology and allows the 
manipulation of wetland resource inputs to achieve user-defined management objectives.  
The NRWS graphical user interface  is fully integrated with  the public domain GRASS 
GIS system , an integrated set of programs designed to provide spatial analysis and 
modeling, information display, digitizing, image processing and map production support. 
The  NRWS allows rasterized aerial photographs of each new wetland area to be combined 
with raster and vector maps of  coverages such as vegetation cover, elevation and  
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irrigation suitability to be overlayed onto a base map.  Critical to the application to the San 
Joaquin Basin wetlands is a water demand estimation component which computes the water 
demand per month for each of the wetland cover types based on the area of each cover 
type.  Demand for each wetland area could be modified dynamically and a network editor 
used to model the surface water conveyance system that connected the diversion point with 
the wetland end use.  The software gives the user the ability to create different scenarios, 
store them and compare the results using a built-in graphics package. The ultimate goal of 
the San Joaquin wetland application of the NRWS was to  help wetland managers improve 
their understanding of water balances within their own wetlands and improve water 
management. 
 
Although the NRWS developers spent considerable time with wetland managers that 
constituted their major stakeholder group ahead at the beginning of the project much of the 
time was spent demonstrating some of the powerful features of the software.  The reception 
they received from the stakeholder audience during these demonstrations was very positive, 
despite the fact that the software only ran on a UNIX operating system, which at the time 
was uncommon for most water district and resource agency personnel.  However the 
project team confused enthusiasm for the innovative visualization technology, well 
designed user interfaces and ability to access underlying aerial photography with 
enthusiasm for using the tool as an aid to decision making.  In this regard the team failed 
the first hurdle of Simon’s four part process of developing a decision support tool – that of 
intelligence.  In this instance the stakeholder’s problems were being asked  to adapt to the 
decision tool rather than the other way around.  The project team didn’t develop a complete 
understanding of the problem that needed to be solved and the propensity of decision 
makers to resort to familiar tools when faced with an emergency or when under time 
pressure (a common occurrence in most managed wetland areas during wetland flood-up 
and drawdown periods). 
 
The design, choice and implementation phases became irrelevant – though the tool had a 
sound design and actually did a reasonable job of simulating the hydrology of the wetland 
system and the flexibility of the tool made development of scenarios to choose from 
relatively easy.  The project was implemented by conducting an intensive three day training 
course for the wetland Water Master at the cooperating Grassland Water District as well as 
agency personnel at the US Bureau of Reclamation who sponsored the study.  Because the 
NRWS was implemented as a Unix application,  an Apollo UNIX workstation with the 
software loaded, was loaned to the District.  
 
The NRWS was rarely used in the first six months of deployment.  After a period of weeks 
the training techniques learned during the training were forgotten and the opportunity to 
develop a routine for use of the NRWS were lost.  However the NRWS never really stood a 
chance against the simple Excel spreadsheet the Water Master had developed himself over 
more than a decade to do most of his own calculations of wetland water demand and water 
balances.  The project might have had a better conclusion had the project team started with 
the Water Master’s spreadsheet and designed the new NRWS software tool around its basic 
functionality. 
 
2.2  Watershed Management Framework (WARMF-SJR) 
Salt export from agricultural, wetland and municipalities in the San Joaquin Basin is 
regulated as part of a comprehensive Total Maximum Daily Load (TMDL) (CEPA,2002).  
The TMDL is intended to identify, quantify and help control sources of pollution that affect 
attainment of water quality objectives in the Basin.  The salinity TMDL for the San Joaquin 
Basin is unique in that it permitted an additional “real-time” load allocation that supercedes 
the conservative base non-point source load allocation , provided a real-time water quality 
management program is implemented in the San Joaquin Basin.  The core requirements of 
this program include : the development of a sensor network to perform real-time 
monitoring of information among stakeholders from contributing watersheds; a data 
dissemination system for effective sharing of data among basin stakeholders to allow model 
forecasting of River assimilative capacity; and sanctioning by the Regional Water Quality 
Control Board.  The impact of this additional real-time salt load allocation would be to 
permit significantly larger export of salt load from the watershed - helping to overcome salt 
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build-up within the shallow groundwater system which would ultimately degrade the 
groundwater resource within the Basin.  
 
Development of a real-time water quality management system has been underway for the 
past five years focused on improving SJR water quality by better coordinating the 
discharge of salt loads from west-side San Joaquin Basin agricultural, wetland and 
municipal dischargers with east-side San Joaquin Basin reservoir releases and irrigation 
return flows that provide dilution (Quinn and Karkoski, 1989).  The model chosen for 
decision support which involves watershed flow and water quality modeling, salt 
assimilative capacity forecasting in the SJR and information dissemination was the 
WARMF (Watershed Analysis Risk Management Framework) model (http://www.epa.gov 
/athens/wwqtsc/html/warmf.html) . WARMF is a publicly available, deterministic 
watershed model   that can used to simulate flow and water quality (Chen et al.,2001; and 
Herr et al., 2000). WARMF divides a river basin into interconnected compartments of land 
catchments, river segments, and lakes. Catchments are further subdivided into land surfaces 
(canopy) and soil layers, with a fluctuating groundwater table. The catchment model, 
driven by meteorological data, calculates soil infiltration, ET, groundwater exfiltration, 
surface runoff, and nonpoint source loading. River segments receive the inflows from 
catchments, upstream river segments, and point sources and flow in the River is routed 
using the kinematic wave approximation. Diverted flow is removed from rivers, and the 
portion used for irrigation is added to precipitation on irrigated land uses.  
 
Walking through Simon’s DSS phases the model appeared to be an appropriate 
“intelligent” choice for simulation of watershed hydrology and the forecasting of River 
flow and salinity loading. The San Joaquin Basin application of the model had been built 
around a simple linear input-output model of the San Joaquin River.  This data-driven 
model performed water and salt balances every ½ mile (800 m) along the River taking into 
account estimated groundwater inflows and measured diversions, agricultural, municipal 
and wetland return flows along the 60 mile (96 km) reach. Because the previous model had 
been in use for over a decade the WARMF-SJR model (the application to the San Joaquin 
Basin) the model design found quick acceptance.  The model added capability to the 
existing model by simulating the hydrology of the watersheds contributing to the salt 
loading of the River – whereas the previous model relied on static assumptions of return 
flows to the River.  Hence the WARMF-SJR model could better simulate the impact of 
drought or high rainfall events than the previous data driven model.  However it was in the 
choice phase that the use of WARMF-SJR as a EDSS may have failed.   
 
The WARMF model has been successfully applied to various TMDL problems around the 
US - the modeling framework contains a consensus module to assist in the comparison of 
various modeled scenarios as a means of informing stakeholders and fostering agreement.  
This application of the WARMF model could have been successful in the San Joaquin 
Basin application had the model been run for a great number of potential scenarios and the 
results distilled into simple spreadsheets that could be displayed and manipulated in front 
of a stakeholder audience.  There have been many examples of successful EDSS 
applications that have done just this – creating a simplified screening model using the 
results from multiple runs of complex simulation models.  The screening tool (which is 
often just a spreadsheet) is capable of minor modification (major modifications would 
require a separate complex simulation model run).  However in the current application of 
the WARMF-SJR model this step was not taken.  Developing scenario runs with the model 
in a stakeholder environment proved difficult because of the complexity of the model and 
the archane design of the user interface.  Despite the fact that a number of training classes 
had been conducted for the stakeholder community in the use of the model, that had been 
well attended, and the model on each attendee’s laptop at the end of the training sessions – 
few of the stakeholders continued to use the model.  Stakeholders became discouraged by 
the inflexibility of the model and the need for assistance for tasks beyond running of the 
model and obtaining model output.   
 
The WARMF-SJR model is not currently used for performing flow and salinity forecasts as 
part of the implementation of a real-time water quality management program for the San 
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Joaquin Basin.  At the present time it is uncertain whether the WARMF-SJR model will be 
re-vamped to serve this purpose. 
 
2.3  Grassland Real-Time Water Quality Management 
The third case study is not an instance of a failed EDSS but what might be termed a “near 
miss”.  The application is a large tract of seasonally managed wetlands within the San 
Joaquin Basin which drain to the San Joaquin River.  These wetlands are subject to the 
same EPA-mandated salinity TMDL that the previous WARMF-SJR model was being 
applied to – though the domain of the DSS being undertaken is on a smaller scale.  This 
case study involves the development of a flow and water quality monitoring network 
utilizing continuously deployed telemetered sensors within an environmental  data 
management system YSI-ECONET. (http://www.ysieconet.com/public/WebUI/ 
Default.aspx?hidCustomerID=99). 
 
The Grassland Basin wetlands are located on the west-side of the San Joaquin Basin and 
provide food and shelter for migratory wildfowl during winter months and sport for 
waterfowl hunters during the annual duck season.  Surface water supply to these wetlands 
contain salt which, when drained to the San Joaquin River during the annual drawdown 
period, can negatively impact water quality and cause concern to downstream agricultural 
riparian water diverters. Real-time water quality management has been advocated as a 
means of continuously matching salt loads discharged from these wetlands and with the 
assimilative capacity of the San Joaquin River. A GIS-based  modeling effort is underway 
to simulate current salt loading in the State and Federal wildlife refuges and in 160 private 
wetlands that make up the 170,000 acre (77,000 ha) Grassland Ecological Area (Quinn and 
Hanna, 2003).  By keeping track of wetland salt loads in each of these seasonally flooded  
impoundments – drainage discharge and wetland salt loading to the San Joaquin River can 
be more  carefully regulated to match the assimilative capacity of the San Joaquin River. 
 
In this case the intelligence and design phases of the DSS were well conceived and have 
proved successful in providing information on the hydrology and salt balance 
characteristics of these wetlands over the entire Grasslands Ecological Area.  Prior to the 
project there was no continuous monitoring of flow or salt loading either in to or out of any 
of the wetland impoundments and wetland managers were unable to relate the impacts of 
their management actions on the wetland contribution to River salinity loading or the 
impacts of changed management practices on the health and sustainability of the wetland 
habitat.  Since wetland moist soil plant species and diversity impact the use by waterfowl – 
any significant changes to waterfowl  habitat could have long-term impacts on the function 
of these wetlands as habitat for migratory waterfowl and shorebirds. 
 
The first issue that threatened to derail the EDSS related to the choice phase of the EDSS.  
The first four years of field experimentation with the expanding environmental sensor 
network and associated studies of wetland habitat response focused on a single 
management action – that of a delayed drawdown as a means of demonstrating the system.  
Delayed drawdown was a sensible management scenario for demonstration since the action 
of holding wetland drainage for an additional month ensured that wetland salt loads 
coincided with a month-long period of high flow conditions for fish migration purposes 
from east-side San Joaquin Basin reservoirs.  These high flow releases are of Sierran water 
– that is of high quality that boost San Joaquin River assimilative capacity to well above 
the salt load contribution by Grassland Ecological Area wetlands.  Although only meant as 
a demonstration the whole EDSS became associated with the delayed drawdown strategy 
and wetland managers, fearful of a perceived backdoor attempt to impose wetland 
management practices on their refuges and private duck clubs became politically polarized 
against the concept.  This issue did not succeed in derailing the EDSS initiative and has 
been addressed through presentations, workshops and public demonstrations of the goals of 
the EDSS development and the fact that numerous salt load management strategies can be 
investigated with the current system including early drawdown – whereby an early release 
of wetland drainage is followed by refilling of the wetland impoundments and subsequent 
release during the traditional wetland drawdown period.  Salt loading during this “second 
flush” is lower by virtue of the shorter holding period and reduced pond evaporation. 
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A second issue that pertains to the implementation of the EDSS concerned providing web 
access to preliminary real-time sensor data from the more than 50 monitoring stations that 
reported to the central NIVIS data server.  Providing real-time access to sensor data 
accessible from a watershed GIS map embedded with monitoring station locations proved 
to be immensely popular with stakeholders and regulators alike. The ability to show each 
monitoring site on a Google Earth image of the surrounding wetland landscape proved 
especially useful to wetland managers who developed a comfort level with the data because 
they could “see” themselves within the EDSS.  The web-accessible site also provided the 
ability to compare current 15 minute data between sites which provided wetland managers 
with a feel for differential rates of salt build-up in wetland ponds in different areas within 
the Grassland s Ecological Area – information that was previously unknown.   
 
The problem that arose which threatened to compromise the integrity of the entire EDSS 
was related to data quality assurance.  Flow meters at all of the sites had been programmed 
for applications that utilized the output processing capabilities of the onboard instrument 
software.  In our application we utilized the datalogging capabilities of the YSI-ECONET 
wireless mesh network topology that allows "point-to-point" or "peer-to-peer" connectivity 
within an ad hoc, multi-hop network. YSI-ECONET comprises a mesh of Data Nodes that 
collect data from flow and water quality measuring sensors and  Access Nodes that have 
the added capability of collecting data via a low power radio interface from surrounding 
Data Nodes. The mesh network is self-organizing and self-healing – hence loss of one or 
more nodes does not necessarily affect its operation. This increases the overall reliability of 
the system by allowing a fast local response to critical events in the rare event of a 
communication problem.  However the issue was not one of loss of data but rather the 
values reported to the YSI_ECONET logger.  By intercepting the raw data signal before it 
was post-processed we obtained total flow volume numbers that were 100 times too high 
(the problem was subsequently fixed in the flow monitoring system firmware).  The 
problem was overlooked at the onset of the project but was noticed by one of the 
stakeholders on whose private wetland  several of the monitoring stations had been located.  
Only the close working relationship the EDSS project cooperator allowed the problem to 
be recognized early and corrected.  In many instances local stakeholders will develop 
negative impressions of an EDSS based on early flaws and these will snowball over time 
without feedback to the project implementers leading to ultimate failure of the system.   
 
The desire to put preliminary data into stakeholders hands must be tempered with the 
requirement to perform adequate data quality assurance.  Although hydrologic management 
tools such as AQUARIUSTM and WISKI TM have been developed to assist with automated 
filtering and error correcting of real-time environmental data  - the technology is still under 
development and not widely used.  The Grassland EDSS development has continued  
despite the setbacks caused by these unintended oversights that could have condemned the 
project to failure.  The lessons learned suggest a different strategy to EDSS development – 
through a greater emphasis on information management with decision support taking a 
back seat until the systems are better evolved, robust in their design and proven in their 
implementation through widespread use. 
 
 
4.  CASE STUDIES OF EFFECTIVE EIMS APPLICATIONS 
 
It can be argued that Simon’s suggested phased approach to DSS development and 
implementation can lead to an over-emphasis on the decision making capabilities over the  
capability of a  system to provide timely and pertinent information.  Since many DSS’s 
appear to fail in the intelligence and design phases perhaps it would be better to concentrate 
on developing quality data in a form that stakeholders can use it and rely on stakeholders to 
utilize their own native decision making skills or hire those of others who share the 
stakeholders world view to make decisions.  Two examples of this strategy are the 
California Irrigation Management Information System (CIMIS) and the California Data 
Exchange (CDEC). 
 
4.1  California Irrigation Management Information System (CIMIS) 
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The first example information management system is CIMIS (wwwcimis.water.ca.gov), a 
28 year-old program of the Office of Water Use Efficiency, California Department of 
Water Resources (DWR) that manages a network of over 120 automated weather stations 
in the state of California. CIMIS was developed  to assist California irrigators manage their 
irrigation water supply more efficiently.  CIMIS weather stations collect weather data every  
minute, calculate hourly and daily values and store them in a easily downloadable format 
for fast retrieval. A computer calls every station starting at midnight Pacific Standard Time 
(PST) and retrieves each day's data. Once the data is transmitted, the central computer 
analyzes it for quality, calculates reference evapotranspiration (ETo - for grass reference 
and ETr - for alfalfa) and other intermediate parameters, flags the data ( if necessary), and 
stores them in the CIMIS database.  Although CIMIS was initially designed to help 
agricultural growers the user base has expanded over the years to include local water 
agencies, fire fighters, air control board, pest control managers, university researchers, 
school teachers and students, construction engineers, consultants, hydrologists, state and 
federal agencies, utilities, lawyers and weather agencies. There are currently over 6000 
primary registered CIMIS data users although the client list, including those using CIMIS 
data from primary sources is probably 4-5 times that total.  
 
4.2  California Data Exchange System (CDEC) 
CDEC (cdec.water.ca.gov) installs, maintains, and operates an extensive hydrologic data 
collection network including automatic snow reporting gages for the Cooperative Snow 
Surveys Program and precipitation and river stage sensors for flood forecasting. CDEC 
provides a centralized location to store and process real-time hydrologic information 
gathered by various cooperators throughout the State. CDEC then disseminates this 
information to the cooperators, public and private agencies, and news media. The data 
enable forecasters to prepare flood forecasts and water supply forecasts; reservoir and 
hydroelectric operators to schedule reservoir releases; and water suppliers to anticipate 
water availability. Currently, over one hundred and forty agencies provide data to CDEC 
and also obtain data through CDEC's cooperative hydrologic database.  
 
 
5.  EDSS vs EIMS 
 
CIMIS and CDEC are examples of successful EIMS’s where the emphasis has been to 
provide the water user community with reliable and timely access to data to support 
irrigated agriculture in matching crop water requirements to water supplies and to local 
agencies making flood management decisions during extreme weather events.  In both 
these examples the decision making framework is left to the end user.  This is a system that 
retains flexibility and allows the agencies to concentrate on a function they perform well.  
In the case of CIMIS users – many growers and landscape managers hire irrigation 
consultants to help with irrigation scheduling. They are hired to advise the grower or 
manager on when to irrigate and how much water to apply throughout the irrigation season. 
Consultants can also be hired to work with an individual for a specified term to train the 
individual how to schedule irrigations using the consultants' irrigation scheduling software.  
This is a highly flexible and efficient system – a consultant whose scheduling software 
makes poor decisions that result in poor crop conditions is soon replaced by someone who 
provides better service.  Such a system recognizes that decision support software alone 
isn’t sufficient to produce an optimal result – it is also how the software is used and some 
professional judgment that provides a filter between suggested strategies and ultimate 
action. 
 
In the CDEC example the ability to customize data output from the system and automate 
uploading of data files into simulation models provides support to a host of situation 
models of varying detail and resolution.  This allows the water manager or planner more 
time to concentrate on model output interpretation during periods when important decisions 
such as making flood evacuation notices or mobilizing sandbag crews must be made in a 
timely manner and there is little time to manipulate data inputs to decision models. 
 
 
6. CONCLUSIONS 
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This paper has described several EDSS applications within California that have failed to 
achieve their initial goals and discussed some of the reasons for these failures.  Using 
Simon’s (Simon, 1997) conceptual model of the process of developing a successful DSS 
flaws were exposed in the intelligence, design, choice and implementation phases of the 
development.  Using examples of successful EIMS’s in California this paper makes the 
argument that DSS developers may be too focused on implementing a decision model 
rather than creating useful data acquisition and information management portals that 
encourage widespread use and adoption.  Perhaps the fact that most EDSS’s originate in 
academia mitigates against the slower and more incremental process of developing a broad 
user community capable of providing non-unique decision frameworks. 
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Abstract: The Solar Wind and Energy Resource Assessment (SWERA) project focused on 
providing renewable energy planning resources to the public. Examples include wind, 
solar, and hydro assessments. A major component of the SWERA website is the archive 
search. This provides for a discovery DSS upon which users can find and access renewable 
energy data and supporting models. The RREX component of SWERA provides a 
visualization DSS as an addition to the website archive. RREX provides the discovery 
through a couple different avenues. RREX maps the renewable energy data that it provides 
along with a graphing application of the same data. RREX also provides a web service 
approach to allow for the distribution of the same data sets in multiple forms. The objective 
of this paper is to evaluate user satisfaction with the system as well as highlight factors 
affecting user satisfaction and experience. In the paper we provide a discussion of various 
design decisions used in the construction of the system followed by description of research 
methodology, and a discussion of key findings. Overall, analysis of results indicates 
general acceptance of the functionality provided and highlights venues for further 
improvements of the interface. 
 
Keywords: DSS; User Acceptance; SWERA   
 
 
1. INTRODUCTION 
 
With the increasing demands for energy coupled with the increasing environmental 
concerns (as signified by the recent United Nations Summit on Climate change), the 
significance of renewable energy (RE) will continue to grow as a viable and sustainable 
source of energy. The harnessing of solar, wind, and hydrological energy can produce 
energy to manufacturing plants, homes, businesses, and a multitude of other applications. A 
critical component of planning for RE development is determining the optimal location for 
RE plant, i.e., which locations would be most viable for a particular RE plant.  This is 
accomplished through collecting and analyzing data assessing the RE potential for a 
particular location, also referred to as RE assessments. Accordingly, the ability to access 
and analyze RE assessments at a various levels of granularity is a major factor to making 
informed decisions. However, such data is not necessarily available to planners and 
decision makers at the level of detail and quality to meet their planning needs. Moreover, 
even in cases where the data is available, it is not necessarily in a readily usable format. 
Decision Support Systems (DSS) can go a long ways towards facilitating access to relevant 
RE assessments and support data visualization and analysis tools.  
 
In this paper we describe the Solar Wind and Energy Resource Assessment (SWERA) DSS 
which focuses on providing renewable energy planning resources to RE planners and 
decision makers. Examples include wind, solar, and hydro assessments.  The objective of 
this paper is to evaluate user satisfaction with the system as well as highlight factors 
affecting user satisfaction and experience.  
 
The remainder of the paper is organized as follows; the following section provides a 
background about DSS usability followed by a description of the SWERA-DSS and its 
various components. Next, we describe the research methodology followed by a discussion 
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of the results. Finally, we conclude with a summary highlighting lessons learned and 
emphasizing key findings with implication for future system development.  
 
 
2. DSS USABILITY 
 
Renewable energy has become of growing interest particularly in the environmental 
community. However planning for RE projects aimed at harnessing the power of renewable 
energy resources can be costly in terms of money, time, and other resources. The 
minimization of these is considered a high priority. Decision Support Systems (DSS) have 
been shown to help with decision making (Vicki 1999; Vicki 2005; Kamran and 
Mohammad, 2007). Terry and Spence (2005) also studies the types of decision making that 
makes for a more successful project. It was shown that through the difference in decision 
making processes that time to completion of the project, as well as the accuracy were found 
to be greatly enhanced when using a tool to help in this process. Another key aspect to this 
research is the acceptance of the DSS. With technology resistance is something that needs 
to be considered, Tim et al. (2007) examine user resistance towards an Enterprise System. 
The same factors examined can also apply towards other implementations of technology 
including DSS. Other research has also been done into the acceptance of DSS in terms of 
the models they present (Hsi-Peng Lu, Huei-Ju Yu et al. 2001). When trying to affect the 
perceived usefulness, affecting the perception that the DSS is easy to use has a direct affect. 
Diez and McIntosh, (2009) considers the factors that impact the use and usefulness of 
Information Systems while Turner and Kitchenham (2010) conduct a meta-literature review 
of the technology acceptance literature and the relationship to actual use. The use of DSS 
within the confines of the renewable energy field has also been discussed in literature. One 
such demonstration of a DSS and its implementation is shown by Meulen (van der Meulen, 
1992). Other such implementations instances of DSS furthering RE use can be found in 
(Cherni and Dyner, 2009; Georgopoulou, 1998). 
 
 
3. SWERA 
 
Renewable Energy and “Going Green” have become key concerns in today’s economy.  
Implementation of technology is needed in order to further incorporate this type of energy 
into a form that society can use. This type of energy however is not viable in all locations 
around the world. In fact, some locations may be limited to only some forms of renewable 
energy usage, while some may be further limited to none. The decision to implement the 
use of such technology in regions around the world can be a costly endeavour in terms of 
the effort to design, construct, and implement a working renewable energy resource energy 
plant of any kind. Accordingly, access to reliable region-specific RE assessment is vital to 
understand whether candidate locations are viable or cost effective to implement such a 
plant. The Solar Wind and Energy Resource Assessment (SWERA) project came into being 
to try to help fill this need. SWERA was focused on 13 developing countries as a starting 
point. With the information that would be provided through SWERA, it is the hope that 
future solar and wind projects would be aided in their decisions to plan and execute 
renewable energy projects within these countries. 
 
Another main focus of SWERA was to act as a sharing center for countries and 
organizations. Through the project government agencies would be allowed to share 
information with interested parties. Industry personnel, investors, and other researchers 
would be able to find this information accessible and incorporate the shared information 
within their research and decision making. SWERA makes data for developing countries 
further accessible and the use of such energy resources appealing to private as well as 
public investors. In effect, renewable energy resource potential is helped to be fully realized 
within the different locations.  Through SWERA, consistent, reliable and verifiable data is 
shared with investors, lawmakers, government agencies, and any other concerned parties. 
Not only is the data shared through SWERA, but also different geospatial toolkits are also 
available upon which to access and use the data. High resolution data is also available upon 
which to analyze, use, and interpret to further the interest and potential use of renewable 
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energy resources.  SWERA also provides an interface upon which to easily find and access 
information in such a way as to make the information more easily accessible to the public.  
 
 
4. SWERA DSS COMPONENTS 
 
The SWERA DSS is made up of two major components. The first is an archive tool that 
allows for the creation, storage, searching, and downloading of renewable energy data 
products, tools, and information. The other component is the Renewable Resource 
EXplorer (RREX). This serves as an analysis tool for some of the data sets that are housed 
within the SWERA Archive. Through RREX some data sets are visually viewable with 
additional analysis done by point locations selected by the user. In order to further 
incorporate the goals of the project within the SWERA system, an archive system was 
created. The overall goal of the archive system is to allow project sponsors, government 
agencies, and other users of the system the ability to share their information through the 
SWERA system. The system allows for the upload of information from any web browser. 
Data has a couple major components to it that need to be completed in order for the 
information to be accessible through the web. Data must have a contributing organization, a 
data provider, along with further information about the data set itself and metadata about 
the information. This data is necessary for data discovery and for the users to understand 
the data enough to put the information to use in valid ways. The information required 
conforms to the information specified through the OGC specification for spatial data 
metadata records. The archive systems also allows for the searching of the database 
amongst different categories such as energy type, location, and product type. Once a record 
is found, further information, links to the products, and downloads can all then be accessed. 
When information is requested for download, the user is asked to give information about 
who they are and what they are using the information for. In this way, the SWERA project 
team can gain a better understanding of the system users. 
 

 Figure 1 RREX Screenshot 
 
The other component to the SWERA DSS is the Renewable Resource EXplorer (RREX) 
(See figure 1). RREX is built upon the OpenLayers platform for mapping data layers. 
RREX also uses KaMap’s mapping and tile generation components to tile the images 
presented through the RREX mapping tool. In this way images are loaded faster because 
they are cached already and provide the user with a faster visual display. RREX also 
provides for visual display of other layers through the “Map Tool” menu and additional 
pop-ups when clicking on the layers that link back up to the SWERA Archive search. 
Additional point analysis can also be done for locations on the map with a mouse click to 
select the location. From the brief analysis of the location selected, the user can then 
graphically see representations of the data sets that are available for that point location 
through the graphing component of RREX. Bar graphs are dynamically built based upon 
the information from the map click. Each plot point on a graph that is not made up of 
annual values is also a dynamic link to a mapping feature on the bottom of the page. Here 
additional analysis can be done the a zoomed in location of the point that was originally 
selected along with a time series look at that location over the course of 12 months. All of 
the information that is being presented on the graphing page is also downloadable through 
links on the page in a CSV, XML, and with applicable data sets a HOMER format. 
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5 RESEARCH METHODOLOGY  
 
5.1 Research Model and Hypotheses  
 
The research model for the study is 
shown in Figure 2 (Doll and Torkzadeh 
1988).  This model was chosen over the 
TAM model (Davis, 1989) for the 
constructs employed and the emphasis 
on end-user satisfaction as opposed to 
intention to use which is the focus of 
TAM. The 5 major constructs give a 
well rounded depiction the End-User 
Computing Satisfaction (EUCS) which 
is the focus of this study.   Figure 2. Adopted from (Doll and Torkzadeh 1988). 

 
Using the research model as shown above, we hypothesize the following: 

H1: The degree to which the system satisfies the content needs of the end user has 
a positive impact on his/her satisfaction 

H2: The degree to which the system satisfies the accuracy needs of the end user 
has a positive impact on his/her satisfaction 

H3: The degree to which the system satisfies the formatting needs of the end user 
has a positive impact on his/her satisfaction 

H4: The degree to which the system satisfies the timeliness needs of the end-user 
has a positive impact on his/her satisfaction 

H5: The degree to which the system perceived as easy to use by the end-user has a 
positive impact on his/her satisfaction 

 
 
5.2 Setting, Context and Subjects  
 
The survey was conducted through Checkbox, an online survey system. The subjects of the 
test consisted of registered users of the system and anonymous (unregistered) users. 
Registered users had downloaded a data product through the archive tool and registered 
their information. Unregistered users were those that accessed the survey through a link on 
the home page of SWERA. 
 
 
5.3 Survey Instrument 
 
The survey instrument is based on constructs that were previously validated in research 
(Doll and Torkzadeh 1988). The constructs are Content, Accuracy, Format, Ease of Use, 
Timeliness, with an overall construct of End-User Computing Satisfaction. Other questions 
were added to the constructs from other research studies (Dimbleby et al. 2005; 
Shneiderman and Plaisant 2005). Along with the questions that were used for the study, 
additional questions were included to capture user’s affiliation, system usage, and the 
importance of different data sets that were included within the system. 
 
 
5.4 Data Collection 
 
Registered users were sent out emails to addresses provided during the download process. 
This email contained a direct link to the survey along with an informed consent statement. 
Unregistered users accessed the survey through a link on the homepage of SWERA, where 
an informed consent was also visible at the beginning of the survey. In both cases, the 
anonymity of the subjects was maintained during the survey in the way that their email, if 
provided, was stripped from the results was not reported from the survey for the data set 
used in the survey. The data collected through Checkbox was transferred to a spreadsheet, 
excluding the email, and further analysis was done. 
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5.5 Data Analysis 
 
Partial Least Squares (PLS) is the analysis technique used in this study. The utility of PLS 
is detailed elsewhere (Falk and Miller, 1992), and a number of recent technology studies 
have used PLS (e.g., Al-Gahtani (2001), Compeau (1995a), Venkatesh (2003)). To evaluate 
the measurement model, PLS estimates the internal consistency for each block of 
indicators, then evaluates the degree to which a variable measures what it was intended to 
measure (Cronbach, 1951; Straub, Boudreau and Gefen, 2004). This evaluation is known as 
construct validity and is comprised of convergent and discriminate validity. Following 
previous work (Gefen and Straub, 2005), convergent validity of the variables is evaluated 
by examining the t-values of the outer model loadings. Discriminate validity is evaluated 
by assessing item loadings to variable correlations and by examining the ratio of the square 
root of the AVE of each variable to the correlations of this construct to all other variables 
(Chin, 1998a; Gefen and Straub, 2005). With respect to the structural model, path 
coefficients are understood as regression coefficients with the t-statistic calculated using a 
bootstrapping method. Bootstrapping is a nonparametric technique used to estimate the 
precision of PLS estimates (Chin, 1998a). 200 samples are considered satisfactory (Chin, 
1998a). To determine how well the model fits the hypothesized relationship, PLS calculates 
an R2 for each dependent construct in the model. Like a regression analysis, R2 represents 
the proportion of variance in the endogenous constructs which can be explained by the 
antecedent constructs (Chin, 1998a). 
 
 
6. RESULTS AND DISCUSSION  
 
6.1 Sample Characteristics  
 
The survey was sent out to approximately 3000 registered users of the system. A total of 26 
responded to the survey. 2 additional users responded through the website survey. The 
majority of the questions were assessed on a 5-point Likert scale with some of the 
questions being assessed on a 2 point scale. 
 
 
6.2 Assessing Measurement Validity  
 
Using PLS-Graph (Chin, 1998) we examine 5 variables initially included in the survey 
instrument. Items that exhibited loadings of less than the 0.7 were removed as indicated in 
the literature (Compeau and Higgins, 1995a; Compeau and Higgins, 1995b; Fornell and 
Larcker, 1981). The removed items are deemed as not contributing to the underlying 
construct (Hair, Black, Babin, Anderson and Tatham, 2006). The remaining items 
adequately represent the underlying constructs attesting to the content validity of the 
instrument.  Table 1 summarizes the results for the items comprising the model. The results 
show composite reliability (CR) exceeding 0.8 as recommended (Nunnally, 1978). AVE, 
which can also be considered as a measure of reliability exceeds 0.5 as recommended 
(Fornell and Larcker, 1981). Together, CR and AVE attest to the reliability of the 
instrument. Verifying the convergent validity of the instrument, the t-values of the outer 
model loadings exceed 1.96 (Gefen and Straub, 2005), with two notable exception (format 
t=1.19 and EOU t=1.13) in the RREX data set. Calculating the correlation between 
variables’ component scores and individual items reveal that intra-variable (construct) item 
correlations are generally high when compared to inter-variable (construct) item 
correlations (Table 1).  
 
 
6.3 Model Testing Results and Discussion  
 
Figure 3 depicts the combined (PS+RREX) structural model with path (regression) 
coefficients and the R2 for the variables: content (R2 = 53.1%), accuracy (R2 = 47.6%), 
format (R2 = 54.9%), EOU (R2 = 49.0%) and timeliness (R2 = 57.1%).  
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Table 1. Analysis results 
 
Dimension Code Question Mean S.D.  Item 

Loading 
CR AVE 

Content C     0.923 0.670 
 C2 The system provides information 

content that meets my needs 
3.5 1 0.876   

 C3 The system provides useful 
information 

3.89 .99 0.886   

 C4 The system provides sufficient 
information 

3.46 .96 0.812   

 C5 Use of terminology throughout the 
system was 

3.46 1.2 0.602   

 C6 Overall, I feel the system meets my 
needs 

3.39 .88 0.839   

 C7 Overall, I feel the terminology 
relates well to the work I am doing 

3.5 .92 0.863   

Accuracy A     0.939 0.885 
 A1 The system provides accurate 

information 
3.64 .87 0.933   

 A2 Overall, I feel satisfied with the 
accuracy of the system 

3.54 .79 0.949   

Format F     0.843 0.642 
 F1 Overall, I feel the output is 

presented in a useful format 
3.5 1 0.726   

 F2 Overall, I feel the presentation of the 
system is attractive 

3.32 .98 0.831   

 F3 Overall, I feel everything on the 
system is easy to understand 

3.5 1.04 0.842   

Timeliness T     0.846 0.650 
 T2 Length of delay between operations 

is 
3.07 .98 0.795   

 T3 Overall, I feel the system keeps me 
informed about what it is doing 

3.18 1.02 0.687   

 T4 Overall, I can get the information I 
need in time 

3.46 .92 0.726   

Ease-of-Use      0.962 0.698 
 EoU1 The system is user friendly 3.54 1.04 0.857   
 EoU2 The system is easy to use 3.71 .98 0.899   
 EoU3 The system is easy to learn 3.57 1 0.904   
 EoU4 The system is easy to get it to do 

what I want it to do 
3.46 .96 0.803   

 EoU7 I feel learning to operate the system 
was 

3.14 1.04 0.856   

 EoU8 I feel getting started was 3.11 1.1 0.823   
 EoU9 I feel learning advanced features 

was 
2.82 1.09 0.819   

 EoU1
0 

I feel the time to learn to use the 
system was 

3.21 .99 0.825   

 EoU1
1 

I feel discovering new features was 2.93 1.12 0.787   

 EoU1
3 

The number of steps per task was 3.18 1 .06 0.799   

 EoU1
4 

Overall, I feel the tasks can be 
performed in a straight-forward 
manner 

3.25 1 0.808   

End-User 
Satisfaction 

OS     0.949 0.756 

 OS1 Overall the system was satisfying 4 1.22 0.898   
 OS2 Overall the system was easy 3.68 1.09 0.767   
 OS3 Overall how satisfied are you with 

the SWERA website 
4.21 1.1 0.918   

 OS4 Overall how satisfied are you with 
the SWERA mapping and graphing 
tools (RREX) 

3.61 1.17 0.793   

 OS5 Overall how satisfied are you with 
the SWERA product search 

3.82 1.17 0.895   

 OS6 Overall how satisfied were you with 
the SWERA system 

3.93 1.25 0.930   
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Figure 3 PS+RREX Structural Model 

 
6.4 With PLS Graph Model 
 
With respect to the determinants of end-user satisfaction in the combined model 
(PS+RREX), all constructs are significant: content (β = 0.729 p < 0.0001), accuracy (β = 
0.690 p < 0.0001), format (β = 0.741 p < 0.0001), EOU (β = 0.700 p < 0.0001) and 
timeliness (β = 0.756 p < 0.0001). These findings are consistent with prior work (Doll, 
1988). Examining the PS model data alone, content (β = 0.640 p < 0.0001) is statistically 
significant, along with EOU (β = 0.763 p < 0.0001), Timeliness (β = 0.679 p < 0.0001), 
format (β = 0.542 p = 0.0006) and accuracy (β = 0.512 p = 0.0069). The RREX data alone 
is notable in that content, accuracy, and timeliness are all significant at the p < 0.0001 level, 
while format (β = 0.792 p < 0.2591) and EOU (β = 0.797 p < 0.2825) are insignificant. The 
combined data suggests that end-user satisfaction with the system is a function of the 
measured variables of content, accuracy, format and timeliness.   Overall, user evaluations 
for the five dimensions of end-user satisfaction considered in this study are positive. 
Moreover, the model exhibits a good fit with the data and provides a satisfactory 
explanatory power for end-user satisfaction with the system. 
 
 
7. CONCLUSION AND FUTURE WORK  
 
The use of the EUCS construct (Doll and Torkzadeh 1988), allows for the validation of the 
user satisfaction construct with the system. Through the PLS analysis, the constructs show 
to have significance when looking at the system as a whole. Overall, the users were 
satisfied with the system. As a generalization, the results further validates the significance 
of the content, timeliness, ease of use, accuracy, and format on user satisfaction with 
environmental decision support systems. The limitations of this work relatively small 
sample size. Additional work could be done to expand the sample size to further validate 
the findings. With respect to the SWERA-DSS, additional work could be done to find new 
ways to reduce delays within the system being as timeliness had the lowest average mean 
amongst the constructs. 
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Abstract: The USDA-ARS Agricultural Systems Research Unit (ASRU), in a 
collaborative effort with Colorado State University (CSU), developed the Great Plains 
Framework for Agricultural Resource Management (GPFARM) DSS. The general purpose 
of GPFARM is to serve as a whole-farm/ranch DSS for strategic agroecosystem 
sustainability evaluation across the U.S. Great Plains. Despite a reasonable level of 
producer involvement in the requirements analysis, development, and evaluation phases of 
GPFARM, it can be argued that the rate of adoption has been slow compared with the rate 
predicted at the initial development stage. In this paper, we provide a brief overview of the 
GPFARM DSS. We then discuss lessons learned (e.g., successes and failures) in over a 
decade of agricultural DSS development. A summary of conclusions resulting from 
discussion and critical analysis of the GPFARM project include: 
 It is important that the DSS development process includes careful evaluation of the 

scope of the DSS in relation to the human and fiscal resources available. 
 Careful attention should be paid to the needs of the intended target user group(s) 

through: 1) matching the proposed technology appropriately with the user, and 2) 
gathering input from a broad spectrum of potential users when performing a DSS 
requirements analysis. 

 Simpler tools or database information generated from simulation analyses of alternative 
management options may have been more appropriate for delivery to producers and 
consultants (who do not have time to learn and use DSS tools). 

 The capability to rapidly update major components (e.g., simulation model, databases) 
in order to address different farm/ranch management questions or problems is an 
absolute necessity.  

 
Keywords: GPFARM; Decision support systems; Agroecosystem sustainability; 
Agroecosystem management; Software adoption; Producers. 
 
1.  INTRODUCTION 
 

Sustainable agriculture demands consideration of many interrelated factors, processes, 
resources, and institutions. In the U.S. Great Plains, there has been a recognized need for a 
systems approach for sustainable agricultural research and development (Ascough II et al., 
2007).  Peterson et al. (1993) proposed that a systems approach to the study of soil and 
crop management problems is useful for testing present research knowledge to answer 
practical agricultural problems and simultaneously identify gaps in basic research 
knowledge.  Support for system level decision support tools among agricultural advisors 
and producers has been mixed.  In a 1995 Great Plains survey of 121 county extension 
directors, 173 USDA-Natural Resources Conservation Service (NRCS) District 
Conservationists, and 95 agricultural consultants, more than 90% were interested in using 
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farm management decision support system (DSS) software (Frasier et al., 1997). However, 
Ascough II et al. (1999) reported that at this stage in time very few producers actually used 
decision aid software to manage their farm enterprises.  Central to meeting the challenge 
of delivering viable decision support software, the USDA-ARS Agricultural Systems 
Research Unit(ASRU), in a collaborative effort with Colorado State University (CSU), 
developed the Great Plains Framework for Agricultural Resource Management 
(GPFARM) DSS (Ascough II et al., 2007; McMaster et al., 2002). The general purpose of 
GPFARM is to serve as a whole-farm/ranch DSS in strategic planning across the U.S. 
Great Plains. GPFARM runs on a field-by-field basis (with aggregation up to the whole-
farm/ranch level), and provides production, economic and environmental impact analysis 
and site-specific database generation, from which alternative agricultural management 
systems can be tested and compared.  Strategic planning is defined here as long-term 
planning (e.g., choice of sustainable crop rotation, choice of tillage/residue management 
system, etc.) as opposed to tactical planning (e.g., real-time management decisions such as 
seasonal crop or herd size selection, scheduling of irrigation, chemical application, 
harvesting, etc.). Agricultural consultants and producers (both farmers and ranchers) were 
targeted as the primary users of GPFARM.  Initial user requirements were identified by a 
ASRU customer focus group comprised of eastern Colorado farmers, ranchers, agricultural 
consultants, and NRCS and extension professionals. The overall design goals of GPFARM 
were very minimal: (1) GPFARM should be simple to understand and easy to use; and (2) 
GPFARM should have minimum input data and parameter requirements. 

The idea for developing GPFARM was conceptualized in the mid to late 1980’s.  
Actual GPFARM development occurred from the early 1990’s to 2005, ending with the 
current version 2.6. Despite a reasonable level of producer involvement in the 
requirements analysis, development, and evaluation phases of GPFARM, the adoption rate 
of GPFARM has been slow compared with the rate predicted for it over a decade ago at 
development initiation.  Why has GPFARM fallen short of the high expectations in the 
early 1990’s? Did we ignore early warning signs from user surveys that the system was 
likely not to be used because of producer time constraints or other factors? Did we 
underestimate the design features and delivery mechanisms required to bring a large-scale 
DSS from conceptual design to a fully operative, maintainable, and easy-to-use software 
package? In summary, did we fail to show the clear benefits of GPFARM to the target 
users in order to convince them that the DSS was worth their time and effort? The 
successor to GPFARM (iFARM – integrated Framework for Agroecosystem Resource 
Management) is currently under development.  Can we use lessons learned from the 
GPFARM project to improve the usefulness of iFARM? In this paper, we first provide a 
brief overview of the GPFARM DSS. We then endeavor to provide some answers to the 
above questions by discussing the lessons learned (e.g., successes and failures) in over a 
decade of agricultural DSS development. 
 
2.  GPFARM DSS OVERVIEW 
 

The GPFARM DSS is unique in bringing together a suite of decision support tools 
integrated with a comprehensive whole-farm/ranch simulation model and databases 
accessible through a Microsoft® Windows-based interface.  The main contribution of 
GPFARM is not the introduction of new science, but rather the delivery of current research 
knowledge embodied in the simulation model and built-in databases (Andales et al., 2003).  
To lessen development time and reduce input parameters, simpler scientific approaches 
were used that hopefully would be adequate in distinguishing alternative management 
systems for long-term strategic planning.  Databases of model input parameters, based on 
reported literature values, were integrated into GPFARM.  Plant, soil, climate, and other 
component parameters are provided for the user, and all other inputs are minimized as 
much as possible (McMaster et al., 2003).  Therefore, the GPFARM simulation model is a 
compromise between scientific rigor and simplicity (Andales et al., 2003). Additional 
details on the GPFARM DSS can be found in Ascough et al. (2007) and McMaster et al. 
(2002). 

The GPFARM DSS is primarily composed of six major components designed to serve 
as an inclusive decision support tool for farmers and ranchers: 
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1. A Microsoft® Windows-based graphical user interface (GUI) that facilitates the entry 
of input data, provides simulation control, and displays output results.   

2. Microsoft® Access databases containing the soil, crop, weed, climate, equipment, 
chemical, and economic parameters required by the simulation model and economic 
analysis components. 

3. An object-oriented (O-O) modeling framework integrating modules for simulating soil 
water dynamics, N dynamics, crop and forage growth, weed population dynamics, 
chemical transport, water/wind erosion, and beef cattle production. 

4. A set of analysis tools including a multi-criteria decision making module (MCDM), an 
output visualization module, and summary report tables and graphs for temporal and 
spatial comparison of different agricultural management scenarios. 

5. A stand-alone economic analysis tool utilizing production data either from the 
simulation model or from user input for detailed economic analyses on a management 
unit or farm/ranch enterprise basis. 

The remainder of the manuscript: 1) describes the GPFARM project though 
conceptualization, development, and implementation stages from the late 1980’s to present 
day; 2) discusses issues affecting user adoption of GPFARM; and 3) conveys lessons 
learned during the course of GPFARM development. 
 
3.  CONCEPTUALIZATION ERA (LATE 1980’S - EARLY 1990’S) 
 

The idea for GPFARM was conceived in the late 1980’s. At this time, very little 
agricultural software existed. Certainly, no comprehensive DSS with the major 
components listed above had been developed, much less any other type of software that 
could perform integrated farm and ranch analysis of alternative agricultural management 
systems. There was much uncertainty related to computer adoption (who had computers), 
early agricultural computer software use (what type of software was being used and how 
was it being used), and where the agricultural industry was headed in the future with 
regards to computer hardware and software development (Ascough II et al., 1999). 

Shortly after GPFARM conceptualization, a series of customer focus group meetings 
were held to determine initial GPFARM user requirements. Technology requirements for 
specific DSS output were not formalized, instead, producers at the meetings typically 
requested “more information” and “better access to research results.” It was proposed that 
a whole-farm agricultural system DSS (e.g., a large-scale comprehensive software 
package) was an appropriate delivery technology to meet these requests. Formalizing user 
requirements at the beginning of a software development project is obviously critical, but 
often difficult if not fraught with misunderstanding when scientists are interacting with 
producers and agricultural consultants (the GPFARM primary intended users). McCown 
(2002) later offered insight on many of DSS and customer interaction issues, but they 
merit mentioning here. 

Scientists and producers do not approach issues in the same manner, nor do they think 
in similar ways.  Scientists must be keenly aware of this when asking questions and 
receiving feedback.  For instance, the concept of creating the GPFARM DSS might have 
been driven in part by the ASRU scientists comfort level of their knowledge and expertise 
in simulation modeling and systems analysis, particularly as a result of responding to fairly 
general user requests. Indeed, while our customer focus group did not object when the 
whole-system DSS concept was presented as the primary means of knowledge transfer 
from the scientist to the user, we learned that not hearing any objections does not imply 
intent to adopt the system enthusiastically.  In retrospect, it was unclear if we asked the 
“right” questions and whether the target users were clear about what software tools they 
needed and would use.  Possibly exacerbating the problem of clearly determining user 
requirements was the small sample size representing our primary users. Our experience 
was that the questions frequently changed depending on who we talked with, and the same 
people might have different questions depending on what period in time we were 
conversing with them. However, U.S. agriculture is very broad and complex and this 
variety in feedback was not surprising. 
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After the initial customer focus group meetings, the focus shifted to overall 
component design and hardware/run-time requirements for GPFARM.  We essentially 
assumed that if producers had a newer PC (Pentium III at that time), then they would be 
able to run the software. To further increase the likelihood of GPFARM being used, 
additional components were proposed. A simplified record keeper was added along with a 
large-scale Internet-based information system containing hyperlinks to a vast number of 
agricultural web sites. Based on informal conversations with producers, these products 
were additional technology that we thought the users wanted or would further attract them 
to GPFARM.  The record keeper was later dropped from the GPFARM set of components; 
however, the information system was well-received and retained. 

Prior to actual development, several software engineering issues presented themselves 
immediately.  First, the GPFARM team had little or no experience with this scale of 
software development. Second, interface development software for Microsoft Windows® 
(e.g., Visual C++) was just starting to appear on the market.  We had no prior development 
experience with Windows®-based software development tools, i.e., this was the era of the 
first appearance of Visual Studio, and little else was available other than DOS-based 
development tools. Most of us could not foresee the difficulty of: 1) developing a 
customizable Windows®-based GUI that producers would find easy to use; and 2) 
delivering the interface in a manner that producers (who differed greatly in what they 
like/want) would accept.  Finally, the scientist and support staff at that time had no formal 
training in Windows®-based software development or advanced computer programming 
skills. After the project had been underway for a short period of time, a programmer with 
formal programming training and professional programming skills was hired. 

To summarize, much is involved in clearly determining user requirements in order to 
enhance the likelihood of adoption. Importantly, we should have perhaps given greater 
consideration to whether “simple and specific” decision aids could have been developed as 
opposed to a comprehensive DSS of the complexity and scope of GPFARM.  On the other 
hand, simple decision aids often sacrifice science for the sake of usability.  Furthermore, 
real-world interactions in whole-farm agricultural systems are important, and decision 
support systems such as GPFARM that can capture these interactions are needed, even if 
complex, because agricultural systems are complex.  In hindsight, it is always easy to 
question difficult decisions of this nature. 
 
4. DEVELOPMENT ERA (EARLY 1990’S - 2005) 

 
The initial GPFARM development focus was on the process-based simulation model 

component.  The decision was made to build a new model using FORTRAN code from 
existing ARS agricultural system models for most major components (with the exception 
of the weed module written in Visual Basic).  We did not wholly adopt and modify an 
existing agricultural system model (e.g., RZWQM, NLEAP, GLEAMS, WEPP, etc.) in 
part because some team members were not familiar with these models; we also wanted to 
make the GPFARM simulation model less complex and parameter intensive. The unit had 
extensive experience in developing complex simulation models (e.g., RZWQM - Root 
Zone Water Quality Model) so building a new model (from existing components) was not 
viewed as an overwhelming task.  Concurrently, a decision also was made to develop a 
new object-oriented (O-O) framework in order to better structure whole-farm management 
at various spatial hierarchies (i.e., single management unit, field, or farm). It was hoped an 
O-O framework would offer the potential for better maintaining the simulation model. 
While this was a new and exciting advance in process-based simulation model 
programming (and we wanted to test and evaluate it), self-contained O-O framework 
development was a learning process for our scientists and the system implemented only 
partially attained the stated goals. For example, the framework was useful for dynamic 
control of the simulation model (and associated input/output); however, there were 
difficulties in evaluating the simulation model or individual model components because 
modularity was not strictly implemented in the framework and a significant amount of 
simulation code was embedded within the framework code.  A consequence of this was 
that individual components were not tested outside of the model framework since the 
simulation code could not easily be extracted. 
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Determining how to model and display simulation output at a field and/or whole-farm 
scale presented challenges both in terms of the underlying science and in presentation to a 
diverse target user group. An iterative approach was used where we first tried an interface 
design consisting of four hierarchies (management unit, field, sub-farm, and farm) of 
spatial information. Later in the development phase, the number of hierarchies was 
reduced to only two (land unit and farm) because the volume of output at four spatial 
scales was simply too cumbersome to organize and display to the user.  Difficulties also 
surfaced in developing the interface in conjunction with the O-O framework and 
simulation model development because the simulation model and database inputs were 
constantly changing.  Interface changes were also externally driven. We were successful in 
developing and maturing the interface through consultant and producer feedback; however 
much effort was necessary (from both a user interaction and framework interaction 
standpoint). 

It can be argued that the GPFARM project probably did not have enough critical mass 
(with respect to the number of personnel) to develop and debug a DSS of this magnitude. 
Furthermore, full-time testing of the entire GPFARM software package (not only 
simulation model testing but overall interface-model-database interaction testing) for a 
variety of management systems required additional personnel resources that were not 
available. In part, this was due to the fact that most GPFARM development team members 
were simultaneously trying to balance software development, scientific modeling, and 
experimental research across multiple projects.  In terms of customer interaction during the 
development phase, there were continued customer focus group meetings with useful 
feedback from producers and consultants (particularly related to interface development).   
 
5.  IMPLEMENTATION ERA (LATE 1990’S - 2007) 

 
After a series of Beta releases, Version 1.0 of GPFARM was released in 2000. Prior to 

this release, on-farm data collection was initiated in addition to producer evaluation of the 
GPFARM software package. The on-farm data collection effort was primarily soil 
moisture, soil nutrient, crop yield, yield/nutrient GIS mapping, and economic data. 
Ultimately, the data collected proved to be beneficial and useful for evaluating both 
tactical and strategic modeling approaches, but only as a comprehensive “enterprise” 
database across the whole-farm.  In many ways, the on-farm data collection effort loosely 
mirrored the APSRU (APSIM/Farmscape) approach/opinion towards acquiring producer 
acceptance and trust: 1) work with producers to provide them with site-specific 
data/information (e.g., soil nutrient testing and management recommendations); 2) branch 
into working with them on developing modeling scenarios customized for their particular 
farming operation; and 3) learn more about producer behavior/sociology etc. in terms of 
their willingness to trust output from simulation models and DSS.  It is unclear whether 
the above approach significantly increased user acceptance and trust of GPFARM. 
However, it did lead to greater interaction with the producers and much beneficial 
discussion and interaction. 

After working closely with 4-5 producers, the project members assigned to on-farm 
technology transfer activities learned a tremendous amount about what was involved in 
promoting the adoption of GPFARM, i.e. what GPFARM should deliver to support on-
farm decision-making. In general, the producers indicated they wanted help with 
management decisions and were willing to try a decision aid tool such as GPFARM. They 
wanted GPFARM customized for their farms and wanted to see what it would predict, but 
they were hesitant about changing their management approach (e.g., cropping/tillage 
systems) based entirely on GPFARM output. They were, however, interested in 
discovering if GPFARM confirmed their management decisions as illustrated by a 
producer in eastern Colorado working with the system.  He ran GPFARM to determine if a 
wheat-millet rotation would work for his farm on a long-term basis. The crop yield 
simulation and economic analysis were favorable, and he eventually switched to a rotation 
with millet. The switch was not solely based on GPFARM analysis, but the analysis did 
substantiate his overall thinking towards making a change. 

It was quickly apparent that despite extensive efforts to simplify and minimize input 
requirements, GPFARM setup time was still much too long for producers. One solution 
was to create some general scenarios so producers could quickly select a scenario, run the 
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simulation model, and examine the output.  We hoped this might encourage potential users 
to explore GPFARM further and customize to their own farm/ranch enterprise.  We also 
tried working extensively with specific producers by setting up their farm for them (e.g., 
enterprise information such as field boundaries and soil types, crops grown, and 
management practices). Extensive training was provided after which the producers were 
then expected to work with the GPFARM software themselves. This did not happen for 
several reasons.  First and foremost, the producers simply did not have enough time to 
work with a large DSS like GPFARM, even when a customized setup of their farming 
operation was provided. Producers also were frustrated by run-time issues, e.g., small 
changes on only one management unit meant re-running the entire simulation model for all 
management units (due to the spatial hierarchy/interconnectivity of the GPFARM 
simulation model). Currently around 15-20 producers have GPFARM on their computers 
and use it (with ASRU assistance) in some manner. The technology transfer team hoped 
that by training selected producers (leaders) in the Colorado farming community, their 
experiences with GPFARM would be spread to other producers, and farming groups (e.g. 
Colorado Association of Wheat Growers). Did this work?  Results to date seem favorable, 
but more time is required to see the adoption effects of this effort. 
 
6.  GPFARM ADOPTION ISSUES 

 
Rogers (2003) states that diffusion of an innovation (essentially adoption) occurs 

through a five-step process: knowledge, persuasion, decision, implementation, and 
confirmation. Of vital importance to the GPFARM project are the decision and 
implementation stages. In the decision stage, the individual takes the concept of the 
innovation and weighs the advantages/disadvantages of using the innovation and decides 
whether to adopt or reject the innovation. Due to the individualistic nature of this stage, 
Rogers (2003) notes that this is the most difficult stage to acquire empirical evidence. In 
the implementation stage, the individual employs the innovation to a varying degree 
depending on the situation. During this stage the individual determines the usefulness of 
the innovation and may search for further information about it. The GPFARM project 
could accurately be characterized as reaching the decision but not necessarily the 
implementation stage. That is, producers recognized the value of GPFARM, but were not 
willing to implement or fully adopt the system on their own.  

To help determine possible reasons for the slow rate of GPFARM adoption, informal 
interviews were held with approximately 6-8 producers. The current generation of 
producers, while adopting computers at a rate comparable to the general public, were still 
not prepared to use computer software for decision making. They depend primarily on 
their past management experiences and their time is extremely limited.  Another possible 
reason is that the wrong user groups may have been targeted.  Producers and consultants 
did not think they would get enough value back for whatever amount of time they spent in 
working with the system. Why was that? Even with a user interface we perceived as 
simple and intuitively designed as possible (given the complexity of the model behind it), 
producers and consultants did not have the time to input necessary information.  A logical 
conclusion from this is that the simulation model still may have had too many inputs 
available through the interface for the user groups targeted. There were also indications 
that GPFARM produced too much information and possibly the wrong type of information 
(i.e., information not directly relevant to the producer decision-making process). Many 
GPFARM outputs were related to water quality issues - issues not critical for Great Plains 
dryland producers who are struggling to survive through drought, hail, insects, etc. 
GPFARM output also appears to have been presented in a manner that was not precisely 
what the producers wanted.  For example, producers were interested in output capabilities 
like GIS-based color ramping across management units, but uncertain on how to configure 
the output visualization component, interpret simulation results, or how to derive 
meaningful information from the output graphs and tables being presented. The GPFARM 
economic component was very well received, but may have been hampered by a crop 
growth simulation component that needed improvement (particularly for water stress 
calculations), and thus was less effective for predicting year-to-year crop yield variability 
(but reasonable for long-term strategic planning). 
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Rapidly updating many of the default GPFARM databases (e.g., climate and 
herbicides) was difficult, thereby reducing the usefulness of GPFARM to the producers.  
Also, the simulation model run-time for many management units over many years was too 
long for the producers, and a lack of modeling flexibility (e.g., the need to rerun all 
management units for changes in only one management unit or in commodity prices) 
further discouraged producer/consultant adoption. The expectation for producers to run 
GPFARM themselves will probably never be met fully on a consistent basis.  Producers 
appear to have motivation to work with GPFARM during certain times of the year, but 
then return to on-farm activities and forget how to use the software. 

Ultimately, we concluded that one-to-one contact with producers was essential and 
that it would be difficult to expand the number of users with only two full-time technology 
transfer personnel available.  Many copies of GPFARM have been sent on request (~500) 
with offers of free phone technology support or on-farm visits (if within reasonable driving 
distance), but only two requests have been received!  We do not know how many 
GPFARM installations reside on computers and how often GPFARM is actually being 
used.  Many requests for GPFARM were outside the area of applicability, thus it was not 
possible to use the default climate, crop, and equipment databases. Furthermore, many if 
not most Great Plains producers do not follow a standard fixed crop rotation. Opportunity 
cropping is becoming much more common than long-term strategic planning with fixed 
crop rotations; thus these capabilities of GPFARM seem to be of limited use to producers.  
We also received much feedback that a tactical approach to management is needed. 
Finally, it is worth mentioning that the number of agricultural management issues facing 
U.S. Great Plains producers is truly staggering. Developing GPFARM and working with 
producers on-farm has provided tremendous benefits for ASRU in general (and especially 
the technology transfer team) in: 1) understanding the needs and thought processes of 
producers as they manage their farms and ranches; and 2) allowing the technology transfer 
team to be much more adept at posing questions for analysis and using GPFARM to 
construct valid “what-if” scenarios.  
 
7.  FUTURE PLANS 
 

Recently, farm/ranch cooperators of GPFARM have been asking for an enhanced DSS 
to allow seasonal tactical planning and management of their operations based on climatic 
and price fluctuations, and other risk factors. The iFARM project will extend and expand 
GPFARM into a national-level DSS for both strategic and tactical planning/management 
that will include climate, market, and natural-hazard risks, as well as carbon sequestration 
and greenhouse gas emissions.  New science modules and technologies will be introduced 
into the DSS for this purpose, such as a crop module that responds better to water/N/heat 
stresses; accounting of carbon and greenhouse gases; management effects on soil, 
precipitation capture, and water storage; soil temperature; economic and environmental 
risk assessment; estimation of field-scale model parameters; rule-based management; and 
Internet connection to national soil and climate databases. New crops and managements 
will be added for expansion into the northern and southern U.S. Great Plains, and the U.S. 
Midwest. To avoid limitations of current GPFARM technology transfer, cooperative 
agreements have been created with wheat- and corn-grower commodity groups to 
implement iFARM training and DSS evaluation across regional farms and ranches. The 
outcome of this research will be a validated iFARM DSS for use by farmers, ranchers, 
agri-businesses, and NRCS in strategic/tactical management and by scientists in research. 
 
8.  SUMMARY AND CONCLUSIONS 

 
Because of the relatively slow adoption rate, it can be argued that GPFARM has not 

had the impact predicted for it over a decade ago. However, GPFARM is a noteworthy and 
significant scientific achievement.  It remains one of the few integrated cropland/rangeland 
DSS in the world, the interface-simulation model-database linkage is still state-of-the-art, 
and the system is one of the few (if not only) spatial multi-criteria DSS for agriculture. We 
offer the following conclusions (lessons learned) from the GPFARM project.  While many 
of these lessons learned are specifically related to GPFARM and should be useful in 
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improving our new iFARM DSS, we hope that this list will prove to be useful to other 
researchers around the U.S. and world engaged in similar DSS development activities. 

1. It is important that the DSS development process includes careful evaluation of the 
scope of the DSS in relation to the human and fiscal resources available (e.g., 
assessment of personnel available for developing, evaluating, implementing, and 
maintaining a DSS that matches the scope, scale, and complexity of the project). 
Formal project management and software engineering protocols and tools can aid in 
this regard. 

2. Careful attention should be paid to the needs of the intended target user group(s) 
through: 1) matching the proposed technology appropriately with the user, and 2) 
gathering input from a broad spectrum of potential users when performing a DSS 
requirements analysis. 

3. Simpler tools or database information generated from simulation analyses of 
alternative management options may have been more appropriate for delivery to 
producers and consultants (who do not have time to learn and use DSS tools). 

4. The capability to rapidly update major components (e.g., simulation model, databases) 
in order to address different farm/ranch management questions or problems is an 
absolute necessity - the ASRU has recently developed an Object Modeling System 
(OMS) for this purpose. In addition, an appropriate compromise between scientific 
rigor and simplicity is essential for critical DSS components to ensure overall quality 
of the product (e.g., crop and forage simulation model response to environmental 
stresses; N and water balance response to management). 

5. Initial component design is critical since new features and modifications are often 
requested well into the development phase. For example, rigorous integration of the 
range component was not considered in the initial design blueprint and the simulation 
framework could not easily accommodate this addition.  

6. A complex DSS such as GPFARM may be more useful as a heuristic tool, primarily 
used by scientists and technology transfer personnel for demonstrating to farmers and 
ranchers the probable response of agricultural systems to various alternative 
management options. 
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Abstract: The importance of addressing cumulative environmental impact of large development 

projects on rivers has been increasingly concerned. Consideration to potential impact pathways may be 

difficult, however, without appropriate analytical methods. By introducing ecological network model, 

this paper is focused on the quantification of the cause-effect relationships inherent the cumulative 

effects of dam construction in holistic perspective. With Lancang river of Longitudinal Range-Gorge 

Region (LRGR) as example, the risk-based interaction instead of the conventional energy or material 

flow of ecological network model was created to conceptualize the cumulative effects network model. 

Grounding on which the network structural and functional analysis were adjusted for the assessment of 

potential eco-environmental impact within the ecosystem, thus demonstrate how the risk-based 

ecological network analysis can be used to characterize the holistic cumulative effects of dams on the 

temporal and spatial scale. 

Keywords: Cumulative Effects, Dam Project, Ecological Network Analysis. 

1．INTRODUCTION 

Dam project is regarded as one of the most critical factors contributing to changes of river 

ecosystem. Eco-environmental impact may arise during all project phases, i.e. construction, river 

impoundment, and dam operation (Brismar, 2004). The flow manipulations result in physical, chemical, 

and biological changes to the ecosystems of upstream backwaters, the reservoir body and surroundings, 

and downstream. Highlight has been shed on the eco-environment impact of dam project due to its 

important role for balancing environmental protection and dam operation, maintaining the river 

ecosystem health and promoting regional sustainable development. However, the holistic assessment of 

the cumulative effects incorporating potential impact pathways brought by the dam project in the 

multi-scale context has not yet been addressed.  

Applying ecological network model to ecological risk assessment of river ecosystems, the present 

study developed the system-oriented model for the assessment of the dam-induced cumulative effects 

of the river ecosystem, incorporating interactive impact factors of different levels. The risk-based 
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interaction was created to represent the potential impact intensity from one factor to another, which was 

then analyzed using the adjusted ecological network analysis (ENA). The established model may 

provide a useful tool to identify the direct and indirect dam-induced impact and help understand how 

the river ecosystem reacts to the anthropocentric disturbances in the holistic perspective. 

2．CONVENTIONAL ECOLOGICAL NETWORK ANALYSIS 

2.1 The basis of ecological network model 

In light of system ecology, ENA is developed as a systems-oriented modeling technique for 

examining the structure and flow of materials in ecosystems, which is represented by a network of 

nodes and connections (Patten et al., 1976; Wulff et al., 1989; Christensen and Pauly, 1993; Fath and 

Patten, 1999). Interestingly, the Network analysis (NA) now increasingly reintroduced to societal and 

economic analysis of urban area is an environmental application of input-output analysis for the 

interdependence of industries in an economy in the first place (Leontief, 1951; Leontief, 1966 Hannon, 

1973).  

ENA places great emphasis on the interactions between nodes rather than the characteristics of 

individuals, and both the direct and indirect effects within the system can be identified and quantified 

via network structural analysis and functional analysis (i.e., throughflow analysis, utility analysis, 

control analysis). In fact, because of its basic assumption about objects connected together as part of a 

larger system, which is used in several disciplines, the most promising application of network analysis 

may be the integrated eco-environmental impact assessment models to address sustainability issues of 

human-natural systems (Fath, 2004). 

2.2 The application of conventional ENA 

The existing applied studies of this systematical method depended greatly on the food webs within 

natural community (without including the non-living things) or ecosystem (incorporating the 

non-livings, e.g. detritus), most of which were concerned with specific aquatic ecosystems, e.g., the 

Chesapeake Bay (Baird and Ulanowicz, 1989; Ulanowicz and Tuttle, 1992), Northern Benguela 

(Heymans and Baird, 2000a,b) and Neuse River Estuary (Gattie et al., 2006a,b), with several 

exceptions though, such as social and economic systems (Fath, 2006; Fath et al., 2008), water use 

systems (Bodini and Bondavalli, 2002), and urban metabolic systems (Zhang et al., 2009). Often 

energy- and material-based flows were utilized as the conservative mediates for these studies. In other 

limited cases, it can be expand to water flow or emergy (Li et al., 2009; Zhang et al., 2009). However, 

information flows play an important part in ecological network, especially for the combined 

human-natural systems, and a holistic apprehension of the whole system’s behaviors cannot be 

addressed simply based on the quantitative transactions of energy or material between compartments. 
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3．RISK-BASED ECOLOGICAL NETWORK MODELOF DAM-INDUCED IMPACT 

3.1 Risk-based interaction 

In order to derive a holistic and quantitative picture of cumulative effects, the impact assessment 

was focused on how to define the medium (or so called the currency) for the multi-process network 

model. The exploration into which entails a conceptual conversion of ENA (Figure 1). Conventionally, 

the material or energy flow from compartment i to j (fij), exogenous input to compartment i (Xi) and 

medium from compartment j to other compartments (Ei) are affected by the sudden stress due to dam 

operation and proceed into risk for the ecosystem, the stress can be determined through the change of 

these material or energy flows. Alternatively, a more direct and succinct fashion developed here defined 

the environmental stress as risk-based interaction. The changes of risk flow from compartment i to j 

(rfij), exogenous input to compartment i (Xi’) and medium from compartment j to other compartments 

(Ei’) represent the risk of ecosystem directly, which induce a loss of the asset (biomass, useful energy, 

etc.) of ecosystem. The existence of a risk flow (a arrow pointing from one node to another, denotes as 

fij) means that the donor discharge a risk it produced previously, while the receptor is suffered from the 

risk it exposed to, while the one in dashed line (denotes as yi) represent the risk self-elimination due to 

the self-restoration capacity of most (not all) entities of ecosystem. In order to uniform the different 

units on a common basis, the non-dimensionalization can be completed using the ratio of the changes 

associated with the harms of ecosystem to the background value. The probability can be derived from 

case analysis. The intensity and the probability (P) together determine the risk flow, which is 

formulated as: 

RF = RI × Pi , 
0

0tI
RI

I

I
                                                         (1) 

    Where, RF stands for risk flow; RI stands for risk intensity; It refers to the impact at t moment; I0 

refers to the original value; Pi refers to the probability of the risk. 

In order to adjust ENA to the ecological impact assessment, the risk flow (RF) is intended to 

indicate the true intensity of the risk which transfers from one compartment to another, incorporating 

risk intensity and the probability of the risk. In this sense, RF is not energy- or mass- based interaction 

but an information flow, rationally negative and basically undesirable for nature. 

 

Figure 1 Conceptual conversion of ENA for ecological risk assessment 
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Figure 2 Ecological risk network model (ERNM) during dam operation (Tullos, 2009; Burke et al., 

2009 
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3.2 The conceptual model for dam-induced cumulative effects 

    Large dam projects may induce cumulative effects on the natural environment at various scales 

and of different orders. A holistic consideration and management of ecosystem functional components 

based on the ecological impact analysis and case study incorporating all the disturbed elements (direct 

or indirect ones) is thus essential. Taking Lancang River of LRGR as example, we identify the impact 

sources, factors and destinations of different level within the disturbed river ecosystem. Based on 

which the relationships between compartments is clarified and the cumulative effects network model is 

established (Figure 2). Dam construction serves as triggering issue at level 1; Hydrology, water quality 

and sediment are three impact sources at level 2; Climate, habitat, channel change and hydraulics are 

four first impact factors at level 3; Aquatic fauna, aquatic flora, terrestrial fauna and terrestrial flora are 

four second factors at level 4; Biological react is at level 5 associated with the feedback effects; 

Degradation of ecosystem and loss of biodiversity and biocomplexity are at the final level as the impact 

destinations or ultimate outputs. The indices inside each compartment are the representative 

measurement parameters for quantifying the risk flows. 

4．HOLISTIC ANALYSIS OF THE DAM-INDUCED CUMULATIVE EFFECTS 

4.1 The structural analysis 

The structure of ecological network model can be depicted in digraph, which represents the 

relationship between compartments. The digraph of established cumulative effects network model 

(CENM) shown 15 compartments within the system and 40 flows between them, and also 12 risk 

self-eliminations. The risk flow can be directed from a high level to a low level (up-down flow), a 

feedback from a low level to a high level (down-up flow) or transfer between compartments at the 

same level. In the CENM of Lancang River, the up-down flows compose the biggest part of the 

interactions of whole system, while the down-up flows and parallel flows are fewer compared to 

up-down flows.  

4.2 The functional analysis 

 Throughflow analysis 

Throughflow analysis depicted the functional relationship between compartments, giving a whole 

picture of the quantitative netwok model. By using the adjusted ENA just proposed, the cumulative 

effects of the whole system are quantified. RF represents the inherent risk information, while the total 

throughflow of RF within the system serves as an indicator for the quantification of the holistic impact 

condition. Different from the conventional ENA, total throughflow of RF indicates the holistic intensity 

of possible hazards or damages. That means, more frequent or stronger the hazards or damages are, 

higher the total throughflow will be derived. 

 Utility analysis 

From the network structure that we just derived, we can analyze the mutual relationships between 

2561



6 

all elements of the network. Conventionally, in the network utility analysis, net direct interactions 

represent the direct mutualism, while the net indirect interactions stand for the indirect mutualism (Fath 

and Patten, 1999).  

Here the mutualism index is adjusted as the risk efficiency indicating the proceeding convenience 

of cumulative effects, which may be informative for how easily and quickly an potential impact be 

produced. Positive/negative signs of mutualism index are capable for identifying the relationships 

between different compartments or the synergism of the whole system in both direct and indirect ways. 

 Control analysis 

Patten (1978) introduced a Network Environ Analysis based measure of control or dominance. 

This measure is based on the ratio of integral flow from compartment j to i to the integral flow from i to 

j, which implies the control of one component on another. 

As the adaptive interpretation here, control analysis for CENM represents the distribution of 

control among all the compartments, indicating that which compartments affect the risk flow of the 

whole ecosystem most, and which others seem less important for the holistic scale. The adaptive 

control analysis can be utilized to determine the key factors and processes control the holistic system, 

and facilitate the scenario analysis to these factors and processes. The measurement of ecological 

impact threshold should also be based on the adaptive control analysis. 

5．CONCLUSION 

A risk-based ENA for cumulative effects of dam project is introduced. Based on which the 

cumulative effects network model (CENM) for dam-induced cumulative effects is established, 

presenting the impact transfer, accumulation and (biological) feedback of different levels. A conceptual 

conversion of the conventional ENA and some adjustments of structural and functional analysis were 

addressed to further interpret the risk issue of cumulative effects assessment. The conceptual system of 

the model was completed comprehensively based on risk-based ecological network, though more data 

is needed for a quantitative assessment of the concerned river system. 
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The Comparision among Four Carbon Footprint Estimation Boundaries of the Sectors 

Using Chongqing as a Case 
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Abstrct: International negotiations of reducing CO2 emissions address the question of how to meet 
commitments with more explicit engagment with subnational action and how to account annual CO2 
emissions of each sector of one city. This study is to establish the CO2 inventories focused on four 
tiers of CO2 emissions form each sector, e.g. agriculture, industry, transportation and tertiary industry. 
Carbon footprint is chosen to evaluate 28 sectors of Chongqing, from four tiers, including direct 
emissions, emissions from purchased energy, the total supply chain, supply chain plus industrial 
process. Results showed that the first two tiers, only cover a small fraction of the total supply chain, 
especially for industrial sectors. We suggested that desion makers must acquire that tier 3 is intended 
to aid effective management strategies and climate change policies. 

Keywords: Input-output analysis, Carbon footprint, Chongqing 

1.Introduction 

In Kyoto, December 1997, an international agreement has been reached on reducing global CO2 

emissions to the atmosphere. From then on, the countries, policy makers enterprises, even consumers 

are interested in cutting back CO2 emissions (Lash, J., Wellington, F., 2007). International 

negotiations of reducing CO2 emissions address the question of how to meet commitments with more 

explicit engagment with subnational action. So a shift to subnational climate governances has emerged 

in the last few years, resulting in many camaigns such as the “Cities for Climate Protection(Wheeler, 

S., 2008)” and “Pilot projects for low carbon city”in China. Measuring the local climate action of each 

sector in one city is the basis of subnational action about climate mitigation.  

Carbon footprint, which is rooted in the literature of ecological footprint ( Matthews, et al., 2008), 

has many definitons that differ in which gases are accounted for, where boundaries of analysis are 

drawn and other criterias (Wiedmann and Minx, 2007). Many protocols, such as World Resources 

Institute (2004), Local Government Operation Protocol (2008) aim at direct emissions and emissions 

from the generation of purchased electricity. However, bigger scopes or tiers of carbon footprint is 

expected from the perspective of life cycle accounting (World Resources Institute, 2009). To track all 

activities across the supply chain for a special industry and assess the carbon embodied in a product, 

input-output life cycle assessment (IO-LCA) methods were introduced. (Machado, et al., 2001; 

Munksgaard and Pedersen, 2001; Peters, 2008; Alcántara and Padilla, 2009; Pan, et al., 2008). 
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Economic input-output models were first proposed by Leontief in1936 (Leontief, 1986) to aid in 

manufacturing planning. 

Matthews, et al. (2008) assested the variety scopes of carbon footprint from 3 tiers, including direct 

emissions, emissions from purchased energy and supply chain emissions, in two case studies, book 

publishers and power generation. Results showed that direct emissions from an industry are, on 

average, only 14% of the total supply chain carbon emissions and direct emissions plus industry 

energy inputs are only 26%. Larsen and Hertwich (2009) developed a greenhouse gas emissions 

inventory related to the provision of municipal services in  the city of Trondheim. The analysis 

showed that approximately 93% of the total carbon footprint of municipal services was indirect 

emissions. 

The aim of this study is to establish the CO2 inventories focused on four tiers of CO2 emissions 

form each sector, e.g. agriculture, industry, transportation and tertiary industry. Carbon footprint is 

chosen to evaluate 28 sectors of Chongqing, from four tiers, including direct emissions, emissions 

from purchased energy, the total supply chain, supply chain plus industrial process. That identifies the 

main productive linkages among the industry branches in terms of CO2 emissions. 

2.Model and Methodologies 

2.1Bounderies 

We develop estimation equations for six tiers of carbon footprint estimates for all economic sectors 

in Chongqing from the perspective of 4 energy types,including coal, oil, natural gas and electricity. 

Tier 1 includes direct emissions of energy final combustion in each sector, including emissions 

from coal,oil and natural gas.This is similar to the “producer perspective”  used for emissions 

inventories of countries, states, etc.  

Tier 2 includes emissions due to electricity and steam purchases for a sector. 

Tier 3 analysis the embodied carbon emissions based on produce from the total supply chain up to 

the productiongate, also as known as cradle-to-gate emissions 

Tier4 besides the emissions of total supplu chain, the CO2 emissions from industrial process such 

as the cement production also are accounted. 

2.2models  

2.2.1 Tier 1 model 

The tier 1 account model is specified in Eq.(1) 

 (1) 
1E F Ed 
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Where 1E is the 1×28matrix, 28 vector specifying CO2 emissions from 28 production sectors. Ed  is 

the 3×29 matrix specifying use of 3 energy types, including coal, oil and natural gas. F is the 1×3 

matrix of CO2 emission coefficients. 

2.2.2Tier 2 model 

The tier 2 account model is shown in Eq.(2) 

'
2E F E f   (2) 

Where 2E is the 1×28matrix, 28 vector specifying CO2 emissions from 28 production sectors. 
'

E f  is 

the 4×28 matrix specifying use of 4 energy types,  including coal, oil, natural gas and electricity. 'F is 

the 1×4 matrix of CO2 emission coefficients. 

2.2.3 Tier 3 model 

An input-output model is used to account the direct and indirect emissions of each sector ,that is 

embodied carbon and the model is shown in Eq.(3) 

 -1

3E =F E I-Ad Y  
(3) 

Where 3E is the 1×28matrix, 28 vector specifying CO2 emissions from 28 production sectors. Ed  is 

the 3×28 matrix specifying use of 3 energy types per unit for 28 production sectors, including coal, oil 

and natural gas.  -1
I-A is the 28×28 Leontief inverse cofficient matrix. Y  is the 28×1 vector 

specifying Gross Domestic Product of 28 sectors.  

2.2.4 Tier 4 model  

Based on the tier 3 model, including industrial process. 

   -1 -1

4E =F E I-A +E I-Ad iY Y  
(4) 

Where 4E is the 1×28matrix, 28 vector specifying CO2 emissions from the energy consumption and 

industrial process of 28 production sectors. Ei  is the 1×28 matrix specifying the CO2 emissions from 

industrial process per unit for 28 production sectors.  

3.Data 

Chongqing input-output tables for the year 2002 from 2002 Input-output table in China(2002). The 

tables encompass 42 sectors. Energy-flow matrixes for the year 2002  from Chongqing Statistical Year 

book 2003, containing energy consumption for 40 sector. In this paper, the economic of Chongqing is 
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divided into 28 sectors, as Table 1 showed. And the final consumption of energy is specified in 4 

types of energy, including coal, oil natural gas and electricity. 

Table 1 Sectors Classification 

NO. Sector NO. Sector 

1 Farming,Forestry,Animal Husbandry and Fishery 16 Ordinary and Special Equipment 

2 Coal Mining and Dressing 17 Transportation Equipment 

3 Petroleum and Natural Gas Extraction 18 Electric Equipment and                                                        

Machinery 

4 Metals Minerals Mining and Dressing 19 Communication Equipment, Computers and Other 

 Electronic Equipment 

5 Nonmetal Minerals Mining and Dressing 20 Instruments, Meters, Cultural and Office Machinery 

6 Food Production and Tobacco Processing 21 Other Manufcturing Industry 

7 Textile Industry 22 Electricity,Steam Production and Supply 

8 Garmenta, Leather Furs Down and Related 

Products 

23 Gas Production and Supply 

9 Timber Processing and Furniture Manufacturing 24 Water Production and Supply 

10 Paper making, Printing and Cultural Educational 

and Sports Goods 

25 Construction 

11 Petroleum, Coking and  Nuclear Fuel Processing 26 Transportation, Storage,Postal and Telecommunication 

Services 

12 Chemical Industry 27 Wholesale, Retail Sale Trade and Catering Trade 

13 Nonmetal Mineral Products 28 Others 

14 Smelting and Pressing of Metals 29 Residential Consumption 

15 Metal Products   

The factors are based on the carbon content of the fuels and the type of energy. CO2 emissions 

fators for renewable energy are considered to be zero. In the paper, considering no CO2 emissions 

from the consumption of electricity and heating, energy inputs for the production of secondary energy 

of electricity and heating are estimated as one commodity among others. 

Table 2 The CO2 emissions of factors of energy 

NO. 1 2 3 4 

Energy 
Coal 

（KgCO2/GJ） 

Oil（ 

KgCO2/GJ） 

Natural gas

（KgCO2/GJ） 

Electricity 

（KgCO2/kwh） 

CO2 emission coefficients 90.90 72.93 51.19 0.7077 

 

4.Results 

Based on Chongqing 2002 data, we estimate the accounting models for 28 economic sectors in 

tier1, 2, 3, 4.And the results of tier 4 are seen as the total emissions of sectors. 
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As seen in Table 3, direct emissions (tier 1)of sector 1, 25, 26, 27, 28, which on behave of Primary 

Industry and Tertiary Industry,are 81.64%, 55.26%, 93.24%, 31.92%, 17.16% of rthe total emissions 

of the supply chain, respectively, and direct emissions plus electricity (tier 2) are 81.64%, 55.26%, 

93.24%, 32.00%, 17.16%, respectively. As for industrr sectors, from sector 2 to sector 24, direct 

emissions cover only 0.23% on average, and the emissions of tier 2 capture 10.53%. In total, cement 

process are, on average, only 0.53% of the total emissions. 

Table 3 The CO2 emissions of four tiers in 28 sectors 

1000 t CO2  tier1 
% of 
total 

Tier 2 
% of 
total 

Tier 3  % of total  Tier 4 
Indutrial 
process 

% of total 

1 4.49E+02  81.64%  4.49E+02  81.64%  5.50E+02  100.000%  5.50E+02  2.21E‐03  0.0004% 

2 4.16E+02  1.15%  4.61E+02  1.27%  3.61E+04  99.724%  3.62E+04  2.55E+00  0.0070% 

3 3.40E+00  0.14%  5.69E+00  0.24%  2.42E+03  100.000%  2.42E+03  1.15E‐01  0.0048% 

4 2.38E+01  0.09%  3.93E+01  0.14%  2.79E+04  100.000%  2.79E+04  7.44E‐01  0.0027% 

5 3.72E+01  0.25%  5.36E+01  0.35%  1.51E+04  100.000%  1.51E+04  5.13E+01  0.3397% 

6 3.23E+01  0.00%  1.73E+02  0.02%  7.03E+05  100.000%  7.03E+05  1.28E+01  0.0018% 

7 4.38E+01  0.02%  1.01E+02  0.05%  2.24E+05  100.000%  2.24E+05  2.83E+00  0.0013% 

8 1.04E+00  0.00%  1.53E+01  0.04%  4.27E+04  100.000%  4.27E+04  1.00E+00  0.0023% 

9 4.89E+00  0.04%  1.51E+01  0.13%  1.18E+04  100.000%  1.18E+04  8.72E‐01  0.0074% 

10 2.80E+01  0.10%  5.00E+01  0.17%  2.92E+04  100.000%  2.92E+04  1.41E+00  0.0048% 

11 2.10E‐01  0.00%  8.83E+00  0.16%  5.68E+03  100.000%  5.68E+03  6.18E‐01  0.0109% 

12 5.58E+02  0.11%  9.97E+02  0.20%  5.06E+05  100.000%  5.06E+05  9.36E+01  0.0185% 

13 6.44E+02  0.40%  9.13E+02  0.57%  1.60E+05  100.000%  1.60E+05  8.53E+01  0.0533% 

14 3.75E+02  0.15%  8.26E+02  0.32%  2.58E+05  100.000%  2.58E+05  1.26E+01  0.0049% 

15 9.47E+00  0.02%  8.02E+01  0.16%  4.99E+04  100.000%  4.99E+04  3.08E+00  0.0062% 

16 1.26E+01  0.09%  2.77E+01  0.21%  1.34E+04  100.000%  1.34E+04  7.17E‐01  0.0054% 

17 5.83E+00  0.00%  9.03E+02  0.08%  1.11E+06  100.000%  1.11E+06  5.46E+01  0.0049% 

18 5.07E+01  0.02%  3.07E+02  0.12%  2.46E+05  100.000%  2.46E+05  1.79E+01  0.0073% 

19 1.33E‐01  0.00%  2.11E+01  0.07%  2.91E+04  100.000%  2.91E+04  1.42E+00  0.0049% 

20 1.76E+00  0.00%  5.18E+01  0.08%  6.86E+04  99.854%  6.87E+04  3.25E+00  0.0047% 

21 1.42E+01  0.01%  1.10E+02  0.06%  1.81E+05  100.000%  1.81E+05  9.65E+00  0.0053% 

22 1.23E+03  2.61%  2.56E+03  5.42%  4.72E+04  100.000%  4.72E+04  2.79E+00  0.0059% 

23 1.74E+00  0.03%  9.22E+00  0.17%  5.43E+03  100.000%  5.43E+03  1.65E‐01  0.0030% 

24 7.58E‐02  0.00%  3.40E+01  0.50%  6.74E+03  100.000%  6.74E+03  3.17E‐01  0.0047% 

25 5.52E+01  55.26%  5.52E+01  55.26%  9.99E+01  100.000%  9.99E+01  1.34E‐02  0.0134% 

26 2.62E+02  93.24%  2.62E+02  93.24%  2.81E+02  100.000%  2.81E+02  1.09E‐03  0.0004% 

27 3.99E+01  31.92%  4.00E+01  32.00%  1.25E+02  100.000%  1.25E+02  1.78E‐03  0.0014% 

28 2.30E+01  17.16%  2.30E+01  17.16%  1.34E+02  100.000%  1.34E+02  6.28E‐03  0.0047% 

5.Conclusions 

We find that the first 2 tiers, popular in most protocols, only cover a small fraction of the total 

supply chain, especially for industrial sectors. It is clear that, as for any complicated product, all 
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different players in the whole supply chain could be responsibility for the emissions associated with 

supplying raw materials. 

Without quantitative indicators of the total supply chain of each sector, these decisions on the part 

of policy makers would be less effective, because they would not be told the whole story. So desion 

makers must acquire that the existing protocols have underestimate the emissions of each setor and 

tier 3 above is intended to aid effective management strategies and climate change policies. 
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Abstract   Low carbon economy has become a worldwide trend, many countries are seeking low 

carbon means to achieve environmentally- friendly economy growth. However, various Greenhouse 

gases species in different industries, as well as various detection technology development levels in 

different countries lead to different carbon emissions accounting results eventually. So the accurate 

micro-level accounting on carbon dioxide emission is difficult to achieve while in the mean time, it is 

the basis for subsequent scenario analysis，which plays a crucial role in carbon pricing and carbon 

credits market promotion. That’s why the regional carbon dioxide emission accounting is a hot issue in 

low-carbon economy. Nowadays, automotive manufacturing industry has become a big fuel consumer 

in China and an important source of air pollution. So an accounting method focused on carbon dioxide 

emission in Chinese automotive industry is essential and practical significant. This paper proposed a 

whole-life cycle carbon emissions methodology to account carbon dioxide emission in Chinese 

automotive manufacturing industry, which is based on GREET and MOBILE model. And then the 

feasibility is verified through application in the automotive industry in Chongqing, China. 

Keywords  automotive manufacturing industry, carbon dioxide emissions accounting, GREET model, 

MOBILE model, whole-life cycle 

1  INTRODUCTION 

Developing low carbon economy has become a worldwide trend, many countries are seeking the low 

carbon way to build environmental friendly society as well as achieve economy growth (Zhang et al., 

2009). Yiming Wei said 63.09% to 72.96% of carbon emission comes from electric power, industry 

(not including cement) and traffic & transportation (Wei et al., 2008). Nowadays automotive 

manufacturing industry, which belongs to traffic & transportation, has turned to be a large fuel 

consumer and an important source of air pollution. So how to calculate its carbon emission correctly 

and effectively has become a research focus. What’s more, the study on  accounting GHGs emissions 

in automotive manufacturing industry has practical significance for China, which is a super country in 

manufacture industry.  

Recently, researches on automotive carbon emission calculation mostly focus on GHGs emissions 

of automotive operation process in transportation department, such as retained automotives in given 

regions of certain years of which the most popular ones are GREET model and MOBILE model and so 

on( Wang, 2002). GREET model assesses the energy utilization and emission influence during 
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whole-life cycle of alternative fuels and advanced vehicle technologies. 

In terms of energy utilization, GREET model consists of three different levels: overall energy, fossil 

energy and petroleum based energy. While for emission influence, GREET model concludes three main 

GHGs (CO2、CH4、N2O) and five standard emissions (VOC、CO、NOx、PM10、Sox)(ANL; Huang, 

2003).  MOBILE model series are a kind of macro-level mathematics model to calculate vehicle 

emission factors with consideration of influence comes from elements such as vehicle’s age distribution, 

mileage, emission factor of new vehicles, degradation rate, speed, inspection / maintenance system, 

environmental conditions, road conditions, operation conditions of vehicles and fuel features and so 

on(Huang, 2003) 

These two models are both widely used in macro-level vehicle emission calculation. GREET model 

calculates the emission in whole-life cycle of vehicles, from raw materials producing to automotive 

manufacturing and finally to fuel consumption of automotive operation such series of carbon emissions 

“from cradle to tomb”. This carbon emission calculation method needs a systematical assessment of 

vehicles’ whole-life cycle, to assure reflection of the actual carbon emission of automotive industry. 

While, in fact, various development levels of automotive manufacturing industry in different areas and 

different difficulty levels when accessing data of raw materials melting & producing process and 

automotive manufacturing process, make it difficult to applied. In other aspect, most of the discussions 

focused on calculation of vehicles operation GHGs emissions of transportation department in national 

and regional level. However, calculation from the view of regional level automotive manufacturing 

industry is rarely discussed. To sum up, in terms of Chinese automotive manufacturing industry, how to 

build an accurate carbon emission assessment method is an urgent problem needs to be solved. So, this 

paper proposes a whole-life cycle model to calculate carbon emissions of regional automotive 

manufacturing industry. This model calculates regional automotive manufacturing industry GHGs 

emissions from whole-life cycle view: from raw material melting and producing to automotive 

manufacturing and finally to automotive operation and recycle. The research analyzes the fundamental 

factors of GHGs emission from the perspective of automobile manufacturers who are the origin of 

emissions, and then result of the research can provide decision support for government to set GHGs 

emission targets and make relevant policies. 

2  Problem Description 

How to calculate carbon emission of automotive manufacturing industry in regional level. This paper 

proposed a whole-life cycle model of calculating carbon emissions of regional automotive 

manufacturing industry on the basis of GREET and MOBILE model. This model calculates automotive 

manufacturing industry carbon emission of whole–life cycle from raw material melting & producing to 

automotive manufacturing and finally to automotive operation and recycle from the perspective of 

automobile manufacturers. 

3  Methodology & Model 

3.1  Regional Automotive Manufacturing Industry Whole-life Cycle Carbon 

Emission Calculation Technology Roadmap 

Regional automotive manufacturing carbon emission calculation of whole-life cycle from raw material 

melting and producing to automotive manufacturing and finally to automotive operation and recycle 
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process from the perspective of automobile manufacturers. These three processes take material 

structure, product structure and fuel structure of substance flow as main body of calculation, and then 

calculate GHGs emission with those emission factors as shown in Fig.1. 

                             Fig.1 Regional Automotive Manufacturing Industry Whole-life Cycle Carbon 

Emission Calculation Model technology roadmap 

3.2  Automotive operation process carbon emission calculation model 

The principle of the three part of the Regional Automotive Manufacturing Industry Whole-life Cycle 

Carbon Emission Calculation Model are the same, they only varies in concrete structure, statistics and 

emission factors. Here we only talked about the principle of automotive operation process carbon 

emission calculation model in detail.  

3.2.1  Overall description of automotive operation process carbon emission calculation model          

  
Fig.2 Automotive operation process carbon emission calculation model 

As shown in Fig. 2, there are two steps in automotive operation process carbon emission calculation: 

 Step 1：Calculation of CO2 emission factors  

 CO2 emission factors are calculated by use of THC and CO emission factors and fuel consumption 

referring principles of MOBILE model. 

 Equation of calculating CO2 emission factors ：(Li, 2003) 

2 [( ) 0.87 0.42] 0.273m
fuel THC COCO C f f      (1) 

THCf ：THC (total hydrocarbon) emission factors（g/km）; 

COf ：CO (carbon monoxide) emission factors（g/km）; 

fuelC ：fuel consumption（g/km）; 
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0.87 ：Carbon content of THC (total hydrocarbon); 

0.42 ：Carbon content of CO (carbon monoxide); 

0.273：Carbon content of CO2 (carbon dioxide); 

   Step 2：Calculation of carbon emission of automotive operation process  

  With CO2 emission factor, we put it into the model with other factors such as automotive types, 

year, product structure, average mileage per year and get carbon emission of automotive operation 

process. 

Equation of calculating CO2 emission of automotive operation process: (Li, 2003) 

2( )m
p j jEQ P M CO   (2) 

j ：Automotive type; 

jP ：Production（ten thousand vehicles）; 

jM ：Average mileage per year of each vehicle（ten thousand km）; 

2
mCO ： 2CO （carbon dioxide）emission factors; 

4  Case Analysis 

4.1  Statistics Source 

Chongqing holds a dominant position in Chinese Automotive and motorcycle manufacturing industry, 

of which Changan Group Co. Ltd. produced second most vehicles nationally in 2009 and Chongqing’s 

motorcycle industry produced most motorcycles nationally all along. Automotive manufacturing 

industry is the primary pillar industry in Chongqing and develops very well during “the Tenth five year 

plan” from year 2000 to 2005. Automotive production developed at the average rate of 25%, and sales 

value developed at the average rate of 28.9% in this period. By the end of 2005, Chongqing has 24 

automotive corporations including Changan, Qingling, Chongqi, Tiema and other famous corporations 

and groups, and possess 55.824 billion RMB assets. 

Here we take a case study to verify the regional automotive manufacturing industry whole-life 

cycle carbon emission calculating model). The case is about the CO2 emission of operation process of 

vehicles that are manufactured by Chongqing automotive manufacturers in year 2005. Our data sources 

include China’s automotive industry yearbook, Chongqing’s governmental report and Chongqing’s 

environment bureau etc. 

4.2  Calculation Process 

4.2.1 Calculation of CO2 emission factors 

Step 1：CO and THC emission factors  

We take Chongqing’s automotive emission factors measured on the spot in 2004 as shown in Table 

1(Guo, 2009). 

      Table 1  THC and CO emission factors of Chongqing in 2004 

Emission  MINI Saloon Light Light Medium Heavy Motorcycle 
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Factors(EF) gasoline diesel diesel diesel 

CO EF（g/km) 25.3 31.93 53 3.8 51.7 8.52 14.4 

THC EF（g/km) 5.7 3.08 7.55 0.94 9.5 5.73 2 

Step 2：Fuel consumption in a hundred kilometers 

Equation of calculating each types of vehicle’s fuel consumption in a hundred kilometers (L/100 

km): 

 Qj'*c)100/(c kmLfuel  (3) 

cfuel(L/100km)：Fuel consumption in a hundred kilometers (L/100 km); 

j’：Model of each type; 

Qj’：Production of different models in 2005; 

c：Fuel consumption in a hundred kilometers (L/100 km); 

Table 2 shows the fuel consumption in a hundred kilometers of each type of automotives 

manufactured in Chongqing in 2005(CAIY, 2006) 

    Table 2 Fuel consumption in a hundred kilometers of Chongqing in 2005  

Fuel 

consumption(FC) 

MI

NI 

S

aloo

n 

Light 

gasoline 

Light 

diesel 

Medium 

diesel 

Heavy 

diesel 

Mo

torcycl

e 

FC in a hundred 

kilometers（L/100km) 

6.1

0 

5

.97 
6.96 7.48 9 10 1.7 

Equation of calculating each types of vehicle’s fuel consumption（g/km）: 

100/]*)100/([C kmLcfuelfuel   (4) 

Cfuel：Each types of vehicle’s fuel consumption（g/km）; 

cfuel(L/100km)：Each types of vehicle’s fuel consumption in a hundred kilometers（L/100km）; 

ρ：Fuel density (g/L); 

STEP 3：Calculation of CO2 Emission Factors 

Input fuel consumption, CO Emission Factors, THC Emission Factors each types of vehicle’s into 

Equation ① and output CO2  Emission Factors of each types of vehicle manufactured in Chongqing. 

4.2.2  Calculation of CO2 Emissions of Automotive Operation Process 

STEP 1： Product Structure of Chongqing’s automotive manufacturing industry in 2005 

Data comes from Chinese automotive industry yearbook and Chongqing’s governmental report 

(CAIY, 2006). 

STEP 2：Average mileage per year of Chongqing’s vehicle in 2005 

Data comes from Chongqing Transportation Bureau(Yang, 2009) 

STEP 3：Calculation of CO2 Emissions of Automotive Operation Process 

Input CO2  emission factors, production, average mileage per year into Equation ② and output CO2 

emissions of each types of vehicle manufactured in Chongqing as shown in Table 3. 

   Table 3 CO2 Emission of each type of automotives manufactured in Chongqing in 2005 

CO2 

Emission  

(E) 

MINI Saloon 
Light 

gasoline 

Light 

diesel 

Medium 

diesel 

Heavy 

diesel 
Motorcycle 

CO2 67.06  23.73  10.52  47.05  0.10  1.58  34.78  
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（10,000 

ton） 

We can get operation process carbon dioxide emissions of Chongqing’s automotive and 

motorcycle industry of 2005 from totaling the above CO2 Emission of each type of automotives as 

1,848,200 tons. 

Table 4 shows the CO2 Emission per vehicle of each type of automotives manufactured in 

Chongqing in 2005: 

   Table 4 CO2 Emission per vehicle of each type of automotives manufactured in 

Chongqing in 2005 

CO2 

Emission 

per vehicle  

(EPV) 

MI

NI 

Sal

oon 

Light 

gasoline 

Light 

diesel 

Medium 

diesel 

Heavy 

diesel 

Motorcy

cle 

CO2 

EPV(ton） 

1.9

1  

1.8

0  
1.42  5.09  3.31  9.67  0.08  

4.3  Results Discussion 

The above case showed there are three main emitters during the operation process of automotives 

manufactured by Chongqing’s automotive and motorcycle industry in 2005: Mini cars, motorcycles and 

saloons which occupied respectively 36.3%, 18.8% and 15.0% of the total emission. While if we look 

at CO2 emission per vehicle, we can see that light diesel and heavy diesel vehicles emit much more 

CO2 than the other. 

According to the national average, material producing process and automotive manufacturing 

process takes only 10 percent of the CO2 emission amount during the whole life cycle.  Chongqing’s 

automotive and motorcycle industry is advanced compared with other regions in China, the CO2 

emission of the former two processes can be estimated 8 percent. According to the above calculation, 

the CO2 emission of operation process is 1,848,200 tons, so that the whole-life cycle CO2 emission of 

Chongqing’s automotive and motorcycle industry is 1,996,100 tons. 

5  Summary 

There is great significance to make clear of the whole-life cycle CO2 emission of automotive 

industry. Starting from the view of manufactures, regional automotive industry whole-life cycle GHGs 

emissions reflect the present situation of GHGs emissions more correctly, thus measure the 

contributions the regional automotive manufacturing industry made to reducing GHGs emissions 

globally.  It also benefits the government of making GHGs emissions reducing policies and targets to 

build environmental friendly society as well as achieve economy growth.  
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fermentation residues 
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Abstract: In this study, the effect of different fertilizers on the nutritional quality, sanitary 

quality and the yield of greenhouse cucumbers were analyzed by comparative experiments 

with chemical fertilizer and anaerobic fermentation residues (biogas fertilizer). Particularly 

the properties of bio-fertilizer and diseases and pests inhibition of biogas fertilizer were 

demonstrated and its comprehensive benefits were evaluated. The results show that compared 

with chemical fertilizer, biogas fertilizer increased the dry matter, solids, reductive sugar, Vc, 

soluble protein of cucumbers by 4.62%, 4.08%, 29.05%, 20.83%, 10.85% respectively; the 

chlorophyll of leaf was 9.18% higher and the incidence of aphids and mildew 20% and 25% 

lower respectively. After calculation, the yield was raised by 1323.4 kg/mu, an increase of 

15.90%. The income was increased by 22839.8 Yuan/mu and the output/input ratio reached 

63.75:1, which is 3.77 times than that of chemical fertilization. Results indicated that biogas 

fertilizer can effectively reduce diseases and pests, bring good economic, social, and 

environmental benefits, and promote the low-carbon circular development of crop farming. 

Keywords: anaerobic fermentation residues, ecology, cucumber 

1 Introduction 

As an application technology to address energy and environmental issues, the biogas 

technology is widely used in China. As one transformed form of biomass energy, biogas is 

one kind of clean energy in the rural area, and its anaerobic fermentation residue (biogas 

slurry and residue) has two main functions: bio-fertilizer and diseases/pests control. Recent 

study has revealed that anaerobic fermentation residue has been widely applied to agricultural 

production, there’s no longer environmental problems caused by chemical fertilizer or 

pesticide; moreover, it is able to reduce nitrate accumulation in crops [1], being praised as a 

broad-spectrum anaerobic processing agent [2].  

Biogas residue is a more comprehensive organic fertilizer combining quick-acting 

nutrients with slow-acting nutrients, compared with common organic fertilizers. As for the 

utilization of nitrogen, phosphor and potassium, straw biogas fertilizer is 20.2%, 16.4% and 

20.6% respectively higher than those of compost; animal manure biogas fertilizer is 22.1%, 

17.5% and 20.1% respectively higher than those of compost. When the biogas residue is 
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speeded directly on farmland as fertilizer, it can greatly increase the cropping yields; while 

applied constantly, it can ensure sustained increasing because of a large amount of humic acid 

contained in it. Biogas slurry is a multiple available compound fertilizer adopted widely in 

agriculture production to realize pollution-free cultivation. Biogas slurry can be used as 

fertilizer for irrigation, or foliar application, and nutrient fluid for soil-less culture. 

Meanwhile, its bio-pesticide property has been revealed and proven gradually. Studies 

suggest that biogas slurry can control nearly 30 diseases and pests and inhibit 17 agricultural 

pathogenic bacteria in various degrees [3].  

The properties of anaerobic fermentation residues with swine manure as raw material of 

Xinke Garden in Xushui County, Hebei, China was analyzed. Anaerobic fermentation 

residues were applied to planting greenhouse cucumbers, with basal fertilization, topdressing 

fertilization and foliar fertilization by biogas fertilizer and chemical fertilizer separately. Then 

through the contrast analysis of applying biogas fertilizer and chemical fertilizer, the 

nutritional quality, sanitary quality and the yield of greenhouse cucumbers were analyzed and 

the ecological and economic benefits of biogas fertilizer were demonstrated in order to 

explore the effective way to promote low-carbon circular and sustainable development model 

in crop farming.  

2．Materials and Methods 

2.1 Experimental materials  

The anaerobic fermentation residue was taken from a normal, mesophilic fermentation 

digester in Xinke Garden and its physicochemical properties can be seen in Table 1. The raw 

material for anaerobic fermentation was swine manure. The cucumber variety in the 

experiment was Jinlv No. 3, which was grafted with blackie pumpkin as the rootstock and 

field planted after seedling for 30 days in nutrition pot. 

Table 1 Physicochemical properties of anaerobic fermentation residue  

Item 
Total 

N% 

Total 

P% 

(P2O5) 

Total 

K% 

(K2O) 

Available 

N 

(mg/L) 

Available 

P(P2O5) 

(mg/L) 

Available  

K(K2O) 

(mg/L) 

Organic 

matter 

(%) 

Humic 

acid (%) 

Biogas 

slurry 
0.257 0.055 0.137 2047.50 54.24 1160.00 3.23 0.187 

Biogas 

residue 
3.874 2.389 1.106 16714.29 13904.29 7536.29 30.43 20.325 

2.2 Experimental Design 

Two same-sized experimental plots were designated in a greenhouse, and two 
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fertilization treatments: biogas fertilizer and chemical fertilizer were designed. The 

cultivation method and soil fertility of these two plots were the same. After planting watering, 

plastic mulching was applied. The average amounts of fertilizer applied were the same for 

those two treatments: 1/3 nutrient was from basal fertilizer, and the rest was provided by 

topdressing and foliar application. Topdressing was started two months after field planting. 

Biogas slurry and water were blended 1:1 for coupled irrigation; and for chemical fertilizer 

treatment, an equal quantity of diammonium phosphate, carbamide, potassium chloride and 

potassium sulphate compound fertilizer was applied with irrigation water. The amounts of 

fertilizer used in those two treatments were shown in Table 2. The tending and prevention of 

diseases and pests were the same. Experimental cucumbers were sampled randomly from the 

experimental plots. 

Table 2 Different fertilization schemes of cucumber production 

Fertilization 

process 

Treatmen

t 

Fertilization ingredient quantity 

Biogas 

residu

e 

(kg) 

Bioga

s 

slurry 

(kg) 

Wate

r 

(kg) 

Diammoniu

m phosphate 

(kg) 

Carbamid

e (kg) 

Potassiu

m 

chloride 

(kg) 

Potassium 

sulphate 

compoun

d 

fertilizer 

(kg) 

Basal 

fertilization 

1 20.00 0 0 0 0 0 0 

2 0 0 0 0.9 0.15 0.60 0 

Topdressin

g  

1 0 40  40 0 0 0 0 

2    0 0 79.69 0.18 0.03 0.10 0 

Foliar  

application 

1 0 5 5 0 0 0 0 

2 0 0 9.95 0 0 0 0.05 

2.3 Measurement Methods 

The characteristic of anaerobic fermentation residue, the nutritional and sanitary quality 

and the yield of greenhouse cucumber was measured in the study. Total nitrogen was 

measured by potassium persulfate oxidation-UV spectro-photo metric method, total 

phosphorus by Mo-Sb anti-spetrophotometry method, available phosphorus by NaHCO3 

extraction Mo-Sb anti-spetrophotometry method, available potassium by sodium 

tetraphenylboron turbidimetry, humic acid by sodium pyrophosphate extraction- potassium 

dichromate oxidation colorimetry, chlorophyll by acetone–ethanol colorimetry, reductive 

sugar by iodometric method, solvable protein by Coomassie Brilliant Blue G-250 method, 
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and Vc by 2, 6-dichloraphenol indophenol method. Others were determined by standard 

methods. Sanitary indicators were determined by Agricultural Environment Quality 

Supervision and Inspection Center of the Ministry of Agriculture (Beijing), and cucumber 

growth, diseases, pests and yield were measured by observation and statistical method.  

3. Results and Discussion 

3.1 Analysis of the bio-fertilizer property of anaerobic fermentation residue 

3.1.1 The effects of anaerobic fermentation residue on nutritional quality of cucumbers 

Observations showed that cucumbers applied biogas fertilizer had the following features: 

strong stem, dark green leaves, and better growth. The nutritional indicators of cucumber with 

two different fertilizers are shown in Figure 1. The results revealed that after applying biogas 

fertilizer, the content of dry matter, solids, reductive sugar, Vc, soluble protein was 4.62%, 

4.08%, 29.05%, 20.83%, and 10.85% higher than those treated with chemical fertilizer. It 

means biogas fertilizer could effectively improve the nutritional quality, especially the 

reductive sugar and Vc, which are important indicators of evaluation the fruit quality. Thus, 

we can come to the conclusion that biogas fertilizer can improve the mouthfeel and 

commercial quality of cucumbers. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Nutritional quality of greenhouse cucumber  

3.2.2 The effects of anaerobic fermentation residue on sanitary quality of cucumber 

The sanitary quality is another important indicator of cucumber. Table 3 is the test report 

of sanitary indicators of cucumbers planted with biogas fertilizer from Agricultural 

Environment Quality Supervision and Inspection Center of the Ministry of Agriculture 

(Beijing). Table 4 is the test result of cucumbers with chemical fertilizer by Tianmin[4]. The 

results show that, either biogas fertilizer or chemical fertilizer, Pb, Cd, Hg and As are lower 
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than the minimal detectable limit of national standard. However, the nitrite content in 

cucumbers with chemical fertilizer is far beyond the standard value, 3.96 times higher than 

those treated with biogas fertilizer. The results suggest that chemical fertilizer will increase 

the nitrite content of vegetables and influence fruit quality, which is directly associated with 

nitrogen fertilizer. More than 70% of nitrite is absorbed into the human body from vegetables, 

thus, overuse of nitrogen fertilizer will increase nitrite content of soil environment and crops, 

and then it will greatly endanger human health. However, biogas fertilizer contains a lot of 

organic matters and humic acid. Functional groups of organic matters can absorb heavy 

metallic ions, and humic acid can form complex compound with heavy metallic ions to 

decrease vegetable’s absorption of heavy metals and further decrease hazardous residues. 

Table 3 Sanitary indicators of cucumbers for application biogas fertilizer 

Item Unit Measured value Indicator Judgment Reference 

Hg mg/kg 0.0030 ≤0.01 qualified GB/T 5009.17-1996 

As mg/kg 0.0060 ≤0.5 qualified GB/T 5009.11-1996 

Pb mg/kg 0.0392 ≤0.2 qualified GB/T 5009.12-1996 

Cd mg/kg 0.00639 ≤0.05 qualified GB/T 5009.15-1996 

Nitrite mg/kg 1.64 ＜4.0 qualified GB/T 15401 

Acephatemet   mg/kg Non-detectable None qualified GB 14876-94 

Karbofos mg/kg Non-detectable None qualified GB 5009.20-1996 

Parathion mg/kg Non-detectable None qualified GB 5009.20-1996 

Acetyl ethylamine phosphorus mg/kg Non-detectable ≤0.2 qualified GB 14876-94 

Flolimat mg/kg Non-detectable None qualified GB 5009.20-1996 

Thimet mg/kg Non-detectable None qualified GB 5009.20-1996 

 

     Table 4 Sanitary indicator of cucumbers for application of chemical fertilizer 

Item Unit Measured value Indicator Judgment Reference 

Hg mg/kg 0.005 ≤0.01 qualified GB/T 5009.17-1996 

As mg/kg 0.025 ≤0.5 qualified GB/T 5009.11-1996 

Pb mg/kg 0.05 ≤0.2 qualified GB/T 5009.12-1996 

Cd mg/kg 0.0025 ≤0.05 qualified GB/T 5009.15-1996 

Nitrite mg/kg 8.13±0.78 ＜4.0 unqualified GB/T 15401 

3.2.3 The effect of anaerobic fermentation residue on yield property of cucumbers 

Compared with applying chemical fertilizer, the cucumber with biogas fertilizer has 

significant advantages as follows: more unit plant yields, longer cucumbers with a low 
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curvature and better commercial property. As an important photosynthetic pigment, 

chlorophyll has great influence on photosynthetic product accumulation. Table 5 suggests that 

chlorophyll of leaves of biogas fertilizer treatment is 9.18% higher than that of chemical 

fertilizer treatment, proving that biogas fertilizer can increase chlorophyll content of leaves, 

improve photosynthesis rates of plants, accelerate the growth of carbohydrate, and then 

increase the cucumber yield. Results indicated that, compared with chemical fertilizer, biogas 

fertilizer has increased total yields by 22.5kg, equivalent to a increase of 1323.4 kg/mu, 

raising by 15.90%. Thus, application of biogas residue and slurry on greenhouse cucumbers 

can significantly increases the yield. 

Table 5 The effect of different treatments on greenhouse cucumber yield 

Treatment 
Chlorophyll 

(mg/g) 

Cucumber 

number per 

plant 

Total 

yield(kg) 

Production 

calculation(kg/mu) 

Production 

increase (%) 

1 1.487 14 164.0 9646.2 15.90 

2 1.362 13 141.5 8322.8 - 

3.2 Analysis of diseases and pests inhibition property of anaerobic fermentation residue 

During the growth process of cucumber, 50 leaves in two experimental plots were 

chosen randomly and observed respectively. Table 6 shows that the incidence rates of aphids 

and mildew on biogas fertilizer treatment were 20% and 25% lower respectively. After 

applying anaerobic fermentation residue, the diseases and pests situation of greenhouse 

cucumbers was relieved and the growth was good. 

Table 6 The effect of different treatments on diseases and pests of greenhouse cucumbers 

Treatment The incidence rates of aphids (%) The incidence rates of mildew (%) 

1 8 12 

2 10 16 

3.3 Benefits analysis of greenhouse cucumbers with anaerobic fermentation residue 

3.3.1 Economic benefit analysis 

According to the inputs of material consumption and human labor, cucumber seeds were 

calculated as 0.8 yuan/kg, diammonium phosphate 2.8 yuan/kg, carbamide 1.8 yuan/kg, 

potassium chloride 2.4 yuan/kg, potassium sulphate compound fertilizer 2.8 yuan/kg, and 

human labor 8 yuan/h, two hours each time. The calculation results of economic benefits are 

shown in Table 7. Compared with chemical fertilizer treatment, cucumbers planted with 

biogas fertilizer saved 784 yuan per mu, income increased 4577.8 yuan per mu, and the 

output/input reached 63.75:1, 3.77 times than that with chemical fertilizer. Thus, biogas 
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fertilizer could not only save fertilizer expenditure, but also decrease the negative effect of 

chemical fertilizer, bringing higher economic benefits. 

Table 7 the influence of different treatments on economic benefit of greenhouse cucumber 

Treatment 

Output Input 

Output/input 

Net 

income 

(Yuan/ 

mu) 

Income 

increase 

(Yuan/ 

 mu) 

Yield 

(kg/ 

mu) 

Value 

(Yuan/ 

mu) 

Cucumber 

seeds 

(Yuan) 

Fertilizer 

(Yuan) 

Human 

labor 

(Yuan) 

Total 

(Yuan) 

1 9646.2 23203.8 60 0 304 364 63.75：1 22839.8 4577.8 

2 8322.8 19410.0 60 784 304 1148 16.91：1 18262 - 

3.3.2 Analysis of social and environmental benefits 

Agricultural production using biogas fertilizer is of broad and extensive social 

significance and environmental benefits. First, biogas fertilizer can integrate planting with 

breeding, promoting the formation and development of low-carbon circular economy mode. It 

will provide beneficial ideas for improvement of China’s agricultural production, helpful for 

the establishment of good agricultural structure, which follows the international agricultural 

development trend and promotes energy saving and emission reduction. Secondly, 

agricultural waste like livestock manure etc. produces biogas fertilizer using anaerobic 

fermentation technology, which is only the first step to convert wastes into the valuable 

resource. In order to realize resource reusing thoroughly, the application of biogas fertilizer is 

the key. If biogas residue and slurry are disposed improperly, there would be a secondary 

pollution to the environment, which is even worse for the accumulation of ecological and 

environmental benefits. But if biogas fertilizer is applied in ecological and agricultural 

planting, there will be favorable for increasing comprehensive benefits, thus not only 

realizing the innocuous treatment of waste, but also promoting the development of green 

ecological agriculture, conducive to being carbon neutral. At last, planting vegetables with 

biogas fertilizer can reduce the utilization of chemical fertilizer and pesticide, improve soil 

fertility, change the traditionally agricultural fertilizing ways, increase agricultural yields, 

reduces agricultural pollution, and even more be helpful for realizing the sustainable 

development of green agriculture. 

4、Conclusion 

Anaerobic fermentation residue applied as fertilizer will bring into full play its functions 

of bio-fertilizer and diseases and pests inhibition, which can improve the growth and 

mouthfeel of cucumbers, so it is called “bioactivator” with comprehensive ecological 

regulating actions. It also has good economic and environmental benefits: the yield in the 
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cultivation season could increase significantly, an increase of 22839.8 yuan per mu, and its 

output/input ratio reached 63.75:1, 3.77 times than that with chemical fertilizer. Planting 

vegetables with anaerobic fermentation residue not only has good ecological and economic 

benefits for agricultural plating, but also will greatly promote the development of biogas 

projects in China and provide more contribution to create the optimal cycle mode of 

resource-environmental protection-ecology-economy benefit, realizing energy-saving and 

emission-reduction and low-carbon circular development of agriculture. 
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Abstract: In the near future, energy conservation and pollution reduction became two of 
the most significant factors in economic development and social circulate. For analyzing 
the issue, several models were applied involving the fields of mathematical optimization, 
economics theory, dynamics model and industrial management. Specifically, they are 
MARKAL model, Input-Output model, LEAP model and Systemic Dynamics model. In the 
paper, a collaborative distributed database and an integrated simulation were developed for 
the Economics-Energy-Environment (3E) system, especially four models were firstly 
synthesize in a unique way which achieve securities economically, environmentally, as 
well as in a sense of energy source. The integrated matrix inherits the advantages of all 
methodologies mentioned above. At last, a flawless integration of the 3E-Safety system 
was presented and applied in a practical manner in the case of low-carbon development.  
 
Keywords: 3E, City Security, Low-carbon, Integrated Simulation.   
 
 
1. INTRODUCTION 

 
During the past 30 years, China experiences the quickly economic growth in the world 

for its annual average GDP growth of 9.6%. Meanwhile, what accompanied the most 
dazzling economic growth is the sharp standard coal consumption increase from 539 
million tons in 1979 up to 3.1 billion tons by 2009. More seriously, the emission of the 
greenhouse gas also presents surprising growth. In order to handle the severe challenge 
from the global climate change, China promised stately in Copenhagen Summit that China 
would cut its CO2 emission per unit of GDP by 40-45% by 2020, compared with the level 
in 2005. As the capital of China and the political, economic and cultural center, it shall be 
its obligatory duty for Beijing to become forerunner to contribute the promise for the 
government of China.  

On the base of the practical situation of Beijing, the paper utilized the relevant 
research result, domestic and international, to introduce a set of 3Es comprehensive 
integration model for the purpose to provide the scientific foundation for the formation of 
the economy, energy and environment policies which would be considered to boost the 
low-carbon economy. The model considered the current situation of Beijing statistic system 
and statistic data, and generally covered the three systems of economy, energy and 
environment. More valuable addition is that the model innovatively took into account an 
important factor, the urban security of Beijing as a capital.  
 
 
2.  MODELS OF ECONOMIC-ENERGY-ENVIRONMENT (3E) SYSTEM 

 
Based on current economy-energy-environment system, the paper focuses on the 

method of measuring and calculating the interaction level among the three systems with the 
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purpose to make the social development system keep balanced and coordinative in the 
fields of economy, energy and environment, which was shown by Deng et al. [2006]. 

 
2.1 Panorama of 3E system 
 

There were many mature economy-energy-environment models. Each of the models 
has its individual research priority and approach. However, all the 3E models can be 
divided into two modes, top-down and bottom-up, which was shown by Economy [1978].  

The top-down analysis method considers the macro economy and uses the economics 
model wherein the energy price and economy elasticity are the main economic indicator to 
present the relationship between energy consumption and energy production. The top-down 
analysis method is mainly applicable to the macro economy analysis and the research on 
energy policy making. However, it cannot control the impact of technology progress on the 
economy. The CGE model based on General Equilibrium Theory and the Input-Output 
model belong to the top-down mode.  

The bottom-up analysis method presents the engineering technique model to make a 
detailed description and simulation to the technique used for energy consumption and 
energy production, and mainly aims at energy consumption and production mode for 
supply-demand forecast and environment impact analysis, which was shown by Toshihiko 
[2004]. However, the method overestimates technology progress effect. 

The bottom-up model has two branches in terms of research, which was shown by 
Wei [2005]: � The first is based on energy supply and conversion to analyze the 
introduced efficient energy technique and its effect. The typical models include MARKAL 
model developed by the dominant International Energy Agency (IEA) and EFOM model 
developed by EU; � The second is that analyzes and calculates in detail the change at 
energy demand and consumption caused by the human activities. The typical models 
include MEDEE model developed by France and LEAP model developed by Stockholm 
Environment Institute.  

In order to establish the low-carbon emission based 3E model, we shall consider 
economy growth, energy demand by each economic sector and terminal, and their impact 
on the environment. We shall also pay attention to energy technique, energy structure 
optimization and energy conversion technique so as to reduce the pollutant emission on the 
base of effective cost control. Neither the top-down nor bottom-up model can meet the 
requirement of the complicated goal. 

In the 3E-S model introduced herein, we applied comprehensively the Input-Output 
mode in the top-down analysis method and the LEAP model (energy demand and 
consumption in attention) and MARKAL model (energy technique in attention) in the 
bottom-up analysis method to achieve the organic combination and mutual correction of the 
various focuses respectively stressed by the models so as to form complex giant system 
which could effectively imitate and simulate the actual energy system and then apply the 
method of the system dynamics to constitute a simulation model which would be used to 
verify the above result achieved by the optimization in terms of economy safety, energy 
safety and environment safety. 

 
 
2.2 Independent analysis models 

 
 Input-Output Model(I/O model) 
1936, Leoniief first raised his I/O model, which is still considered as one of the most 

effective theories to solve the problem of balanced economic growth, which was shown by 
William [1980]. It could help working out the chessboard type of input-output statement 
and setting up the corresponding linear algebraic equation set to form an economic 
mathematical model, which could imitate the structure of the actual national economic 
system and the social reproduction process, to analyze and confirm comprehensively the 
complex relationship among all the sectors in the national economic system and the key 
reproduction proportional relationship.  

In 2001, Lei separated two main environment protection measures---resource recovery 
and pollution governance-from the traditional industrial sector to form a virtual 
environment protection industry---resource recovery sector and pollution governance 
sector. He utilized the calculation to get the actual data about resource consumption, 
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pollutant emission, resource recovery and pollution governance, and used the data to create 
a relatively complete I/O statement about resource-energy-economy-environment, and built 
up the green I/O accounting method, which finally helped originating an assessment 
method frame for resource-environment-economy, which was shown by Lei [2001]. 

 LEAP Model 
LEAP model is an econometric model jointly developed by Stockholm Environment 

Institute and Tellus Institute. The model follows the sequence of “resource”, “transition”  
and “demand”, to assess the energy demand and supply balance at certain region. It could 
be used to design the energy consumption mode against various development situations on 
the base of the current energy demand of each sector and the forecast to the social and 
economic development in the future years by different policy packages and technique 
selection modes. The combination of various development modes and their comparison 
could provide the reference for the decision-making about the regional economic and 
energy development planning.  

Usually, LEAP is called as ‘terminal energy consumption model’, which was shown 
by Joost [2004], and mainly focuses on the achievement of the balance in demand and 
resource transition by the calculation. Moreover, LEAP utilized the existing energy 
technique and environment database to analyze the balance program in terms of cost and 
pollutant. So, the LEAP model is suitable to be applied for scenario analysis. It is feasible 
to depend on various policies to draft some scenes and then analyze the advantage and 
shortcoming of them. Its shortcoming is unable to be used for optimization.  

 MARKAL Model 
MARKAL (Market Allocation) model is an energy system analysis tool based on 

multi-objective linear planning method. In 1976, International Energy Agency (IEA) 
developed MARKAL model and promoted many nations. MARKAL is a partial 
equilibrium model mainly composed of energy database and linear planning software. It 
pays great attention to the energy technique, uses 21 kinds of constraint equations to assure 
supply-demand balance and economic growth, and sets up the objective function to get an 
energy program which aim to lowest cost or minimum pollutant emission, able to be used 
for optimization and solving, which was shown by Evasio [2004] and Barry [2003].. 

 System Dynamic Model (SD model) 
The System Dynamics is a system simulation method developed by Jay Forrester W. 

with MIT in 1956, applicable to the modeling and simulating to a complex system. On the 
base of the research on the structure model of the system, it analyzes the cause-and-effect 
relationship among the factors inside the system and depends on the computer simulation to 
quantitatively analyze the structure of the information feedback system and the dynamic 
relation between function and behaviour, which was shown by Wang [1994].  

The SD is characterized in that it could depend on the inherent mechanism of a large 
system to simulate it. Thus, once the model is calibrated, it could be used to rightly forecast 
the system state. However, its shortcoming is that the input data necessary for the operation 
of SD model all need external generation.  

 
 

3.  ECONOMIC-ENERGY-ENVIRONMENT-SAFETY (3E-S) MODEL 
 
On the base of I/O model, LEAP model, MARKAL model and SD model, the paper 

developed a set of 3E-S comprehensive integration model, as shown as Figure 1, which 
fully considered the current situation of Beijing data and generally covered the three 
systems of economy, energy and environment. More valuable is that the model 
innovatively takes into account an important factor, the security of Beijing as a capital.  

The 3E-S model is composed of four relatively independent modules among which the 
data are exchanged by the opening interface. 

 
 

3.1 Economy development and energy demand forecast module (I/O model) 
 
The economy development and energy demand forecast module consists of two 

sections. One is an economy development forecast and industry structure optimization 
module, which uses the Beijing I/O data of years to build up the forecast data sequence and 
model to predict the future trend of the economy development, and optimizes the industry 
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structure, and promotes each sector under the national economy system for proportional 
and coordinative development; Another is a terminal energy demand forecast module 
which, based on economy forecast and industry optimization structure analysis and 
terminal demand technique database, relies on the input-output analysis to get the terminal 
energy consumption forecast data of Beijing in terms of industry and energy. The main 
formula listed as follows: 

 

 
Figure 1. Structure of 3E-S model 

 
])(]...[)(][)([Y 1

22
1

211
1

1
)0()(

LLL
L IAIAIAY  

 (1) 

Wherein, ( )LY means random output able to be used for reinvestment at Lth year, its 

value subject to 
nR  ={X: X means 1×n non-negative vector}; 1),(A )( tt   means random 

consumption coefficient matrix of tth year; 1),()(  tt   means consumption coefficient 

matrix of tth year. 
The research on industry structure is mainly based on direct consumption coefficient, 

complete consumption coefficient, induction coefficient, impact coefficient, distribution 
coefficient, finally-adopted structure coefficient and added-value proportion coefficient, 
etc. For the example of impact coefficient, it is used to analyze the impact and conformance 
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means the average of the sum of all the rows in the Leotieff invertible matrix. 
The terminal energy demand forecast module mainly introduces the energy 

consumption coefficient matrix in terms of sector and energy consumption and uses the 
input-output data and applies the following main formula to get: 

YAI  1
i- )ˆ(eE    (3) 

Wherein, i-E  is the complete consumption coefficient of energy in ith sector; e 

means direct energy consumption coefficient matrix; A means I/O direct consumption 

2589



Liu Dacheng,  et al. / Study on Integrated Simulation Model of Economic, Energy and Environment Safety… 

coefficient matrix; Y  means the selection matrix which corresponds to the section under 

attention;̂  means the degree of self sufficiency of the local city; I means unit matrix. 
 
 

3.2 Energy development planning module (LEAP model) 
 
The energy development planning module holds the purpose to utilize the merit that 

the LEAP model is good at scenario analysis to make a comparison analysis to the different 
policies in order to select the best policy which could achieve a rational balance between 
cost control and environment benefit. 

The model in total presets 11 scenes which belong to four types, e.g. pollution control 
enhancement scene and powerful new energy development, etc. The calculation based on 
the LEAP model could the energy development planning for supply-demand balance 
against various policy packages. The comprehensive comparison between policy cost and 
policy environment benefit from the planning would achieve an optimal balance point. The 
steps for the above course are shown as Figure 2. 
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Figure 2. Flow chart about formulation of energy development planning 

 
 

3.3 Energy supply optimization module (MARKAL model) 
 
The planning target of Beijing based on the MARKAL model is to maximize the 

comprehensive environment benefit so as to realize the low-carbon target of Beijing. The 
constraint equation mainly includes the following five:  

�Gross restriction of primary energy supply (the gross of the primary energy supply 
shall not be more than the resource input level): 

iX SUP ; �Energy carrier balance 

across each link (the energy conversion amount in each link shall be at least equal to the 
consumption of next link):

1 0i i iE X X   ; �Terminal energy demand balance (the 

terminal energy supply shall be at least equal to the demand):
2 2E X DEM ; �Technology 

capacity limit and production operating limit (The energy yield shall not be beyond the 
technology capacity or production operating limit ):

i i iE X CAP ; �Total cost restriction 

(The total cost shall be less than the product of the cost achieved from the optimal program 
which is based on the energy development planning module with the allowance 
coefficient):  MCii XC . 
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Wherein, iX means unknown energy flux vector of all the links present at the flow 

from primary energy product to terminal energy demand, i.e. solution of planning issue; 

iC means the cost coefficient matrix of all the known links;
iE  means the energy conversion 

efficiency matrix; SUP means energy resource vector; DEM means terminal energy 
demand vector;

iCAP  means technology capacity vector. 

Figure 3 shows the RES (Reference Energy System) for the economy, energy and 
environment system of Beijing formulated in accordance with the model. 

 

 
Figure 3. RES network structure of Beijing 3E system 

 
 

3.4 Economy, energy and environment safety index verification module (SD model) 
 
In this module, on the base of the comprehensive consideration to the subsystems in 

terms of energy, economy, population, science & technology and environment, etc., the 
system dynamics method is used to constitute a SD simulation model for the Beijing 3E 
system. And then input the parameters of economy, energy and environment obtained by 
the above three modules into the SD model and use the operating simulation model to 
observe the reach wherein the economy safety index, energy safety index and environment 
safety index of Beijing changes so as to judge the safety of the program. Figure 4 shows 
SD simulation model frame of Beijing 3E system. Then the safety index of the economy, 
energy, environment in Beijing can be calculated as follows. 

�Economy safety index: The first is resource safety index. The resource includes raw 
material, energy, human resource, capital and technique, etc. The resource safety index 
means the ratio of the consumption of certain resource to it supply. When the ratio is more 
than certain “threshold value”, it would be concluded unsafe. The second is industry 
competitiveness index. If the main industries of one city lose its competition force, the city 
would also face very high economy safety risk. 

�Energy safety index: It means the ratio of the energy consumption to the energy 
supply. When the ratio is more than certain “threshold value”, it would be concluded 
unsafe. The energy consumption shall consider production and life consumption related to 
energy structure, energy utilization technique level and efficiency. The energy supply shall 
consider energy supply technique level, energy reserve ratio, ratio of dependence (degree 
of self sufficiency of energy).  

�Environment safety means the quality, function and adjustment capability of the 
environment factors is within the acceptable and recoverable range of the environment 
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itself. Environment safety coefficient=pollutant emission /environment capacity. The larger 
the value is, the more unsafe the environment would be. The environment capacity means 
the top limit of the pollutant emitted that the environment could bear. It could be replaced 
with the relevant standard formulated by the environment administration.  

 

 
Figure 4. SD simulation model frame of Beijing 3E system 

 
 

4.  SIMULATION INTEGRATION OF 3E-S MODEL 
 
On the base of 3E-S model principle, we developed the distributed visual 

demonstration platform---3E-S RIMSP (Remote Integrated Multi-simulation System 
Platform), which integrates data analysis, system simulation and decision-making imitation, 
to show the economy, energy and environment safety of the capital Beijing. Figure 5 shows 
the system infrastructure. The platform could function as follows: 

(1) Integration of resource data with decision-making data 
By through database design, the data, including economy parameter, energy supply, 

energy technique and environment parameter, are collected into the SQL Server database to 
achieve the resource data sharing and assure the data consistency; in addition, the 
secondary data or result data formed during the model operating, i.e. decision-making data, 
are also collected into the SQL Server database for uniform management and data transfer 
and sharing among the modules. 

(2) Integration of service flow 
The 3E-S RIMSP platform uses the J2EE infrastructure in the aspect of technique, 

wherein the core calculation section of the four modules are implemented respectively by 
various softwares: The economy development and energy demand forecast module  is 
directly by Java; the energy development planning module uses the LEAP software to 
complete the core calculation; the energy supply optimization module uses ilog software to 
complete the linear planning calculation; the safety index verification module uses the 
Vensim software to develop the SD model. The development utilizes the Java interface of 
the above softwares to achieve successfully the integration of the service flow. 

(3) Integration of user interface 
The 3E-S RIMSP platform uses the B/S structure mode to form a multiple-layer 

system structure based on WEB, middleware and large database. The user in the LAN 
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could use the browser to operate the 3E-S RIMSP simulation platform. The unified man-
machine interface integrates data management, command input, operating status show and 
result analysis to achieve calling the four modules in the 3E-S model.  

 

 
Figure 5. System infrastructure of Beijing 3E-S RIMSP platform 

 
 

5.  CONCLUSION 
 
The Beijing 3E-S model integrates into several typical models of mutually 

supplementary function to relatively completely achieve the simulation to the Beijing 
economy, energy and environment system. Meanwhile, it initially introduces the safety 
index verification module to obtain the ability to launch the safety evaluation to the 
optimization program raised by the model and finally complete the computer 
implementation to the model and develop the 3E-S RIMSP integral simulation platform. 
The Beijing 3E-S model presents the new energy strategy, which including energy supply 
structure, conversion technology, and low-carbon emission economic development. 
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Abstract: Chinese government committed to reducing carbon dioxide emissions per unit of 
GDP by 40% to 45% by 2020. As the capital and one of the biggest cites, Beijing expected 
to both keep higher GDP growth than average and cut unit GDP carbon emission, and has 
to adjust the relevant energy strategy in near future. The paper analysis the characterises of 
energy supply and energy consumption in Beijing, and setups the economic-energy-
environment-oriented reference energy system (RES), selects MARKAL as the optimal 
model and constructs districted multi-period linear programming matrix, which including 
15 energy carriers, 4 energy processes, 17 energy conversions, and 18 energy end-use sets. 
Furthermore, the paper designs 11 scenarios in various pollute emission restrictions, and 
establishes the total economic cost as the optimize target, the low-carbon emission as main 
restriction, to obtain the suitable energy supply structure and end-use technology structure. 
At last, we have the conclusion that Beijing can attach the demands of cutting carbon 
emissions per unit of GDP by 45% under the scheduled GDP growth. 
 
Keywords: Capital regional energy strategy, Economic-energy-environment (3E), Low-
carbon emission, MARKAL model.   
 
 
1. INTRODUCTION 

 
In the end of 2009, Chinese government committed to reducing carbon dioxide 

emissions per unit of GDP by 40% to 45% by 2020. On the contrary, Chinese government 
must expect that the GDP growth rate will not be hurt badly by the positive commit, which 
shown by Mike, et al [2008]. As the capital and one of the biggest cites, Beijing is now in 
the process of rapidly civilization and has the higher GDP growth expect than the national 
average. However, more and more conflictions among economic development, energy 
supply restrict, and environment protection requires the local government make more 
strictly policy to control and reduce carbon dioxide emissions per the unit of GDP, and 
drive the continual development for the system of economic, energy, environment and the 
city safety, which shown by Dolf, et al [2001]. 

Beijing has an excessive speed growth in population. According to the government 
statistic data, Beijing has 11.075 million residents in 2000, 15.38 million residents in 2005, 
17.55 million residents in 2009, and predictable 18 million residents in 2010. However, the 
limit of 18 million residents was the previous urban planning target for 2020. Nowadays, 
we had to adjust the target of 2020 into 22 million residents in the urban planning. So, we 
had to also face the continuously increase in population, upgrade consumption structure, 
and the stricter demands for the energy supply structure, energy consumption structure and 
pollution emission limitation. 

Accompany with the rapid urban development, the energy consumption also increase 
rapidly. In 2008, the total energy consumption is 63.347 million tons of coal equivalents 
(mtce) in Beijing and growth rate is 0.93%, but per unit GDP was 0.6619 mtce, and less 
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than 7.36% in 2005. Inside, the primary industry is 0.93 mtce, growth rate is 1.97%, and 
account for 1.6%; the secondary industry is 25.191 mtce, down rate is 9.83%, and account 
for 39.7%; the tertiary industry is 26.075 mtce, growth rate is 9.12%, and account for 
41.1%; Residential routine is 11.188 mtce, growth rate is 11.29%, and account for 17.6%. 

In the contrary, Beijing is a scarce resource city, especially highly depends on other 
regions in energy supply. At the moment, 79% coal, 100% oil and 100% natural gas are all 
import from other regions, and 66% electric power from other provinces. 

Beijing is not only the political, economic and cultural center of China, but also plans 
to be liveable city in the city plan. The environment is the base and core of the liveable city 
establishing. In spite of the emission of SO2 and NO2 are both attaching the National air 
quality specification level II, and there were 285 days of air quality in downtown attached 
inhabitable standard, account for 78.1% and the growth rate is 7.5% in 2009, but we should 
recognize that parts of the achievement owe to the temporary enforcement action after 
Olympic. In the near future, Beijing has to face the pressure of energy supply and 
environmental protection, and has to adjust the relevant energy strategy. 

 
 

2. MARKAL Model of 3E System in Beijing (B3ES) 
2.1 Design for the MARKAL model of B3ES 
 

 
Figure 1 RES network diagram of B3ES 

 
As an energy system optimization model which developed and recommended by IEA, 

MARKAL (MARKet ALlocation) is a mathematical model of entire energy system of one 
several regions that provides a technology-rich basis for estimating energy dynamics over 
multi-period horizon, which is shown by Richard, et al [2009] and Sondes, et al [2008]. On 
the condition that meets the energy demands and pollution emission limitation, the 
MARKAL model can estimates end-use energy service demand on the basis of economic 
and demographic projections, analysis various primary energy supply, energy processing, 
energy conversion and energy uses distribution, so as to balances all level of an energy 
system, optimizes the structures of energy supply and energy uses technology for the total 
cost minimization, which shown by Nick, et al [2006]. 

In the MARKAL, a Reference Energy System (RES), in which a node represents a 
source, sink, technology, or demand, and a link (arc) represents a commodity (energy 
carrier, material, and energy service), is a network diagram to summarize the relationships 
among these various entities. The RES of B3ES use 2000 as the benchmark year period, 
2005 as the check year period, 2002 as the end year period. So there are 4 time-periods, 
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which is regular 5 years, in the model time horizon. Figure 1 shows the network diagram of 
RES, contains sets of energy primary supply, source and sinks, process technologies, 
conversion technologies, end-use technologies, and demands for energy service.  

The MARKAL model of B3ES defines 15 energy carriers, including crude oil, natural 
gas, coal, coke, wind energy, geothermic energy, solar energy, gasoline, diesel, kerosene, 
fuel oil, liquefied petroleum gas (LPG), thermal energy, electricity, and municipal refuse 
(urban garbage), and hereinto, the crude oil, natural gas, refined oil, electric power, wind 
energy, municipal refuse, geothermic energy and solar energy are all the input variable of 
the model. 

Furthermore, the RES define 4 process techniques, such as coking, oil refining, and 17 
conversion technologies, including conventional thermal power, supercritical power, ultra-
supercritical pressure unit, integrated gasification combined cycle, pressurized circulating 
fluidized bed power generation, waterpower, wind power generation, garbage burning 
power, solar power, combined heat and power (CHP), and solar heating system.  

Moreover, the RES select 18 energy service demand categories in 5 groups of 
economic sectors for Beijing. In detail, the agricultural segment can be divided into 
electricity demand, coal demand, and availability demand, the commercial segment can be 
divided into the demands of air-conditional, cooking, hot water heating, and 
lighting/electric equipment; the industrial segment can be divided into petroleum chemical 
industry, steel industry, metal-processing industry, manufacturing industry; residents 
segment can be divided into urban residents and rural residents; and the transportation 
segment can be divided into demands of aviation, autos, and rail transportation energy 
consumption. 

 
 

2.2 Energy technologies & their parameters selection in MARKAL model of B3ES 
 

1.1 Steam turbine power generation (Coal-Fired)  2.1 Heating 

 600MW Supercritical Power   coal-fired boiler houses   

 1000MW ultra-supercritical power   gas boiler room 

1.2 gas turbine generator (GTG) (Natural Gas)   Water Source Heat Pump(WSHP) 

1.3 Gas and steam Combined Cycle  (GTCC)   ground source heat pump (GSHP) 

 Gas-based combined-cycle   Air Source Heat Pump(ASHP) 

 Coal-based combined cycle  2.2 New Energy Generation Technology   

1.4 combined heat and power generation(CHP)   Wind power generation 

 200MW Steam Turbine CHP   Solar power generation 

 300MW Steam Turbine CHP   Waterpower generation 

 200MW Gas Turbine CHP   Garbage power generation 

 300MW Gas turbine CHP   Biomass power generation 

Centralized energy supply  Distributed Energy Supply 

Figure 2  Categorization of technologies in MARKAL model of B3ES 
 
Energy processing technology refer to a technology that transfer one energy form into 

another energy form, except for power generation technology and combined heat and 
power generation (CHP). According to actual situation of energy generation and 
consumption in Beijing, we define the technology of coking, oil refining, and gas 
production in the part of processing technology, to produce storable secondary energy such 
as coking, oil, gas and liquefied petroleum gas (LPG). Besides, another processing 
technology is the desulfurization technology for the coal-fired generating unit. 

Energy conversion technology refers to power generation technology and CHP, which 
shown by Jan, et al [2008]. In the light of the existing generator set, cogeneration unit, and 
land-based wind turbine generator, we divide the conversion technology into various 
category of energy conversion according to various capacity and generator type. Besides, 
we use other energy conversion technology, such as ultra-supercritical coal-fired power 
unit, advanced natural gas combined-cycle generating units, IGCC, BGPG, and fuel cell 
power generating, to produce unstorable electric power and heat energy.  
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The descriptive parameters of end-use technology include investment cost, fixed & 
variable operation and maintenance cost in various time slices, and also include equipment 
depreciation factor and emission factor, initial year of use and tenure of use for the 
technology, which shown by Peter, et al [2007]. 

Beijing has a longer heating period and more heating consumption than other regions, 
the energy supply of small capacity unit should live on the CHP instead of condensing 
turbo-generator. So, there are not 100MW and 300MW Sub-critical power plant in the 
MARKAL model. Besides, we leave out the electric boiler room for its illogical energy 
utilization of transferring the high-quality electric energy into low-quality thermal energy. 
And we leave out regional CHP and regional combined cold and heat and power generation 
(CCHP) for their difficulty of pollution treatment. From the above, a technologies 
categorization of MARKAL model of B3ES was shown in Figure 2. 

 
 

2.3 The mathematical framework in the MARKAL of B3ES 
 
There is one objective function, total cost function, and 6 constraints, including 

satisfaction of energy service demands, capacity transfer, and balance for commodities, 
process capacity growth balance, technological level, energy carrier transfer balance, total 
pollution emission, and primary energy supply, for the MARKAL of B3ES.  

Total cost function aims to the minimize of the B3ES total system cost,  

   (1 ) 1 2 1

1 1

1 ( , ) 1 (1 ) (1 ) (1 )
R NPER

NYRS t NYRS
ann

r t

NPV h COST r t h h h
    

 

            
 (1) 

Where, NPV is the net present value of the total cost for all regions; r, R is number of 
regions (here is 1); h is the general discount rate; t, NPRE is number of periods (here is 4) 
in the planning horizon; NYRS is the number of years in each period t; annCOST is the 
annual cost in region r for period t. 

In fact, there are 6 constraints for the equation 1, especially the total pollution 
emission. We can also change the optimization objective from total cost to the total 
pollution emission. On the contrary, a constraint variant of the emission is acted as the 
pseudo-optimizing objective in the paper. 

 
 

3.  MARKAL Model Scenarios Set 
 
According to the various forecast of Beijing 3E system development, we designed 11 

scenarios which including a fiducial scene, a set of controlling pollution emission 
scenarios, and a set of adjusting energy supply structure scenarios. The paper focuses on 
the fiducial scene and forced low-carbon emission scene for the limitation of paper space. 

 
 

3.1 Fiducial scene (Scene A0) 
Like shown by Thorsten, et al [2008], in Scene A0, there are not constraints for 

pollution emission and adjustment of energy structure. And, the MARKAL model can 
choose automatically the energy resources and technologies which meet both the energy 
service demands and the minimization of 3E system cost. 

 
Table 1. Energy Carrier Production in A0 Scene   (unit: 10,000 tons of coal equivalents) 

No Indigenous Carrier Period 1 Period 2 Period 3 Period4 

1 Coal 2289.96 2289.3352 2293.2603 2293.26 

2 Wind energy 0 247.44099 321.67401 418.176 

3 Solar energy 0 0 0 418.176 

4 Biomass power 0 0 321.67401 321.674 

5 Hydro power 0.086 0.086 0.086 0.086 

* Other indigenous carrier productions are all zero in Beijing 
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At first, as table 1 shows, both coal mining and hydropower are in a stable condition 
in the whole time horizon, and keep the level of below 2.3 mtce for coal mining and the 
electricity capacity of 860 tons of coal equivalents for hydropower.  

Secondly, new energy carriers come to join in the indigenous energy supply structure 
in scene A0. Wind energy collection and wind power start at 2nd period, and grow up at 
3rd and 4th periods; moreover, biomass power technology starts to be brought to 
production at 2nd period, and keep the capacity of 3.2167 mtce power generation; 
Furthermore, solar power is put into use broadly, and the capacity attaches 4.1876 mtce. 

 
Table 2. Import Energy Carrier Capacity in Scene A0 (unit: 10,000 tons of coal 

equivalents) 

No Import energy carrier 1st period 2nd period 3rd period 4th period 

1 Coal 3560 4695 7048.83 9133.314 

2 Crude oil 1085.75 1085.75 1085.75 1085.75 

3 LGP 201.3847 270.5948 360.5677 477.5327 

4 Diesel  587.783 1254.018 1200.124 1650.061 

5 Gasoline  1390.8 1582.204 2124.616 2829.752 

6 Kerosene  1061.811 1412.601 1868.628 2568.95 

7 Fuel oil 213.1062 285.1813 378.8783 500.6852 

8 Natural gas 1894.05 4254.195 5524.825 9850 

9 Electricity  1998.375 3969.29 3304.879 2970.235 

10 Coke  1409.952 2020.913 2612.692 3584.474 

* Other import energy carrier capacities are all zero in Beijing 

Table 3. Process technologies input in scene A0 (unit: 10,000 tons of coal equivalents) 

No item Energy Carrier 1st period 2nd period 3rd period 4th period 

1 Coke technology Coal 925.41 680.88 925.41 680.88 

2 Oil refining technology Crude oil 1085.75 1085.75 1085.75 1085.75 

3 CFCC Coal  0 0 0 0 

4 GTCC Natural gas 0 0 0 2771.153 

5 
200MW Steam Turbine 

CHP 
Coal  

331.62 331.62 331.62 331.62 

6 
300MW Steam Turbine 

CHP 
Coal  

0 0 0 0 

7 200MW Gas Turbine CHP Natural gas 315.36 420.48 525.6 683.28 

8 300MW Gas Turbine CHP Natural gas 384.8 461.76 615.68 696.9595 

9 
600 MW Supercritical 

Power 
Coal  

0 0 0 0 

10 
1000 MW ultra-

supercritical power 
Coal  

0 0 321.674 321.674 

11 Coal-fired boiler heating Coal  786.93 1023.01 1329.913 1728.887 

12 Gas boiler room heating Natural gas 702.025 912.63 1186.422 1542.349 

13 WSHP heating Electricity  157.4227 204.6499 266.0442 345.8574 

14 GSHP heating Electricity  0 0 0 0 

15 ASHP heating Electricity  0 0 0 0 

16 Wind power Wind energy 0 247.441 321.674 418.176 

17 Urban garbage power Urban garbage 0 0 0 0 

18 Solar power Solar energy 0 0 0 418.176 

19 Biomass generator Straw  0 0 321.674 321.674 

20 Hydro power generator Water energy 0.086 0.086 0.086 0.086 
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As shows in table 2, for the energy shortage limitation of Beijing, both the import coal 
and import electricity are hold in the main positions. Especially, for the application of wind 
generator, biomass power, and solar power, the import electricity amount reaches its peak 
of 39.69 mtce in the 2nd period, and turn to decline 9 mtce in 4th period; besides, the 
import natural gas is 19.98375 mtce in 1st period, and ascend gradually, and the import 
natural gas grow up by large scale to 121.21 mtce for the use of IGCC.  

As shown in table 3, the capacities of coking process and oil refining process are 
stable in the whole time horizon, and the capacities of 200MW steam turbine CHP, 
200MW & 300MW gas turbine CHP are in the state of steady climbing in the whole time 
horizon. Besides, we discovered that the new energy processing technologies join gradually 
in the energy process structure. Such as the wind power starts in the 2nd period and grows 
up in 3rd period and 4th period; biomass energy is used in 3rd period and keeps the stable 
electricity capacity at 3.2167 mtce; solar power is widely applied, and the 1000MW ultra-
supercritical power and IGCC are separately in serviced in 3rd period and 4th period. 

In the no-gas-limit MARKAL model, (, which rely on the national energy relationship 
between Russia and China in the future,) the emission of CO2 is 231 million tons in 1st 
period, 299 million tons in 4th period, and is 1.29 times for that of 1st period. 

 
Table 4. Total emissions of pollutants in Scene A0 (unit: ton) 

no item 1st period 2nd period 3rd period 4th period 

1 SO2 59571.84 43693.37 50213.05 62209.42 

2 NOx 250810.5 175129.9 203865 257317.7 

3 Dust & fume 24616.83 17542.69 20421.14 23320.08 

4 CO2 2.31E+08 1.57E+08 1.89E+08 2.58E+08 

 
3.2 Scenes of various controlling for the emission of air pollution (Scene B1, SceneB2) 

 
In the B3ES MARKAL model, we design two scenes of dynamic handling the 

emission speeds of 3 pollutants, CO2, SO2, and NOx as below. The two scenes are 
appropriate emission limit scene B1 and enhanced emission limit scene B2. 

 
 

3.3 Scene of restraint of natural gas (Scene C1) 
 
Not all scenarios can meet the requirement low-carbon emission in Beijing. There is 

existing fact that Beijing, as the capital region of China, input the natural gas from five 
pathways which including west China, imported LNG , imported natural gas from Central 
Asia,  Russia, and Myanmar, which shown by Wenying, et al [2004]. However, the 
domestic natural gas input will not be permanent expend in future for the input depends on 
the mandatory national policy instead of market adjustment machine. Moreover, all 
imported natural gas from other countries depends on the international political 
circumstance and have enormous risks.  So, we present a new scene of limitation of natural 
gas, the cleaner and greener energy, to compare with the scene A0 and search for the 
impact of the emission difference.  

 
Table 5. Import Energy Carrier Capacity in Scene C1 (unit: 10,000 tons of coal 

equivalents) 

No Import energy carrier 1st period 2nd period 3rd period 4th period 

1 Coal 6234.76 8874.739 11176.85 17570.81 

2 Crude oil 1085.75 1085.75 1085.75 1085.75 

3 LGP 201.3847 270.5948 360.5677 477.5327 

4 Diesel  587.783 1254.018 1200.124 1650.061 

5 Gasoline  1390.8 1582.204 2124.616 2829.752 
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6 Kerosene  1061.811 1412.601 1868.628 2568.95 

7 Fuel oil 213.1062 285.1813 378.8783 500.6852 

8 Natural gas 491.865 491.865 491.865 491.865 

9 Electricity  2245.852 2333.587 2333.587 2333.587 

10 Coke  1409.952 2020.913 2612.692 3584.474 

* Other import energy carrier capacities are all zero in Beijing 

  

Table 5 shows that natural gas capacity of Beijing region is no more than 491.865 tons 
of coal equivalents according to acceptable nowadays market ability. Besides, the import 
electricity upper limit is 2333.587 tons of coal equivalents for demand of the power line 
supply safety. On the contrary, the import coal will increase rapidly. 

 
Table 6. Process technologies input in scene C1 (unit: 10,000 tons of coal equivalents) 

  

 
Table 6 shows that coal firing technology including CFCC, 300 MW stream turbine 

CHP, 600 MW supercritical power and 1000MW ultra-supercritical power are all put into 
operation. Naturally, many gas generating technologies reduce output, close down or stop 
launch. 

 
Table 7. Total emissions of pollutants in Scene C1 (unit: ton) 

no item 1st period 2nd period 3rd period 4th period 

1 SO2 56342.92 44842.52 56837.08 75510.17 

2 NOx 239259.3 191046.5 256964.5 360628.3 

3 Dust & fume 25392.59 21353.74 28743.22 40330.08 

No item Energy Carrier 1st period 2nd period 3rd period 4th period 

1 Coke technology Coal 925.41 680.88 925.41 680.88 

2 Oil refining technology Crude oil 1085.75 1085.75 1085.75 1085.75 

3 CFCC Coal  0 0 0 1556.808 

4 GTCC Natural gas 0 0 0 0 

5 
200MW Steam Turbine 

CHP 
Coal  

331.62 331.62 331.62 1890.376 

6 
300MW Steam Turbine 

CHP 
Coal  

384.8 461.76 1393.919 2587.838 

7 200MW Gas Turbine CHP Natural gas 0 0 0 0 

8 300MW Gas Turbine CHP Natural gas 0 0 0 0 

9 
600 MW Supercritical 

Power 
Coal  

0 0 1366.56 1366.56 

10 
1000 MW ultra-

supercritical power 
Coal  

0 1428.643 1689.213 1689.213 

11 Coal-fired boiler heating Coal  786.93 1023.01 1329.913 1728.887 

12 Gas boiler room heating Natural gas 0 148.8595 0 0 

13 WSHP heating Electricity  332.4427 395.0636 561.828 730.3765 

14 GSHP heating Electricity  0 0 0 0 

15 ASHP heating Electricity  0 0 0 0 

16 Wind power Wind energy 0 0 0 0 

17 Urban garbage power Urban garbage 0 0 0 0 

18 Solar power Solar energy 0 0 0 0 

19 Biomass generator Straw  0 0 0 0 

20 Hydro power generator Water energy 0.086 0.086 0.086 0.086 
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4 CO2 2.35E+08 2.11E+08 3.17E+08 1.1E+09 

 
Table 7 shows that the CO2 emission at the 4th period reaches 1.1 billion tons and 

exceeded immensely the CO2 reduced policy of China in 2020. In subsequent paper, we 
will present the new energy process technologies for cutting down the CO2 emission, such 
as farther promoting the IGCC and ultra-supercritical power, and other new energy carriers.  

 
 

4.  CONCLUSION 
 
Using the optimization of the MARKAL model and simulations of various scenarios, 

we can boost the economic development low-carbon emission in Beijing by adjusting 
energy supply structure, selecting process technologies, and changing the consumption 
mode. As an optimization result, Beijing can attach the demands of cutting carbon 
emissions per unit of GDP by 45% by 2020 under the scheduled GDP growth. By the way, 
we also found that there exist many difficulties such as the limitations of natural gas and 
import electricity. We need consider other new coal process technologies, new energy 
resources and new energy supplies.  
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ABSTRACT  

With the research on some critical technology going deeply, the problem of technology route and project 

approach for the saving energy & reducing consumption have become the focus of municipal 

wastewater treatment process. In this article, LCA (Life Cycle Analysis) is applied to identify and 

compare the energy consumption of each stage of different technologies in municipal wastewater 

treatment from the view of whole process. This is carried out after reviewing the condition of energy 

utilizing of typical technologies in China. And some measures are brought forward to improve the 

efficiency of energy utilizing. Integrated Oxidation Ditch (IOD) is taken as an example and the energy 

consumption from its raw and processed materials exploitation, construction, treatment and running, 

rebuilding to its discarding and removing is identified and quantified, which is also compared with 

traditional treatment process of wastewater and waste sludge in China. This study shows that application 

of the high-energy-efficiency aeration device and optimizing control operation are essential paths to 

improve the energy consumption of IOD during its life cycle. And LCA is an important foundation of 

improving products quality and a main measure of sales promotion for manufacturers in recent years. 

 

Key words: Life Cycle Analysis (LCA), Integrated Oxidation Ditch (IOD), Energy-consuming, 

Wastewater treatment, Process, Efficiency 
 

1. Preface 

Environment, resources and population are the three main problems faced by the human beings [1]. 

Especially the environmental problems, with the increasing worsen degree, becomes a serious threat to the 

society survival and development [2]. The water pollution is the most obvious among all the environment 

problems [3, 4, 5, 6]. The way to construct the wastewater treatment plant becomes one of the most important 

and the most effective measures for water pollution problem in city[7, 8, 9, 10]. But along with the large-scale 

construction of wastewater treatment plant in the town, the enormous cost for wastewater treatment restricts 

the normal run of plant badly. The ratio of energy consumption to the cost of wastewater treatment is 60% to 
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70% generally [11, 12, 13, 14]. From the sustainable point of view, the huge energy consumption not only 

influences the wastewater treatment cost directly, but also influences the sustainable utilization of the energy 

and the resources. Moreover, it probably leads to new environmental problem during the energy product 

process[15]. Therefore, the energy consumption standard of municipal wastewater treatment process is 

becoming an important technology and environment quota, and attaches importance increasingly. How to 

research and explore the technology route and engineering way for saving and reducing energy of municipal 

wastewater treatment has very important signification. The emergence of any product in the final analysis is 

the input of energy. That the pollutant is removed also is the input of energy essentially. The energy input 

runs through course from beginning to end. Therefore, it is especially important to analyze energy based on 

the product life cycle. 

So far, the energy analysis of the municipal wastewater treatment operation is confined to treatment process, 

without evaluating and demonstrating the whole process [11, 12, 13, 16]. Life Cycle Analysis (LCA) is a new 

system of environmental impact assessment techniques and methods, which based on the point of system, 

uses the technology facilities as the main line to collect, identify, quantify, analyze and assess resources 

consumption and the data and information of environmental impact of products throughout the life cycle, 

provides an environmental assessment tool of comprehensive, accuracy information [17, 18, 19, 20]. The 

traditional energy analysis method, which is techno-economic comparison of urban wastewater treatment, 

has been unable to meet energy analysis process requirements. The traditional technical and economic 

analysis often puzzles the owners entirely. And it is very difficult to make the decision; but the application 

of technical and economic analysis based on the Life Cycle Analysis will be research to the purpose of 

penetrating strong, convincing and scientific decision-making power. 

Based on the philosophy of product life cycle, combined with request of “Discharge standard of pollutants 

for municipal wastewater treatment plant” of China, focused on newly integrated oxide ditch process which 

is run on the basis of multi-function of single tank section, this paper identifies and analyzes quantificational 

the whole energy consumption process from designation, exploitation and manufacturing of raw material, 

construction, handling, running, reconstruction and expansion of wastewater plant, abandoning and backout 

of Life Cycle Analysis (LCA). Meanwhile this paper compares this technique to traditional activated sludge 

system, which aims to bring out new technical economy and environmental assessment method [14]. 

2. Objective and Scope 

2.1 The analyzed object of energy consumption based on the Life Cycle Analysis  

In this paper, two kinds of index have been analyzed and compared based on the energy consumption of the 

wastewater treatment under different technology:(1) The energy consuming of wastewater treatment is 

converted into electric energy ( KWh ) or heat energy ( KJ ), and the consumed energy for treating per unit 

polluted water capacity( 3m ) or removing per unit pollutant (COD or BOD) is calculated, namely, the energy 

consumption ratio; (2) The whole energy consuming every year of different wastewater treatment 

technology has been calculated in terms of the same scale and similar water quality condition. 

The paper regards the XINDU wastewater treatment plant, which capacity is 10,000 3 /m d with IOD 

process, as analysed object of energy consumption based on the LCA. XINDU wastewater treatment plant is 

the model project for wastewater treatment in Sichuan province. The process flow is showed as Fig.1. The 

technology parameter as following: the total hydraulic retention time(HRT) of IOD is 15 hr , hereinto, 

anaerobic, anoxia and aerobic time are 1 hr , 2 hr and 12 hr  respectively; The effective depth of water is 

4.5 m  inside the ditch, the width of single ditch is 10.5 m and the effective volume is 5953 3m ;the 
designed MLSS  is 3000 /mg L ，the sludge loading of BOD5 is 0.1 kg  5 / .BOD kgMLSS d ) and sludge 
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retention time(SRT) is 20 d ; a 0.75 kw  stirrer is fixed in anaerobic area, a 2.2 kw  stirrer in anoxia area, 

2 rotation brush aerator with 1.0 m  diameter, 9.0 m  length, in aerobic area. The power of each aerator is 

45 kw . In addition, a 27.5 kw  impeller is fixed under water. The water quality of the inlet and the outlet in 

this wastewater treatment plant as shown in Tab.1: 

             

Figure.1 The diagram of XINDU wastewater treatment technology process flow 

The life cycle of IOD wastewater treatment system can be divided into three phases: namely, constructions 

phase, production phase and rejectamenta dismantling phase (in fact, the rejectamenta will not be 

dismantled, only a supposition according to the age limit), as shown in Fig.2: 

Table 1.The inlet and outlet water quality of wastewater treatment plant 

parameter 
CODcr 
(mg/L) 

BOD5 
(mg/L) 

SS 
(mg/L) 

NH3-N 
(mg/L) 

TN 
(mg/L) 

TP 
(mg/L) 

Water inlet 77.9～578 55～153 22～541 13～27.8 18～3 0.7 2.6～8.9 
Water inlet average 197.4 73.2 123.1 20 23.4 5.8 
Water outlet 26.0～46.0 9.2～20.6 3.0～21.0 0.8～2.3 3.1～12.4 1.1～5.5 
Water outlet average 33.6 15.4 13.1 1.5 6.9 2.3 

 

 
Fig.2.The life cycle flow of IOD 

2.2 The unit of LCA appraised function 

It is well known that the consumptions and functions of a wastewater treatment plant’s facilities have scale 

effects. The capacity of XINDU wastewater treatment plant is 1×104
3 /m d , which is a typical wastewater 
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treatment plant for small or middle town. This article uses such scale as the function unit for LCA analysis 

to compute the input and output of the wastewater treatment system. The traditional activated sludge 

process, which is used as a contrast, also applies this scale as the function unit, in order to make the two 

comparable. 

2.3 Demarcate the scope of time and geography factor for wastewater treatment plant 

According to the general urban planning, most of the city’s wastewater treatment plants need to be rebuilt 

and updated to some extent with the increase of wastewater quantity and the increase of the discharge 

standard. For XINDU wastewater treatment plant, the short-range scale is 1×104
3 /m d  and 5×104

3 /m d  

as a remote scale. Therefore, in the compare of the treatment facilities, the energy consumption problem 

should be considered in a 20 years’ runtime.  

 

3. The detailed analysis list of energy consumption 

3.1The input-output of wastewater treatment facility 
During the life cycle of wastewater treatment facility, the energy, resource and the processing object input 

by environment and the contamination output to environment and their influence, are shown in Fig.3 .The 

resources input by the environment include the various raw materials as well as natural resources for 

material production, such as water, air, natural ore etc；raw wastewater is the research object. The energy 

sources include coal, petroleum and the electric energy etc, which are converted into Joule conformably. 

Other influences include noise, vibration, transportation, sight pollution, smell and ecology environmental 

pollution etc. The energy may be consumed in the life cycle of wastewater processing system and the items 

that should be considered are shown in Table 2. 

 

Table 2.The probable energy consumption items during the life cycle of wastewater treatment system 

Item Construction stage Operation stage  Demolishment stage 

Raw material 

consumption 

Steel, iron, cement, sand, water, PVC, 

copper, clay, bitumen, epoxide resin 
Medicament etc Topsoil、filling material etc 

Energy 

consumption 

Transportation, construct, mechanical 

dissipations 

Power consumption, 

fuel, equipment 

dissipation 

mechanical dissipations, 

fuel, etc 

3.2 The energy consumption in the construction phase 

The energy consumption during the construction phase includes raw material production, construction and 

transportation. The total energy of some kind of material is consisted of its natural calorific value and the 

energy consumption for production. Unified energy unit is adopted to quantify the different energy, for 

example, the electricity consumption is calculated according to the fuel thermal equivalent. When the 

thermo electrical conversion ratio is 32%, 1 KWh  is equal to 11080 KJ . 

According to quantities analysis and concerned standards, the building materials quantity of IOD can be 

calculated and the production energy consumption of IOD can also be quantified based on its material 

quantity and energy consumption for production. The construction energy consumption can be counted 

according to the construction area, 6640 2m , and the construction energy consumption per unit area; the 

energy consumption for transportation building material can be counted according to the consumption 

amount of building material, transportation mileage, and energy consumption for transportation per unit. 
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       Table 3.The total energy consumption in construction phase          610 .KW h  

Initial Item 
Integrated Oxide 

Ditch(IOD) 
Traditional Activated 
Sludge Process(TASP) 

1 Total energy of raw material  1.18 1.74 

2 
Total energy of communications and 

transportation 
0.14 0.10 

3 Total energy consumption for construction 0.647 0.51 
4 Total energy consumption 1.967 2.35 

3.3 The energy consumption in the running phase 

The material consumption during running phase of treatment facilities is much low. The medicament 

consumption is the main portion. The energy consumption in this phase includes the power for wastewater 

treatment, the fuel and equipment loss for transportation, etc. Among them, the power consumption for 

wastewater treatment always occupy the total energy consumption more than 85%; in which, the electricity 

consumption of aeration systems is over 88.5%. The details of energy consumption of IOD are shown in 

table 4. 

 
Table 4.The list of main electrical equipments and energy consumption of process 

No. 
Building 

or process 
Equipment power 

capacity gross  
capacity 
installed 

 
( KW ) 

Actual 
power 

consumpti
on 

(KWh/d) 

Designed Installed 

Quant
ities 

(unit) 

Capacitor 
( KW ) 

Quant
ities 

(unit) 

Capacit
or 

( KW ) 
Ⅰ Primary treatment  （ KW ）     64.5 1152 

1 Grid Grid machine 1.5 3 4.5 3 4.5 4.5  

2 

Wastewat
er 

pumping 
station 

 

Lift pump 30 2 60 2 60 60  

Ⅱ Secondary treatment     110.15 1923.6 

1 

Integrated 
oxide 
ditch 
(IOD) 

Brush aerator 45 2 90 2 90 90  

2 
Impeller under 

water 
7.5 2 15 2 15 15  

3 
Mixer under 

water 
2.2 2 4.4 2 4.4 4.4  

4 
Mixer under 

water 
0.75 1 0.75 1 0.75 0.75  

� Treatment & disposal for Sludge     3.3 79.2 

1 
Sludge 

dewaterin
g building 

Sludge pump 2.2 2 4.4 1 2.2 2.2  

2  
Belt dewatering 

machine 
1.1 2 2.2 1 1.1 1.1  

� Total       3154.8 

3.4 The energy consumption of the demolishment phase 

The energy consumption in the demolishment phase is related with the machine equipment for 

demolishment mostly, normally, which includes two parts: demolishment and transportation. The energy 

consumption of demolishment is 90% of the energy consumption of construction according to concerned 
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document. The energy consumption of transportation for soil and filling material is calculated by 

construction area, the average density of soil and filling material (2.0 3/kg m ) and average transportation 

mileage (20 km ). 

4. The LCA for the energy consumption of treatment technologies 

4.1The comparison of material consumption and energy consumption 
From table 5, because of simple flow, few structures, no sludge digestion tank and little surplus sludge, the 

energy consumption of IOD is much less than TASP in construction and demolishment phases, and also is 

in running phase. From the point of view about energy consumption comparison, in the life cycle of IOD, 

the proportion of energy consumption of running is 40.16%, the energy consumption of material is 51.44%. 

The material consumption of IOD (including construction material and running material) surpasses the 

energy consumption of running which takes the second place and is one of the main energy consumption. 

Correspondingly, the main links is energy consumption of running for TASP, which occupies 65% to 75% 

energy consumption of TASP, while the material energy consumption only 21.1% to 29.3%. 

 

From the comparison of energy consumption of life cycle based on two different kinds of technologies, the 

energy consumption of IOD is lower that the TASP by a wide margin holistically. The important cause of 

much lower energy consumption for the IOD depends on reducing energy consumption of running by a 

wide margin by reforming running mode, from continuous flow and aerator to continuous flow with 

intermittent aerator, which makes the energy consumption 37.7% to 62% of TASP. The technology of 

continuous flow with intermittent aeration increases evidently the energy utilization ratio and service 

efficiency of wastewater biology treatment process. And its energy structure is reasonable. Counteracting 

the energy consumption of construction and demolishment, the whole energy consumption of LCA of IOD 

is still economical a lot, and lower than the TASP. 

4.2 The analysis of the energy consumption ratio 

Table 6. The ratio of energy utilization and energy consumption for two different technologies 

 

Item 
Integrated 
oxide ditch 

Traditional activated 
sludge process 

Total input 
Energy( /KJ d

) 

Matter entrapped energy（ /KJ d ） 73.29×106 105.04×106 
External 
energy 

Aeration system( /KJ d ) 20.74×106 13.43×106 
Other equipments（ /KJ d ） 0 28.04×106 

Total 94.03×106 146.05×106 
Total available 
energy
（ /KJ d ） 

Techniques available energy( /KJ d ) 45.32×106 54.02×106 

Total  45.32×106 54.02×106 

energy usage ratio （%） 48.20 36.87 
Comparable energy consumption（ KWhkgCOD ） 1.54/0.233 2.05/0.31 

 
It can be concluded from the table 6, the higher is the energy utilization ratio of wastewater treatment plant; 

the lower is the quota of energy consumption ratio generally. Both of the basic construction consumption 

and energy consumption of running are lower than the TASP because of the intrinsic property of IOD. As 

far as energy consumption, energy utilization and environmental impact caused by the energy produced 

process; the environmentalism of IOD is superior clearly to the TASP. 
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4.3 The analysis of energy saving measurement 

According to the analysis results based on the LCA, the running energy consumption of IOD is major in life 

cycle. And two kinds of means for reducing energy cost, which is energy saving and load management, 

were put forward. 

Energy saving, namely reducing the whole energy consumption, can be realized by the way of improving 

operation and raising the equipment efficiency. The course of dense energy of IOD is chiefly concentrated 

in the biology process unit, namely aeration system. To resolve the problem of low efficiency of aeration 

system or excessive aeration, the porous submerges diffuser or the air spray nozzle can be adopted to 

develop air bubble and transmit the oxygen to water. all practice from many countries has proved that the 

aeration machine of tiny pore can economize electrical consumption by more than 20%; secondly, running 

in the mode of continuous flow at with intermittent aeration, that is, aeration brusher combining impellers 

under water, can not only achieve the effect of energy saving and resolve the excessively supplying oxygen, 

but also can increase the function of biology processing system at the same time. (The practice has proved, 

the energy consumption is different in different running mode. The intermittent running mode with 2hr 

aeration and 1hr pause can save energy by 32%-43% than other modes. And the quality of outlet water can 

meet grade 1 standard of “Discharge standard of pollutants for municipal wastewater treatment plant” of 

China). For wastewater pumping system, we can use electrical machine of high efficiency to save energy. 

 

5. Conclusion  

Reducing the inside-consumption in wastewater treatment is one of the most important and the most 

effective measures for developing wastewater treatment plant and resolving water pollution in city. The idea 

of LCA is to recognise and compare energy consumption in different phases of all kinds of different 

municipal wastewater treatment techniques. Based on this idea, several methods are put forward to improve 

energy efficiency. This paper, combined the requirement of China’s GB18918-2006 standard, applied the 

thought of LCA, recognizes and quantizes the IOD in XINDU wastewater treatment plant in SiChuang 

province, China, from the stage of design, exploitation and machining of raw material to wastewater plant 

construction, running, reconstruction or extension, and demolishment, which had been compared with the 

TASP. The results show, the energy consumption of IOD during construction and running is lower than 

ordinary means of active sludge; and if reasonable running mode is applied, the energy consumption will be 

lower than the TASP. Using the running mode of 2 hr aeration and 1 hr pause, the energy consumption has 

been saved by 32%-45% than the latter, at the same time; the surplus sludge produce by IOD is reduced by 

1/3 than other technologies, while the energy consumption ratio is raised by a wide margin. The results 

show that the IOD, because of its small land occupation, simple maintenance, little foul smell, and 

environmentalism, is superior clearly to the TASP. 
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Abstract: This article estimated the carbon emissions embodied in China's foreign trade in 
2007 with an input-output method. The results showed that China was a net exporter of at 
least 484.18MT carbon emissions in 2007, which accounted for 8.59% of total on a 
production basis. In total emissions, imported carbon accounted for 21.97% while exported 
carbon occupied 30.56%. In terms of sectors, Manufacture of Textile was the biggest net 
exporter, which was followed by Smelting and Pressing of Ferrous Metals, Manufacture of 
Metal Products, and so on. In terms of trading partners, Hong Kong was the biggest 
recipient of exported emissions of mainland China, which was followed by the US, 
Netherlands, UK, Singapore, and so on. Considering that a large amount of goods exported 
from mainland China to Hong Kong would be re-exported to the US, the emissions 
ultimately embodied in China-US trade would be greater than the estimation. Given that 
current production-based mechanism for allocating carbon abatement burden in 
international climate regime fails to reflect the complexities of international trade, the 
sacrifices that net carbon exporters are making and the actual environmental impact of 
consumption activities, BEET must be paid more attention if future policies would to be 
equitable and able to encourage active participations. Actually, so far, the seeking of a 
global solution for combating climate change because of its global impact seems to be 
prone to problems such as international conflict, carbon leakage, and free riding, etc., and 
current progress in slowing GHG emissions is actually arriving via fragmented and 
multispeed efforts, we may not just waiting for a global solution for the problem. Instead, a 
polycentric approach, which means actions at various levels with active oversight of local, 
regional, and national stakeholders, may be a choice. 
 
Keywords: Embodied carbon; China; climate policy  
 
 
1. INTRODUCTION 

 
Controlling greenhouse gas (GHG) emissions is now one of the greatest issues in the 
globalization context, which is not only related to environmental protection, but also 
international trade and politics. The global effect of climate change determines that this 
problem must be addressed by all the countries that generate GHG emissions. However, 
carbon leakage has been being one of the most depressing problems that undermine the 
effectiveness of global endeavor. For better understanding the extent of carbon leakage, 
accounting balance of emissions embodied in trade (BEET) of countries should be attached 
much importance. In addition, to a large extent, current production-based emission 
inventories for allocating carbon abatement responsibilities unavoidably lead to carbon 
leakage, for countries can easily cut emissions by importing carbon intensive products 
instead of producing themselves. Under production-based mechanism, carbon emissions 
generated within the scope of a country will be simply attributed to that country no matter 
where produced goods will be consumed. Obviously, such mechanism neglects the 
environmental impact of consumption. For countries whose exports occupy a large share in 
national economy, such as China, it could put a considerable unfair burden on them. In this 
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sense, BEET also helps accounting consumption-based emissions, which give a more 
complete and balanced picture of the responsibilities of various countries for carbon 
emissions. 
Recent years, more and more researches concerning BEET of various countries and regions 
have emerged to analyze the relationship between carbon emissions, international trade, and 
international responsibilities for controlling GHG emissions. Wyckoff and Roop [1994] 
evaluated the carbon embodied in the imports of manufactured goods in the six largest 
OECD countries between 1984 and 1986 and warned that many national policies for 
reducing domestic GHG emissions might not be effective if imports contribute significantly 
to domestic consumption. Schaeffer and de Sá [1996] examined the carbon embodied in 
Brazilian imports and exports between 1970 and 1992, and expressed concerns that 
developed countries were transferring CO2 emissions to developing countries through 
offshore manufacturing and production of goods. Jiun-Jiun Ferng [2003] suggested using a 
benefit principle to assign responsibility for pollutant emissions related to the consumption 
of goods. Sanchez-Choliz, J. and R. Duarte [2004] evaluated embodied carbon in Spainish 
foreign trade and found a slightly exporting behavior in the Spanish economy which, 
nevertheless, hides important pollution interchanges. Maenpaa, M. and H. Siikavirta [2007] 
evaluated the trend of BEET of Finland from 1990 to 2003 and showed the GHG emissions 
embodied in the exports have exceeded the GHG emissions embodied in the imports from 
early 1990s. Shui, B. and R. C. Harriss [2006] examined carbon emissions embodied in 
China-US trade and suggested the export of US technologies and expertise related to clean 
production and energy efficiency to China could be a double dividend for both countries for 
reducing trade imbalance and mitigating global CO2 emissions. Peters, G. P. and E. G. 
Hertwich [2008] evaluated the BEET among 87 countries for the year 2001 and found 
globally there were over 5.3GT of CO2 embodied in trade and that Annex B countries are 
net importers of CO2 emissions. Also, the authors proposed policy recommendations for 
cutting global emissions, such as encouraging formation of collation and adjusting emission 
inventories of international trade.  
China is now the largest CO2 emitter, largest exporter and the third largest economy in the 
world. With the latest 2007 input-output table of China, this paper estimated China's BEET 
and emissions flows with trading partners and proposed recommendations for future global 
climate policy, which is expected to help addressing problems such as allocation of carbon 
reduction responsibility and competitiveness issue more effectively. 
 
 
2 METHODOLOGY 
 
Considering the economy of n sectors, the output of each sector can be either used as the 
intermediate input for other sectors or final use. So, the economic activity of a country can 
be represented by O=AO+F, where O is gross output vector over sector i, A=Oij/Oj is the 
matrix of production technology or direct use coefficient, and F is vector of final use 
including consumption, investment, and exports (X) in our input-output tables. Rewriting 
the formula, we can get O=(I-A)-1F, where (I-A)-1 is Leontief inverse matrix and I is identity 
matrix. The elements of Leontief inverse matrix represent the direct and indirect input 
requirements by unit of final demand. 
If we let Dj=Ej/Oj be direct emission intensity of production processes within a sector, 
where Ej is the direct carbon emissions generated by sector j, then D'=D·(I-A)-1 will 

represent the direct and indirect carbon emissions generated within the country in order to 
obtain a unit of final demand of sector j, which we define as total emission intensity. On a 
production basis, carbon emissions are measured as Ep=D'·F, that is to say, China generates 
Ep of carbon emissions no matter what the origin of the production inputs or the final use of 
the production. 
In foreign trade, China imports inputs for intermediate use and for final use from trading 
partners. In this process, a part of imports will then be re-exported through processing trade. 
So, for accounting exported emissions from domestic production, this part of imported 
goods should be excluded. This can be achieved as Ere-ex= D'Aim(I-A)-1X , where Aim is 
matrix of technical coefficients which measure the imported inputs. However, as a result 
that there is only data of aggregate import of each sector in our input-output table, we use 
gross measure Eex= D'X. Though this would result in overestimation of emissions embodied 
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in exports, the magnitude of the error is limited due to the concentration of exports in 
sectors such as textiles that only partially depend on the processing trade. The bias is also 
counteracted by the re-import of some goods to China, which may be wrongly incorporated 
at foreign rather than Chinese emissions intensity [Pan, Phillips et al. 2008]. 
Since imports come from various trading partners, emissions embodied in imports should 
be evaluated in terms of emission intensities of productions in countries from which China 
imports. Unfortunately, emission intensity of each sectors of each trading partner is 
unavailable. So we adopt a compromise method that assumes sectoral emission intensities 
of trading partners are equal to that of China. Then emissions embodied in imports can be 
estimated as Eim=D'M, where M denotes imports volume of each sector. Considering that 
emission intensity of China is relatively high compared to its trading partners, imported 
carbon emission calculated in our model should be the upper limit of actual value.  
Finally, the carbon emissions on a consumption basis should be given as Ec=Ep+Eim-Eex. 
Balance of emissions embodied in international trade is B=Ep-Ec=Eex-Eim. If B is positive, 
i.e. an emissions surplus, it indicates that a country exports more pollution than imported 
from other countries, the opposite being true if the balance is negative. 
Further, in order to identify the sources and recipients of China's carbon emissions, we 
assign total emissions embodied in imports and exports to each trading partners according 
to their total trade volume with China and average carbon emission intensity in production. 
Specifically, because all exported goods are produced in China, for emission recipients, the 
carbon emissions China exports to them are proportionate to trade volume that China 
exports to them. On the contrary, due to the difference of emission intensity of each partner, 
the emissions China imports from them should be proportionate to trade volume China 
imports from them multiplying their emission intensities. 
 
 
3 DATA 
 
The domestic input-output data is from Input-Output Tables of China 2007 with 135 sectors 
[National Bureau of Statistics 2007]. Energy consumption data sources from China Energy 
Statistical Yearbook 2008 [National Bureau of Statistics and National Energy 
Administration 2008].  In order to match these two data sources, we classify Chinese 
economy into 41 trade sectors through integration of corresponding sectors in input-output 
tables. Data on trade volume between China and partners is from China Statistical 
Yearbook 2008 [National Bureau of Statistics 2008]. Carbon emission intensities of trading 
partners are from Climate Analysis Indicators Tool (CAIT) of the World Resources 
Institute [CAIT Version 7.0 2010]. In 2007, emission intensity of China was 1046.5 Ton of 
CO2 Equivalent/Million Dollars (tCO2e/Mil.), which was the 12th biggest in the world. As is 
shown in table 1, compared to its main trading partners, China is much more carbon 
intensive.  

Table 1 Emission intensities of top 20 trading partners of China 

Partners 
Intensity 

(tCO2e/Mil.) 
Partners 

Intensity 
(tCO2e/Mil.) 

US 453.3 Australia 599.6 
Japan 314.6 UK 273.2 

Hong Kong 233.2 India 496.4 
South Korea 436.5 Thailand 530.9 

Chinese Taipei 410.6 France 203.5 
Germany 316.2 Italy 281.1 

Russia 885.3 Philippines 276.3 
Singapore 213.3 Canada 472.2 
Malaysia 522.1 Brazil 216.0 

Netherlands 307.3 Saudi Arabia 698.8 
 
 
4 RESULTS 
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In 2007, China was a net exporter of 484.18MT CO2 emissions, which accounted for 8.59% 
of the total. This make China's carbon emissions in 2007 decreased from 5635.60MT on a 
production basis to 5151.42MT on a consumption basis. 
 
 
4.1 Sectoral BEET 
 
Out of 41 sectors, 28 sectors were net exporters with 844.64MT of total carbon emissions. 
Other 13 sectors were net importers with 360.46MT of total carbon emissions. 
Top 10 of 28 net exporting sectors were in turn Manufacture of Textile (MTT), Smelting 
and Pressing of Ferrous Metals (SPF), Manufacture of Metal Products (MMP), Transport, 
Storage, Postal and Telecommunications Services (TPS), Manufacture of Electrical 
Machinery and Equipment (MEM), Manufacture of Textile Wearing Apparel, Footwear, 
and Caps (MWC), Manufacture of Communication Equipment, Computers and Other 
Electronic Equipment (MCE), Manufacture of Non-metallic Mineral Products (MNM), 
Wholesale, Retail Trade and Catering Service (WRC), and Manufacture of Articles For 
Culture, Education and Sport Activity (MAS), whose exports volume and exported carbon 
emissions respectively accounted for 80.75% and 82.41% of the total.  

Table 1 Top 10 net exporting sectors 

 
Share in total 

exports volume (%) 
Eex 

(MT) 
Eim 

(MT) 
BEET 
(MT) 

Share in total 
exported carbon (%) 

MTT 17.39 172.11 17.14 154.97 18.35 
SPF 4.74 184.04 83.30 100.73 11.93 

MMP 6.99 101.66 16.70 84.96 10.06 
TPS 6.88 99.79 27.32 72.46 8.58 

MEM 7.97 124.83 62.82 62.00 7.34 
MWC 8.49 61.03 2.15 58.88 6.97 
MCE 11.94 191.72 146.17 45.55 5.39 
MNM 2.60 59.15 15.04 44.11 5.22 
WRC 9.92 47.78 5.27 42.51 5.03 
MAS 3.81 32.36 2.44 29.92 3.54 

As is shown in table 1, MTT contributes most exported carbon emissions and also most 
exports volume. Carbon intensive sectors such as SPF, MMP and MNM, occupy a 
relatively small proportion in exports volume but contribute a much larger share in exported 
carbon emissions. On the contrary, cleaner sectors, such as MCE and WRC, generate more 
exports volume with less exported carbon emissions. In addition, though the BEET of MCE 
is ranked seventh, both of its imported and exported carbon emissions are ranked first, 
which indicate the importance of processing trade in the sector. 

Table 2 Top 10 net importing sectors 

 
Share in total 

imports volume (%) 
Eex 

(MT) 
Eim 

(MT) 
BEET 
(MT) 

Share in total 
imported carbon (%) 

MRC 19.32 112.94 244.23 -131.29 36.42 
EPG 26.63 2.08 69.00 -66.92 18.57 
MFM 13.26 0.01 37.39 -37.38 10.37 
SNM 5.63 39.11 70.54 -31.43 8.72 
SPM 5.56 42.68 64.15 -21.47 5.96 
PCN 3.25 19.74 37.28 -17.54 4.87 
MNF 5.76 1.16 18.34 -17.19 4.77 
FFF 7.91 6.70 23.42 -16.72 4.64 
MPP 1.47 7.21 14.28 -7.07 1.96 

MMW 3.30 26.17 31.77 -5.60 1.55 
Top 10 of 13 net importing sectors were in turn Manufacture of Raw Chemical Materials 
and Chemical Products (MRC), Extraction of Petroleum and Natural Gas (EPG), Mining 
and Processing of Ferrous Metal Ores (MFM), Smelting and Pressing of Non-ferrous 
Metals (SNM), Manufacture of Special Purpose Machinery (SPM), Processing of 
Petroleum, Coking, Processing of Nuclear Fuel (PCN), Mining and Processing of Non-
Ferrous Metal Ores (MNF), Farming, Forestry, Animal Husbandry, Fishery & Water 
Conservancy (FFF), Manufacture of  Paper and Paper Products (MPP), Manufacture of 
Measuring Instruments and Machinery for Cultural Activity and Office Work (MMW), 
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whose imports volume and imported emissions respectively accounted for 92.07% and 
97.82% of the total. As is shown in table 2, unlike exported carbon emissions, which are 
distributed relatively evenly among sectors, most imported carbon emissions are distributed 
in MRC, EPG and MFM. Especially, imported emissions of MRC occupy 36.42% of the 
total, which indicates great dependency of this sector on foreign input. Also, MFM is 
similar, whose imported carbon emission is ranked third but exported carbon emission is 
considerably little. 
As a whole, manufacturing industry was responsible for the great majority of China's BEET 
in 2007, which reflected the comparative advantage of these sectors. Sectors that ran large 
carbon surplus or deficit, such as MTT, SPF, MRC and EPG, would be easier to be subject 
to change of international trade and climate policy. 
 
 
4.2 BEET with trading partners 
 
In this article, we estimated BEET between China and 183 trading partners in 2007, whose 
trade volume with China accounted for more than 99% of total. 
In terms of carbon embodied in exports, the results show that Hong Kong was the biggest 
recipient of exported emissions of mainland China, which was followed by the US, 
Netherlands, UK, Singapore, and so on. Top 10 recipients of China's exported emissions 
and detailed information are listed in table 3, which receive 75.87% of China's exported 
carbon emissions. Evidently, all the recipients are developed economies, which supports 
that the majority of China's exported emissions are generated for consumption of developed 
world. In addition, considering that a number of goods exported from mainland China to 
Hong Kong would be re-exported to the US, the emissions ultimately exported from China 
to the US may be even greater than the estimation. According to Hong Kong Statistics, in 
2007, 61.97% of re-exported goods and services of Hong Kong came from mainland China 
and 13.35% of them went to the US. 

Table 3 Top 10 recipients of China's exported emissions 

Countries and Regions 
Eex 

(MT) 
Eim 

(MT) 
BEET 
(MT) 

Share 
(%) 

Hong Kong 262.06 10.20 251.86 27.55 
US 330.60 107.45 223.15 24.41 

Netherlands 58.85 5.17 53.68 5.87 
UK 44.98 7.26 37.72 4.13 

Singapore 42.09 12.77 29.32 3.21 
Italy 30.08 9.80 20.27 2.22 

Germany 69.22 49.02 20.20 2.21 
France 28.88 9.27 19.61 2.14 
Spain 23.48 4.35 19.13 2.09 

United Arab Emirates 24.19 5.49 18.70 2.05 
In terms of carbon embodied in imports, the results show mainland China imported the 
most emissions from Chinese Taipei, which was followed by South Korea, Saudi Arabia, 
Australia, Malaysia, Thailand, and so on. Top 10 countries and regions, from which China 
imported 84.43% emissions of total, are listed in table 4.  

Table 4 Top 10 contributors of China's imported emissions 
Countries and 

Regions 
Share in total 

imports volume (%) 
Eex 

(MT) 
Eim 

(MT) 
BEET 
(MT) 

Share 
(%) 

Chinese Taipei* 22.50% 33.33 141.70 -108.36 25.26 
South Korea 23.10% 79.71 154.70 -74.99 17.48 
Saudi Arabia 3.91% 11.09 41.92 -30.82 7.18 

Australia 5.75% 25.56 52.93 -27.36 6.38 
Malaysia 6.39% 25.13 51.18 -26.05 6.07 
Thailand 5.05% 17.01 41.10 -24.09 5.61 

Iran 2.96% 10.35 31.50 -21.15 4.93 
Russia 4.38% 40.45 59.54 -19.09 4.45 

Kazakhstan 1.43% 10.58 27.72 -17.14 4.00 
Oman 1.50% 0.78 13.96 -13.18 3.07 

      * Non-parties to the UNFCCC 

2615



Lei Liu et al. / CO2 embodied in China's foreign trade 2007 with global policy implications 

Among these partners, although South Korea was ranked second in BEET, both of its 
imported and exported carbon emissions with China were the largest, which indicated a 
mutual trade and carbon dependency. A more typical example was Japan. China exported 
144.94MT of carbon emissions to Japan and imported 143.94MT from Japan in 2007. In 
addition, countries such as South Korea and Australia, whose production and goods are 
cleaner or less carbon intensive, had a bigger share in China's imports volume but 
contributed less in imported carbon of China. On the contrary, countries such as 
Kazakhstan and Russia, contributed more imported carbon with less imports volume of 
China. Further, due to our assumption in the calculation model that imported goods have 
same emission intensity with domestic goods, actual carbon deficit between China and 
partners that is less carbon intensive would be larger than our estimation. On the contrary, 
for dirtier countries, real carbon deficit would be smaller than estimation. 
In sum, in 2007, With 145 out of 183 partners, China ran a surplus of 914.21MT CO2 
emission, while with other 38 partners China ran a deficit of 429.04MT CO2 emission. The 
distribution of China's 781.60MT of BEET over the world is shown in Figure 2, which 
focuses on North America, west Europe and south-east Asia. 

 
Figure 2 The distribution of China's BEET over the world 

 
 
5 CONCLUSION AND DISCUSSION 
In 2007, China was a net exporter of 484.18MT of CO2, accounting for 8.59% of total 
emissions, most of which supported the consumption of developed countries. 
The Heckscher-Ohlin trade theory suggests that, under free trade, countries would 
specialize in the production that is intensive in the factors that they are endowed within 
relative abundance. So as long as there is trade, a part of countries will specialize in carbon 
intensive production. The challenge for global carbon reduction is to ensure countries 
engage cleaner technologies in carbon intensive production, rather than moving it 
elsewhere. However, current production-based mechanism for allocating carbon reduction 
burden provides incentive for pollution shift. It is arguably already an issue that the ratified 
Annex B countries only account for one-third of global GHG emissions [Peters and 
Hertwich 2008]. China is planning to reduce carbon intensity by 40-45% on 2005 level by 
2020. In this process, China's exports may decrease. Then consumption demand of 
developed countries will shift to other countries and increase their production. If carbon 
intensity of these countries is lower than that of China, then global emissions will decrease, 
on the contrary, China's carbon reduction will even increase global emissions. Similarly, if 
China also shifts emission intensive industries to other countries, on a production basis, its 
carbon emissions will decrease but global emissions will not and may even increase. 
Moreover, production-based inventories have placed disproportionate responsibilities on 
developing and developed countries. For example, carbon emission of China would have 
been 8.95% lower in 2007 if calculated according to final consumption while emission of 
carbon recipients of China would have been larger. By allocating the entire BEET to 
countries that productions take place, the Kyoto Protocol fails to reflect the complexities of 
international trade, the sacrifices that net carbon exporting countries are making and the 
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actual environmental impact of consumption activities. In this sense, a more systematic 
consumption-based approach, which can eliminate carbon leakage and encourage reduction 
to occur where the costs are lowest, will be better. Moreover, carbon border tax adjustment 
has been proposed as a method for addressing competitiveness concerns in global carbon 
reduction. The methodology used to construct consumption-based inventories is a 
consistent method to determine the value of border taxes for aggregated sectors. By 
allocating exports to other countries and including the foreign emissions to meet domestic 
consumption, a consumption methodology provides a more rational basis for countries to 
impose tax adjustments [Victor, House et al. 2005; Pan, Phillips et al. 2008].  
In sum, carbon emissions embodied in trade must be paid more attention to bridge the gap 
between the concerns of developed and developing countries, encourage active 
participations and reduce carbon leakage.  
However, as if carbon emissions embodied in trade are fully understood and international 
responsibilities are reallocated on a consumption basis, it is far from enough to promote 
global cooperation to combat climate change though it would be a great progress, not to 
mention that net carbon importers may not accept consumption-based method. So far, the 
seeking of a global solution for climate problem is continually prone to problems such as 
carbon leakage, free riding and international conflict, etc. To a large extent, global schemes 
are too weak to monitor and enforce, and are also vulnerable to exit when commitments 
become inconvenient. As a matter of fact, current progress in slowing GHG emissions is 
arriving via fragmented, multispeed and multilevel efforts. The most important efforts have 
involved carbon trading. So far, six trading systems have emerged- each a laboratory with 
its own procedures, stringency, and prices [Victor, House et al. 2005]. In addition, for 
example, in October 2008, a merger with the Clinton Climate Initiative was arranged to 
create the C40 Cities Climate Leadership group, whose members have jointly pledged to 
reduce emissions in each of their cities to meet or even improve on Kyoto standards. The 
C40 Large Cities Climate Summit was held in May 2007 to exchange information about 
many policies adopted to reduce emissions and to announce a $5 billion global Energy 
Efficiency Building Retrofit Program by the Clinton Climate Initiative1. Other local-level 
efforts to increase alternative energy production and reduce fossil fuel consumption of 
automobile have been reported for many cities around the world- including Sorsogon, 
Philippines; Esmeraldas, Ecuador; Maputo, Mozambique; and Kampala, Uganda, where 
efforts are supported by the Cities in Climate Change Initiative, funded by the government 
of Norway and the UN Development Account [UN-HABITAT 2008; Ostrom 2009b]. In a 
word, besides national governments, many regions, local governments, community 
organizations and individual firms over the world at multiple levels have recognized the 
importance to tackle climate change and have made great achievement. Then, must we wait 
for a global solution for addressing this global problem? Given the decades-long failure at 
international level to reach an efficient, fair, and enforceable agreement, continuing to wait 
may defeat the possibilities of significant adaptations and mitigations in time to prevent 
tragic disasters [Ostrom 2009b]. The reason why the world has been trying to seek a global 
agreement to regulate the behaviors of each country originates from the classic theory of 
collective action, which predicts the benefits that might be achieved through collective 
action are impossible to obtain without externally imposed regulations. However, contrary 
to such argument, a large number of empirical studies at a small to medium scale find many 
groups in the field have self-organized to develop solutions to common-pool resource 
problems [Ostrom, Gardner et al. 1994; Sandell and Stern 1998; Ostrom 2009a]. As a 
foundation for the conventional theory of collective action, rational choice theory is well 
supported when applied to the analysis of the provision and production of private goods in a 
highly competitive environment, while it is not convincing when applied to situations 
involving social dilemmas where participants trust one another to be effective reciprocators 
[Ostrom 1998]. Thus, simply trying to seek a single global solution that is implemented by 
national governmental unit because of global impacts is far from enough. The important 
role of smaller-scale effects must be recognized. In this sense, a polycentric approach might 
be a choice for the problem, which means actions at various levels with active oversight of 
local, regional, and national stakeholders[Ostrom 2009b]. Given the slowness and conflict 

                                                 
1 http://www.c40cities.org/ (Accessed March 5, 2010) 
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involved in achieving a global solution, recognizing the potential of building more effective 
ways of reducing GHG emissions at multiple levels is an important step forward. 
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Abstract: With Beilangzhong eco-village as an example, the effects of the biogas project on the 

reduction of greenhouse gas (GHG) emission and its economic effects are analyzed. The results 

show that 1833.45t GHG (CO2 equivalent) was reduced, and an income of 1,117,000 Yuan (RMB), 

a net income of 958,500 Yuan (RMB), was gained by biogas sales, alternative energy, 

comprehensive utilization of anaerobic fermentation residues and the reduction of GHG emission, 

so the biogas project can greatly promote the establishment of low-carbon circular economy mode 

and sustainable development of ecological agriculture in Beilangzhong eco-village.  

Keywords: biogas, Beilangzhong, eco-village, low-carbon 

1. Introduction  

Biogas projects started in the 1970s and it was developed during the early stage to solve energy 

shortage in rural areas of China. In recent years, the biogas project in large and medium-sized 

poultry and animals has developed fast. By the end of 2008, the number of the household biogas 

pools in the whole country is 30.5 million and the number of large and medium-sized biogas project 

dealing agricultural wastes is 39,500 (2700 biogas projects in large and medium-sized poultry and 

animals); they are playing an important role in solving the problems of pollution in the process of 

agricultural production. Having experienced the process of energy-environment-ecology-low 

carbon-cycle, biogas project in China has gradually formed its typical energy ecological model: 

"pig-biogas-fruit" in South China and "four in one" in North China, and the most representative 

technology is "making three improvements in a pool" and "three constructions in a pool". Biogas 

project make the farmers transforming their kitchens, toilets and pigsties, which achieves improving 

their living environment, making changes in energy and agricultural production structure, and 

raising their income. At the same time, biogas-linked energy ecosystem including the pretreatment 

system of livestock excrements and sewage, anaerobic fermentation system, centralized biogas 

supply system and the comprehensive utilization system of anaerobic fermentation residues is an 

integrated ecosystem, which effectively combines planting, breeding and comprehensive utilization 
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of agricultural wastes. 

At present, the biogas projects in China plays an important role in addressing the pollution 

control of agricultural wastes, efficient utilization of resources and promoting development of 

circular economy. Biogas has a higher calorific value; it can replace fossil fuels, such as coal, oil, 

natural gas, and some biomass energy, like firewood and straw, which can reduce GHG emissions. 

The Chinese Government pointed out in China National Program to Address Climate Change 

released in 2007 that the energy structure should be improved, renewable energy should be vigorous 

developed, and particularly biogas project should be strengthened to control GHG emissions [1]. All 

these have put forward ideas and measures for us to search low-carbon economic development 

mode, realizing the diversified utilization of renewable clean energy and sustainable development 

of agriculture in China. 

With the rapid development of large-scale farms and the centralized farming communities, the 

manures and sewages in the farms, if not effectively treated and used, may become one of the main 

causes for the emission of three major GHG (CO2, CH4 and N2O). With the shift of energy 

consumption structure and the establishment of low-carbon energy system, China has carried out 

extensive research and established a large number of demonstration projects and eco-village. As the 

new low-carbon economy development model in rural areas, nearly 50 biogas projects in large and 

medium poultry and animal plants with centralized biogas supply was set up only in Beijing from 

2007 to 2009. Developing biogas in countryside can exploit energy resources, and its fermentation 

residue can be used as organic fertilizer, which can not only improve soil fertilization, reduce the 

use of pesticides and chemical fertilizers and improve crop yield and quality, but also be important 

for reducing GHG emissions and forming a highly efficient agricultural ecological circular system. 

Since 2002, Beilangzhong eco-village, on the outskirts of Beijing, has constructed biogas 

project to treat manure and sewage in the swine farm. So far, biogas is supplied to 528 households 

in the village, and anaerobic fermentation residue is used as the fertilizer of flowers, fruit and grains; 

the whole system realizes zero-emission.  

In this study, the positive role of biogas projects in realizing low-carbon circular economy in 

Beilangzhong eco-village system is analyzed from the two aspects: alleviating energy shortage in 

rural areas and reduction of GHG emissions.  

2. Material and methods   

2.1 Study site  

Beilangzhong Village, located at Zhaoquanying town, Shunyi district, Beijing, is 30km away 

from the urban area. It has a climate of seasonal temperate semi-humid monsoon and an annual 
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mean temperature of 11.5�. There are 528 households, 1500 residents in the village. Beilangzhong, 

with swine-breeding as one of its pillar industries, is honored as “the first pig-breeding village in the 

suburbs of Beijing”. With the breeding scale constantly expanding, the pig-breeding industry has 

experienced the development from courtyard breeding to breeding community and finally the 

intensified breeding farm. In 2006, the breeding stock of swine-breeding farm in Beilangzhong 

Village reached 6500 heads. After the establishment of the biogas project, the excrements and 

sewages have realized zero emission. A Beilangzhong eco-village system has been gradually 

formed with the biogas project as the link and swine-breeding as the principal industry. 

2.2 Biogas project of Beilangzhong  

In order to solve the problem of environmental pollution created by excrements and sewages, 

the village invested 5,000,000 yuan to establish biogas project and biogas supply system in two 

phases from 2002 to 2004, which was designed to process excrements and sewages with high 

concentrations and comprehensively utilize biogas energy. USR adopted in the first phase has a 

capacity of 464m3 and daily biogas yield of 140-600m3; UASB in the second phase has the capacity 

of 557m3 and daily biogas yield of 130-580m3. The biogas is provided to 528 households for daily 

use by the biogas pipe network, which is helpful for reducing coal and electricity consumption, 

realizing energy conservation and carbon emission reduction, and developing low-carbon circular 

economy mode. The main body of biogas project is constructed with the assemble technology of 

enamelled pressed steel, with the method of high-pressure dry storage of gas. The project is 

designed to have a life time of 30 years.   

2.3 Analysis method 

In this study, the reduced GHG emission of the biogas project is calculated, including 

operating energy consumption, substitution conventional energy emission and excrement discharge. 

The effects of the comprehensive utilization of biogas project on the ecological environment and 

sustainable deveopment of Beilangzhong Village is analyzed. Then the cost and income of the 

biogas project is calculated so as to find out the role and effect of biogas project on the development 

of low-carbon circular economy in the village. The income mainly includes the direct and potential 

marketing income, such as the fertilizer income, the environment income, etc. 

3. Discussion  

3.1 Analysis of GHG emission reductions on biogas project 

3.1.1 Operation energy consumption and emission of the biogas project 

According to the statistics of proper operation, the annual power consumption of the two 

phases is respectively 21920kW·h and 27360kW·h, totaling 49280kW·h; the annual coal 
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consumption to maintain the mesophilic anaerobic fermentation temperature and the thermal 

consumption for pretreatment of raw material is calculated as 100t. According to the GHG emission 

factors of various energy resources in Table 1, 280123.46kg CO2, 292kg CH4, 4.10kg N2O are 

considered to be discharged annually during the normal operation of the biogas project. 

Table 1 Factors for GHG emission factor of common energy resources[1] 

Item CO2 CH4g/kg N2Okg/TJ 

Straw  1130 g/kg 4.56 4.00 

Coal  2280g/kg 2.92 1.40 

Biogas  748 g/kg 0.023 / 

Liquefied petroleum gas 3075 g/kg 0.137 1.88 

Electricity 1057.7 kg/kwh / / 

3.1.2 Substitution conventional energy emission  

The total biogas yield in the Beilangzhong biogas project is 182,500m3/yr. Before that, 

villagers used fossil fuels, such as coal, liquefied petroleum gas, etc. The household energy 

consumption in the Beilangzhong village before and after the construction of biogas project is 

shown in Table 2. The amount of fossil energy used before and after the project is 95.4% and 74.9% 

respectively. The GHG emissions factor of biogas is far lower than that of coal and petroleum. 

Therefore, before the project, 3425.37t CO2, 4077.79kg CH4 and 47.95kg N2O was discharged for 

the household energy consumption annually, and while the project was completed, the GHG 

discharge is 1562.95t CO2, 1581.92kg CH4 and 22.14kgN2O. The discharge of CO2, CH4 and N2O 

is declined by 54.37%, 61.21% and 53.83% respectively. 

Table 2 The household energy consumption of Beilangzhong Village 

   Item Energy quality Quantity Heat-value Energy(GJ) 

Before biogas 

project 

Electricity 166300 kW·h 3.598 MJ/(kW·h) 598  

Massive coal 540 t 29.288 GJ/t 15816  

Honeycomb coal 855.47 t 20 GJ/t 17109  

Liquefied 

petroleum gas 
22.05×103kg 44.8 GJ/t 988  

After biogas 

project 

Electricity 156200 kW·h 3.598 MJ/(kW·h) 562  

Coal 540 t 29.288 GJ/t 15816  

Biogas  182.5×103 m3 26.01 MJ/m3 4747  

Remaining       13386  
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3.1.3 Emission reduction in excrement  

The GHG discharged mainly by excrements in rural areas is methane; therefore N2O emissions 

can be ignored in the estimate of reduced emissions in manure management. Swine manure and 

sewage is used as the raw material for the anaerobic fermentation so as to make a significant 

contribution for avoiding the direct emissions of CH4. CH4 emissions are calculated with the 

method recommended in IPCC National Greenhouse Gas Inventories Good Practice Guidance and 

Uncertainty Management[2]. According to the annual emissions of 1.18kg CH4 by each pig[3], if all 

manures are used for the biogas project, then the annual CH4 emission reduction is 7.67t. 

Anaerobic fermentation residues contain a large number of nutrient elements necessary for the 

plant growth, such as nitrogen, phosphorus, potassium, and some bioactive substances with 

important regulatory roles. Studies indicate that 56.7%-64.7% CH4 emissions can be reduced by 

using anaerobic fermentation residues of poultry manure for rice farming compared with compost. 

In general, this part of emission reduction depends on the use of anaerobic fermentation residues 

and the fertilizer applied previously, etc., which can not be accurately estimated, so they are not 

taken into consideration when the emissions of the biogas project are calculated. Be can see by the 

above calculations, biogas project has become an effective measure to achieve energy conservation 

and emission reduction in rural area, by the combination of different technologies such as manure 

and sewage treatment technology, engineering control technology, centralized gas supply 

technology, as well as comprehensive utilization technology of biogas and its residues. Biogas as a 

renewable, clean energy and can an alternative energy can improve the traditional coal-based energy 

structure in the countryside, and effectively reduce GHG emissions. In Beilangzhong village, biogas 

project can reduce GHG emissions by 1833.45t per year (CO2 equivalent).  

3.2 Cost-benefit analysis of the biogas project 

3.2.1 Operating cost analysis of the biogas project 

The total investment of Beilangzhong biogas project is 5 million Yuan, and the operating costs 

of the project include project depreciation, maintenance, power consumption, energy expenditure on 

maintaining the anaerobic fermentation temperature and heating, salaries, etc. Depreciation cost is 

calculated with composite life method with 30 years as its service life and the salvage value rate of 

5%; maintenance, equipment abrasion and other updates investments are calculated at 10% of the 

depreciation cost. The total power consumption in operation is 49280kW·h, which charges by 0.55 

Yuan/kW·h in accordance with the electricity price for agriculture in China, so the annual electricity 

consumption totals 27,104 Yuan. The annual coal consumption for heating is 100 tons, the price of 

which is 450 Yuan/t; the monthly salary of 8 management personnel is 900 Yuan/person. As a result, 
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the operating cost of the biogas project can be calculated to be 158,500 Yuan/yr (excluding 

depreciation and maintenance costs). 

3.3.2 The direct economic benefits of biogas project  

The construction and normal operation of the biogas project has ensured stable energy supply 

for the villagers, changed traditional energy structure, and improved the life quality of the villagers. 

The direct economic benefits are mainly from biogas sales, which is 182,500 Yuan if the price of 

biogas is 1 Yuan/m3.  

3.3.3 The potential economic benefits of biogas project  

The potential economic benefits of biogas project include those generated from replacing other 

energies by biogas and substituting for chemical fertilizer with anaerobic fermentation residues, and 

environmental benefits gained through GHG emission reduction. According to Table 2, since the 

biogas project is completed, 10,100 kW·h electricity, 855.47t honeycomb briquette and 22.05t 

liquefied petroleum gas has been saved each year. When calculated with the electricity price at 0.55 

Yuan/ (kW·h), honeycomb briquette at 290 Yuan/t, liquefied petroleum gas at 6.21 Yuan/kg, 

208,100 Yuan can be saved each year since the use of biogas. All above potential benefits have won 

the support from villagers for the further widespread utilization of biogas in the future.  

Anaerobic fermentation residues contain many major elements, such as nitrogen, phosphorus, 

and potassium, necessary for plants. The content of ammonia nitrogen (NH3-N), available 

phosphorus (P2O5) and available potassium (k2O) is 563-1163mg/kg, 667-847mg/kg and 

1130-1450mg/kg respectively. The equivalent chemical fertilizers of 51,000 m3 biogas fermentation 

residues and the benefits of saving fertilizer while calculated with the above minimum content can 

be seen in Table 3. The benefits of yield increased in flowers, fruits, and grains by using anaerobic 

fermentation residue are not considered here, and only the cost of substituted chemical fertilizers is 

calculated. The conversion price of fertilizer is calculated according to the average market prices of 

chemical fertilizer in 2009, and 469,600 Yuan is saved annually by replacing chemical fertilizer 

with anaerobic fermentation residues. 

Table 3 Analysis of fertilizer saving benefits 

Fertilizer source 

Concentration (ton) 
Standard consumption 

(ton) 
Quantity 

(ton) 

Price 

(Yuan/t

on) 

Fund(Ten 

thousand 

Yuan) 

NH3-

N 

 

P2O5 

 

K2O 

 

NH3-

N 

 

P2O5 

 

K2O 

 

Anaerobic  0.056 0.06 0.11 28.71 34.02 57.63 51000 —— —— 
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fermentation residue 3 67 3 

Chemical 

fertilizer 

Ammonium 

bicarbonate 
17 

—

— 
— 15.40 0 0 90.60 624 5.65 

Diammonium 

phosphate 
18 46 — 13.31 34.02 0 73.95 2728 20.17 

Potassium 

chloride 
—— 

—

— 
60 0 0 57.63 96.05 2200 21.13 

Total      —— 46.96 

Environmental benefits refer to benefits obtained from reducing GHG emissions during the 

operation phase of biogas project. Since the biogas project is completed, the annual reduced 

emissions of GHG are 1833.45t (CO2 equivalent). Calculated at the international market price (1t 

CO2=15 Euros), the annual environmental benefits are € 27,500, or￥256,800. 

It can be drawn from the above calculation that, since the biogas project is completed, the 

revenue from biogas sales is 182,500 Yuan per year. The net profit is 24,000 Yuan/yr by deducting 

the operating costs (158,500 Yuan/yr, excluding depreciation and maintenance costs). If the 

potential benefits are taken into account, which includes 208,100 Yuan from replacing the 

conventional energy with biogas, 469,600 Yuan from the comprehensive utilization of anaerobic 

fermentation residue, 256,800 Yuan from GHG emissions reduction, then the total revenue is 1.117 

million Yuan, a net benefit of 958,500 Yuan. The yield increased after the application of anaerobic 

fermentation residue is not calculated in the paper. 

4. Conclusion 

The reduction of GHG emissions is realized in Beilangzhong Village during the construction 

and normal operation of the biogas project. The comprehensive utilization of biogas and its residue 

has helped realizing the resourcization and innocuous development of the whole eco-village system, 

accelerating diversified sustainable development of ecological agriculture in the village, and 

promoting the development of low-carbon circular economy. Practice has proved that the 

development of the biogas project can bring unparalleled environmental, economic, and social 

benefits and has good development potential and widely public acceptance. The development mode 

of biogas-linked eco-village system in Beilangzhong represents the trend of new village 

construction in the future of China, and better low-carbon circular mode will be further perfected 

depending on further enhancing technology in the future.  
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Abstract: This emergy-based urban economic account provided a historical portrait of the 
urban economy and its structures to understand the overload of the biosphere`s assimilative 
capacity. The basic situation of the urban economy, involving the indigenous resources 
base, emergy consumption patterns, emergy exports and imports, were investigated, 
accounted and discussed. Using a series of ratios and indices arising from emergy analysis, 
including emergy intensity, environmental load ratio and environmental sustainability, this 
paper explained the level of economic development and environmental pressure of the 
Beijing economy during 1999 to 2006. Results showed that the development of economy in 
Beijing was closely correlated with the consumption of the nonrenewable resources and 
exerting rising load on environment. Of the total emergy use by the economic system, the 
imported nonrenewable resources from other province contribute most with increasing use 
from imported nonrenewable resources. Emergy intensity kept rising during the periods, 
with the increasing of environmental load. The pressure of environmental protect which 
was caused by over-heated investment in Beijing could be released after finishing the 
infrastructure construction. The results offer a reference towards the urban metabolic 
analysis driving economic policy and sustainability. 

Keywords: Urban metabolism; Emergy evaluation; Economy; Indicators 

1. Introduction 

 

As a city is one of the heterotrophic and self-regulating ecosystems in the biosphere it is 

therefore important to understand trends in its metabolism, where energy and materials are 

used as input and waste as output (Odum, 1989). The metabolism approach is a powerful 

metaphor for the illustration of the processes in order to rebalance the social and 

environmental dimensions of sustainability. The knowledge of urban energy and material 

flows with comparison to those of natural flows is a major step towards the design of 

sustainable development schemes (Sachs, 2005). As a consequence, there is an urgent need 

to develop a quantitative methodology that can evaluate the adverse environmental effects 

of urban metabolism and taking into account how they affect the urban system’s dynamics 

and sustainability. 
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Odum et al., (1983, 1995) and his colleagues (Brown and Ulgiati, 2001; Campbell et al., 

2005; Huang and Chen, 2005) developed emergy-based models for the quantification of 

socio-economical metabolism as an ecological system based on the analysis of resource 

inputs and waste release. Emergy synthesis provides a holistic alternative to many existing 

methods for urban study and environmentally conscious decision making and has been 

widely used in a series of combined systems of humanity and nature (Brown and Ulgiati, 

2004). Till now, a large number of systems have been evaluated by means of the emergy 

method on regional and national scales (Brown and Odum, 1992; Yan and Odum, 1998; 

Lan and Odum, 2004; Jiang et al., 2007; Ulgiati et al., 2007; Chen et al., 2009; Liu et al., 

2010). Notwithstanding the advantages of emergy synthesis (Herendeen, 2004), it has also 

undergone many critics as any newly developed ideas. One point of discussions is if it is 

possible to “forecast” the future evolution of urban systems based on their interaction with 

surrounding environment, competition for available resources, and the mix and the quality 

of resources attracted from outside (Bastianoni et al., 2004). One purpose of this study was 

to employ the Emergy Synthesis where empirical data from government sources and the 

latest information on trasnformities where used to update the emergy inputs supporting 

economic activities in Beijing from 1999 to 2006, related to the city´s structure, function 

and organization during its development phases responding to human activities and 

environmental changes associated.  

 

 

2. Emergy-based urban metabolic model 

 

A typical diagram describing an urban system is shown in Figure 1, where the energy 

system symbols are used (Odum, 1996). At the planetary level of organization there are no 

substantial exchanges with the larger system except for solar and gravitational energy 

entering the system from external sources. Figure 1 shows the inputs and internal structures 

of Beijing that were quantified in this study. We evaluated the emergy inputs supporting the 

economic activities of urban system and compared the emergy inflows to measures of 

economic activity in Beijing. The following major classes of emergy inputs supporting 

Beijing urban system from 1999 to 2006 were documented: (1) renewable energy sources, 

(2) soil erosion, (3) energy consumption, (4) minerals consumed, (5) imported goods other 

than fuels and minerals, (6) imported services in goods, fuels and minerals, (7) imported 

services, and (8) immigrants. Here, imported fuels, minerals, goods and services are 

divided into two parts, which imported from other provinces and from other countries. The 

emergy of any product or service can be quantified by obtaining data on the available 

energy or mass of the product or service and then multiplying this value by the appropriate 

emergy per unit value, i.e., the transformities (seJ/J) for energy or the specific emergy 

(seJ/g) for mass. Emergy analyses are carried out using transformities, specific emergies 

and other factors that are determined relative to a particular planetary baseline (Ulgiati and 

Brown, 1998). In this study, transformities were converted from global emergy baseline of 

9.44E+24 to 15.83E+24 seJ/yr recommended by Ulgiati and Brown (2002). 
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Figure 1 Summary flow diagram for the main emergy flows in Beijing 

 

 

3. Ecological economic account of Beijing urban ecosystem  

 

3.1 Characteristics of the environment and economy in Beijing 

 

Beijing, which is located in North China, lies between longitudes 115º25´E and 117º30´E 

and between latitudes 39º26´N and 41º03´N. Beijing is located at the eastern edge of the 

Eurasian continent and belongs to the Bohai sea rim economic circle, with small plain in 

the south and mountains in the west and north, covering an area of 16807.8 km2. 

Characterized by its long history and central political and cultural position, Beijing is 

amongst the most developed cities in China with a fully integrated industrial structure, 

including electronics, machinery, chemicals, light industry, textile and automobile 

manufacturing. Like other metropolises in developing countries, Beijing faces the dilemma 

of urban economic development versus social and ecological problems comprising the large 

floating population, high-yield agricultural land lost, resources shortage, high levels of 

pollution, ecological deterioration, and increasing disaster risk. The evolution of the Beijing 

urban system can be treated as a history of resource consumption and accumulation, which 

in turn brought the changes in the urban structure and organization. As mentioned above, 

most of these intensive resources consumed in Beijing are purchased from outside with the 

exception of a small proportion of fuels and minerals. Also, all the flows of resources are 

accompanied with human services and money flows.  

 

 

3.2 Ecological economic analysis of Beijing ecosystem 
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In accordance with the system picture of Beijing and the consequent calculations, main 

flows introduced to the Beijing urban metabolic system for the studied years are 

summarized in Table 1. 

 

Table 1. Comparison of main emergy indexes and flows 

 

Variable Item Unit 1999 2000 2001 2002 2003 2004 2005 2006 

Basic flow 
  

R Renewable sources seJ/yr 1.05E+21 1.05E+211.05E+211.05E+211.03E+21 1.03E+21 1.03E+21 1.03E+21 

N0+N1F+N1M 
Locally nonrenewable 
resources 

seJ/yr 6.25E+22 5.65E+225.66E+226.48E+226.91E+22 8.34E+22 8.60E+22 8.04E+22 

N2F+N2M 
Imported fuels and minerals 
(from other provinces) 

seJ/yr 9.58E+22 1.04E+231.07E+231.07E+231.13E+23 1.25E+23 1.38E+23 1.45E+23 

N3F+N3M 
Imported fuels and minerals 
(from other countries) 

seJ/yr 3.82E+20 0.00E+000.00E+002.28E+201.60E+21 5.95E+21 6.30E+21 7.19E+21 

G1 
Imported goods (from other 
provinces) 

seJ/yr 3.30E+22 4.69E+225.63E+226.71E+227.66E+22 9.54E+22 1.09E+23 1.19E+23 

G2 
Imported goods (from other 
countries) 

seJ/yr 1.90E+22 2.76E+223.05E+223.39E+224.44E+22 5.56E+22 6.37E+22 6.95E+22 

I11+I12+I13 
Dollars paid for imports goods 
(from other provinces) 

$/yr 8.94E+09 1.28E+101.36E+101.50E+102.00E+10 2.44E+10 3.01E+10 3.61E+10 

I21+I22+I23 
Dollars paid for imports goods 
(from other countries) 

seJ/yr 5.15E+09 7.55E+097.37E+097.60E+091.16E+10 1.42E+10 1.75E+10 2.10E+10 

I3 Dollars for tourism $/yr 8.91E+09 1.10E+101.37E+101.43E+101.04E+10 1.70E+10 1.95E+10 2.30E+10 

I4 
Dollars paid for imported 
labor 

$/yr 1.32E+08 1.89E+082.58E+082.88E+083.74E+08 4.67E+08 7.30E+08 7.30E+08 

P3(I11+I12+I13) 
Emergy value of imported 
services (from other 
provinces) 

seJ/yr 3.20E+22 4.59E+224.95E+225.56E+227.16E+22 8.72E+22 1.07E+23 1.29E+23 

P2(I21+I22+I23) 
Emergy value of imported 

services (from other countries) 
seJ/yr 1.85E+22 2.69E+222.68E+222.81E+224.14E+22 5.08E+22 6.25E+22 7.51E+22 

P3I2 Emergy value for tourism seJ/yr 4.46E+22 5.52E+226.85E+227.17E+225.21E+22 8.50E+22 9.74E+22 1.15E+23 

P3I3 
Emergy paid for imported 

labor 
seJ/yr 6.62E+20 9.43E+201.29E+211.44E+211.87E+21 2.33E+21 3.65E+21 3.65E+21 

Products considered 

POP People supported Unit 1.26E+07 1.36E+071.38E+071.42E+071.46E+07 1.49E+07 1.54E+07 1.58E+07 

GDP Gross domestic product $/yr 2.63E+10 3.00E+103.45E+103.88E+104.43E+10 5.17E+10 8.41E+10 1.01E+11 

Performance indicators 

U 

Total emergy used 

U=R+N2F+N2M+ N3F+N3M + 
G1+ G2 + P3(I11+I12+I13) + 
P2(I21+I22+I23)+ P3I2+ P3I3+ 
N0+N1F+N1M 

seJ/yr 3.11E+23 3.68E+234.01E+234.30E+234.77E+23 5.96E+23 6.81E+23 7.53E+23 

ED Empower density ED=U/area seJ/m2
1.85E+13 2.19E+132.39E+132.56E+132.91E+13 3.63E+13 4.15E+13 4.59E+13 

U/POP Use per person 
seJ/ 

popula

tion 
2.47E+16 2.71E+162.90E+163.02E+163.27E+16 4.00E+16 4.43E+16 4.76E+16 

ELR 

Environmental loading ratio 

ELR= (N2F+N2M+ N3F+N3M + 
G1+ G2 + P3(I11+I12+I13) + 
P2(I21+I22+I23)+ P3I2+ P3I3+ 

N0+N1F+N1M)/R 

 
2.94E+02 3.48E+023.79E+024.07E+024.62E+02 5.78E+02 6.61E+02 7.31E+02 

EYR 

Net emergy yield ratio  

EYR=U/( N2F+N2M+ N3F+N3M 
+ G1+ G2 + P3(I11+I12+I13) + 
P2(I21+I22+I23)+ P3I2+ P3I3) 

 
1.26E+00 1.19E+001.17E+001.18E+001.17E+00 1.16E+00 1.15E+00 1.12E+00 
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ESI 
Environmental sustainability 
index ESI=EYR/ELR  

4.28E-03 3.40E-03 3.08E-03 2.90E-03 2.54E-03 2.01E-03 1.73E-03 1.53E-03 

 

 

3.2.1 Basic flow analysis of Beijing ecosystem 

 

3.2.2.1 Emergy inflows in Beijing metabolic system 

 

Since 1999, Beijing as the capital of China has adhered to the policy of reform and 

opening-up, with the focus on economic construction, and has gradually stepped onto the 

road of establishing a market-oriented economy system with the rapid development of 

processing, manufacture and trade. As a result, the consumption of energy, material and 

labors has increased correspondingly. Total emergy actually used (U), as potential 

investment in emergy yield of the city, has increased with an average of 19.88% annually 

with a peak in 2004 (25.11%). 

 

Table 1 lists the main imported inputs in terms of emergy flows for 2006 in Beijing. The 

total imports increased from 1.51E+23 to 3.49E+23 seJ/yr. Of the total imported resources, 

fuels grew by 1.52 times with emergy rising from 8.84E+22 to 1.35E+23 seJ/yr, while the 

total imported building materials (including iron ores, sand and gravel, iron and steel) 

increased by 3.92 times from 4.32E+22 to 1.70E+23 seJ/yr. This indicates that the 

development of Beijing’s economy is increasingly dependent on the infrastructure 

construction, which even replaced fuel-consuming industry for nearly a decade. In emergy 

to money terms, imported goods have become the most important item in this category. 

Among the export emergy flows could be highlighted petroleum derived products, minerals 

and mechanical and transport equipment. As shown in the table, the services associated to 

imports in Beijing were 2.04E+23 seJ/yr in 2006, 4.04 times of that in 1999. This increase 

in import results in decreased self-sufficiency, so the purchased component of the total 

economy was more important, supporting the growth of the economy. The services 

imported from other provinces were 7.6 times of that from abroad, indicating that the 

imports of Beijing were still upward dependence upon the transmission of domestic market. 

And it’s worth to mention that, in emergy to money terms, the tourism and emergy paid for 

imported labor are increasing strongly, more than 2.58 and 5.52 times respectively.  

 

3.2.2.2 The components of the energy consumed in Beijing metabolic system 

 

From 1999 to 2006, coal was still the most important energy source for Beijing as measured 

by both heat content and emergy. The coal input was decrease in 2000, but this was 

followed by a rapid rebound over the next three years when Beijing won the bid to stage the 

2008 Olympiad. Meanwhile, the consumption of petroleum from other province steadily 

decreased, however, the imported oil increase along with coal consumption in these ten 

years. Imported electricity is a large fraction of the total emergy use (11% to 13%) that 

grew fast from 1999 to 2006. During the decade exported electricity in these years 

remained low. Natural gas also becomes the fourth largest energy source. The consumption 
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of natural gas showed a similar trend that imported electricity, but with a damped response 

to fluctuations.  

 

3.2.2.3 Mineral use in Beijing metabolic system 

 

The emergy of iron and steel made the largest contribution to the emergy of minerals 

consumed followed by the emergy of lead up to 1999, when it was overtaken by the emergy 

of sand and gravel for construction. When we make a comparison between sand and gravel, 

Hi-tech products, machinery and electrical equipment, we note that they have increased 

largely from 1999 to 2006 and it consistently occupied the position of the 3th largest 

emergy input after consider the labour and service. 

 

3.2.2 Analysis of the emergy indicators for Beijing 

 

In this section, a series of emergy indicators based on the emergy accounting for Beijing 

economy are analyzed, which lends insight to the emergy support basis, the environmental 

impacts and the characters of the Beijing economy.  

 

3.2.3.1 Emergy intensity 

 

Empower density or the emergy flow per unit area is a related measure that indicates the 

spatial concentration of economic activity or the intensity of development in a city. As 

shown in table 1, the empower density of the Beijing economy developed from 1.85×1013 

seJ/m2 in 1999 to 4.59×1013 seJ/m2 in 2006, revealing that during the past years, Beijing 

maintained a rapid economic growth and scored a new high in economic aggregates. 

Accounting shows that this growth mainly caused by the input from goods and services 

which hold relatively high emergy transformity. Combined with the emergy use structure 

and the value of emergy use per person in Beijing, we will find that of the total resource 

consumed in Beijing, most are correlated with goods and services purchased from outside, 

with little from free natural input. It also means that the development both in living 

standard of local residents and in urban economy depend completely on the purchase of 

resources from outside.  

 

3.2.3.2 Environmental impacts 

 

The Environmental Loading Ratio (ELR) is the ratio of the sum of local nonrenewable 

emergy and purchased emergy (including services) to the locally renewable emergy. A 

system with a higher ratio depends more heavily on indirect resources, compared to a fully 

natural system that only depends on locally renewables R. This ratio increased rapidly from 

294 in 1999 to 731 in 2006. The higher the ratio, the greater the stress on the local 

environmental resource. However, table 2 also shows there appeared a steady state after the 

year 2001. The small decline in 2006 might be attributed to an oscillation of the growth 

trend and cannot be interpreted until new data for the following years are available. 
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3.2.3.3 Environmental sustainability index 

 

This index is an aggregate measure of the economic benefit (EYR) per unit of 

environmental loading (ELR). It shows that the longterm capacity of the renewable emergy 

sources to support life is being degraded. A quick estimate of the renewable carrying 

capacity of a state at the current standard of living is obtained by multiplying the fraction of 

use that is renewable by the present population of the state (Odum 1996). As a consequence 

of EYR and ELR trends, the sustainability index ESI dropped significantly, thus suggesting 

that emissions greatly reduced the sustainability of the urban metabolic system by pulling 

resources for damage repair and for replacement of lost natural and human-made capital. 

 

 

4. Conclusion 

 

This research investigated the Beijing urban ecosystem based on an Emergy synthesis. 

Detailed structure of the resource base and system indicators are examined in a historical 

perspective for the contemporary Beijing urban system from 1999 to 2006. Conclusion 

shows that there is an intimate relationship between the resource base and economic 

structure. During the eight years, the emergy intensity in Beijing kept rising for the 

sustained investment of real wealth, which brought the growth of living standard in many 

aspects, but also resulted in the increase of environmental load. Also, the increase of 

emergy investment ratio implicated that Beijing was at the risk of resources shortage and 

increasingly relied on the resources from outside, which is a hidden peril for the sustainable 

development of Beijing. Furthermore, the pressure of environmental protect which was 

caused by over-heated investment in Beijing could be released after finishing the 

infrastructure construction. The results offer a reference towards the urban metabolic 

analysis driving economic policy and sustainability. 
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Abstract: Dam construction results in variations of hydrology, river morphology and habitat and the 

biota associated with the reservoir change significantly compared to the assemblage before dam 

construction in order to match these changed environmental conditions. Some attempts so far have 

been made to ascertain the changed properties of aquatilia due to dam construction. Most of them, 

however, were focused on perturbances to single factors, such as rearing habitats, reproduction and 

migration routes, etc. Few have been done on the performance of aquatilia from the whole-ecosystem 

perspective. Herein, we evaluate the structural properties of aquatic animals and their complex 

ecological relationships within the ecosystem before and after dam construction based on ecological 

network analysis. In light of the results, we provide useful suggestions for the conservation of the 

aquatic animals and their habitats, and propose feasible methods for the application of ecological 

network analysis to river ecosystem subjected to human disturbance. 

Keywords: Aquatic Animals, Dam Construction, Ecological Network Analysis. 

1．INTRODUCTION 

   All countries in the world have been constructed dams for all kinds of purposes, such as water 

storage, irrigation, hydropower, flood mitigation, etc. It is reported that approximately 70% of the 

world’s rivers is intercepted by large reservoirs (Kummu and Varis, 2007). It has been well documented 

that dam project results in changes of hydrology, river morphology and habitat, thus disturbing the 

biota associated with the changed environment (Williams and Wolman, 1984; Vörömarty et al., 2003; 

Hu et al., 2008). Especially, dams can change the living properties of the by altering the structure and 

function of the river ecosystem, thus worsening the plight of terrestrial biodiversity and aquatic fauna 

as well (Wu, 2003; Shen et al., 2004; Stone, 2008). Consequently, the ecological damage or risk to the 

aquatic animals due to dam construction has become a hot issue of increasing concern recently. 

However, most studies so far were focused on the assessment of impact to single factors, such as fish 

reproduction or vegetation. Few works have been done on the dam-induced ecological impact on 

aquatilia in the whole ecosystem perspective.  

   Ecological network analysis (ENA) is an environmental application of input-output analysis, 

focused on examining the structure and the function of ecosystems by the flows of material or energy 

within them. In fact, ENA has been applied to aquatic ecosystems to elicit the developmental 
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information, e.g., the Chesapeake Bay, Northern Benguela and Neuse River Estuary. In this study, we 

elucidate the rationale and procedure of assessing the changed structural and functional properties of 

aquatic animals within the ecosystem due to dam project based on ENA. Modeling the integrated 

environmental impact to address sustainability issues of the river ecosystem, this study may serve as a 

complement of the holistic management of the combined human-natural system affected by large 

projects. 

2. THE ECO-ENVIRONMENTAL IMPACT OF DAM PROJECT 

Dams fragment river systems, causing significant effects throughout the river ecosystem 

(especially the aquatic ecosystem) in several on multiple factors and via different levels (Figure 1). 

These effecting levels are individual, population, community and ecosystem in biological terminology. 

The associated factors of these levels are hydrology, river morphology, habitat and related biota within 

the river ecosystem. The proceeding process of the impact triggered by the hydrologic construction, 

when considering all the levels and ways as mentioned above, seem too complex to speculate 

accurately due to the interactions between all the factors. Nonetheless, the inter-relationships of these 

elements, which contribute a great part to the responding performance of the affected environment on 

the ecosystem scale, should not be ignored. As a consequence of the impact, different status will be 

reached for the river ecosystem when exposed to the hazard over time, resulting in a series of continual 

stages. As we can see, the affected river basin will eventually reach an ecological equilibrium, which 

behaves as a balanced or a degrading ecosystem, depending on the intensity of the possible damages. 

 

Figure 1-2 The post-dam eco-environmental impact process on different scales. 

Lots of studies so far have been reported concerning both direct and indirect impact of single 

factors by dam project through various mechanisms quantitatively or qualitatively. Herein, we 

characterize and outline the main eco-environmental impact after an overall review of literatures (Table 

1). What is quite revealing is that dams and reservoirs impact the environment through their presence in 
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the landscape, altering basin connectivity and modifying hydrologic regimes sediment movement and 

water quality, and thus inducing other ensuing intervention to habitat and aquatic organism.  

In particular, dams may disrupt the natural seasonal flow patterns to which aquatic animals are 

adapted, block and destroy spawning grounds and migratory paths fragment their habitats, erode 

inhabited island and sap the rivers’ ability to detoxify and flush out pollutants, thus worsening the 

plight of terrestrial biodiversity and aquatic fauna as well (Wu, 2003; Shen et al., 2004; Stone, 2008). 

This may lead to an alteration of the food chain of aquatic animals and in turn impair the adaptable 

abilities to the changed habitat. It appears that environmental perturbations usually act to shorten the 

length of the chain and diminish disproportionately the flows at higher levels. In this sense, the analysis 

of the reticulated food chain of aquatic animals before and after dam construction may serve as the 

indicator of damage or risk of the holistic ecosystem, thus reflecting the structural and functional 

properties of river system associated with the sustainability issues. 

 

Table 1 Main manifested post-dam eco-environmental impact. 

Scenario Possible changes Main indicators Reference 

Hydrology Alter the river’s natural flow patterns and 

increase flow fluctuation; delay the 

arrival of floods; increase water renewal 

time. 

Impoundment 

volume; decreased 

velocity; retention 

time. 

He et al., 2006; He 

et al., 2007; 

Kummu and Varis, 

2007. 

Water 

quality 

Degenerate the water quality by heavy 

metal pollution, eutrophication, 

decomposition of underwater organic 

matter, etc. 

Temperatures; DO; 

MnO4, NH4, Pb; 

methylmercury；

decomposition rate. 

Liu et al., 2004; 

Gong, 2004; He et 

al., 2006; Burke et 

al., 2009. 

Sediment Cause discontinuities in the 

transportation of sediments and elevate 

the river bed of upstream and lower that 

of downstream. 

Sediment trapping 

efficiency; volume 

reduction of 

sedimentation. 

Tullos, 2009; Grant 

et al.,2003; 

Rãdoane and 

Rãdoane, 2005 

Habitat Alter the physical and chemical 

characteristics, causing habitat 

fragmentation and decreased the 

biocomplexity. 

Continuity; thermal 

regime; flow 

distribution; OM, N, 

P. 

Tiffan et al., 2002; 

Tiemann et al., 

2004; Tomsica et 

al., 2007. 

Channel 

morpholog

y      

Cause channel erosion and land clearing, 

terrace floodplains. 

Sedimentation; 

landslide; bank 

erosion rate. 

Williams and 

Wolman, 1984; 

Church, 1995. 

Aquatic 

fauna 

Be in poorer health, and the species and 

numbers of fish altered. peak early in the 

life of a reservoir, then decline, because 

of lower overall productivity. 

Biodiversity; fish 

production; food 

chains; extinction 

risk. 

King et al., 1998; 

Franssen et al., 

2007; An et al., 

2002. 

Aquatic 

flora 

Lower species diversity by flood, trigger 

community degradation and unstabilize 

the ecosystem, increase the invasive 

species. 

Biodiversity index; 

primary productivity; 

dominance species. 

Morley, 2007; Chen 

et al., 1994; Huang, 

2001; Liu et al., 

2007. 
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3.MODELING PROCEDURE OF THE AQUATIC ECOSYSTEM BASED ON ENA 

Modeling procedure of the aquatic ecosystem based on ENA was proposed (Figure 2). First, figure 

out the related effects of dam construction on aquatic ecosystem empirically based on environmental 

impact analysis; Second, evaluate the changed intensity of habitat and climate of the aquatic ecosystem; 

Third, analyze the food chain aquatic animals within the ecosystem and their relationships based on 

structural analysis and functional analysis (including throughflow analysis, utility analysis and 

ascendancy analysis) of ENA; Last, quantify the potential eco-environmental impact with a conversion 

of the existing changes to the impact intensity, which entails a holistic comparison of the changed 

properties associated with aquatic animals.  

 

 

 

 

 

 

 

 

 

                                  

 

 

 

Figure 2 Quantify the potential eco-environmental impact of dam project on the river 

ecosystem 

Notes: T analysis stands for throughflow analysis, U analysis stands for utility analysis, while A 

analysis in the graph stands for ascendancy analysis. 

 

In order to determine the changed intensity of the properties aquatic animals and assess the 

ecological impact of dam project on the aquatic ecosystem, three indices (TST, integrated mutualism 

index and Ascendancy) derived from ENA synthesis were selected as the potential goal function for the 

sustainability condition of aquatic ecosystem, thus realize the implement of a holistic management of 

river basin. 

 TST 

TST stands for the total system throughput. In ENA, it measures the size or growth of the system in 

terms of the flows through all its compartments, can be considered as the carrier of the development of 

ecosystem. Each energy or material flow between different components within the system contributes 
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to TST. In the context of dam construction on the river ecosystem, TST defines the holistic intervention 

intensity of dam project on aquatic animals, which may reveal the impact scenario of the whole aquatic 

ecosystem. 

 Integrated mutualism index 

    As a tool for describing the interactions among compartments, the utility analysis allows a 

quantitative analysis of the processes and of the intensity of interactions in an ecological network, 

thereby revealing the changes of integration and complexity of ecosystem behaviors after dam 

construction (Fath, 2007). The direct mutualism indicated the direct interaction between different 

functional components, and indirect mutualism defined the integral relations between components in 

direct or indirect way. Positive/negative signs of mutualism index are capable for identifying the 

relationships between different compartments or the synergism of the whole aquatic ecosystem in both 

direct and indirect ways. 

 Ascendancy 

Based on AMI and total system throughput (TST), Ulanowicz developed the ascendancy as a 

measure of the network’s potential for competitive advantage over other network configurations, 

encompassing the natural growth and development of ecological system and asserted that it increases 

during the developmental process (Ulanowicz, 1980, 2004). Based on the assumption that complex 

structure is the secret of the sustainability of ecosystem, ascendancy may indicate the impact intensity 

to the biodiversity and biocomplexity. 

4．CONCLUSION 

      With the introduction of ecological network analysis, we illustrated the rationale and procedure of 

evaluate the changed properties of aquatic animals and their habitat within the ecosystem caused by 

dam project. Based on which The related eco-environmental impact on aquatic ecosystem were 

elucidated, and a ENA-based conceptual model of analyzing the of the river ecosystem was addressed. 

Finally, three indices were proposed as the potential goal function for sustainability issues of system. 

This study may address the challenge of a holistic management of aquatic system affected by large 

projects.  
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Abstract: Since the resources from environment are in short supply, it is necessary to alleviate the conflict 

between high-speed economic construction and limited resources in the Chinese society. This paper aims to 

analysis the variation of natural resources input into China during 2000-2007 based on extended exergy as an 

eco-centric metric. With the materials, labor, capital and environmental renovation quantified by exergy numeraire 

grounding on the second-law metric in view of ecological accounting, the composition and proportion of extended 

exergy clearly revealed the whole condition of available energy input into society in China. Moreover, two indexes, 

i.e., extended exergy consumption intensity and extended exergy productivity of natural resources, are proposed to 

depict the contribution of four different production factors from economic, social and environmental aspects, 

respectively. Moreover, the extended exergy based analysis of the Chinese society may be helpful in uncovering 

the long-term resource depletion and promoting efficiency of the resource transformation in the 

social-economic-environmental system, thus providing holistic method and systematic view for the decision 

makers with respect to environmental management. 

Keywords: Extended exergy, ecological accounting, natural resource, China 

1. Introduction 

The depletion of non-renewable natural resources is very dangerous for the future existence of the mankind. 

The consumption of natural resources, and deleterious impacts on the environment should be evaluated in a unified 

criterion to describe and quantify the variation and direction in order to reflect the macrocosm situations in the 

process of energy and resource exploitation, especially taking into account humans involvements. At the same time, 

the thermodynamic evaluation of the environmental losses and natural resources has been considered as a useful 

tool in the field of natural resource accounting (Frangopoulos, 1992; Sciubba, 1998; Szargut et al., 2002). 

The concept of exergy, which is firstly proposed by Wall (1977), is represented as the maximum work 

performed by a system in the process to get in equilibrium with its reference environment (Wall, 1987; 1990; Chen, 

2005). It (exergy) is considered to be the basic physical resource of social processes and the scientific unitary 

measurement of utility and scarcity. For a given system, exergy is defined as the maximal amount of work that can 

be extracted from the system in the process of reaching equilibrium with its local environment, chosen to have a 

direct bearing on the behavior of the system with respect to the time and length scales, depending on the observer’s 

objectives and knowledge (Szargut 1971,1980,2004; Morris and Szargut, 1986; Chen, 2005; 2006). 

Therefore, exergy method, initially employed in thermal and thermo-chemical systems, has developed into a 

widely accepted approach for the account of large complex societal systems and different natural resource. It has 

also been adopted to reveal the characteristics of resource availability, buffering capacity and environmental 

impact for ecological system when preliminarily combined with the systems ecology (Cai et al., 2009). The 

advantage of exergy based analysis compared with traditional energy analysis is that, exergy reflects the internal 

irreversibility of a system, which may depict the real thermodynamic conversion coefficient. Besides, exergy 

accounting provides a convenient way to unify and measure different types of materials, energy and information 

and evaluate the quality of the resources and degradation in the conversion. 

Usually, exergy is referred to standard chemistry exergy, which is a state function, to consider the previous 

pathways of exergy utilization. Szargut and his colleagues subsequently proposed cumulative exergy as the total 

consumption over time of the exergy of fossil resources connected with the fabrication of the considered 

production and the network of production processes (Morris and Szargut, 1986), which view the ecological cost as 

the cumulative consumption of non-renewable exergy. Later, to extend the traditional exergy analysis based on 
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exergy biophysics and labor theory of value, the concept of extended-exergy, proposed by Sciubba, is to highlight 

the primary production factors, including labor, capital, exergy, necessary materials and environmental 

remediation (Sciubba, 2001; Sciubba and Cutler, 2004), and firstly applied to the Italian society 1996 by Milia and 

Sciubba (Milia and Sciubba, 2006). This approach is a systematic attempt to integrate into a unified coherent 

formalism both cumulative exergy consumption and thermo-economic methods, and constitutes a generalisation of 

both, in that its framework allows for a direct quantitative comparison of non-energetic quantities like labor and 

environmental impact (Sciubba, 2001). By using this method, “extended exergy accounting”, which includes in the 

exergy “balance” nonmaterial and nonenergetic production factors like labor, capital, and environmental 

remediation costs, it can be shown to provide a good measure of the amount of primary exergy resources “used 

up” in the life cycle of a material or immaterial commodity (Sciubba et al., 2008), which can indicate the 

comprehensive statement of socially necessary, economically feasible and environmentally cost. Compared with 

traditional exergy analysis, the advantage of extended-exergy analysis (EEA) is that, it allows for the calculation of 

the conversion coefficient of the domestic sector by considering the working hours as its product (Chen and Chen, 

2009). As extended-exergy is a path function, it is different from the state function of standard chemical exergy.  

Therefore, it can be concluded that EEA results are more reasonable and directive for the resource policy 

constitution of the whole country. As mentioned, the EEA is an integration of life cycle analysis, classical exergy 

analysis, cumulative exergy analysis, emergy analysis, and embodied energy analysis at the base of the classical 

exergy analysis, which is more suitable to act as the second-law efficiency metric. 

Society EEA is considered as an effective method to reveal the energy quality and degradation in the 

resource conversion process at the national level. The comparison of social resource accounting among different 

societies by using diverse index can not only obtain information about diagnosis of production conversion 

coefficient, assessment of environment impact and ecological dysfunction (Reistad, 1975; Ertesvag, 2005; Chen 

and Chen, 2006; Chen et al., 2006), but also reveal the intrinsic societal resource utilization structure and its 

temporal and spatial allocation.  

Generally speaking, natural resource analyses are conducted regularly by the official statistical agencies and 

included in the official statistical reports. Usually, these statistical analyses tend to be summarized and quantified 

in terms of monetary values or weight analysis. However, in view of the relation to future usefulness of natural 

energy and the irreversibility associated with the use, the growing discomfort in the processes of evaluating 

resource where money or weight is the common metric is lack of exactitude, which lead to use EEA as the tool to 

revalue the synthetic consumption of natural resource in China with the view to natural-economical-social aspects.  

This study is primarily a case study about resource consumption where the EEA is employed within the 

mainland of China. It may also contribute to the development of the method and to the discussion of some 

implications by using it. 

2. Methodology 

2.1. Method 

By Sciubba’s method of EEA, extended-exergy (EE) values are assigned to labor and capital fluxes in 

addition to thermomechanical and chemical exergy values (Ertesvag, 2005). The calculation of EE value is 

formulated by Sciubba as follow, 

                         (1) 

where  represents the cumulative exergy consumption,  ( ) represents the exergy equivalent 

of monetary flows,  ( ) is the exergy equivalent of human labor, and  stands for the environmental 
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clean-up or remediation cost. Generally speaking, ,  and  all are path functions, so the extended-exergy 

in fact is a path function, which is different from the state function of standard chemical exergy. 

In the reference (Milia and Sciubba, 2006), the accounting value of  and  are precisely given, 

respectively, 

                                                     (2) 

                                                       (3) 

where  is the exergy influx to the society,  is the monetary flux in a relevant currency and  is a 

proper measure of the “monetary flux”, in which the choice of   is considered to be arbitrary and depended 

on the conditions in different countries. Besides,  is the flux of work-hours into a sector, and  is the total 

amount of work-hours. 

To different study objects,  is sometimes contained in  as a part of cumulative exergy consumption 

in the aspect of environmental cost，so that it is quite difficult to evaluate the ecological exergy expense. In this 

paper, we consider the economic cost devoted on environmental remediation and management as the 

environmental exergy consumption parts, the calculate formula is: 

                                                       (4) 

In this study, for the EEA, each flux is assigned an exergy value. The annual energy balances or energy 

accounting and the calorific values of fuels were published by the National Statistical Bureau. In order to obtain 

exergetic value of the flux, exergy factors from Kotas, Ertesvag, Wall, Chen and Qi(Kotas, 1985; Ertesvag, 

2000;Chen and Qi,2007;Wall, 1986;)were adopted; gross domestic product (GDP) is chosen as  due to the 

assumption that the equivalent exergy of GDP was equal to the exergy values of energy carriers and materials, at 

the same time, Chen (2009) had proposed that owing to large portion of the global monetary circulation (M2) in 

China is time deposits and saving deposits, which was not suitable like other countries to choose M2 as ; , 

refers to the capital flux into resource production process, is corresponding to yearly input of capital asserts and 

also contains the total salary of practitioners in the relevant vocations;  is money invested on environmental 

pollution and ecological improvement in the process of natural resource production and consumption. In addition 

suppose that all the people have a same work-hours in different professions, people proportion of those who work 

in the field of natural resource production to total working people can stand for the ratio of  to , which in 

this study is built on the assumption that the average working hours in different industry are identical and the total 
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working hours in a certain department is depended on the number of practitioners. 

    Major natural resources entering the economic production mainly include three parts, mineral, biomass, and 

water resources. To be concrete, all kinds of natural resources talked above are divided into three classes, they are 

mineral resources, biomass resources as well as water resources, which contains 41 kinds of material resources 

yearly input into China. To put it more specifically, all the chosen items are the mainly articles of consumption, 

because they all take over the largest amount in different statistical information. Therefore, other small 

consumables with small quantity are omitted in this research. The detailed division is listed in Table 1 as follow:  

Table 1 Detailed division of all natural resources in this paper 

Resources Detailed sort 

Mineral Coal, Petroleum, Natural gas, Nuclear power, Iron, Other metal ores, Pyrite Ore, Phosphorus Ore, 

Sodium Salt NaCl, Magnesite Ore 

Biomass Rice, Wheat, Corn, Beans, Tubers, Peanuts, Rapeseeds, Sesame, Cotton, Fiber Corps, Sugarcane, 

Beetroots, Tobacco, Silkworm Cocoons, Tea, Fruits, Honey, Lumbering, Bamboo, Meat, Milk, 

Sheep wool, Goat wool, Cashmere, Poultry eggs, Aquatic products, Marsh gas, Straws, Fuel wood 

Water Water Use (Agriculture, Industry, Consumption, Ecological Protection), Waterpower 

In particular, water resource was included in the accounting process, which usually excluded in the traditional 

classification of ecological resources based on the mainstream economics. Chemical exergy of water can be 

acquired by the exergy factors listed in Table 1, but potential and phase transformation exergy cannot be calculated 

in the national scale at this moment due to the difficulty of statistic data and standard resulted in geographical 

difference as well as space-time complexity. 

2.2 System boundary and data collection 

In this study, the chosen object referred to the consumption of common ecological resources, and the 

research boundary was limited within the region of China, which mainly because of the availability of data in time 

series and same statistic criterion. The detailed numerical values would be listed in the part of Results and 

Conclusions. 

All the data sources available are acquired from standard yearbooks and publications compiled by the central 

government and its subordinate ministries, such as Energy Statistical Yearbooks (2001-2008), Statistical Yearbooks 

of China (2001-2008), National Statistical Bureau and correlative published articles. 

3. Results 

3.1 Total natural resource exergy input 

According to the classification of different kinds of natural resource exergy contribution, we got the CEC 

distribution in China from 2000 to 2007 listed in Fig.1. Generally, Total CEC exergy was increasing persistently, 

with its value 1.72 times in 2007 than that in 2000. Specifically, mineral exergy consumption owned a high speed 

expansion, while biomass energy was briefly declining and water resource exergy input was basically smooth and 

steady. This situation indicated that energy using speed on mineral resources was in accelerated depleted condition, 

which also reflected that the accelerated economic development and social construction was mainly depended on 

extensive mineral and fossil energy input in the national level. 
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Fig. 1 CEC of natural resource input in China during 2000-2007 

Fig.2 clearly demonstrated the three kinds of CEC’s proportional relation. It is obviously that the mineral 

input occupied the largest continent, and its percentage was gradually enlarged from 2000 to 2007. Biomass input 

had a distinct shrinking trend, which attributed to itself reduce and growth of total natural resource consumption. 

 

Fig. 2. Natural resource exergy distribution in China during 2000-2007 

3.2 Capital exergy input 

Table 3 are the economic information used in accounting capital exergy during 2000-2007. The results 

showed that capital exergy input of EEA in Table 3 was greatly increased during 2000-2007, which meant 

economic behavior played an important role in available energy input in the whole society. This part reflected that 

capital exergy nearly has the same significance with natural resource in maintain the normal operation of China’s 

society. 

Table 3 Catital exergy input of EEA 

 2000 2001 2002 2003 2004 2005 2006 2007 

Total capital input (108 RMB) 12054.69 13121.84 15299.82 15299.48 18700.21 24116.57 29764.89 36196.68 

GDP (108 RMB) 98000.45 108068.22 119095.69 135173.97 159586.74 184088.60 213131.70 259258.90 

Total natural exergy input (J) 5.07E+19 5.39E+19 5.80E+19 6.37E+19 7.12E+19 7.77E+19 8.24E+19 8.71E+19 

Catital exergy input (J) 5.07E+19 5.39E+19 5.80E+19 6.37E+19 7.08E+19 7.64E+19 8.00E+19 8.42E+19 

3.3 Labor exergy input 

And Table 4 provided a detailed description of employment variation in correlative production departments. 

The increasing trend of employment population lead to an accelerated change of labor exergy input, which was 

4.33E+19 in 2007, 1.79 times compared with the value in 2000 (see Table 5). In view of that China is a country 

with intensive population, to take full advantage of human resources is a realistic approach in taking place of 

non-renewable natural exergy consumption and operating the sustainable developing mode. 

Table 4 The employed population in the vocation of natural resource production and management 

Unit: 104 

 2000 2001 2002 2003 2004 2005 2006 2007 

Agriculture, Forestry, Animal 33354.63 32973.61 32487.24 45970 43812.77 41421.57 40214.51 38550 
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Husbandry, Fishery 

Mining 597 561.46 558.49 481 491.15 497.59 518.05 523.8 

Production and Distribution of Coal 

and Electricity, Gas and Water 
283.85 287.80 289.57 292.3 293.98 293.73 296.40 297.7 

Management of water Conservancy, 

Environment and Public Facility 
110.21 104.94 97.74 163.88 164.57 170.34 175.64 180.6 

Work population in the field of 

ecological resource 
34345.69 33927.82 33433.05 46907.18 44762.47 42383.23 41204.60 39552.1 

 

Table 5 Labor exergy input of EEA 

 2000 2001 2002 2003 2004 2005 2006 2007 

Work population in the field of 

ecological resource (104) 
34345.69 33927.82 33433.05 46907.18 44762.47 42383.23 41204.61 39552.10 

Total working population (104) 72085 73025 73740 74432 75200 75825 76400 76990 

Total natural exergy input (J) 5.07E+19 5.39E+19 5.80E+19 6.37E+19 7.12E+19 7.77E+19 8.24E+19 8.71E+19 

Labor exergy input (J) 2.42E+19 2.50E+19 2.63E+19 4.01E+19 4.21E+19 4.27E+19 4.31E+19 4.33E+19 

3.4 Environmental exergy input 

To evaluate the environmental pollution and ecological risk is a lengthy task, its cumulative influence in 

temporal and special skill cannot be calculated precisely. In view of the difficulty in data procurability here, we 

chose the economic input on environmental governance as the determinant in accounting the environmental exergy. 

The results showed in Table 6 reflected the input of environmental exergy raised evidently, which depicted people 

in China accords more and more importance to the ecological and environmental disturbance. 

Table 6 Environmental exergy input of EEA 

 2000 2001 2002 2003 2004 2005 2006 2007 

Environmental renovation 

input(108RMB) 
1014.9 1106.6 1367.2 1627.7 1909.8 2388.00 2566 3387.3 

GDP(108RMB) 98000.45 108068.22 119095.69 135173.98 159586.75 184088.60 213131.70 259258.90 

Environmental exergy input 5.25E+17 5.52E+17 6.66E+17 7.67E+17 8.47E+17 9.91E+17 9.63E+17 1.10E+18 

3.5 Extended exergy input 

From Table 7, we obtained that extended exergy of natural resource input in China during 2000-2007 was 

enlarged 1.71 times, with natural energy input as the largest contribution. At the same time, capital and labor 

import into society was partly influence the movement of total extended exergy. Whereas, environmental 

restoration had little impact on total input, which not meant small environmental destruction or disturbance, but 

pay less attention to renovate by exergy input from human in China.Table 8 showed that, material resource exergy 

invested into China owned approximately 60% of total extended exergy during 2000-2007, and other 1/3 of total 

available energy came from capital devotion. Though four kinds of exergy changed obviously during 2000-2007, 

their proportion varied slightly, maintaining a comparatively stable situation. 

Table 7 Total extended exergy input in China during 2000-2007 (Unit:J) 

 2000 2001 2002 2003 2004 2005 2006 2007 

Natural 5.07E+19 5.39E+19 5.80E+19 6.37E+19 7.08E+19 7.64E+19 8.00E+19 8.42E+19 

Capital 2.42E+19 2.50E+19 2.63E+19 4.01E+19 4.21E+19 4.27E+19 4.31E+19 4.33E+19 

Labour 6.24E+18 6.54E+18 7.46E+18 7.21E+18 8.29E+18 1.00E+19 1.12E+19 1.13E+19 

Environmental 5.25E+17 5.52E+17 6.66E+17 7.67E+17 8.47E+17 9.91E+17 9.63E+17 1.10E+18 
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Total 8.17E+19 8.60E+19 9.25E+19 1.12E+20 1.22E+20 1.30E+20 1.35E+20 1.40E+20 

Table 8 The proportion of different part in total extended exergy input in China social consumption during 

2000-2007 

 2000 2001 2002 2003 2004 2005 2006 2007 

Natural 62.12% 62.65% 62.76% 56.97% 57.99% 58.72% 59.14% 60.01% 

Capital 29.60% 29.11% 28.46% 35.90% 34.52% 32.82% 31.89% 30.83% 

Labour 7.64% 7.61% 8.06% 6.45% 6.80% 7.69% 8.26% 8.38% 

Environmental 0.64% 0.64% 0.72% 0.69% 0.69% 0.76% 0.71% 0.78% 

6 Economic and social index of extended exergy 

Two indexes, extended-exergy consumption intensity (EECI) and extended-exergy productivity (EEP), are 

chosen in this research to present the interaction between EE consumption and social system. EECI is an indicator 

that can reveal the level of per capita resource which can reflect the personal access to natural resource in China. 

EEP, an economic value produced by unit natural substance, is a key indicator in measuring the inter connection 

between available extended-exergy resource and social economy. This index can tell the transfer ability from row 

material into monetary value, which usually represents the efficiency of resource consumption. The statistics of 

both two which calculated from 2000 to 2007 are showed in the Fig. 7 to depict the total variation trend in China. 

On the whole, EECI kept sustained and rapid growth, with its value 1.64 times in 2007 than that in 2000; and EEP 

declined noticeably, which was only 64.77% in 2007 compared with that in 2000. Both of the transformations 

indicated expansion of per capita share on available natural energy, as well as the efficiency improvement of power 

production on unit currency. 

In Fig. 7(1), the increasing trendline of EECI had close relationship with social and economic situation in 

China. During the study era, industrial restructuring and deeply implement of the thorough transconformation of 

marketing economy were important elements in effecting economical construction, which finally lead to an 

undulation era in resource consumption and EECI. Wholly speaking, the increasing EECI implied that a great 

demand beyond necessaries had become life pursue after China progressively entering into affluent society. After 

the optimization of industrial structure since enter into 21th century, the enormous requirements for private car, 

energy-consumption electronic products, high quality of material requirements made life quality improve deeply 

on the one hand, and on the other hand extremely aggravated natural resources depletion, especially for 

non-renewable material resources. The only solution to avoid energy crisis, especially for limited energy, is to 

elevate utilization efficiency and attempt new renewable energy. In addition, China is the most populous 

developing country, its contradiction between large energy-needed population and low per capita energy 

possession is always restricting the whole national development in social and economic fields. The Fig.7(2) 

showed that EEP was falling basically during 2000-2007, which means a gradually improving transfer ability from 

extended exergy based of row material consumption into monetary value. 

 

         (1)                                      (2) 
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Fig. 7 Economic and social index of extended exergy in China during 2000-2007 

4. Conclusion and discussion 

In country level, extended exergy of natural resource consumption in China was always increasing from 

2000 to 2007 with an accelerate speed. The changing of extended exergy on natural resource that basically agree 

with the trend of economic growth and new situation of social develop can clearly proclaim that natural energy is 

particularly important element in the process for one country’s development. Furthermore, the rising degree of 

extended-exergy was more distinctive, and the significance of capital and manpower input became stronger than 

ever before, and should not be omitted anymore, besides, we should devote much non material object instead of 

natural resource to relief energy depletion. 

Both increasing EECI and decreasing EEP demonstrate a positive conversion in transferring quantity and 

efficiency from material energy to economic output. But in order to develop in a sustainable pattern, production 

sectors and administration sections should devote more efforts on bettering workpiece ratio other than go in for 

extensive production with massive resource consuming. 

It can be concluded that EEA results are more reasonable and directive for the resource policy constitution of 

the whole country. As mentioned, the EEA is an integration of life cycle analysis, classical exergy analysis, 

cumulative exerg analysis, emergy analysis, as well as embodied energy analysis, moreover, this analysis is more 

suitable to act as a second-law efficiency metric. Whereas, the accounting of  still has some problems, on the 

one hand, it was included in  as a part of cumulative exergy consumption in the aspect of environmental cost, 

on the other hand, economic devotion on environmental pollution and ecological destruction cannot be evaluated 

straightforwardly on capital investment, because some long temporal range and spacial interaction in large scale 

cannot be characterized in currency substitution and estimation. 
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Abstract: Security evaluation has become a hot topic in the research field of water resource management. 

In this paper, we established a novel water resource security indicator system based on the 

Pressure-Status-Response (PSR) framework using grey relation analysis and technique for order preference 

by similarity to ideal solution (TOPSIS). A case study of Beijing from 1996 to 2007 was conducted to verify 

the evaluation system. Results showed that the grey relative closeness degrees of water resource security to 

the positive ideal solution were low, with the least one of 0.360 in 1999 and largest one of 0.527 in 2007, 

implying that Beijing was facing severer challenges with water resources during the concerned time. Also, 

the analysis of water resource security indicated that the pressure of water resource was constantly 

increasing. Finally, factor analysis was employed to calculate the grey relation degrees of evaluating indices 

with the ideal solutions so as to reveal the relativity of water resource security of Beijing, which may 

contribute to a better understanding of the urban water resource management and regulation. 

Key words: water resource security; grey relation analysis; TOPSIS; factor analysis 

1 Introduction 

  The increasing impacts of human activities and climate change have imposed great challenges on water 

resource security in many parts of the world. It is estimated that 2.7 billion people will have to be confronted 

with water scarcity by 2025 (Lyla, 2007). People in developing countries are particularly at risk because of 

severe water pollutions, environmental damages, poor water supply conditions and even social conflicts 

caused by water problems.  

  There existed literatures on water resource security using various methods, e.g., systems dynamics (Zhang 

et al., 2002), multi-objective and multilevel fuzzy optimization model (Han et al., 2003), set pair analysis 

(Lu et al., 2006), and matter-element evaluation model (Li et al., 2006). Compared with traditional 

regression statistical methods, which require more data and time, the grey relation analysis (GRA), originally 

formulated by Deng, can obtain reasonable and precise results (Lin et al., 2007). According to the grey 

system theory, water resource system is regarded as a grey system including resource, society and economy 

subsystems. Recently, GRA has been widely applied in many fields such as agricultural, socioeconomic and 
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environmental systems (Kuo et al., 2008; Lin et al., 2007; Zeng et al., 2007; Wang, 2007; He and Hwang, 

2007; Fu et al., 2001).  

  Meanwhile, as one of the most useful multi-attribute decision making (MADM) methods, technique for 

order preference by similarity to ideal solution (TOPSIS) was widely used in areas of economy and 

environment (Li, 2008; Shyur, 2006; Montanari, 2004), manufacturing (Bhangale et al.,2004) ,waste 

management (Wu et al., 2009, Cheng et al., 2003), tourist analysis (Hsu et al., 2008), water resource 

management (Simonovic and Verma, 2008), transportation (Tzeng et al., 2005), project management （Kao 

et al., 2006）, inventory planning (Tsou, 2008), airline service evaluation (Tsaur et al., 2002). Therefore, 

TOPSIS method can be combined with GRA to calculate water resource security performance scores and 

outranking. 

  In this paper, TOPSIS based grey relation analysis is introduced with a case study of Beijing city. The 

temporal evaluation of water resource security is conducted to reveal the pressure of water scarcity on 

Beijing. Finally, factor analysis is also employed to calculate the grey relation degrees of selected indices 

with the ideal solutions so as to quantify the relativity of water resource security of Beijing. 

2 Methodology 

2.1. Grey relation analysis and TOPSIS method 

The concept of grey relational space was proposed based on the combined concepts of systems theory and 

space theory, which emphasized the ‘greyness’ as incomplete information: Grey relations refer to the 

uncertain relations between things, elements of systems, or between elements and behaviors (Kuo et al., 

2007). The aim of the grey relation analysis (GRA) is to measure the relation among elements based on the 

degree of similarity or difference of development trends among these elements (Feng and Wang, 2000). 

Hwang and Yoon introduced the TOPSIS method, assuming that the best alternative should have the 

shortest distance from the positive ideal solution (PIS) and the largest distance from the negative ideal 

solution (NIS) (Ahi et al., 2009; Thakker et al., 2008; Wang and Elhag, 2006). The solution comprises all the 

best achievable values of the criteria, while the worst solution is composed of the worst criteria values 

achievable. TOPSIS simultaneously considers the distances to both PIS and NIS, and a preference order is 

ranked according to their relative closeness, and a combination of these two distance measures. In fact, 

TOPSIS is a utility-based method that compares each alternative directly depending on data in the evaluation 

matrices and weights.  

2.2. TOPSIS based grey relation analysis model 

Assume the integrated water resource security multi-attribute evaluation as Q={S,M,H, in which 

S={sk}(k=1,2,…,i) is the time series, sk is the kth year; M={mr}(r=1,2,…,n) is the indicator system. Thus, the 

decision matrix will be H={Hkr} i×n, of which Hkr is the value of mr in sk. We set the comparative solution as 
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Xk={X1(r), X2(r)… Xk(r)…X11(r)}, of which Xk(r) is the value of water resource in the kth year in which 

include n indices. The reference solutions are constituted by the ideal solution (M*={M* (1),M* (2)…M* 

(r)…M*(n)})and the worst solution (M0={M0(1), M0 (2)…M0 (r)…M0(n)}), and they are composed of the 

best and worst value of the n indices, respectively. The grey correlation integrated water resource security 

evaluation model can be established with four steps: 

1) Calculate the weight of each index, and set it as W= {wr} (r=1, 2, …n ); 

2) Unify the evaluation matrix composed by comparative solutions and reference solutions. And set the 

standard comparative solution, ideal solution and worst solution as Yk={Y1(r), 

Y2(r)…Yk(r)…Yi(r)}(k=1,2,3…i), Y*={Y*(1),Y*(2),Y*(r)…Y*(n)}, Y0={Y0(1),Y0(2)…Y0 (r)…Y0(n)}, 

respectively. 

3) Calculate the grey correlation degree between comparative solutions and ideal solution (rk*), and grey 

correlation degree between comparative solutions and worst solution (rk0). The grey correlation degree of r 

index in kX
with this index in ideal and worst solution is calculated as follows: 

* *
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where  (0< <1) is the distinguishing coefficient, which is equal to 0.5. Then the grey correlation 

degree of kX
 with ideal and worst solution can be given by: 
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                                          (4) 

4) Calculate the grey relative closeness degree qk(0< qk <1), which is used as a comprehensive indicator of 

water resource security. A larger value of qk indicates a better situation of water resource. 

* * 0/ ( )k k k kq r r r                                                      (5) 

3 Case study 
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3.1 Study site and data  

Beijing (39° 28′–41° 05′ N, 115°25′–117° 30′E), the capital of China, lies on the northern edge 

of the North China Plain, with the total area of 16,807km2, composed by four city districts, four suburb 

districts and ten outer suburbs or counties. The per-capita water resource in Beijing is 300 m3, about one 

eighth of the national average, and one thirtieth of the world’s average. Experienced a most serious dry 

weather in 50 years, Beijing has been hit by continuous droughts since 1999, with the annual rainfall 428 

mm on average, only 70% of the annual rainfall in normal years (Chen and Yang, 2009). The water resource 

security in a time series of 1996 to 2007 was chosen as the study period in this paper. Related data is 

collected from official yearbooks and reports, e.g., Beijing Water Resource Bulletin (2003, 2004, 2005, 

2006), Beijing Statistical Year Book (1996-2007), China Statistical Year Book (1996-2007), and Beijing 

Environment Bulletin (1996-2007). 

3.2. Indicator system  

According to the Pressure-Status-Response (PSR) model, the indicator system of water resource security 

can be established by factors of system pressure, status and response, in which pressure indices indicate the 

pressures facing the water resource system, status indices reveal the state of water resource system, while 

response indices demonstrate how human being respond to the water problems, covering the related 

management and technology. Originally presented by the Organization for Economic Co-operation and 

Development (OECD), the PSR framework was proved to be a logical, comprehensive tool to describe the 

environmental issues from an anthropocentric perspective (Bernhard and Harald, 2008), and has been widely 

used to establish indicator system (Bob and Neil, 1998; Murray, 2004; Bricker et al., 2003).The water 

resource security indicator system was then set up according to PSR framework and correlation analysis. 

Entropy method was chosen to establish the weights of evaluating indices. The indicators and weights are 

listed in Table 1. 

Table 1  Indices of water resource security evaluation 

Object Guides Factors Indices Weight 

Index 

System 

Of 

WRSA 

Pressure 

indices 

Water resource 

pressure,P1 

Water resource per capital, P11（m
3 per person） 0.100 

Water resource per hectare, P12（m
3 per hectare） 0.0621 

Water 

environment 

pressure, P2 

Fertilizer used per hectare, P21（kg per hectare） 0.0416 

Load of waste water discharge, P22 （ton per square 

kilometer） 
0.0346 

Society and 

economy 

pressure, P3 

Water used in daily life per capita,P31（liter per 

capita） 
0.0380 

Water used per dd GDP, P32（m
3 per ten thousand 

yuan） 
0.0311 

State Water resource Ratio of water supply to water demand, S11 0.0473 
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indices state, S1 Water used per cultivated land, S12 （m
3 per mu） 0.0601 

Water 

environment 

state,  S2 

Compliance rate of water quality in reservoir, S21 0.0248 

Compliance rate of water quality in lake,S22 0.0501 

Compliance rate of water quality in river,S23 0.0267 

Society and 

economic state,  

S3 

Disposal rate of sewage,S31 0.0654 

Pass rate of industry wastewater,S32 0.0409 

Repeat use rate of industrial water; S33 0.0438 

Per capita gross domestic products, S34;（yuan per 

capita） 
0.0438 

Response 

indices 

Water resource 

management, 

investment, 

policy, R1 

Proportion of tertiary industry, R11 0.0271 

Proportion of environmental invest, R12 0.0497 

Rate of fare for water to annual dominative revenue 

per capita, R13 
0.0228 

Proportion of reusable water reused, R14 0.182 

Proportion of water saving instrument, R15 0.0081 

 

The values of ideal and worst solutions were determined by referring to some principles, including the 

criterion of eco-city in China or values suggested by international organization, e.g., the ideal value of 

Fertilizer used per hectare; the ideal value in current China or the other countries, e.g., the ideal value of 

Water used per 10000 yuan GDP according to the most economic value in China 2007; related previous 

results, e.g., rate of water fare to annual dominative revenue of per-capita; and the ideal or worst values that 

can be achieved with the current technology, such as proportion of reusable water reused and proportion of 

water saving instrument. 

4. Results and discussions 

4.1. Water resource security evaluation of Beijing 

The water resource security status of Beijing from 1996 to 2007 is calculated according to the proposed 

method and listed in Table2, where r* and r0 are grey relation degrees with the ideal and worst solution, 

respectively, and q is the grey relative closeness degree of water resource security with the ideal solution. 

Table 2 Beijing’s water resource security state by TOPSIS based grey relation analysis 

Year  1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 

r* 0.528 0.413 0.468 0.429 0.453 0.453 0.452 0.453 0.467 0.501 0.561 0.576 

r0 0.696 0.731 0.678 0.764 0.715 0.701 0.731 0.717 0.650 0.616 0.560 0.518 

q 0.431 0.361 0.408 0.360 0.388 0.393 0.382 0.387 0.418 0.449 0.500 0.527 

 

From Table 2, it can be seen that during the evaluation period, q had been keeping in a quite low position, 
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with the smallest and largest values in 1999 and 2007, respectively. Meanwhile, r0 was much larger than r* 

in the evaluation period, which demonstrated the water resource was in an awful situation from 1996 to 

2007. Generally, water resource situation kept in a steady trend from 1997 to 2001, then, there was an slight 

increasing trend in q, which indicated water resource situation had been improving slowly from 2002. 

From 1999 to 2005, Beijing had suffered a lasting drought period, during which the average water 

resource volume was only one half of the normal value of accumulated year (Fig. 1.a). Meanwhile, both the 

population (Fig 1.b) and GDP (Fig.1.c) had experienced a significant increasing time, imposing more 

pressures on the water resource. Still, the water resource security status of Beijing had achieved gradual 

improvement instead of prominent deterioration under the severe pressures, which indicated the water 

resource planning and regulation measures taken by Beijing government had played a positive role for the 

water resource conservation. In fact, from the tenth five year period (2001-2005), aiming to construct a water 

saving society, Beijing government had taken a series of measures in view of administration, economy and 

legislation aspects to alleviate the serious conflict between the water resource supply and demand.   

Wter resource volume

0

10

20

30

40

50

19
96

19
98

20
00

20
02

20
04

20
06Year

H
u
n
d
r
e
d
 
m
i
l
l
i
o
n
 
m
3

    

Population

0

200

400

600

800

1000

1200

1400

1600

1800

19
96

19
98

20
00

20
02

20
04

20
06Year

t
e
n
 
t
h
o
u
s
a
n
d
 
p
e
r
s
o
n

    

GDP

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000

19
96

19
98

20
00

20
02

20
04

20
06

Year

H
u
n
d
r
e
d
 
m
i
l
l
i
o
n
 
y
u
a
n

  

            (a)                          (b)                      (c) 

Figure 1 Water resource, population, GDP of Beijing from 1996 to 2007 

4.2 Factor analysis 

The grey relation degrees of evaluating indices with the ideal solution were selected to analyze the 

impacts of the indices and their dynamic status from 1996 to 2007, of which the grey relation degrees of 

1996, 2000, 2004, and 2007 were given in Fig.2. 
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Fig. 2 Grey relation degree of the water resource security status of Beijing  

5 Conclusions 

In this paper, we introduced the method that combining grey relation analysis and TOPSIS for the 

integrated water resource security evaluation of Beijing city. Results showed that it is a favorable method in 

the water resource evaluation field. On one hand, the grey relative closeness degree with the ideal solution 

was used to demonstrate the status of water resource security during a long period. The implement of a 

comprehensive indicator system on water resource security, combining with the consideration of water 

resource security from both the ideal solution and the worst solution perspectives enable the evaluation of 

water resource security carried out comprehensively. The values of ideal and worst solutions, chosen 

according to the relatively ideal or worst values in the present conditions of natural, economy and society, 

give an appropriate standard objectively. On the other hand, the grey relation degree of water resource 

security with the ideal solution can be used to analyze the indices of water resource security, which provides 

useful information on the efficient water resource management and water resource regulation. 
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Abstract: This paper for the first time, examines  the EKC( environmental kuznets curve)  
relationship for CO2 emission for China over the period of 1990-2009.,employing of time 
series  data and a multivariate model of carbon emission among  GDP, investment for real 
estate, fixed capital, urban household and money(M1). The empirical result reveals that 
there is Granger causality running from investment for real estate ,GDP and fixed capital to 
carbon emission in the long run. The result of this study also suggests that  there is 
unidirectional Granger causality from M1 to real estate industry. Therefore China’s 
government should adapt economic development model to reduce carbon emission for 
example keeping the sustainable and rapid development of real estate. 
 
Keyword s:   carbon emission   EKC    investment for real estate    VAR model 
 
 
1. Introduction 
 
Over the past three decades, China’s economy reform and the rapid development are 
incredible successful in the world. Economic growth mode of driving by three pillars 
including consumption, investment , exports and real estate industry plays an important role 
in the proceeding are also impressive and widely discussed. In fact the economic growth of 
China is mainly creditable to industry growth based on environmental degradation .So 
China is rated as the largest contributor of carbon dioxide(IEA,2008). Today global 
warming and it’s great harm and hazard have been widely concerned. After Copenhagen 
climate conference, global green house gas emissions reduction has become concerted 
action in the world. 
Finding the relationship between economic growth and environmental quality is the first 
step to achieve China’s economic harmonious development. About this topic there is an 
famous environmental Kuznets curve (EKC) hypothesis developed by Grossman and 
Krueger (1991). This model proposes that there is an inverted U-shape relation between 
environmental degradation with income. But an increasing empirical testing results appear 
to challenge it. So Stern (1993) employed Granger causality and cointegration model with 
energy consumption ,gross domestic ,capital and labor force for the USA. So far ,nearly all 
the research literatures in the world are according to it For example ,Sytas and Sari(2006) 
applying the multivariate model to analyze China’s problem found that there is no causality 
between income and energy use. In a similar kind of study, Yuan et al(2008)revealed that 
there is a bilateral Granger causality between GDP and energy use in the long run. Jail and 
Mahmud (2009) using the same data in China, founded unidirectional causality from 
economic growth to CO2 emission. Employing nearly similar method and variables, Zhang 
and Cheng (2009) ,surveyed the energy consumption ,output and carbon emission nexus for 
China to find the same result. 
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In above existing literature nearly all have used pooled panel data to establish a link 
between them, though a time series may be a better to reveal the relationship . Moreover, 
the most important real what real estate industry is the central arch an active role in the 
development of economy in China isn’t concerned and revealed. This paper , for the first 
time , applying a multivariate model with real estate industry development (investment for 
real estate development by use),money supply (M1),urban household, GDP, energy 
consumption ,carbon emission and  fixed capital ,employing of time series data over the 
period of 1990-2009 in China, EKC relationship for carbon emission has been deeply 
studied. 
This paper proceeds as follows. Section 2 lays out the econometric methodology and data. 
Section 3 describes empirical analysis and presents the main results. section 4 concludes . 
 
 
2.  Econometric Methodology 
 
ARDL (autoregressive distributed lag model) based on the general -to-specific modeling 
technique has the two most important advantage including that be applied irrespective and 
can take sufficient number of lags to capture the data generating process ,the error model 
can be derived through a simple level of growth.(Jail,2009).This paper follows closely the 
methodology of the recent studies (Jail ,2009) that using a long linear quadratic equation to 
test a long-run EKC relationship among carbon emission, energy consumption, GDP, real 
estate industry development (IRE),money(M1),fixed capital(fc), urban household (up).The 
estimable econometric regression line is as follows: 

  

Where is carbon emission per capital,  is energy consumption per capital,  is GDP 

,  is investment for real estate development by use ,  is money (M1), is urban 

household ,  is fixed capital , :a vector of constant,  coefficient matrix  : noise 
residuals. 
In this paper an annual data on carbon emission(CO2)(kt),energy consumption(ec) (kt of 
standard coal equivalent) , GDP(100 million yuan), investment for real estate (100 million 
yuan),Money (100 million yuan),fixed capital (100 million yuan) and urban household (10 
thousand ),over the period of 1990-2009 when the rapid development of both China’s 
economy and real estate industry .All data are posted by the National Statistics Bureau in 
China. 
This is a piece of pioneering work of employing with investment for real estate and money 
to reveal the truth in this paper .The reasons as follows : 
(ⅰ )Investment for real estate industry by use is a more correlative index than other 
economic factors in VAR model because real estate industry is the important pillar of the 
national economy in China and have greater contribution than other factors in GDP. As we 
all know, since 1990 China’s real estate industry has been established as one of the 
mainstay industries in national economy because it’s driving and pulling to others sectors 
,on it nearly covering with all  excellent resource and  good policies. This  industry has 
achieved incredible progress in the world. In the past year a block sum of investment on 
real estate by the government and enterprise has forceful help China to moderate economic 
crisis and promote GDP to great increase . 
(�) Real estate industry is more sensitive than other sectors in national economy to carbon 
emission because it’s industry chain is very long. According to recent research results, there 
is at least 100 industries by direct or indirect relevant to real estate in China including steel 
and metallurgical industry, building material, architecture and decorative industry, 
household electric appliance, and so on. In fact above industries nearly are more higher 
level carbon emission industries. 
(�) Money can accurately indicate the impact of macroeconomic especially for asset price , 
inflation and so on the relationship between income and output in open and flexible 
economic environmental .And help us to achieve real EKC relationship for CO2 in China. 
In a word, the innovative choice of investment for real estate industry by use and money are 
according to economic operating principles and key mechanisms and China's actual 
conditions. 
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3. Empirical Analysis   
3.1 unit root test 
As the first step in VAR proceeding ,unit root test by Augmented Dickey-Fuller （ADF） 
in this paper is summarized in table 1. And all unit root tests have a null hypothesis that the 
series has a unit against the alternative of stationary. 
table 1    unit root test(ADF) 

ADF level

ec -3.725614 2 5%

co2 -3.6968 2 5%

fc -3.8246 2 5%

ire -5.3149 2 1%

m1 -4.64749 2 1%

up -3.9769 2 1%

gdp -3.1405 1 5%

levels  intercept

 
From the above table, we know that horizontal-series of seven variables are non-stationary 
series, So all these variables are the first fractional integration serial. And we may employ a 
VAR model to analyze the relations. 
 
3.2 The Six Dimensional VAR Model 
Table 2     The VAR model 

 LGCO2 LGEC LGFC LGGDP LGIRE LGM1 LGUP 

   LGCO2(-1)  8.289433  7.168351  10.15281  0.492054  18.92444 -1.085001 -0.541085 

  (3.28500)  (2.19955) (10.9924) (1.84450) (38.8742) (9.81016)  (0.45070) 

 [ 2.52342] [ 3.25901] [ 0.92362] [ 0.26677] [ 0.48681] [-0.11060] [-1.20054] 

LGCO2(-2) -0.062795  0.115720 0.215182 0.520519 3.220532 0.528794 -0.005775 

  (0.89080)  (0.59646)  (2.98083)  (0.50018)  (10.5416)  (2.66024)  (0.12222) 

 [-0.07049] [ 0.19401] [ 0.07219] [ 1.04067] [ 0.30551] [ 0.19878] [-0.04725] 

LGEC(-1) -11.01082 -9.344786 -13.74776 -0.865175 -26.83265  1.188640  0.861108 

  (4.65349)  (3.11586)  (15.5717)  (2.61289)  (55.0687)  (13.8970)  (0.63846) 

 [-2.36614] [-2.99911] [-0.88287] [-0.33112] [-0.48726] [ 0.08553] [ 1.34873] 

LGEC(-2)  0.009259 -0.003717 1.775518 -1.264311 -0.296732 -1.397499 -0.160278 

  (1.01003)  (0.67629)  (3.37979)  (0.56712)  (11.9525)  (3.01629)  (0.13858) 

 [ 0.00917] [-0.00550] [ 0.52533] [-2.22935] [-0.02483] [-0.46332] [-1.15662] 

LGFC(-1)  3.956955  3.091031  3.238193  0.956502  5.789321  0.370670 -0.230078 

  (1.06886)  (0.71568) (3.57668) (0.60016) (12.6488) (3.19200)  (0.14665) 

 [ 3.70202] [ 4.31899] [ 0.90536] [ 1.59375] [ 0.45770] [ 0.11612] [-1.56891] 

LGFC(-2) -3.544093 -2.992735 -4.033064 -0.114878 -6.837990 0.202721  0.150697 

  (1.09988)  (0.73645)  (3.68047)  (0.61757)  (13.0158)  (3.28463)  (0.15090) 

 [-3.22225] [-4.06372] [-1.09580] [-0.18602] [-0.52536] [ 0.06172] [ 0.99863] 

LGGDP(-1)  3.873642  3.274902  3.912562  1.642244  7.150965  0.050362 -0.230503 

  (1.16511)  (0.78013)  (3.89874)  (0.65420)  (13.7877)  (3.47942)  (0.15985) 

 [ 3.32470] [ 4.19791] [ 1.00355] [ 2.51032] [ 0.51865] [ 0.01447] [-1.44197] 

LGGDP(-2)  0.596669  0.571101  0.673106 -0.068854  0.578674  0.874736  0.167534 

  (0.31122)  (0.20838)  (1.04141)  (0.17475)  (3.68291)  (0.92941)  (0.04270) 

 [ 1.91720] [ 2.74062] [ 0.64634] [-0.39402] [ 0.15712] [ 0.94118] [ 3.92359] 

LGIRE(-1) -1.021644 -0.785377 -0.678139 -0.143395 -1.133361  0.198798  0.068081 

  (0.29963)  (0.20063) (1.00264) (0.16824) (3.54578) (0.89480)  (0.04111) 

 [-3.40967] [-3.91465] [-0.67635] [-0.85233] [-0.31964] [ 0.22217] [ 1.65611] 

LGIRE(-2)  0.815411  0.694356 0.778063 0.009344 1.253136 -0.045728 -0.049238 

  (0.25087)  (0.16798)  (0.83947)  (0.14086)  (2.96875)  (0.74918)  (0.03442) 
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 [ 3.25034] [ 4.13367] [ 0.92685] [ 0.06634] [ 0.42211] [-0.06104] [-1.43053] 

LGM1(-1) -1.615294 -1.243564 -0.163423 -0.085234 -0.034977 -0.111663  0.047370 

  (0.43375)  (0.29043)  (1.45142)  (0.24354)  (5.13288)  (1.29532)  (0.05951) 

 [-3.72405] [-4.28187] [-0.11260] [-0.34997] [-0.00681] [-0.08620] [ 0.79600] 

LGM1(-2) -2.533325 -2.210067 -2.524928 -1.212454 -4.563818 -1.122879  0.120194 

  (0.72587)  (0.48602)  (2.42892)  (0.40757)  (8.58977)  (2.16769)  (0.09959) 

 [-3.49008] [-4.54727] [-1.03953] [-2.97487] [-0.53131] [-0.51801] [ 1.20691] 

LGUP(-1) -3.575107 -3.246560 -4.760233 -0.911581 -9.365985  0.720150  0.379039 

  (1.65692)  (1.10943)  (5.54447)  (0.93035)  (19.6077)  (4.94815)  (0.22733) 

 [-2.15768] [-2.92633] [-0.85856] [-0.97983] [-0.47767] [ 0.14554] [ 1.66735] 

LGUP(-2)  9.629372  8.353899  9.350865  2.797813  17.23769  2.654731  0.159462 

  (2.22066)  (1.48690)  (7.43088)  (1.24688)  (26.2790)  (6.63168)  (0.30467) 

 [ 4.33626] [ 5.61834] [ 1.25838] [ 2.24385] [ 0.65595] [ 0.40031] [ 0.52338] 

C -42.75211 -39.16826 -55.39917 -9.012411 -87.55127 -19.56728  3.814987 

  (14.0274)  (9.39238)  (46.9391)  (7.87624)  (165.998)  (41.8907)  (1.92456) 

 [-3.04776] [-4.17022] [-1.18024] [-1.14425] [-0.52742] [-0.46710] [ 1.98227] 

R-squared  0.999700  0.999855  0.999540  0.999980  0.995898  0.999585  0.999988 

Adj. R-squared  0.997599  0.998839  0.996320  0.999836  0.967187  0.996683  0.999905 

Sum sq. resids  0.000473  0.000212  0.005301  0.000149  0.066293  0.004222  8.91E-06 

S.E. equation  0.015385  0.010301  0.051481  0.008638  0.182062  0.045944  0.002111 

F-statistic  475.8957  983.9775  310.4314  6974.456  34.68635  344.3556  12086.25 

Log likelihood  65.03295  71.85188  44.49970  74.84469  23.02658  46.43407  98.80035 

Akaike AIC -5.886230 -6.688457 -3.470553 -7.040552 -0.944304 -3.698126 -9.858864 

Schwarz SC -5.151041 -5.953268 -2.735365 -6.305363 -0.209116 -2.962937 -9.123676 

Meandependen  13.87557  11.98579  10.55487  11.51623  8.687770  10.83810  10.71407 

S.D.dependent  0.313991  0.302287  0.848666  0.674836  1.005065  0.797684  0.217069 

 

3.3   Johansen Test 
According to the Johansen test model, we may establish the test relations as follow: 
Table  3  The cointegration test (Johansen test) 

 Coefficient Std. Error t-Statistic Prob.   

DLGEC 1.251884 0.095677 13.08451 0.0000 
DLGFC -0.263096 0.086743 -3.033064 0.0104 

DLGFC(-1) 0.219291 0.081680 2.684768 0.0199 
DLGIRE 0.081404 0.031965 2.546639 0.0256 

DLGIRE(-1) -0.050949 0.031750 -1.604692 0.1345 

R-squared 0.943823     Mean dependent var 0.002399 
Adjusted R-squared 0.925098     S.D. dependent var 0.046978 
S.E. of regression 0.012857     Akaike info criterion -5.629902 
Sum squared resid 0.001984     Schwarz criterion -5.384839 
Log likelihood 52.85417     Hannan-Quinn criter. -5.605542 
Durbin-Watson stat 1.982408    

Obviously ,there are three co-integrations among seven variables, in other words, there are 
Long-term stable relationship among the three variables .By the normalization and 
application of the co-integrations, we may derive the co-integration equation based on 
carbon  emission as dependent variable as table 3. 
As the above equation shown, the relationship between GDP， M1，HP with CO2 is not 
significant, and it indicates the long-term effect is not significant.EC factor is significant at 
1% significance level, viewing from the coefficient of elasticity, when EC increase or 
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decline 1%,CO2 would decline or increase 2.59%;At the same time there is lagged effect of 
IRE  and FC’ force on CO2,whenever FC or IRE increase or decline 1%,CO2 would 
increase or decline 3.45% or 2.18% behind one period ;   
 
3.3 Granger Causality Test 
As  table 3,all series are not integrated of the same order, we employ Granger causality to 
further study the relationships between them. 
Table  4   Granger causality test 

  Null Hypothesis: Obs F-Statistic Probability 

  LGEC does not Granger Cause LGCO2 18  2.77478  0.09919 

  LGCO2 does not Granger Cause LGEC  1.99375  0.17571 

  LGFC does not Granger Cause LGCO2 18  2.45806  0.12432 

  LGCO2 does not Granger Cause LGFC  3.15784  0.07625 

  LGGDP does not Granger Cause LGCO2 18  0.41957  0.66592 

  LGCO2 does not Granger Cause LGGDP  2.99669  0.08506 

  LGIRE does not Granger Cause LGCO2 18  1.28060  0.31071 

  LGCO2 does not Granger Cause LGIRE  3.84468  0.04878 

  LGM1 does not Granger Cause LGCO2 18  1.01266  0.39019 

  LGCO2 does not Granger Cause LGM1  2.71372  0.10354 

  LGUP does not Granger Cause LGCO2 17  6.95236  0.00988 

  LGCO2 does not Granger Cause LGUP  0.01979  0.98044 

  LGFC does not Granger Cause LGEC 18  1.63840  0.23197 

  LGEC does not Granger Cause LGFC  3.09799  0.07939 

  LGGDP does not Granger Cause LGEC 18  0.50181  0.61669 

  LGEC does not Granger Cause LGGDP  3.06467  0.08121 

  LGIRE does not Granger Cause LGEC 18  1.14809  0.34741 

  LGEC does not Granger Cause LGIRE  3.87528  0.04786 

  LGM1 does not Granger Cause LGEC 18  1.23077  0.32396 

  LGEC does not Granger Cause LGM1  2.74696  0.10115 

  LGUP does not Granger Cause LGEC 17  11.9220  0.00141 

  LGEC does not Granger Cause LGUP  0.00726  0.99277 

  LGGDP does not Granger Cause LGFC 18  0.50120  0.61705 

  LGFC does not Granger Cause LGGDP  9.89846  0.00244 

  LGIRE does not Granger Cause LGFC 18  5.43967  0.01921 

  LGFC does not Granger Cause LGIRE  8.13904  0.00511 

  LGM1 does not Granger Cause LGFC 18  0.63636  0.54493 

  LGFC does not Granger Cause LGM1  2.75582  0.10052 

  LGUP does not Granger Cause LGFC 17  10.0021  0.00278 

  LGFC does not Granger Cause LGUP  4.24155  0.04043 

  LGIRE does not Granger Cause LGGDP 18  5.28734  0.02088 

  LGGDP does not Granger Cause LGIRE  8.14157  0.00510 

  LGM1 does not Granger Cause LGGDP 18  17.9925  0.00018 
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  LGGDP does not Granger Cause LGM1  0.23677  0.79250 

  LGUP does not Granger Cause LGGDP 17  11.9757  0.00138 

  LGGDP does not Granger Cause LGUP  6.62683  0.01151 

  LGM1 does not Granger Cause LGIRE 18  9.96459  0.00238 

  LGIRE does not Granger Cause LGM1  2.53034  0.11799 

  LGUP does not Granger Cause LGIRE 17  20.7307  0.00013 

  LGIRE does not Granger Cause LGUP  2.77655  0.10209 

  LGUP does not Granger Cause LGM1 17  5.88553  0.01655 

  LGM1 does not Granger Cause LGUP  6.55581  0.01191 

3.5   Results 
From the above table, we may draw conclusions as follow: 
Firstly , there is a stable cause-and-effect relationship between investment for real estate 
and GDP, fixed capital and urban household in the long run., Obviously, this result 
accurately reflects the truth in China. Since 1990S, real estate industry as Pillar industry in 
national economy  has played an important role in promoting China’s economic 
development and GDP’S growing. According to recent research results, investment for real 
estate by use is nearly  25% of fixed capital annual from 1990 to 2009,and revenue and 
contribution from it is more than 10% of GDP. Over three decade China’s  urbanizing  
movement has greatly promoted  the sustained development of the real estate and growth of 
urban household. Meanwhile accelerating the progress of urbanization also improve  the 
rapid development of real estate and  increase the number of  urban household. During the 
processing ,total  society fixed capital  investment  also experience the same  circulation. 
Secondly, there is a directional Granger causality running from GDP and energy 
consumption to carbon emission at the 5% significant level. And the same causality 
relationship is shared  by urban household, fixed  capital ,real estate . This result can be 
explained  that an increase of GDP, urban household, real estate ,fixed capital  or energy 
consumption will bring about  an increase  in carbon emission. But the inverse is not true. 
In fact, the reason of  this Granger causality  is very  logical and  comprehensive in China. 
Just as above analysis, whenever an increase in investment for real estate and fixed capital 
as the most important driving and pulling force of China’s  national economy 
development  ,It would  bring about  the boom of  total industries and  great progress in 
urbanization. As  we all know, China’s industries today are mainly typically small, 
inefficient and environmentally disastrous. Therefore  all this lead to an increase in carbon 
emission in the model and real lives Of course this result differs from that of  Jail and 
Mahmud(2009) and  Chen and Zhang(2009). 
Thirdly, there is a significant relationship of mutual causal between investment for real 
estate with M1. That is ,whenever or whatever M1 changes because of accommodative or 
tight monetary policy, real estate industry would fluctuate at once. Meanwhile, the change 
of real estate industry can lead M1 to change. The rule behind it is that real estate corporate 
capital fund is very small in contrast with project investment and greatly depend on money 
from the bank. The rise of M1 means rich money in circulation, so investment for real 
estate by use at once  expand, real estate industry would increase at once .As every coin has 
two sides ,when investment for real estate  growing or falling , M1 also would change. 
Finally, the correlations between M1with carbon emission is not significant. This is the one 
and only among all causality tests. It may appear surprising. Yet this phenomenon 
accurately reflects China’s basic sate conditions today..The Possible explanations about this 
is that  money supply by the view of carbon emission may closely related to nearly all 
industries such as first industry, second industry and so on that there is a flexible 
relationship between them. 
 
 
4. Conclusions  
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This paper is to test the EKC(environmental Kuznets curve) relationship for carbon 
emission in China over the period of 1990-2009. Employment of time series data ,using a 
multivariate model including GDP, fixed capital ,investment for real estate,  money, urban 
household and energy consumption has shown that the interactive relationship between 
carbon emission with marc-economy in China can be dealt with a seven dimensional VAR 
model based on Granger causal test and Johansen test .The empirical result of a stable 
Granger causality relationship between investment for real estate and GDP, fixed capital 
and urban household in the long run implies that China’s government through adapting 
develop model  can promote and  improve environmental quality. The result also indicate 
that real estate industry is another significant determinant of CO2 emission. And negative 
and insignificant coefficient is also observed  such as  money. 
The main contribution in this paper  is to ,for the first time, employ the variables of 
investment for real estate and money  in VAR model  to empirically investigate EKC 
relationship for China and find a satisfied results. This finding may be surprising because of 
unique variables. And it is more important to extend the work to get further  proof about 
this topic. 
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Abstract: The development of urban ecosystems is usually restricted by a few key limiting 
factors, including both the natural resource condition and the socioeconomic performance. 
To link the natural, economic and social subsystems together and uniformly measure the 
multiple ecological flows within and amongst these subsystems, emergy analysis was 
applied in this paper to describe the status quo of urban ecosystems in terms of energy and 
materials metabolism. Three typical cities, namely Guangzhou, Shenzhen and Zhuhai all in 
the Pearl River Delta urban cluster in China, are chosen as the cases, regarding the urban 
cluster as an important developmental pattern and trend of urban ecosystems. Using the 
data in 2005, an emergy-based analysis was conducted for the three cities from aspects of 
emergy structure, emergy intensity, emergy welfare, environmental pressure and ecologic 
economic interface. Based on the comparative results, the limiting factors of these urban 
ecosystems were further analyzed. This paper presents a meaningful comparison among 
different urban ecosystems in the same region, and provides a useful framework for urban 
ecological management based on limiting factors analysis of urban ecosystems. 
 
Keywords: urban ecosystem; limiting factor; emergy; the Pearl River Delta 
 
 
1 INTRODUCTION 
 
Facing with more and more huge systems and emerging complicated problems, that sort of 
method in systematic view is required, so as to understand the systems’ performance, 
diagnose their status quo, find out the key points and give suggestion to optimize the 
systems’ structure and function. Composed of multiple interactive factors and plays various 
roles in socio-economic development, urban ecosystem is known as a typical complex 
system, for which the systematic analysis method is indeed necessary. Based on this 
consideration as well as the focus on the energy and climate change issues, the emergy 
synthesis, a well-suited integrated ecological economic evaluation method grounded in 
energetics and systems ecology which can measure different energy and materials flows on 
the same criteria (Odum, 1996; Ulgiati et al., 1998), is applied in this paper to assess urban 
ecosystems systematically, like a comprehensive physical examination for human beings. 
Based on the systematic evaluation, the limiting factors of urban healthy development can 
be revealed and corresponding regulation scheme can be put forward. As a useful tool for 
ecosystem accounting and evaluation, except for the theoretical discussion (Brown et al., 
2002; Huang et al., 2005; Li et al., 2010; Lu et al., 2003; Odum, 1988; Ulgiati et al., 2009), 
emery synthesis has also been introduced into case studies on socio-economic metabolism 
of many urban ecosystems in different countries (Ascione et al., 2009; Huang et al., 2007; 
Jiang et al., 2009; Lan et al., 1994; Lei et al., 2008; Liu et al., 2009; Su et al., 2009; 
Whitfield, 1994; Zhang et al., 2009), which is of great value for urban ecosystem 
assessment and diagnosis. 

As an important trend of urban ecosystems’ developmental pattern, urban clusters (also 
named urban agglomerations) becomes more and more attractive around the world, which 
link many cities in a certain natural geographical area by societal, economic and cultural 
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communication. Emergy analysis has also been conducted on urban clusters and other 
closely-related regions, e.g., the Oak Openings region in USA (Higgins, 2003), the 
Jing-Jin-Tang urban clusters (Cai et al., 2009) and the Yellow River basin (Chen et al., 
2009) in China, and a coastal resort region in Italy (Vassallo et al., 2009). The Pearl River 
Delta urban cluster is regarded as an important pioneer for the national economic 
development in the past several decades. In this paper, this urban cluster located in the 
southeast of China is chosen as the study site. Since it is difficult to collect the emergy data 
on the whole urban cluster scale, three cities namely Guangzhou, Shenzhen and Zhuhai 
within the urban cluster, are selected as the concrete cases to represent the biophysical 
situations of the Pearl River Delta urban cluster. Through a comparison analysis amongst 
cities within the same urban cluster, which share similar local resources, it may be hopeful 
to discover the limiting factors of different urban ecosystems more easily. 

In this paper, emergy analysis is used to integrate various energy and materials flows in 
the urban ecosystem and organize suitable indicators to assess the urban ecosystem, 
followed by the ecologic economic analysis of three urban ecosystems in the Pearl River 
Delta urban cluster from aspects of emergy structure, emergy intensity, emergy welfare, 
environmental pressure and ecologic economic interface. According to the basic results, the 
limiting factors of these urban ecosystems are further discussed, from which some 
regulatory measures for advancing urban ecosystem development are suggested. 
 
 
2 METHODOLOGY 
 
 
2.1 Study Site 
 
Located at Guangdong Province in southeast of China, the Pearl River Delta urban cluster 
covers nine cities in Guangdong and the two adjacent special administrative regions namely 
Hong Kong an Macao, with a total area of more than 40 000 km2. Attributing to the national 
policy of reform and opening, the Pearl River Delta urban cluster developed relatively early 
and fast in China, so that the regional GDP increased from eight billion dollars in 1980 to 
232 billion dollars in 2005. It has grown as the economic and financial center of south of 
China, and will continuously play important roles in the future economic development in 
China1. In this paper, three famous and typical cites including Guangzhou, Shenzhen and 
Zhuhai are chosen as the cases to represent the situation of the Pearl River Delta urban 
cluster in terms of energy and materials metabolism, based on which the urban ecosystem 
development can be evaluated and diagnosed comprehensively in view of systems ecology 
perspective. The general introduction of three cities is shown in Table 1. 

 
Table 1. General situations of Guangzhou, Shenzhen and Zhuhai in 2005 

Items Guangzhou Shenzhen Zhuhai 

Area (km2) 7434 1953 1688 

Population density (pop/km2) 1010 931 531 

Per capita GDP ($) 6562 7415 5522 

Proportion of information industry to GDP (%) 57.8 46.6 43.5 

Per capita water resource (m3) 1139 313 811 

Green coverage in built-up area (%) 36.2 33.6 45 

Energy consumption per unit GDP (tce/104$) 6.4 7.3 7.0 

 
 
2.2 Emergy Synthesis 
 
With the great effort of researchers like Odum, emergy synthesis has developed into a 

                                                        
1 http://business.sohu.com/47/79/article206657947.shtml. 
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mature theoretical system in the past several decades. According to the basic procedure of 
emergy synthesis, the systematic emergy analysis for three urban ecosystems can be 
generalized into five steps as follows: (1) Confirming the urban ecosystem boundary and 
collecting related data of three cities, e.g., the natural resources condition, economic flows, 
the basic information of agriculture, industry, import, export, energy and materials 
consumption, and waste emission; (2) Drawing the emergy system diagram to describe the 
energy and materials flows within and amongst each subsystem, based on the collected data; 
(3) Establishing the emergy accounting table to summarize major resources and economic 
flows in each urban ecosystem; (4) Setting up suitable emergy-based indicators (see Table 2) 
and calculating their values in each urban ecosystem; and (5) Result analysis for three 
urban ecosystems. 

 
Table 2. Emergy-based indicators for urban ecosystem evaluation 

Factors Indicator Expression 

Emergy source Emergy self-sufficiency (R+N0+N1)/U 

Fraction of locally renewable emergy used R/U 
Fraction of locally non-renewable emergy used (N0+N1)/U 
Fraction of purchased emergy used (F+G+P2I3)/U 

Ratio of import to indigenous emergy (F+G+P2I3)/(R+N0+N1) 

Emergy diversity index ( ) ln( )i iU U

U U
 

 

Emergy intensity Emergy density U/area 

Ratio of concentrated to rural use (F+G+P2I3+N1)/(R+N0) 

Emergy welfare Per capita emergy used U/Pop 

Per capita fuel emergy used Fuel/Pop 

Ratio of electricity emergy used el/U 

Carrying capacity density based on renewable 
emergy 

(R×Pop)/(U×area) 

Environmental 
load 

Ratio of waste to renewable emergy W/R 

Ratio of waste to total emergy used W/U 

Ecological 
economic 
interface 

Emdollar ratio U/GDP 

Emergy investment ratio (F+G+P2I3+N0+N1)/R 

Ratio of export to import (N2+B+P1E3)/(F+G+P2I3) 

R: renewable emergy flow; N: indigenous non-renewable flows; N0: dispersal rural (e.g. soil loss); N1: concentrated use 
(e.g. hydroelectricity); N2: exported of raw materials; F: imported fuel; G; imported goods; I3: dollars paid for imported 
service; B: exported products; E3: dollars received for exported service; P2: world emdollar ratio; P1: emdollar ratio; U: 
total emergy used (U=R+N0+N1+F+G+P2I3, Ui respectively denotes each component of U); W: waste; Fuel: fuel used; el: 
electricity used; GDP: gross domestic products; Pop: population. 

 
 
3 RESUTLS 
 
After collecting data and implementing the emergy synthesis procedure, the final results of 
urban ecosystem evaluation are obtained, which is described from five basic aspects of 
emergy analysis, i.e., emergy source, emergy intensity, emergy welfare, environmental load, 
and ecological economic interface. 

 
 

3.1 Emergy Source 
 
The emergy source situations of the three cities are analyzed from three aspects based on 
six indicators, including accounting the emergy source from two kinds of inputs, i.e., 
self-sufficiency (renewable emergy, dispersal rural non-renewable emergy, and 
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concentrated used non-renewable emergy) and purchase (imported fuel, imported goods, 
and imported service) (see Figure 1a), further dividing the indigenous resources into two 
parts, i.e., locally renewable and non-renewable emergy (see Figure 1b), and measuring the 
emergy source structure by the indicator ‘Ratio of import to indigenous emergy’ and 
calculating the emergy diversity index (see Figure 1c). 
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Figure 1. Situations of emergy source indicators for three urban ecosystems 
 

It is indicated in Figure 1 that, the emergy self-sufficiency of the three cities ranges from 
0.08 to 0.18, amongst which Zhuhai is on the highest self-sufficiency level while Shenzhen 
on the lowest level. Correspondingly, fraction of purchased emergy accounts for the biggest 
portion for Shenzhen and smallest for Zhuhai city. As for the self-sufficient emergy, the 
ratios of renewable part to the non-renewable part are about eight and four in Shenzhen and 
Zhuhai respectively, while the non-renewable part is three times more than the renewable 
part in Guangzhou. In view of the indicator ‘Ratio of import to indigenous emergy’, Zhuhai 
has the lowest value of 4.6 while Shenzhen has the highest value of 11.1. Regarding the 
emergy diversity index, the situations of the three cities are similar with each other when 
their values fluctuate between 1.39 and 1.65. 
 
 
3.2 Emergy Intensity 

 
The situations of emergy intensity for the three cities are described from two aspects, 
through indicators of ‘Ratio of concentrated to rural use’ and ‘Emergy density’. As shown 
in Figure 2, Guangzhou uses the resources with the most concentrated degree while Zhuhai 
uses the resources with the least concentrated degree, while Shenzhen has the highest 
emergy density which is nearly three times of that of Zhuhai city. 
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Figure 2. Situations of emergy intensity indicators for three urban ecosystems 

 
 
3.3 Emergy Welfare 

 
The emergy welfare is represented by four indicators, including ‘Per capita emergy used’, 
‘Per capita fuel emergy used’, ‘Carrying capacity density based on renewable emergy’, and 
‘Ratio of electricity emergy used’. The former two indicators can denote the welfare with 
respect to the per capita emergy quantity (Figure 3a), while the latter twos with respect to 
the economic development level and the sustainable carrying capacity based on local 
resources (Figure 3b). 
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Figure 3. Situations of emergy welfare indicators for three urban ecosystems 
 

For per capita total emergy used, the value of Shenzhen city is on the top while that of 
Guangzhou city is at the bottom. But in terms of per capita fuel emergy used, the value of 
Guanghzou city reaches the highest level while that of Zhuhai city is the lowest. Based on 
the local renewable resources, the carrying capacity of Guangzhou city is the smallest, 
which only accounts for one third of that of the other cities. When it comes to the indicator 
‘Ratio of electricity emergy used’, the value of Shenzhen city is the largest. 
 
 
3.4 Environmental Load 

 
Ratio of waste to emergy is used to express the situations of environmental load in the three 
cities. As for the ratio of waste to the total emergy used, Guangzhou accounts for 24 percent 
while Zhuhai and Shenzhen account for 12 and 6 percent respectively. As for the ratio of 
waste to the renewable emergy, the value of Guangzhou city is more than ten while that of 
the other two cities is less than one (see Figure 4). 
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Figure 4. Situations of environmental load indicators for three urban ecosystems 

 
 
3.5 Ecological Economic Interface 

 
The situations of ecological economic interface are denoted through three indicators, 
namely ‘Emergy investment ratio’, ‘Ratio of export to import’, and ‘Emdollar ratio’. As 
indicated in Figure 5, Guangzhou’s emergy investment ratio is much bigger than that of 
Shenzhen and Zhuhai, while its exchange efficiency based on ‘Ratio of export to import’ is 
lower than the other twos’. And Zhuhai possesses the biggest emdollar ratio among the 
three cities. 
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Figure 5. Situations of ecological economic interface indicators for three urban ecosystems 
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4 DISCUSSION AND CONCLUSION 
 
Based on the above basic results, the characteristics of the three cities can be summarized 
(Table 3). Subsequently, the limiting factors of these three urban ecosystems can be further 
analyzed. 

 
Table 3. Comparison of the key characteristics of Guangzhou, Shenzhen and Zhuhai 

Items Guangzhou Shenzhen Zhuhai 

General 
situation 

Relatively large area, 
population and GDP, and 
relatively high energy usage 
efficiency 

Relatively small area and 
population but large GDP, 
and relatively low energy 
usage efficiency 

Relatively small area, 
population and GDP, and  
relatively low energy usage 
efficiency 

Emergy source Relatively low emergy 
self-sufficiency and locally 
renewable emergy, relatively 
high dependence on import 
emergy, and relatively few 
emergy diversity 

Medium emergy 
self-sufficiency, relatively 
few locally non-renewable 
emergy, relatively high 
dependence on import 
emergy, and relatively few 
emergy diversity 

Relatively high emergy 
self-sufficiency and locally 
renewable emergy, 
relatively few dependence 
on import emergy, and 
relatively large emergy 
diversity 

Emergy 
intensity 

Relatively small emergy 
density, and large degree of 
concentrated usage 

Relatively large emergy 
density, and medium degree 
of concentrated usage 

Relatively small emergy 
density and degree of 
concentrated usage 

Emergy welfare Relatively few emergy amount 
per capita, and relatively small 
carrying capacity density 
based on renewable emergy 

Relatively large emergy 
amount per capita and 
carrying capacity density 
based on renewable emergy 

Medium emergy amount 
per capita, and relatively 
large carrying capacity 
density based on renewable 
emergy 

Environmental 
load 

Relatively large ratios of waste 
to renewable emergy and total 
emergy used 

Relatively small ratios of 
waste to renewable emergy 
and total emergy used 

Relatively small ratio of 
waste to renewable emergy 
and medium ratio of waste 
to total emergy used 

Ecological 
economic 
interface 

Relatively low emdollar ratio, 
relatively big emergy 
investment ratio, and relatively 
small ratio of export to import 

Relatively low emdollar 
ratio, medium emergy 
investment ratio, and 
relatively big ratio of export 
to import 

Relatively high emdollar 
ratio, relatively small 
emergy investment ratio, 
and medium ratio of export 
to import 

Limiting factors Large population, few 
renewable resources, high 
dependence on import from 
outside, and great amount of 
waste 

Few non-renewable 
resources, high dependence 
on import from outside, and 
low energy usage efficiency 

Low economic product, 
and low energy usage 
efficiency 

 
According to the limiting factor analysis, three typical sorts of problems happened during 

urban ecosystem development are clearly revealed. Guangzhou is a representative of those 
mega cities without enough natural resources, in which economy develops fast on the basis 
of great amount of outside resources and energy, large population gather and thus huge 
pollution discharges to the environment, so that resident can’t enjoy good-quality 
environment nor comfortable living standard. Shenzhen is a representative of middle cities 
without abundant resources during fast economic progress, in which the human living level 
improved fast in the past periods, but the resources and energy shortage is becoming more 
and more obvious. Zhuhai is a representative of middle cities with relatively good 
environment but without large population nor plentiful economic product, for which the 
problems like energy shortage and environmental pollution may emerge along with the 
economic development in the future. Corresponding regulation can be implemented for 
different urban ecosystems due to their limiting factors, e.g., population control, pollution 
treatment and ecological restoration should be emphasized for cities like Guangzhou, 
promoting the energy usage efficiency and decreasing dependence on outside import should 
be conducted for Shenzhen city, while developing economic pattern of high energy usage 
efficiency and low pollution emission should be performed for Zhuhai city. 

Based on the emergy synthesis and related indicators, three urban ecosystems in the Pearl 
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River Delta urban cluster are systematically evaluated and diagnosed from perspective of 
systems ecology. The main characteristics of the three cities are summarized from aspect of 
emergy source, emergy intensity, emergy welfare, environmental load, and ecological 
economic interface. Furthermore, the limiting factors of the three urban ecosystems are 
analyzed. A meaningful evaluation and comparison framework among different urban 
ecosystems is presented in this paper, which is helpful for providing reference for urban 
ecological management based on limiting factors analysis. With enough data, further study 
can be conducted by analyzing the change trend of urban ecosystems over time, which can 
provide more valuable support for optimization and regulation of urban ecosystems. 
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Abstract: In this study, the responses of soil organic carbon and δ13C values to soil 

warming were conducted by relocating intact soil cores from high- to low-elevation forests 

for one year along a natural altitudinal transect in the northern slope of Changbai Mountain. 

As expected, the soil-core relocation caused significant increase in soil temperature but 

made no significant effect on soil moisture. The results showed that after one year 

incubation, soil relocation significantly decreased TOC contents, and δ13C decreased. 

Pearson correlation analysis demonstrates that TOC content was negatively related to soil 

temperature but positively related to soil moisture. After one-year simulated warming 

experiment, δ13C values in bulk soils reduced by 0.45 ‰. Furthermore, the decreases in the 

size fractions <63 μm were larger than those in the size fractions 63-1000 μm. 

 

Key words: Soil-core relocation experiment; Old temperate volcanic forest soils; Soil 

organic carbon species; δ13C；Soil particle-size fractions 

 

 

1 INTRODUCTION 

 

Over the next 100 years, anthropogenically induced climate warming from the production 

of greenhouse gases is hypothesized to increase global mean annual temperature by 

1.54-5.8 ℃ (IPCC,2001). However, ecosystem-level response of soil organic carbon to 

global warming is difficult to be defined from simple direct responses of ecosystem 

components. Many different experimental approaches have been used to study the potential 

impacts of climate change on terrestrial ecosystems, including controlled-climate laboratory 
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studies, experimental field manipulations using plastic enclosures, buried heating cables, 

and infrared radiators (Hart and Perry, 1999; Hart, 2006). Using natural temperature 

gradients caused by changes in altitude or aspect coupled with direct manipulation (soil or 

plant-soil transplant) also have been used as surrogate experimental approaches which may 

provide a powerful and cost-effective and convenient tool for assessing the potential impact 

of climate change on terrestrial ecosystems (Hart and Perry, 1999; Hart, 2006).  

The forest soil carbon pool accounts for about 73 % of the soil carbon pool (Post and 

Emanuel, 1982). Thus, relatively small change of forest soil carbon pool may have an 

important role in regulating the global carbon balance. The isotopes of carbon provide a 

means to study soil carbon dynamics (Bird et al., 1996; Bird et al., 2004).Understanding 

soil organic carbon responses to the global warming will help to reveal the dynamics and 

mechanism of soil carbon pool (Gong et al., 2008; Laik et al., 2009 ).  

Temperate forests occupy a large area in northeastern China where effects of projected 

climatic warming on terrestrial ecosystems are significant. Understanding the soil organic 

carbon responses to the temperature in this area is important for improving soil carbon 

management of forest ecosystem. However, our knowledge is limited to the effect of global 

warming on dynamics of different soil carbon fractions in old temperate volcanic forest 

soils of Changbai Mountain.  

In this study, surface volcanic mineral soils under three typical old temperate forest stands 

along altitudinal transect of Changbai Mountain were sampled and relocated intact soil 

cores from high- to low-elevation forests were deployed, to study the effects of forest types, 

temperature, and other environmental conditions along altitudinal transect on soil TOC and 

δ13C values. The results can improve the understanding for the response of carbon 

dynamics in temperate soils to varying vegetations and temperature. 

 

 

1. METHODS 

 

1.1Study site 

 

The study site was located at altitudes from 740 to 1996 m on the northern slope of 

Changbai Mountain, Northeastern China (42°24′N, 128°28′E). The forest ecosystem of the 

Changbai Mountain is the most typical mountain temperate forest ecosystem in eastern 

Asia, with vertical zonal distribution of vegetation resulted in a varied topography, weather, 

soil and other natural conditions in Changbai Mountain (Wang et al., 2004). Recent 

small-scale volcano eruptions occurred in 1702 and a very large scale eruption occurred 

during 1000–1410 (Liu et al. 1992; Zhao 1981). Three natural temperate forests in a natural 

vertical distribution along the northern slope were considered to be broad-leaved Korean 

pine mixed forest, spruce-fir forest and Erman’s birch forest. Broad-leaved Korean pine 

forest (below 1100 m altitude) at the foot of Changbai Mountain is a typical natural 

coniferous-latifoliate mixed forest whose dominant tree species are Pinus Koraiensis, A. 

mono Maxim, T. amurensis Rupr, Fraxinus mandshurica Rupa and Quecusmongolica. The 

dominant tree species in spruce-fir forest (altitude 1 100 m-1 700 m) are Picea koraiensis 

and P. jezoensis. Erman’s birch forest (altitude 1 700 m-2 000 m), which constitute the 
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peculiar forest landscape of subalpine belts, is the forest-line vegetation dominated by 

single arboreal tree species of Betula ermanii (Wang et al., 2004). 

The climate is continental temperate climate with obvious vertical climate-changing 

features. The mean annual temperature is about 0.9-3.9 ℃ and the mean annual 

precipitation is about 700 mm at the broad-leaved Korean pine forest zone, about 

-2.3-0.9 ℃ and about 800 mm at the spruce-fir forest zone, and about -3.2 - -2.3 ℃ and 1 

000-1 400 mm at the Erman’s birch forest zone (Wang, et al., 2004). There is obvious 

vertical zonality of soil on the northern slope of Changbai Mountain. With the order of 

from top to bottom: mountain soddy forest soil (altitude 1 700-2 000 m), mountain brown 

conifer forest soil (altitude 1 100-1 700 m) and mountain dark brown forest soil (below 

1100 m altitude (Wang et al., 2004). These soils belong to Andosols by Food and 

Agriculture Organization soil classification (Xu et al., 2007).  

 

1.2 Experimental design and field incubation 

 

On June 8th 2007, fifteen 3×3 m plots were established randomly within three forest types, 

i.e., broad-leaved Korean pine forest, dark coniferous forest and erman’s birch forest with 

<3º slope and well drained hydrological conditions in each plots. Five established plots in 

each forest type were about 2 m distance apart, three of the plots were selected as control 

and two as soil core sampling or incubation site. Eight (in one dark coniferous forest plot) 

or sixteen (in two erman’s birch forest plots) intact soil cores were removed using 30-cm 

inner diameter×30-cm long, thin-walled polyvinyl chloride (PVC) pipe that had been 

sharpened at one end. The intact soil cores were relocated from the high- to the 

low-elevation forest plots for one-year field incubation. Sixteen soil cores from erman’s 

birch forest were placed in one spruce-fir forest plot and one broad-leaved Korean pine 

forest plot, respectively. Eight soil cores from spruce-fir forest plot were placed in one 

broad-leaved Korean pine forest.  

 

1.3 Sampling 

 

Six soil samples, at each depth of 0-10 cm and 10-20 cm, were collected from each control 

plot by auger, then pooled for one soil sample in June 2007, June, July and August of 2008, 

a total of 72 soil samples from control plots were sampled. In June, July and August of 

2008, incubation soil cores were sampled by auger at each depth of 0-10 cm and 10-20 cm, 

3 soil cores of each forest type were selected each time, a total of 54 soil core samples were 

selected. The fresh soil samples were separated from fine seeds, sieved through 2 mm mesh, 

then put into sealed hop-pockets and kept at 4 ℃. In June 2007, three 0.33×0.33 cm bracket 

of decomposed and undecomposed litter were collected from each control plot, then pooled 

for one litter sample, a total of 18 litter samples were selected., then dried at 70°C for 24 h 

to make powder for use. 

 

1.4 Methods of measurements 

 

The soil temperatures of plots and soil cores were measured in situ by SN-digital 
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thermometer at depth of 5 cm during 9:00-10:00 am and 2:00-3:00 pm on June 9th, July 13th 

and August 12th of 2008. Soil moisture was determined by mass loss on drying oven. The 

total organic carbon contents were determined by rapid dichromate oxidation of dried and 

sieved (0.28 mm) samples. 

The soil samples were separated into 3 fractions (<63 μm , 63-500 μm, 500-1000 

μm, >1000 μm) by wet sieved method and the <2 μm fraction was separated from the 2-63 

μm fraction by differential settling in water. Recoveries from this procedure were >95 % by 

weight in all cases. After drying and determination of the proportion of each size fraction, 

soils were prepared for 13C-isotope analysis. Fractions >63 μm were crushed before 

further analysis. The 13C values of the soils were measured using an isotope ratio mass 

spectrometer (Thermo Finnigan MAT253). The samples were combusted to CO2 in an 

elemental analyzer (Flash EA 1112 Series) and introduced to the mass spectrometer in a 

continuous flow mode. The 13C values are reported as per mil (parts per thousand; ‰) 

deviations from the PDB standard. IAEA-CH-3 was used as reference material. 

 

1.5 Statistical analyses 

 

In this study, the data were statistically analyzed by SPSS 11.0 software for windows. 

Parametric statistics of ANOVA analysis was carried out to test for significant differences 

of soil properties among forest types and warming experimental treatments at p <0.05. If 

the effects of forest types and warming experimental treatments were significant, mean 

separations were achieved using a protected least significant difference (LSD) test at p 

<0.05. Pearson’s correlation analysis was performed to explain relationships among soil 

organic carbon, soil temperature and soil moisture. 

 

 

2 RESULTS 

 

2.1 Soil temperature and soil moisture in the soils and transferred soil cores along 

natural altitudinal transect 

 

The soil temperatures of the 5 cm depth were significantly different among the three 

forest type, varied as broad-leaved Korean pine forest (PB)>spruce fir forest (SF)> 

erman’s birch forest (EB) (Fig. 1). Soil temperatures in low-elevation incubated soil 

cores were not statistically different from those in ambient control plots during 

2008.The soil moisture of the 0-20 cm layers in EB was significantly larger than that in 

SF and PB. The soil moisture was larger in broad-leaved Korean pine forest than that in 

spruce-fir forest but the difference was not significant (Fig. 1). Over a year period, 

water moisture was also statistically similar among transferred soil cores and ambient 

control plots. As expected, the soil core relocation experiment caused significant 

increase in soil temperature but made no significant effect on soil moisture. 
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Figure 1. Soil temperatures in 5 cm depth and soil moistures in 0-20 cm layers in the three 

typical forest soils and the transferred soil cores in 2008 

The error bar represents the standard error (n=3), the treatments with same letters are not significant at p<0.05. 

DC-PB: the soil cores of dark coniferous forest transferred to broad-leaf Korean pine forest; EB-DC: the soil cores 

of erman’s birch forest transferred to dark coniferous forest; EB-PB: the soil cores of erman’s birch forest 

transferred to broad-leaved Korean pine forest. The same below. 

 

2.2 Soil TOC contents in the three natural forest and transferred soil cores along 

natural altitudinal transect 

 

The TOC contents increased with elevation increase along natural elevation gradients, 

varied as EB>SF>PB. Surface mineral soil (0-10 cm) had significantly higher mean 

TOC contents than subsurface soil (10-20 cm). In 0-10 cm soil layers, the TOC 

contents were significantly larger in EB than those in SF and PB, but the TOC contents 

of SF and PB were not significantly different. In 10-20 cm soil layers, the TOC 

contents of the three forest types were significantly different(Table 3).After one year 

incubation, soil relocation resulted in TOC content decrease in SF-PB, EB-SF and 

EB-PB soil cores in 0-10 cm and 10-20 cm layers, and especially the effect on 10-20 

cm layers were significant (Table 3). Pearson correlation analysis indicated that TOC 

content in 0-10 cm soil layer was significantly negatively related to soil temperature in 

5 cm soil layer (r=-0.549,p<0.01) but TOC content was positively related to soil 

moisture (r=0.884, p<0.01).  

 

Table 1 Mean concentrations of TOC by different forest type and treatment in 2008 

Treatments/TOC 

(g kg-1) 

PB SF SF-PB EB EB-SF EB-PB 

0-10 cm 45.8±0.7 bc 61.6±9.7 bc 55.6±6.2 bc 91.8±6.5 a 87.8±8.7 ab 80.4±7.2 ab 

10-20 cm 10.9±0.8 d 28.1±4.9 c 14.3±0.8 d 48.9±2.5 a 39.2±4.2 b 45.7±2.8 b 

For different small letters are significant at p<0.05 in same row (LSD).TOC, soil organic carbon. 

 

TOC contents under the three typical forests increased significantly with the increasing 

altitude. Pearson correlation analysis demonstrates that TOC content was negatively 

related to soil temperature but positively related to soil moisture. Our study showed 

2679



Zhang Xinyu et al Soil total organic carbon, δ13C values and their responses to the soil core transferring  

 

that the elevation increase, accompanied by soil temperature decrease and soil moisture 

increase, resulted in TOC content increase. This was consistent with the result from 

central Oregon Cascade Mountains, USA (Hart and Perry, 1999) . Hart and Perry (1999) 

found that high-elevation old-growth forest soils had higher carbon and nitrogen 

storage than their low-elevation analogues primarily because low temperatures limit 

net carbon and nitrogen mineralization rates at higher elevation.  

 

2.3 Soil δ13C values in the three natural forest and transferred soil cores along natural 

altitudinal transect 

 

The δ13C values were enriched downward the profile through litter and soil layers 

(Figure 2). The δ13C values ranged from -29.60.1 ‰ to -28.30.1 ‰ in 

undecomposed and decomposed litters and ranged from -26.40.1 ‰ to -25.20.3 ‰ 

in 0-10 cm and 10-20 cm soil layers. The δ13C values varied as SF>PB>EB in litters 

and varied as EB>PB>SF in soil layers. Pearson correlation analysis demonstrated that 

δ13C values were negatively related to soil temperature (r=-0.682, p <0.05). 

In general, the δ13C values were higher in coarse-textured soils and lower in 

fine-textured soils (Figure 3). The average δ13C value for size fractions <63μm was 

between 0.6 and 0.8 ‰ greater than the average δ13C for size fractions 63-1000 μm. 

Furthermore, the average δ13C value for size fractions 2-1000 μm were enriched about 

0.6 ‰ in 10-20 cm soil layers relative to the 0-10 cm soil layers. 
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Figure 2 δ13C values in the three typical forest soils and litters in June 2007. (n =3, the error 

bar represents the standard error). 
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Figure 3 δ13C values of soils and particle-size fractions in the three typical forest and the 

transferred soil cores in August 2008. 

 

Transfer of high-elevation soil cores to the low elevation site resulted in a decrease 

trend in δ13C values compared with values measured in control plots (Figure 4). The 
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bulk soil δ13C values in the soil cores of SF-PB, EB-SF and EB-PB were depleted 

about 0.2-0.6 ‰ relative to the control plot. In SF-PB and EB-SF soil cores, the δ13C 

values depleted more in size fractions <63 μm than in 63-1000 μm. In SF-PB, the δ13C 

values depleted about 0.5-0.7 ‰ for size fractions <63 μm in relative to those in 

control plots and depleted about 0.1-0.2 ‰ for size fractions 63-1000 μm in relative to 

those in control plots. In 10-20 cm of EB-SF soil cores, the δ13C values depleted about 

1.0 ‰ for size fractions <63 μm in relative to those in control plots and depleted about 

0.2 ‰ for size fractions 63-1000 μm in relative to those in control plots. 
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Figure 4 δ13C values of organic carbon in particle-size fractions of the Changbai Mountain 

forest soils in August 2008 

 

Bird et al (2003) suggested that in the presence of fine minerals, the trend was to higher 

δ13C values due to the stabilization of the products of microbial decomposition by fine 

minerals. Vanhala et al (2007) suggested that climatic warming will accelerate especially 

the decomposition of the large pool of old soil carbon in these fields. On the other hand, 

Conen et al. (2006) did not find differences between young and old soil carbon in a similar 

methods.  In the transferred soil cores, the δ13C values depleted more in size fractions <63 

μm in relative to those in size fractions 63-1000 μm. Since the old carbon is stored in the 

fine size fractions, our results were in agreement with .the results from Vanhala et al 

(2007). 

 

 

4 CONCLUSIONS 

 

The results showed that under natural conditions the contents of TOC were largest in 

EB, moderate in SF, and smallest in PB. Pearson correlation analysis demonstrates that 

TOC content was positively related to soil moisture. After one year incubation, soil 

relocation significantly decreased TOC contents and decreased δ13C values especially 

in <63 μm size fractions. The results may suggest that climatic warming will accelerate 

especially the decomposition of old soil carbon in fine size fractions. 
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