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Editorial
Dear Reader,
The 2nd Biennial Meeting of the International Environmental Modelling and Software Society (iEMSS 2004) was dedicated to the theme: Complexity and Integrated Resources Management”, a very topical theme given the increasing complexity of contemporary resource management problems and the increasing uncertainties from global change. The meeting assembled nearly 300 researchers from all over the globe and from a wide range of disciplines. Presentations
discussed latest developments in modelling methodologies and software tools applied to different areas of resources
management. Contributions provided evidence of the important role of models to improve our understanding of the complexity of socio-ecological systems and to develop appropriate management strategies. Increasing attention was paid
to the role of stakeholders in model development and application and to a new role for models in processes of social
learning in participatory resources management.
The conference took place in the facilities of the German Environmental Foundation in Osnabrück. The ambience of
these low-energy buildings, designed to minimise their impact on the environment, was well suited to the conference
theme and their open and flexible structure facilitated intense discussions and exchange not only during but also
between sessions.
I hope that readers will share the excitement of conference participants when browsing through the conference proceedings and reading some of the papers in more detail. Interested readers are advised to consult the journals
Environmental Modelling and Software and Ecological Modelling and Advances in Geosciences where special issues
emanating from this conference will be published. We also look forward to the third biennial meeting, iEMSs 2006, which
will be held in Burlington, Vermont, USA (see http://www.iemss.org/iemss2006).
Claudia Pahl-Wostl
October 2004
The International Environmental Modelling and Software Society acknowledges gratefully the assistance of the
following people in realizing the iEMSs 2004 conference:
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Claudia Pahl-Wostl for convening the conference

•

Sonja Schmidt for organising the conference

•

Andrea Rizzoli for the web-based conference management tool, creating and updating the conference website
and for expert and technical advice

•

all session organizers and reviewers

•

Antje Braeuer and Georg Johann for supporting the organisation whenever and wherever necessary

•

all members of the Institute of Environmental Systems Research and the department of resource flow management for supporting iEMSs 2004, especially Ilke Borowski, Frank Hilker, Maja Schlüter and Dominik Reusser

•

IV

all members of ZUK “Zentrum für Umweltkommunikation“ of the German Environmental Foundation
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Abstract: Saltwater intrusion and upconing phenomena affect coastal aquifers worldwide. Over-exploitation
leads to high salinity levels which threaten sustainable use of these freshwater resources. There is an
increasing need to accurately, and practically, model the physics of these coastal pumping systems while also
incorporating the relevant economics. We formalize a decision model able to define the optimal pumping
trajectories for a coastal, brackish water well that minimizes overall costs, including desalinization and
pumping costs, while keeping track of aquifer head and salinity levels near the well. A binary decision
variable is defined to determine when the well is turned off or on, and a state equation defined to relate
pumping level and pumping duration to the salinity of pumped water. Unlike most published models on
coastal well optimization, pumping is related to salinity empirically. Real pumping and rebound curves are
derived from on-site pump tests at Kuki'o, Hawaii. Further hypothetical cases are developed based on these
field-derived salinity curves.
Keywords: Coastal aquifer management, optimisation, saltwater intrusion, decision support system, optimal
pumping pattern

1.

INTRODUCTION

Worldwide, development activities and
population growth are stressing our coastal water
resources [Postel, 1999, Bear, 2000]. Proper
management of these resources, especially coastal
aquifers, is important to satisfy demand, to
maintain supplies, and to sustain associated
terrestrial and marine ecosystems. In coastal zones,
where the intensive extraction of groundwater may
upset the balance between freshwater and saltwater
potentials [Bear, 2000], water resource managers
need to satisfy demand while limiting seawater
intrusion and saltwater upconing.
Seawater intrusion and the related phenomena
of saltwater upconing occur when a well is overpumped and saline water is increasingly drawn
into the pumping well's capture zone; thus
degrading water quality and value. Together with
recharge, these water quality problems are often
the limiting factors to pumping yield in coastal
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aquifers. The options if a well becomes saline are
to (1) decrease or stop the rate of pumping to allow
water quality recovery, which can be on the order
of decades in low permeability aquifers, (2) desalt
via a treatment process such as reverse osmosis
(RO), or (3) abandon the well.
Of course, there are economic and sociopolitical costs that need to be included in any real
"sustainable" model of water use. As such,
energy, treatment, maintenance, and capital costs
are often included in such analyses. The challenge
is incorporating both the hydrology and the
economics into a realistic, practical and solvable
optimization framework. This entails simplifying
complicated partial differential equations and
embedding the relevant economics, while
maintaining the model's reliability and physicaleconomic validity.
Specifically, it is necessary to integrate an
optimisation model able to minimize the supply
costs (or maximize benefits) with a simulation

model able to dynamically calculate the changes in
local hydrology and well salinity. Many
approaches exist in the literature.
Shamir and Bear [1984] determine optimal
annual operation of a coastal aquifer by using a
multiple objective linear programming model
based on a multi-cell model of the aquifer and a
network representation of the hydraulic
distribution system. The decision variables are
pumping and/or recharge quantities in each cell.
Willis and Finney [1988] define a planning
model for the control of seawater intrusion in
regional groundwater systems, structuring the
management model as a problem in optimal
control. The hydraulic response equations relate
the movement of the interface to the magnitude
and location of groundwater pumping and
recharge. Finite difference methods are used to
approximate the solution of the aquifer’s response
to management strategies.
Naji et al. [1999] focus attention on the fact
that the saltwater-freshwater interface location in
coastal aquifer is subject to the uncertainty of input
parameters such as hydraulic conductivity,
freshwater outflow, and pumping rate. The
boundary element method, combined with an
optimisation technique, is used to search for the
interface location.
Das and Datta (1999) use the nonlinear finitedifference form of the steady-state densitydependent miscible flow and salt transport model
for seawater intrusion, embedding it within the
constraints of the management model. The
management objectives represent plausible
scenarios for planned withdrawal and/or salinity
control in coastal aquifers.
In this work, we formalize a decision model
able to define the optimal pumping trajectories for
a coastal, brackish water well that minimizes
overall costs, including desalinization and
pumping costs, while dynamically keeping track of
salinity levels in the well. A binary decision
variable is defined to determine when the well is
turned off or on, and a state equation defined to
relate pumping level and pumping duration to the
salinity of pumped water. Unlike most published
models on coastal well optimization, pumping is
related to salinity empirically. Actual pumping
and rebound curves are derived from on-site pump
tests at Kuki'o, Hawai'i. There is no attempt to
model the area's very complicated and poorly
understood
flow
dynamics.
Additional
hypothetical cases are developed based on these
field-derived salinity curves.
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2.

THE OPTIMIZATION MODEL

The model developed determines the optimal
pumping trajectory for a single coastal pumping
well on an hourly time scale. Moreover, the model
is also able to determine the optimal pumping rate
for the well. A cost function to be minimized has
been formulated on the basis of binary decision
variables that define when to turn the pump on or
off and the well pumping rate. The main
constraints, described below, regard water-use
demand
and
local
hydrology/salinity
characteristics of the aquifer. The state equation
that relates the control variables (when pumping)
and the state variable (salinity) is directly
embedded as a constraint in the model.

2.1 The objective function
The objective is to minimize the energy costs
to both pump the water and the additional costs to
desalinate. Energy costs for pumping depend on
the specific energy schedule and on the level of
piezometric head in the well. Desalinization costs
depend primarily on the energy costs to drive the
reverse osmosis process. The objective function to
be minimized, where C is total costs, is therefore:

C=

∑C

S

+ CP

(1)

time

where:
- CS is the cost due to salinity/quality
- CP is the cost related to pumping

2.2 The decision variables
The primary decision variables are (1) the
hourly pumping schedule and (2) the fixed
pumping rate. More specifically:
t
•
P is the binary decision variable that
indicates that at the beginning of the t-th
time interval the pump is on
•
z is the decision variable that indicates
the use of the z-th available pumping rate
˽

ˤ

2.3 Economics constraints -- Costs
Energy is needed in the RO process to provide
additional pressure to force water through the RO
membrane. This additional desalinisation pressure
may be easily equated to a depth of water (Clark et
al.,2002)

PRO = 7.8S t

(2)

where PRO is in meters and salinity St in ppt.
Then, the overall cost due to salinity is given by:

C S = 7 .8 ⋅

T −1 Z

∑∑ S

⋅ Qz ⋅ Cu K e Λ z

t
z

(3)

t = 0 z =1

where :
- Qz is water that can be pumped by the well [m3/s]
- Ke is a conversion factor equal to 14
KWH/(hr*m4/s)
- Cu represents energy unit costs for the energy
schedule in $/KWH
The pumping costs depend on the necessary
energy to lift the water and are given by:

with time when pump is off, are given.
Specifically,
t −1
t −1
t -1
∆S P,
z = S P , z ( τ P , z ) − S P , z ( τ P , z − 1)

(6)

τ tP−,1z

(7)

S P−1,z ( S t −1 )

−1 =

Similar expressions can be computed for the
rebound curve substituting the lower case P with
R. As explained in Section 3, these empirical
equations are determined via pump tests at coastal
wells in Hawaii.

2.5 Other constraints

where h is the head [m] for the pump.

Several other constraints are necessary for
model feasibility. Section 2.5.1 describes a
constraint on user demand, section 2.5.2 is a
constraint related to specific energy schedule costs,
section 2.5.3 is a constraint that fixes the final
optimal well pumping rate, and bounds on the
coastal aquifer salinity characteristics are
formalized in section 2.5.4.

2.4 The state equation

2.5.1

S tz is the state variable that represents the
salinity at time t, caused by pumping rate z.
Importantly, during the t-th time interval, the
salinity changes accordingly to empirical equations
that track salinity behaviour in time. The state
equation relating the salinity change in time and
the control variables is defined as,

The water extracted from the coastal aquifer
satisfies a daily demand.

CP =

T −1 Z

∑∑

˽

t
P Q z hC u K e Λ z

(4)

t = 0 z =1

S t = S t −1 +

Z

∑
z =1

t=1,…,T

t -1
∆S P,
z

˽

t −1
P Λz

Z

+

∑

∆S Rt −,1z (1 −

˽

t −1
P )Λ z

Satisfaction of a daily water demand

23+ i ⋅24

Z

∑ ∑
z =1

˽

t
P Qz Λ z

≥ QD

i=0,…,D-1

(8)

t = i ⋅24

where QD [m3/day] is the water demand for the
specific well and D is the number of days in the
time horizon.

z =1

(5)

where:
t -1
· ∆S P,
z is the increment in the time interval
when, at the beginning of the interval (t-1), salinity
was St-1 and the pump was turned on
· ∆S Rt −,1z is the decrement in the time interval
when, at the beginning of the interval (t-1), salinity
was St-1 and the pump was turned off
t -1
t −1
Note that ∆S P,
z and ∆S R , z can be computed
when an expression for the pumping curve, which
corresponds to the change in salinity with time
when pumping, and an expression for the rebound
curve, which corresponds to the decline in salinity
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2.5.2
Constraints related to the energy
schedule
For the study area, energy price is determined by
the number of hours one intends to use energy and
the timing of that use during the day. We explore
the benefits of different energy schedules through
the following constraint.
i⋅24 + 23

∑

˽

t
P

≤E

i=0,…,D-1

(9)

t =i⋅24

where D is the number of days of the time horizon
and E is the number of admitted daily pumping
hours for the energy schedule.

t(S P ) =
2.5.3

Admittance of only one pumping rate

Though different pumping rate options are
considered when running the optimization model,
only one fixed pumping rate can be admitted in the
solution. It is unrealistic to develop a pumping
schedule that requires pumping rates at a single
well to be changing hourly. This is constrained via
(10).
Z

∑Λ

=1

z

(10)

z =1

2.5.4

Salinity requirements

The must be a maximum and minimum salinity
level for model feasibility. The maximum is
average seawater salinity of 35 ppt, and the lower
bound is initial conditions in the aquifer.

S ≤ S ≤ 35
t

t=0,…,23D

(11)

(13)

The equations for the rebound curve are given by:
S R (t ) = y 0 r + a r e −br t + c r e − d r t

t(S R ) =

⌈ a + cr ⌉
1
ln r
br + d r ⌊ S R − y 0 ⌋

(14)

(15)

Table 1 reports the parameter values for the
different pumping rates. Note that only one
rebound curve is necessary. The wells rebounded
along a single trajectory no matter what salinity the
well was at when the pump was turned off.
Q [m3/s]
Field
0.0340
Low
0.0095
High
0.0442
Rebound

Y0
a
B
c
d
3.4846 1.5656 0.0037 0.3176 0.0003

3.4846 0.5

0.0037 0.1

0.0003

3.4846 5

0.0037 8

0.0003

3.4791 0.4689 0.0021 0.4111 0.0003

Table1. Parameter values for different pumping
rates

3. STUDY SITE AND FIELD METHODS
In the Kona coast region of Hawai'i
groundwater is the primary source to satisfy the
daily water demand. Due to the area's unique
hydrogeology, there is a thin basal lens and many
coastal wells are brackish even though located
kilometres inland. Pumping tests were conducted
on brackish water wells at Kuki'o, Hawai'i to
determine empirical equations relating salinity to
pumping.
The two wells tested behaved similarly and
were pumped continuously for 7 days and then the
pump was turned off and the wells' salinities
allowed to rebound for 7 days. It was found that,
given the region's very high hydraulic
conductivity, successful rebound could be
achieved in a week's time.
These pumping and rebound curves were then
fit using the Matlab 6.0 Curve Fitting Toolbox;
RMS > 98%. The general form for the pumping
curve is

S P (t ) = y 0 + a(1 − e −bt ) + c(1 − e − dt )

⌈
⌉
1
a+c
ln
b + d ⌊ y0 + a + c − S P ⌋

(12)

and the inverse curve is given by,
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4. RESULTS

The model was applied to two levels of daily
user demand based on current consumption at the
site:
3
• Case 1, 1600 m /d (high demand)
3
• Case 2, 340 m /d
(low demand)
There are three energy schedules available in the
region; 0.13, 0.19, and 0.21 $/KWH for 10, 20,
and 24 hours of energy use respectively. The
optimal pumping trajectory is sensitive to these
rates based on the hours of pumping necessary to
meet demand.

Case 1: The lowest pumping rate is not an option
in this case because, even pumping 24 hours, daily
demand cannot be met. The cost per day for a 72
hr period using the high pumping rate is 1057 $.
The optimal pumping pattern is shown in Figure 1.
The pump should be on for ten hours per day at
this rate. Therefore, one may use the lowest
energy rate, 0.13 $/KWH.

The optimal solution indicates that salinity at
the well will rise from an initial condition of 3 ppt
to an average working rate of 6 ppt. This is
sustainable over the long-term given the problem
constraints and water demand.
The more the time horizon is augmented the
more the complexity of the model solution
increases with the run time. Alternatively, the
model can be run iteratively, changing the initial
conditions of the new optimisation period
according to the new real-time value of salinity
from the previous run.

Pumping pattern

24

48

72

hours

Figure 1: Optimal pumping trajectory; Case 1

Figure 2 plots the salinity trajectory
corresponding to the optimal pumping pattern
shown in Figure 1. Salinity rises gradually until the
end of the time horizon. This is because the
salinity cannot rise over the asymptotic values
imposed by equation (12) and (14); which act
effectively as constraints in the optimisation
problem.

Salinity [ppt]

ppt
9
6
3

Salinity [ppt]

hours

600

6

Figure 3: Salinity trajectory for Case 1 for a time
horizon equal to one month

3

Case 2: For a daily demand of 340 m3/d we

ppt

24

48

72

hours

Figure 2: Salinity slope for the optimal solution

The results for the field pumping rate have a
similar pumping pattern but it is necessary to
pump 13 hours a day to meet demand. Salinity is
slightly higher (1 ppt more) at the end of the same
72h time period, and the costs are higher (1130$)
because we must use the 20 hour energy schedule
and its associated higher hourly rate.
However, the result plotted in Figure 2, which
indicates a fairly rapid salinization of the well,
highlights an important time-scale issue when
using models such as this. The time horizon of
optimization must be long enough to effectively
eliminate the temporal boundary effect and
produce a well-defined, reasonable pumping
schedule. If the time horizon is too short the
model may produce a solution that appears to
degrade the resource. When the time horizon is
increased to one month, again using the high
pumping rate, a steadier salinity pattern emerges;
Figure 3 (the corresponding pumping schedule is
not shown).
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compare results for the low and high pumping
rates. The salinity state equation for the low
pumping rate has strict existence conditions
because pumping and rebound are tightly restricted
by (12) and (14).
For this case the optimisation model was run
iteratively, adjusting the salinity initial conditions
for every 24 hr period to see if the solution set
changes for the various days. This approach is
useful to test the model, and will also allow one
the ability to take real-time information from the
field site to update pumping strategies.
The minimized cost, in this case, is about a
60$ per day. Figure 4 plots the salinity profile for
day three of pumping. The salinity profile
oscillates between 2 and 2.4 ppt every day (entire
time horizon not shown). This solution is
acceptable because it minimizes costs while
salinity oscillates around acceptable values.
For the same water demand, the optimal
solution for a high pumping rate reports a daily
cost of about 123$ for the first day and 160$ for
subsequent days. The results for the field pumping
rate report a daily cost of about 95$ for the first
day and 115$ for subsequent days. Salinity in the
well for these last two cases is greater than with
the low pumping rate. As a consequence, for Case
2, it is obvious that a low pumping rate, though

one must pump for a longer period of time, is best
from an economical and environmental point of
view.

data can be collected to test the model and
different resolution techniques for the optimisation
problem can be used in order to compare with the
obtained results.

Salinity [ppt]
2.45
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Abstract: During the preliminary stages of many engineering design tasks, the underlying search space is
unbounded and inexact. Initial decisions are made when information is incomplete and many goals are
contradictory. This sort of problem appeared in Catalonia for the identification of appropriate wastewater
treatment systems in small communities, as well as for proposing appropriate operational and maintenance
protocols to these facilities. In this case, the Catalan Water Agency proposed to develop two Environmental
Decision Support Systems (EDSS), one to support the selection of the optimal treatment (EDSS-treatment)
and another one to support the definition of appropriated operational and maintenance guides (EDSSmaintenance). This paper presents a methodology for supporting the automatic generation of protocols for
small wastewater treatment plants operation and maintenance (EDD-maintenance) based on the reuse of
available knowledge, acquired during the development an implementation of the EDSS-treatment.
Keywords: Environmental Decision Support Systems; Knowledge Management; Operation; Reuse of
knowledge; Wastewater Treatment

1. INTRODUCTION
The decision analysis field has often encountered
difficulties in transforming theoretical ideas into
practical decision support tools. However, the
decision support systems developed in the
laboratory have also been widely and successfully
used in real life environmental problem solving,
such as in the improvement of biological
wastewater treatment plants operation [Genovesi et
al., 2000; Rodríguez-Roda et al., 2002]. Nowadays,
significant progress has been made in the
Environmental Decision Support System (EDSS)
development and application.
Wastewater treatment plants are one of the hidden
necessities of life in populated areas. Thus, the
European Water Directive 91/271/EEC specifies
that Member States, by 31 December 2005, shall
ensure that urban wastewater entering collecting
systems shall, before discharge, be subject to a:
• Secondary treatment or equivalent treatment, if
agglomerations have more than 2000 IE
(Inhabitant Equivalents).
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• Appropriate treatment if agglomerations have
less than 2000 IE.
Appropriate treatment means treatment of urban
wastewater by a process and/or disposal system
which after discharge allows the receiving waters
to meet the relevant quality objectives and the
relevant provisions of this and other Community
Directives. Consequently, the identification of the
appropriate wastewater treatment demands the
integration of different type of data (community,
landscape, receiving environment and available
treatment technologies) [Comas et al., 2003].
In Catalonia (North-East of Spain) there are
almost 3500 communities with less than 2000 IE.
To deal with the complexity of defining the
appropriate treatment for each community, the
Catalan Water Agency (ACA, Agència Catalana
de l’Aigua) developed an EDSS to support the
selection of the optimal treatment (EDSStreatment) [Comas et al., 2003]. As a result of the
EDSS-treatment application, the number of Small
WasteWater Treatment Plants (sWWTPs) is
expected to increase up to 1400 facilities.

In order to achieve the European Water Directive
objective, the correct operation of these new
sWWTPs must be assured. Thus, the Catalan
Water Agency has proposed defining operation
and maintenance protocols, which include
preventive actions, corrective actions and a
monitoring program. Experience shows that the
operation and maintenance activities and the
frequencies of these actions and measures differ
from one sWWTP to another, even if the
treatment technology is the same. This presents
another complex problem and the Catalan Water
Agency has proposed developing an EDSS
(EDSS-maintenance)
which
supports
the
definition of guidelines for monitoring and
maintenance, depending on the characteristics of
each sWWTP.
At this point the question is: Once an EDSS is
built and has acquired knowledge about a
complex environmental process, how to reuse the
methodology and how to share that knowledge
with other systems?
The following paper presents an example of
reutilization of knowledge and know-how gained
during the development of an EDSS. Specifically,
it presents the reuse of the knowledge and the
methodology followed to develop the EDSStreatment in the construction of the EDSSmaintenance.

2. METHODOLOGY TO DEVELOP AN
EDSS
The methodology followed to develop the EDSStreatment is proposed by Poch et al. [2003] in a
previous paper. This methodology involves the
following five steps (Figure 1): (i) problem
analysis, (ii) collecting data and knowledge
acquisition, (iii) model selection, (iv) model
implementation and (v) validation.
2.1 Problem Analysis
How a particular EDSS is constructed will vary
depending on the type of environmental problem
and the type of information and knowledge that
can be acquired [Cortés et al., 2000]. Thus, the
first step in the EDSS development must include
the environmental problem definition and a
review of available information and knowledge
related to this problem.
2.2 Collecting Data and Knowledge Acquisition

Once the environmental problem analysis is
finished, data collection and knowledge
acquisition begin. This stage involves electing,
analysing and interpreting data and knowledge
that allow proposing a problem solution.
ENVIRONMENTAL PROBLEM ANALYSIS
COLLECTING DATA and
KNOWLEDGE ACQUISITION
AI / STATISTICAL / NUMERICAL
MODEL SELECTION
rule -based / case -based / model -based /
evolutionary reasoning / constraint satisfaction /
neural networks / simulation models / lineal models
MODEL IMPLEMENTATION
VALIDATION

feedback

EDSS

Figure 1. Flow diagram for the development of an
EDSS [modified from Poch et al., 2003].

2.2.1 Data collection and knowledge acquisition
In order to build reliable knowledge-bases, the
methodology proposes the use of different sources
of knowledge like interviews with experts,
reviews of scientific and technical literature,
historical data, etc. Thus, empirical, theoretical
and historical information and knowledge is
included in the knowledge-base. In the same way,
the consultation of different sources facilitate the
integration of the plurality of views and
perspectives, as well as the goals, of each
discipline involved in the environmental problem
solution.
2.2.2 Data and cognitive analysis
Data collected and knowledge acquired from
various sources are analysed. Different analytical
techniques can be used: statistical analysis, data
mining or machine learning, etc. The results of
these analyses allow to build models of the
processes or to identify relevant data and
knowledge [Torasso and Portinale, 1997;
Hernandez and Serrano, 2001 and Cortés et al.,
2003].

2.3 Model Selection
After the analysis of the available information and
knowledge, a set of tools can be selected (Figure
1). This applies not only to numerical models, but
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also Artificial Intelligence (AI) methodologies,
such as knowledge management tools. The use of
AI tools and models provides direct access to
expertise, and their flexibility makes them capable
of supporting learning and decision making
processes [Cortés et al., 2000]. Expert systems
(ES) is one of the sub-disciplines of AI that is
used and applied more than any other AI
technology [Turban et al., 2001]. An ES is based
on expert knowledge translated into rules, and
these into terms that a computer can understand.
ES are usually used when the expert knowledge is
general. When this knowledge is more specific,
case-based systems (CBS) become more used.
CBS reuses some results and experience from
previous particular situations that have affected
the process performance [Kolodner, 1993].
Besides these AI models, other models can be
used: neural networks, constraint satisfaction,
lineal models, genetic algorithms, etc.

2.4 Model Implementation
The model implementation step entails the
representation of the information and knowledge
acquired, according to the selected model. This
information and knowledge can be represented in
decision trees, matrices, mathematical equations
(algebraic or differential), etc. In some cases, like
in neural networks, the representation needs to
include the definition of the input and output
layers as well as the type of function.

2.5 Validation
The main objective of the validation process is to
guarantee the correct performance of the EDSS,
while checking for compliance with user
requirement specifications. The methodology to
validate the system must be carried out through a
two-stage validation procedure: laboratory testing
and field testing [Rodríguez-Roda et al., 2002].

2.6 Methodology Applications
The presented methodology has been successfully
applied in the development of two EDSS which
solve environmental problems related to
wastewater treatment plants, but with different
degree of complexity. The first EDSS corresponds
to the supervision of a WasteWater Treatment
Plant (WWTP). In this EDSS quantitative
(obtained on-line and off-line) and qualitative
information is used, there is an important
participation of experts and there are no conflicts
of interest: the aim is to improve the WWTP

1101

performance. This EDSS was constructed using
rule-based and case-based systems. The second
one (so called EDSS-treatment) supports the
selection of wastewater treatment and disposal in
Catalonia. In this case, GIS (Geographical
Information Systems) and expert experience
components become more important to support
the appropriate wastewater treatment decision
making. Unlike in the first EDSS, the EDSStreatment presents conflicts between experts and
the interactions between social and biogeophysical phenomena become relevant [Poch et
al., 2003]. The EDSS-treatment was initially
constructed using rule-based system.

3. EDSS-MAINTENANCE
As it has been pointed out in the introduction, a
proposal was made to construct the EDSSmaintenance by re-using the knowledge and
know-how gained during the development of the
EDSS-treatment. Therefore, the first step in the
construction of the EDSS-maintenance was the
problem analysis stage, which includes two
phases: (i) problem description and (ii) problem
solution necessities.

3.1 Problem Description
In Catalonia, the number of sWWTPs is expected
to increase up to 1400 facilities before 2006.
Appropriate treatment of each plant was defined
using the EDSS-treatment which was developed
following the methodology proposed by Poch et
al. [2003]. The EDSS-treatment proposes the
most appropriate technologies taking into account
the community characteristics, the receiving
environment properties and the features of the 13
possible treatment units. It therefore represents the
integration of different kinds of expertise and, in
consequence, the plurality of views and
perspectives, as well as the goals, of each
discipline.
Figure 2 presents a scheme of the current
situation. From the community, receiving
environment and sWWTP treatment units’
characteristics, EDSS-treatment has proposed a
list of feasible sWWTPs. Once one of the
proposed alternatives is accepted, the design step
begins, followed by the construction of the
sWWTP and finally the operation of the facilities.
As mentioned in the introduction, to guarantee the
performance of each sWWTP, operation and
maintenance procedures must be defined. Keep in
mind that these protocols differ between plants,

and with the expected increase of sWWTPs, the
definition and up-date of these guidelines
represents a new complex problem.
Community
characteristics

Receiving
environment
characteristics

SWWTP
treatment units

EDSS

Treatment
alternatives
SWWTP
design
SWWTP
construction
SWWTP
exploitation

• sWWTP system: sequence of treatment units
(i.e. Imhoff tank + constructed wetland; septic
tank + rotating biological contactors; primary
settler + intermittent sand filters; etc.)
• sWWTP design features: number of lagoons in
a stabilization pond system, superficial or
subsuperficial flow in a constructed wetland,
number of section discs in a rotating biological
contactor, etc.
• Climatic conditions: solar radiation, wind,
temperature, precipitation, etc.
• Environmental conditions: available land for
building sWWTP, average slope of this land,
distances between the facility and the
community, etc.
• Influent characteristics: number of IE, presence
of industrial splits, seasonal population, etc.
• Receiving media properties: presence of natural
ponds or aquifers, number of wells, sensitivity
of the area, etc.
These variables were clustered into four groups:
1) Community characteristics (including climatic
conditions, environmental conditions and
influent characteristics)
2) Design features
3) sWWTP system or treatment units
4) Receiving environment characteristics

Figure 2. Scheme of the current situation.

3.2 Problem Solution Necessities
To define the necessary elements for the
development of the EDSS-maintenance it was
necessary to answer two questions: (1) which
knowledge is needed to solve the problem? and
(2) which knowledge and know-how from the
EDSS-treatment can be reused?
3.2.1 Which knowledge is needed to solve the
problem?
In order to answer the first question, a review of
information related to sWWTPs operation and
maintenance was done. After this revision, it was
found that the following factors were involved in
the variability among operation and maintenance
protocols:
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To describe an operation and maintenance
procedure it is necessary to take into account all
these factors. Variables included in the first three
groups allowed the identification of causes that
can unleash operational problems. From these
causes, a set of preventive actions can be
proposed. Once the operational problems are
identified, monitoring programs can be described
and corrective actions proposed by the system.
From the list of operational problems and the
receiving media characteristics, the effects on the
environment once the problems occur, can be
predicted. Figure 3 provides a schema in which
we explain how from the factors is possible to
define an operation and maintenance protocol.

SWWTP
system
Receiving
environment
characteristics

Monitoring

PROBLEMS

CAUSES

Design
features

OPERATION and MAINTENANCE
PROTOCOLS

Preventive
actions

Community
characteristics

Corrective
actions
Effects on
receiving
environment
Frequencies of
measures and
actions

Figure 3. Proposed reasoning procedure to obtain operation and maintenance protocols.
Therefore, to solve the problem it was necessary
to develop the following four knowledge-bases:
• Community characteristics
• Design features
• sWWTP system
• Receiving environment characteristics

For the EDSS-maintenance building we can reuse
the methodology followed in the EDSS-treatment
development, as well as the knowledge acquired
and structured in the three previously mentioned
knowledge-bases. Two of these knowledge-bases
must be completed with knowledge that allows
defining problems and monitoring programs.
Besides, EDSS-maintenance construction requires
another knowledge-base to define design features.
Figure 4 illustrates the knowledge needed to solve
the environmental problem and presents how we
can reuse the EDSS-treatment in the development
of the EDSS-maintenance. Figure 4 allows
somebody to see that operation and maintenance
protocols can be obtained once the sWWTP
system is defined and the design step finished.

3.2.2 Which knowledge and know-how from the
EDSS-treatment can be reused?
The EDSS-maintenance requires the integration
of different kind of knowledge for the definition
of operation and maintenance protocols. As in the
EDSS-treatment, the plurality of views and
perspectives, as well as the goals, of each
discipline must be considered together. In other
words, the EDSS-treatment and the EDSSmaintenance try to solve environmental problems
with similar complexity degree. Thus, the
methodology used to construct the EDSStreatment can be useful to build the EDSSmaintenance.

Community
characteristics

Receiving
environment
characteristics

SWWTP
treatment units

EDSS

Treatment
alternatives

EDSS-maintenance will propose operation and
maintenance protocols considering community
characteristics, design features, sWWTP system
and receiving environment characteristics (Figure
3). The comparison of the knowledge needed in
both EDSS allows the possibility of reusing the
three knowledge-bases built in the EDSStreatment development. It is necessary note that
the receiving environment and sWWTP treatment
units’ knowledge-bases must be completed and
up-dated. The first one with information and
knowledge that allow define measures and action
frequencies. The second one, the sWWTP
treatment units, must be completed with
information and knowledge related with
operational problems associated to each sWWTP
treatment unit.

Operation and
maintenance
protocols

SWWTP
design
SWWTP
construction

SWWTP
exploitation

Figure 4. Scheme with the modification proposed
for the EDSS-treatment to obtain the
EDSS-maintenance.
4. CONCLUSIONS
EDSS allow the integration of several sources of
data and knowledge, as well as the process of all
this information in an objective, realistic and useful
way. EDSS construction represents a use of

3.2.3 Real problem solution necessities
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resources (human and economic) and time. In this
sense, sharing and reusing the knowledge and
know-how acquired in an EDSS development can
be a way to reduce the consumption of resources
and time in the construction of another EDSS.
The proposed methodology to reuse the knowledge
has the aim to define the problem, to know its
complexity degree and the knowledge required to
solve it. Thus this methodology involves two steps:
(1) problem description and (2) problem solution
necessities. The first step involves the definition of
the problem and the identification of possible
EDSS that can be reused. The second step involves
the definition of the elements needed to solve the
environmental problem. Results from both steps
allow studying the possible reutilization.
Future research in this area should pay attention to
understand how to handle exceptions and impasses
in environmental processes where the infrastructure
is not robust by definition as is the case in sWWTP
treatment units.
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Abstract:
Traditional stormwater management does not mitigate groundwater depletion resulting from
groundwater pumping and reduction in recharge. Infiltration practices, such as rain gardens, offer a
potentially effective approach for addressing groundwater depletion. A rain garden is a landscaped garden in
a shallow depression that receives the stormwater from nearby impervious surfaces, focusing recharge. We
have developed a numerical model that can be applied in rain garden design and evaluation. Water flow
through the rain garden soil is modeled over three layers- a root zone, a middle storage layer of high
conductivity, and a subsoil lower layer. To continuously simulate recharge, runoff and evapotranspiration, the
model couples the Richards Equation with a surface water balance. The model was applied to the climate of
southern Wisconsin. Simulation results show that very high recharge rates are possible during the nonsnowfall season. A rain garden with an area of approximately 10-20% of the contributing impervious area
maximizes groundwater recharge. An experimental rain garden was installed to gather quantitative data on the
water budget terms in a continuous fashion. Sensors were installed to measure the water input, garden
ponding, soil moisture and bottom drainage. To validate the Richards Equation model, we used data from
three experiments resembling typical recharge events. The model results agree well with soil moisture data,
but predicts a higher recharge than measured (15 to 37% more). This could be due to intermediate storage in
the system, insufficient characterization of initial conditions, or limitations of the 1-D model.
Keywords: rain garden; infiltration; Richards; recharge; urbanization.
1.

Therefore, we developed a numerical model of
focused groundwater recharge, RECHARGE,
based on the Richards Equation to be applied in
the design and evaluation of rain gardens. The
model includes the major relevant processes in a
continuous simulation mode where the surface
water balance and soil water flow are coupled.
Three homogeneous layers of soil represent the
rain garden soil profile. The upper layer
represents the root zone, which would typically be
designed to be coarse-textured and rich in organic
matter. The middle layer is of high conductivity
and water storage capacity. The lower layer
represents the urban subsoil, which may restrict
flow.
Simulation results presented in Dussaillant et
al. (2002, 2004) for Madison, Wisconsin, show
that very high recharge rates are possible and that
a rain garden with an area of 10 to 20% of the
contributing impervious area maximizes recharge.
However, there is a lack of data on rain garden
performance in general, and in particular on their
water balance. To gather quantitative data in a
continuous fashion, we have installed an
experimental rain garden, to validate our
numerical models for rain garden design. Here we
take the first steps towards validating the

INTRODUCTION

In recent years there has been increasing
interest in the use of alternative practices, such as
rain gardens, that encourage infiltration of
stormwater to mitigate groundwater impacts.
These practices can be particularly effective when
infiltration is focused in order to maximize
recharge.
A rain garden for stormwater infiltration is a
landscaped garden in a shallow topographic
depression of small area that receives stormwater
from a roof or other connected impervious
surface. The garden plants, usually native species
with aesthetic attributes, provide a biologically
active root zone that helps maintain soil
infiltrability through macropores (Beven and
Germann 1982).
For modeling unsaturated flow, tools are
available in the literature that model the coupling
of a surface and subsurface flow (Esteves et al.
2000; Gandolfi and Savi 2000) and others that use
Richards Equation (Richards 1931) to model
infiltration and redistribution into layered soils
(Fayer 2000; Simunek et al. 1998; van Dam and
Feddes 2000), but not both capabilities, which are
required for rain garden modeling.
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numerical model, with experiments in the field
rain garden setup.

dh
A s = QRAIN+QRUNON−QINFILTRATI
,
ON −QRUNOFF
dt
(3)

2

METHODS

where A is the rain garden area ([L]2), hs is the
surface water ponded depth ([L]) and the flows Q
are the inputs and outputs to the depression
([L]3/[T]). Runoff from the rain garden occurs
once hs surpasses the depression depth hd (Figure
1).
Assuming that the concentration time for the
runon is negligible and that runon is distributed
homogeneously in the garden surface, the total
amount of water entering the garden is:

2.1. Recharge numerical model
RECHARGE is a model based on Richards
Equation (Richards 1931) that couples surface
ponding and soil water flow in a rain garden with
layered soil (Dussaillant et al. 2004), with plant
transpiration as a sink:

∂θ(h, z) ∂θ ∂h ∂ ⌈
∂h ⌉
=
= K(h, z) +1 −S(h, z),(1)
∂t
∂h ∂t ∂z ⌊
∂z ⌋

QIN = QRAIN + QRUNON = QRAIN ⋅ 1 +
(4)

where θ is the soil volumetric moisture content
([L]3/[L]3), h is the suction head ([L]), z is the
vertical position ([L]), t is time ([T]), K is the
unsaturated hydraulic conductivity ([L]/[T]) and S
is the plant transpiration rate (1/[T]). ∂θ/∂h is the
soil moisture capacity function. The formulation
used assumes one-phase, vertical matrix flow,
with isothermal conditions and no air effects.
For the soil hydraulic properties we used the
van Genuchten-Mualem functions (Mualem 1976;
van Genuchten 1980):

θ ( h) =

θ sat − θ res

[1 + (α h ) ]

n m

[

1− (α h ) 1+ (α h )
n−1

K(h) = Ksat

dθ αm(θsat − θres )
=
dh
1− m

]

2
n −m

[1+ (α h) ]

(2b)

where L denotes the ratio of the area of the rain
garden to the area of the connected impervious
surfaces. QIN also accounts for an abstraction due
to roof depression storage. QINFILTRATION is
computed using Darcy’s law.
Richards Equation is discretized using a CrankNicholson finite difference scheme. Given the top
boundary condition (surface water balance), and
the soil hydraulic properties, plus the bottom
boundary condition (unit gradient), the system is
unique. The coupling is solved iteratively.
This system was solved using the Thomas
algorithm, with a modified Picard iteration for
mass balance (Celia et al. 1990). We used an
adaptive time stepping scheme (Kavetski et al.
2001), with a fixed spatial step ∆x.
RECHARGE was validated using literature
results, to test situations common to a rain garden
context: layered soil profiles, sharp wetting fronts,
and ponding (Dussaillant et al. 2004).

+ θ res

(2a)

1
,
L

n m/ 2

[
]
[1+ (α h ) ]

2.2 Experimental setup

1 − 1 + (α h )

m
n −1

The rain garden was installed in Madison,
Wisconsin. The rain garden area is 5.4 m2, and is
connected to two downspouts draining
approximately 50-60 m2 of roof each. Valves
allow one or both to be connected, to achieve an
area ratio L of approximately 5% or 10%.
The rain garden is essentially a lysimeter
containing 6.5 m3 of soil (3 m long, 1.8 m wide
and 1.2 m deep) enclosed within a polyethylene
liner. This liner hydraulically isolates the garden
soil, allowing the measurement of water that
percolates through the raingarden and exits by a
bottom drain (Khire 1995). The rain garden root
zone is 50 cm deep, consisting of 60% mason’s
sand and 40% organic matter The 70 cm sandy
storage zone is underlain by a permeable

n m

(2c)
where |h| is the absolute value of the pressure
head [cm], θsat is the saturated soil water content
[m3/m3], θres is the residual soil water content
[m3/m3], Ksat is the saturated hydraulic
conductivity [cm/h], α is the van Genuchten
parameter [cm-1] (with α=hb-1, where hb is the airentry or ‘bubbling’ pressure), and m=1-1/n.
The water balance in the rain garden surface
depression can be expressed as:
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geomembrane consisting of textile (Figure 1).
Two 3 cm wide rings of benthonite clay were

placed to minimize sidewall preferential flow
(Corwin 2000).

PRECIPITATION

EVAPOTRANSPIRATION

Rain Garden Plants

Roof

Flume

RUNON
Depression

RUNOFF

PONDED WATER

Overflow tank

Stage sensor

5 cm

Stage sensor

13cm

Root Zone
(sand+organic)
50 cm

ROOT
ZONE
TDR probes

Storage Zone
(sand)
70 cm

clay ring
45 cm
53 cm
clay ring

87 cm

STORAGE
ZONE

101 cm
117 cm
Seepage tank

Geomembrane
(permeable)
LLDPE
(impermeable)

SEEPAGE

300 cm long (180 cm wide)

Flush

Stage sensor

Figure 1. Cross section diagram of experimental rain garden lysimeter (Madison, Wisconsin).
samples to the average dry unit density measured
from undisturbed core samples.
Soil water characteristic curves, θ(h), were
measured in a hanging column setup (Khire
1995). Only desorption curves were measured.
The data from the laboratory measurements and
field data was fitted to the van GenuchtenMualem equations (Mualem 1976; van Genuchten
1980), assuming there is no hysteresis, using a
spreadsheet solver and confirmed using the
software RETC. Saturated hydraulic conductivity,
Ksat, was determined using falling head
permeameters (Dingman 1994).
The functions for unsaturated hydraulic
conductivity, K(h), and soil moisture capacity,
M(h), were determined using the parameters from
the soil water characteristic function fit.

2.3 Measurement
Site rainfall is measured by a tipping bucket.
Runon from the roof to the garden flows through a
trapezoidal flume, which was equipped with a
pressure transducer in its stilling basin (Figure 1).
To estimate the soil water storage term, time
domain reflectometry (TDR) probes were placed
at 7 depths to monitor soil water content (Figure
1) and connected to a SDMX50 multiplexer, a
Tektronix 1502B TDR cable tester and a CR-10
datalogger (Campbell Scientific). The TDR
programming uses a Topp calibration to estimate
volumetric soil water content (Topp et al. 1980).
The seepage through the soil is directed to a
drain at the bottom of the lysimeter, connected to
a 100 m long PVC pipe that empties to the
seepage collection tank. This setup provides a
measure of recharge, critical variable in this
application.
2.4.

2.5.

Field experimental runs

Three controlled experiments were performed,
where the water input was maintained until the
rain garden ponded to 15 cm and then shut-off
(there was no spillover to the overflow tank).
First, the rain garden was initially very wet due
to water ponding done the day before (VW
Experiment). This was followed by another
controlled ponding, with moderately wet initial
conditions given that 2 days had passed without

Estimation of soil hydraulic properties

Soil cores were taken from the rain garden soil
layers approximately 6 months after construction,
so that soil had settled down. Specimens were
prepared in the laboratory by compacting soil
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any water input (MW Experiment). Finally, we
did not input any water to the rain garden for 3
days up to the last run, assuming this would bring
the soil to field capacity (FC Experiment).
Average flow was 7 gallons per minute, which
corresponds to a 2.58 cm/h steady rain (for an
area ratio L of 10% in this case). Note that 90% of
the water volume in the 50-year period 1948-1998
for Madison, Wisconsin, is accounted for by rains
of this hourly intensity or less.
3

RESULTS AND DISCUSSION

3.1.

Soil hydraulic parameters

3.2 Controlled experiment runs and model
simulations
Table 2 summarizes the characteristics of each
of the three experiments: VW (Very Wet), MW
(Moderately Wet) and FC (Field Capacity). No
overspill was allowed: the inflow was shut off as
soon as the ponding depth reached 15 cm. After
ponding, the infiltration of water was monitored
and found to vary between 5 and 7 cm/h.
Model simulation input contained the same
initial condition as given by the TDR data. Soil
moisture data was interpolated between probes.
The spatial step used was 1 cm. We assumed a
subsoil saturated hydraulic conductivity of 5
cm/h.
Table 3 compares experimental parameters
with the results obtained by model simulations.
The model mimics the ponding times reasonably
well (within a few minutes), and if any runoff is
simulated, it is fairly negligible (6% of the water
input for the worst case, Experiment FC).
Taking Experiment FC as an illustration,
RECHARGE reproduces the data results
qualitatively quite well for both the root zone and
storage zone probe data (Figure 2). The model
follows the data closely during the onset and the
end of saturation for both soil layers. The seepage
tank cumulative measurement was 0.94 m3 after
5.9 hours, compared to 1.36 m3 estimated.
For all experiments, overestimation of recharge
volume by the model is rather large. Nevertheless,
extending the time range shows that the model
estimate and collection tank measurement tend to
converge slightly, especially for the wetter
experiments VW and MW (results not shown).

Saturated hydraulic conductivity, Ksat
The densities and hydraulic conductivities
measured are within the range common for
sands. The storage zone is denser than the root
zone, which may partly explain the lower
resulting Ksat. The average value for each layer
was used in the simulations (Table 1).
Soil water retention curves, θ(h)
Table 1 contains the fitted parameters for the
laboratory data. Additionally, another fit was
done with field measurement data for θres and
θsat. There is a slight difference, though not
significant. The second set of parameters was
used in RECHARGE modeling.
Table 1. Mualem-van Genuchten parameters of
the rain garden soil layers from laboratory data
Soil Characteristic

α (cm-1)
n

θres (m3/m3)
θsat (m3/m3)
Ksat (cm/h)

Root Zone
Layer
0.033
3.594 (3.637)
0.03
0.40
83.1

Storage Zone
Layer
0.032
3.250 (2.146)
0.15 (0.10)
0.37
36.9

Table 2. Experiment characteristics
Characteristic
Root Zone initial soil moisture (m3/m3)
Storage Zone initial soil moisture (m3/m3)
Average inflow (m3/h)
Equivalent intensity at L=10% (cm/h)
Start time of application
End time of application
Water application duration (h)
Total water applied (m3)

Experiment VW
0.10
0.20-0.32
1.54
2.51
16:00
17:10
1.17
1.81

Experiment MW
0.10
0.10-0.26
1.50
2.44
15:00
16:52
1.87
2.80

Experiment FC
0.13
0.22
1.59
2.54
12:17
13:57
1.67
2.65

Table 3. Experimental data compared to RECHARGE model results (in parenthesis)
Parameters
Experiment VW Experiment MW Experiment FC
Start time of ponding
16:53 (16:59)
16:08 (16:11)
13:20 (13:12)
End time of ponding
19:02 (18:59)
20:08 (19:54)
16:42 (16:58)
Ponded infiltration (cm/h)
5-6 (5.0)
5-7 (5.0)
5-7 (5.0)
Maximum ponding depth (cm)
15 (9.0)
15 (15.0)
15 (15.0)
Recharge collected (m3)
0.42 (0.78)
1.19 (2.04)
0.94 (1.36)
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Using the rain garden water budget we can have
another estimate of seepage. For each experiment,
we know the water inflow, the overspill was zero,
and we assume evapotranspiration is negligible.
Thus, the difference between soil water storage
and inflow will yield the percolation from the
bottom of the soil profile. The computed seepage
values are 0.77, 2.13 and 1.64 m3, respectively,
very similar to RECHARGE predictions (Table
3). This suggests that there may be a delay in the
arrival of water to the seepage tank, either due to
the lysimeter drain constriction or the 100 m long
drain pipe, which could explain the discrepancies
with the model results. Alternatively, there could
be experimental leaks or a lack of
representativeness of TDR data, or ultimately it is
possible that the 1D model cannot capture the
complexities of the 3D flow, or adequately
represent the boundary condition sufficiently well.
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CONCLUSIONS AND
RECOMMENDATIONS

The model simulates the three experiment sets
used reasonably well, yielding very similar soil
moisture evolution in time as the seven TDR
probes installed in the soil profile. Since three
short-term experiments are insufficient to validate
the RECHARGE model with certain confidence,
future work will include more run tests. Even so,
it can be argued that the three tests presented here
resemble typical recharge events, which in the
aggregate will probably dominate the long-term
cumulative recharge depth.
Simulation results for cumulative recharge
volumes overestimate the collection tank
measurements by over 30% for two of the
experiments. Longer-term data needs to be
collected to test if this tendency continues and if it
can be explained by storage or lag times in the
draining system (as suggested by a mass balance
calculation) or by insufficient characterization of
initial (or boundary) conditions which probably
dominate the short term results. Also, the
lysimeter drainage may affect the flow in a way
the 1-D model cannot capture on an event basis.
Ongoing work includes improvements in the
model and experimental conditions so as to permit
more
precise
conclusions.
Nevertheless,
RECHARGE and the field experiment are viewed
as a valuable contribution towards the study and
design of rain gardens for stormwater infiltration.
5.
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Abstract: High elevations of groundwater at Mosul city is a very big problem and may cause mass
destructions to the environment, health and Building foundations due to the closing of groundwater near
ground surface to a depth of water in many places (less than 1 m). From filed investigations for 43 large
diameters shallow wells, the water elevations were measured 14 times through 7 months. Utilizing raster
based GIS operations with automated parameter estimation (PEST) the conceptual model was build and
converted to numerical model. After model calibration the hydraulic conductivity values have been found.
The elevations, path lines and flow vectors maps were drawn from model results. Three sectors for
groundwater elevations in the city have been defined and introduced to the water management agency for
prompt decisions. The distributed finite-difference flow code (MODFLOW) selected in this study has
approved to be a useful tool for creating a groundwater flow model for the study area. The results of the
model can be used for the sewerage net design in Mosul city also for the planning of the agriculture and
industrial projects.
Keywords: Groundwater; Mosul city; Environment; Modeling.

1.

especially after rainfall storms. Some places are
suffering also from the land flooding which caused
some environmental and health problems. From the
observations and field survey in such places it was
reached that an increment in the groundwater
elevations during winter season was found. In fact
the drainage system and the water supply network
are old and suffering from number of problems since
the last 20 years. These problems represented by the
clogging, leaking from both the storm water and
water network supply network. These leaked water
quantities added to the groundwater in the area and
leading to increase water elevations day after day till
reach this stage.
Mosul city is located topographically in a depression
surrounded by hilly lands from the east and west
slopping toward city centre and Tigris River. This
characteristic brought this city to deliver big
quantities of surface runoff during rainfall, flowing
through number of main Wadies to Tigris River. A
big quantity of these amounts of flowing water
infiltrates and feeds the groundwater which may
move in similarity with the surface water movement.
This feeding process leads to the increasing in the
groundwater levels and cause the land flooding in
many places which already suffers from the ancient

INTRODUCTION

Groundwater is considered one of the basic
sources in many countries in the world to supply
cities and urban places with water for domestic,
agricultural and industrial uses, due to
unavailable surface water and lack in rainfall
quantities. On Other side, groundwater existence
near ground surface may cause many engineering
environmental problems in many places in the
world specially the urban places in the cities such
as land flooding which may cause clogging in the
storm and waste water network. This may leads
to collect the rainfall water in addition to the
released water quantities from homes and
traditional shops especially during the strong
rainfall storms. These surface water sumps may
lead to environmental and health problems.
Consequently may lead to negative effects on
buildings foundations and structures. Recently
this problem was appeared in Mosul City
especially in the inner districts after the
increasing in the construction and building
processes. Mosul city is suffering in winter
season at some places from the appearance of
surface water collection weakly discharge
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groundwater elevations measurements in shallow
wells existed in many places in the city. This study
could be used and depended by many environmental
and engineering agencies for the future studies
concerning the heavy waste water network design in
addition to the possible uses in the planning of future
industrial and agricultural projects.

waste and storm water networks due to the
clogging processes.
The aim of the present research is to study and
evaluate the ground water situation in Mosul city
using computer simulation, starting with the
prediction of conceptual model depending on
some assumptions to get the final model. This
model describes and simulates the ground water
movement in the city using field data such as
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Figure 1. Regional map showing the study region boundary and observation wells locations.
2.

axis). Surveying for 43 observation wells was
conducted, (fig 1). Simi-monthly data for the
groundwater elevations in those wells for about 7
months during the year 2001-2002 was collected.
The daily water supply to the city network from the
pump stations was recorded too. Many geological

FIELD WORK

The field work included studying the
topographical maps for Mosul city to calculate the
area of the study region which was about 528
Km2 (22 Km in the x-axis and 24 Km in th y-
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30 % of all the pumped water quantities. This is one
of many reasons causes the increasing in the
groundwater elevations in Mosul city. Another
reason is the amount of released quantities of waste
water from the houses, shops in-addition to the
seeped water from septic tanks as a result of
fissures in their beds. This leads to feed the
groundwater which in-turn leads to variation in the
soil properties and values of hydraulic conductivity.

reports for the research area were studied, this
aids in the relevant assumptions for the
conceptual model in-addition to suggest number
of soil permeability values and the ground water
aquifers which can be depended in the numerical
model operation for describing the groundwater
movements, elevations and flow directions in the
city.

3. GEOLOGY OF THE STUDY AREA
N

The geological formations of Mosul city includes
Pilaspi, Fatha and Injanah formations in-addition
to alluvial terraces and recent sediments, AlDabagh et al [1991]. Pilaspi formation consists of
succession layers of dolometic limestone with
marly limestone. This formation is characterized
by containing fissures and many fractures which
brought it good groundwater aquifer. Fatha
formation is consists of many sedimentations
cycle of marl rocks, limestone and gypsum.
Injanah formation forms successions of sand
stone rocks graded, silty and clay stone which was
deposited as sediment cycles. The graded sand
and silt stone forms of good layers storing water.
This type of formation is existed in the west and
north of Mosul city. Alluvial terraces and the
recent sediments was the formation formed from
the material leaved by the rivers as a result of
changing its direction. This type of formation is
existed on the east side along with Tigris River in
Mosul City. These terraces cover Fatha and
Injanah formations in many places. The Tigris
River old terraces are characterized by the
dolomite stones consisting gravel with different
sizes, silt and sand. All those stones are combined
by carbonic materials.
From the study of geological characteristics for
those stones, they observe to have a high
permeability in compare with other types of rocks
and can be consider as a good aquifer for water
storage. Large numbers of the observation wells
in Mosul city is located within a half kilometer
distance from Tigris River. Figure (2) shows the
locations of the convex folds surrounded Mosul
city. General speaking the convex folds consider
feeding places to groundwater, while concave
folds consider as the groundwater storages and
there axis controls the groundwater direction.
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Figure 2. Convex folds locations around Mosul
City.

5. NUMERICAL MODEL AND SIMULATION
Numerical model simulation system was used to
build numerical model for the study region. The
finite-difference flow code (MODFLOW) existed
within groundwater modeling system (GMS),
ECGL [2003], Harbaugh et al [1996] was used to
perform this simulation. Using this system the study
area was divided into large number of cells similar
in sizes. The water balance equation for each cell
was applied. after feeding the data available for
some variable and assuming values for the others.
The hydraulic head values or values of water
elevations for all points in the study area could be
estimated as a result from model operation, Faust et
al [1980], Mercer et al [1980], Thomas [1973].
The (GIS) tools was used to build up the numerical
model to aid in the combination process of
topographical, geological and hydrological data
using curves, points and polygons which represents
deferent features.
The study area (Mosul city) which is about 528 km2
as shown in fig (1) was depended to apply the
model. The region was divided into three dimension
cells using 90 horizontal lines in the x-direction and
82 vertical lines in the y-direction and made a
network with 7380 cells. The dimension for each
cell is (275 * 275) meter. Depending on thickness

4. GROUNDWATER FEEDING SOURCES
AT MOSUL CITY
Many assumptions and variables that may affect
the groundwater elevations were studied and
evaluated. The amount of leaked water from
water supply network as a result of existing
cracks in the network pipes was estimated to be
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There are many reasons may cause the Differences
to be more than 0.5 m in some wells like pumping
water from those wells at the same day of
measuring the water level, Another reason is the
leakage from water supply network.

of the top soil layer and thickness of the
geological formation near the Tigris river a 20 m
thickness was depended for the model cells. As
known the properties of any cell in the numerical
model is homogenous and isotropic but those
properties may different from cell to cell. A
preliminary value for hydraulic conductivity was
assumed to run the model and obtain the
elevations for groundwater in the study region.
The model was calibrated using the parameter
estimation method (PEST), ECGL [2003], as
shown in (figure 3a). The calibration process
continues to minimize the values of changes
between the actual measured data with data
results from the model operation (fig 3b). After
large numbers of trials, a best coincidence
between the measured and the predicted values
was obtained and the most differences for water
depth is within ±0.5 m in the most area of the
study region as shown in figure (3a) and table (1).

Table 1. Comparison between measured water
elevations in shallow wells with the computed
elevations resulting from numerical model.
water
Comput
Well G.Elv. Observed
Residuals
ed
depth
No. (m.a.c.l) (m)
(m)
(m)
(m)
-0.22
8.13
p1 251.33 243.2 242.98
0.25
10.98
p2 245.08 234.1 234.35
-0.55
3.82
p3 249.12 245.3 244.75
-0.57 10.38
p4 272.78 262.4 261.83
0.48
10.95
p5 264.45 253.5 253.98
0.44
11
p6 253.32 242.32 242.76
0.78
6.29
p7 218.32 212.03 212.81
0.06
8.21
p8 222.31 214.1 214.16
0.61
5.4
p9 223.12 217.72 218.33
-0.57
3.05
p10 226.31 223.26 222.69
-0.38
5.05
p11 220.45 215.4 215.02
-1.55
10.4
p12 252.53 242.13 240.58
-1.49
7.12
p13 261.62 254.5 253.01
-0.61 11.13
p14 268.73 257.6 256.99
-0.81
9.94
p15 255.14 245.2 244.39
-0.47
4.08
p16 221.33 217.25 216.78
0.35
4.56
p17 217.36 212.8 213.15
-0.04
4.15
p18 213.3 209.15 209.11
-1.06
7.26
p19 251.86 244.6 243.54
0.12
5.95
p20 213.13 207.18 207.3
-0.67
8.58
p21 222.78 214.2 213.53
0.49
7.07
p22 218.57 211.5 211.99
-0.57
7.39
P23 219.69 212.3 211.73
0.24
3.45
p24 213.5 210.05 210.29
0.98
3.64
p25 211.8 208.16 209.14
-0.78
3.28
p26 213.5 210.22 209.44
1.05
7.39
p27 215.72 208.33 209.38
0.37
8.18
p28 218.33 210.15 210.52
215.8
0.6
3.83
p29 219.03 215.2
211.4 211.32
-0.08
8.1
p30 219.5
0.15
7.29
p31 225.37 218.08 218.23
5.69
p32 217.9 212.21 212.882 0.672
4.52
6.75
p33 228.87 222.12 226.64
-0.34
2.72
p34 230.04 227.32 226.98
-1.32
3.96
p35 252.12 248.16 246.84
231.4
1.8
7.02
p36 236.62 229.6
1.01
8.5
p37 244.74 236.24 237.25
-1.55
9.12
p38 269.22 260.1 258.55
-1.1
7.53
p39 255.88 248.35 247.25
-1.82
9.07
p40 255.14 246.07 244.25
-0.53
5.94
p41 240.05 234.11 233.58
-0.94
7.89
P42 278.1 270.21 269.27
-0.45
7.83
P43 265.17 257.34 256.89

Figure 3a. Differences between computed and
measured elevations by automated calibrations
using PEST method (Feb. 2002)

Computed greater
than measured

Computed less
than measured

Green colure
Computed is within
±0.5 m the measured
Orange colure
Computed is within
±1.0 m the measured
Red colure
Computed is within
±1.0 m the measured

As a result from the numerical model operation the
groundwater movement vectors within Mosul city
were calculated and drawn as shown in figure (4).

Figure 3b. Relationship between computed and
measured water elevation value
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Knowing sources of water feeding any region is
very useful and could be used to stop and cut the
source of water in case of increasing the
groundwater elevations above undesired level. The
ground water path lines of the study area were
predicted from the model operation as shown in
figure (6). This figure shows the paths of
groundwater movements from the external area
around Mosul city toward city centre especially
toward Tigris River. Generally speaking the
operation of the present numerical model is used to
obtain the sites having undesired groundwater
elevations, consequently shallow groundwater
depths have a negative influence on environment
and health, in addition to its negative effects on the
engineering constructions represented by their
foundations. Another side of effect as a result of
having groundwater high elevations is the filling of
storm water network and prevents the discharging
of rainfall quantities which in turn leads to
settlements and constructions subsidence.

Through the identification of the vectors of the
groundwater movements the feeding source of
water for any point inside the study area was
obtained. Figure (5) shows the shaded critical
zones within Mosul city concerning the elevations
of groundwater to be near ground surface. The
lands in critical zones are flooded with water
during rainfall season due to a very weak
discharge through waste and storm water network.
Figure (5) is drawn using interpolation tools in
GMS and depending on wells data.
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Figure 4. Flow vectors showing the groundwater
flow directions (Feb. 2002).
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Figure 6. Groundwater flow lines feeding the
critical regions in Mosul city.(Feb. 2002).

Another result from model prediction is the values
of hydraulic conductivity for the aquifers in study
area as shown in figure (7). The hydraulic
conductivity values ranged between (4 to 28)
meter/day.
The benefits from applying the numerical model on
Mosul city are to manage the future plans, studies
and activities in this area concerning the design and
construction of the main sewerage network in the
city. Also from specifying the places and zones
where the hydraulic conductivity values are too low
and by predicting the more critical places in the city

Critical zones
Figure 5. Contour lines for groundwater depths
measured from ground surface. (Feb. 2002).

1115

subjected to flooding and any ground water
increment touching the foundations of the existed
constructions.
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From the collected data groundwater elevations in
the observation wells and the geological
formations at Mosul city and through the
numerical model operation to predict and simulate
the movement of groundwater; many ground
water properties were found such as:
• Predicting the zones having undesired values
of groundwater elevations due to its shallow
depth.
• Predicting flow vectors which represents
flow directions in each point.
• Predicting the groundwater paths leading to
critical zones using flow lines.
The simulation process indicates that the real
reason behind the increasing in the groundwater
elevations in Mosul city belong to the unbalance
occurs in the study area through the increasing in
the feeding sources for groundwater (Water
supply and sanitary drainage and rainfall) with the
decrement in the hydraulic conductivity values (k)
as a result of the variation in the soil properties.
Consequently this will cause to reduce the
capability of the aquifers to store or transmit the
additional water quantities to the river and cause
the high groundwater elevations year after year.
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Abstract: Sediment delivery ratio (SDR) is traditionally defined as the fraction of upland gross erosion that
is transported out of a defined area, e.g., a plot or catchment. It is, effectively, an index of sediment transport
efficiency. Previously, it is treated as an empirically-lumped parameter used as a mechanism for
compensating for sediment deposition within a catchment area. In this paper, we propose a simple sediment
transport model based on the concept of linear reservoir cascades. It links SDR to catchment hydrological
response and the dominant sediment deposition processes. The new SDR formulas thus derived are used to
explain the spatio-temporal heterogeneity of sediment transport processes and their interactions with rainfall
and catchment characteristics. Further, implications for spatially-distributed sediment transport modelling
over large spatial extents are explored. Using this model we demonstrate, for the first time, that ambiguity in
the previous definition of SDR could be one major source of confusion in the controversial debate about
sediment transport in large catchments.
Keywords: Sediment delivery ratio; Sediment deposition; Erosion; Sediment budgets.
1.

INTRODUCTION

Sediment delivery ratio (SDR) is defined as the
fraction of gross erosion that is transported from a
given catchment in a given time interval. It is a
dimensionless scalar and can be expressed as
SDR = Y/E

(1)

where Y is average annual sediment yield per unit
area and E is average annual erosion over that
same area. In essence, SDR is a scaling factor used
to accommodate differences in areal-averaged
sediment yields between measurement scales. It
accounts for the amount of sediment that is
actually transported from the eroding sources to
the catchment outlet compared to the total amount
of soil that is detached over the same area above
that point. It often has a value between 0 and 1 due
to sediment deposition caused by change of flow
regime and reservoir storage. Values larger than 1
were also found at event basis or when bank or
gully erosion predominates.
Methods to estimate SDR can be roughly grouped
into three categories. The first category deals with
specific sites where sufficient sediment yield and
stream flow data are available. Methods such as
sediment rating curve-flow duration [Gregory and
Walling, 1973], or reservoir sediment deposition
survey are often used. Such approaches are not
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suitable for estimating the spatial distribution of
sediment yield for a large basin because the
measurements required are rarely available at each
sub-catchment.
The second category uses empirical relationships
which relate SDR to the most important
morphological characteristics of a catchment, such
as the catchment area [Roehl, 1962]. A widely
used method is a SDR-area power function:
SDR = α Aβ

(2)

where A is the catchment area (in km ), and β are
empirical parameters. Statistical regressions based
sediment measurements show that the exponent β
is in the range -0.01 to -0.25 [Walling, 1983],
suggesting that the SDR decreases with drainage
area.
2

Despite its simplicity, Eq. (2) provides little
understanding of physical processes that underlie
the sediment transport in a large basin. This
approach provides little understanding of physical
processes that underlie the sediment transport in a
large basin. They carry no descriptions of the
mechanisms that cause the sediment transport and
fail to identify the separate effects of climate (e.g.
erosive rainfall) and catchment conditions.

Therefore, they provide limited assistance beyond
description of likely load magnitudes.
For a given catchment area, differences in values
of α and cause orders of magnitude variation in
SDR, suggesting the strong dependence of SDR on
additional properties which represent catchment
heterogeneity. It is known that factors influencing
SDR include hydrological regime (e.g. rainfallrunoff), catchment properties (e.g. vegetation,
topography, and soil properties) and their complex
interactions. Mathematical derivation of either the
dynamical, spatial, or statistical properties of SDR
in terms of those influential factors is far from
trivial.
The third category attempts to build models based
on fundamental hydrologic and hydraulic
processes In the majority of these models,
sediment delivery and deposition are predicted
through the coupling between runoff and
erosion/deposition conditioning upon sediment
transport capacity [Flanagan et al., 1995]. Despite
the merit of physical description, the existing
models are often not suited to basin scale
applications.
The purpose of this paper is to explore new ways
of modeling sediment transport at large catchment
scale. Our aim is to identify the dominant controls
on sediment transport and on catchment-tocatchment
variability.
A
second
order
consideration is to demonstrate models which
provide a better match to available measurements
and to help guide efficient design for new
measurements. We illustrate, based on a simple
linear model of sediment transport, that catchment
response of sediment can be described by the dual
effects of hydrological response and sediment
deposition.

2.

THE METHODS

2.1

Sediment Deposition

Over hillslopes, sediment deposition occurs mainly
by three processes acting in parallel: gravitational
settling, particle infiltration, and filtration of
particles by surface roughness elements or
vegetation strips.
The two deposition fluxes acting vertically
towards surface, rg and rin [M/L2/T], are due to
gravitational settling and particle infiltration:

rg = w t C ≈ w t S / H = S / t f

(3)

rin = win C ≈ win S / H = S / t in

(4)

where C is the averaged sediment concentration
[M/L3], wt and win [M/T] are the particle settling
velocity and the velocity of infiltration, H is the
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average flow depth, S is the mass of sediment
stored per unit area in the catchment at a given
time [M/L2], tf and tin are the time over which
particles are removed by settling and infiltration
respectively. For simplicity, vertical deposition
due to turbulent mixing is assumed to be balanced
by sediment re-suspension and is neglected in this
study.
The settling velocity wt is a function of particle
size and can be calculated by Stoke’s law:
wt =

g
( ρs − ρ )d 2
18µ

(5)

where ρs and ρ are the particle and water density,
respectively, is dynamic viscosity coefficient for
water, d is the diameter of sediment paricles, and g
is the acceleration of gravity.


The infiltration velocity is close to the vertical
saturated hydraulic conductivity for saturated soils
and relatively higher for unsaturated soils. Under
overland flow conditions, the infiltration velocity
win have typical values in the order of 1×10-7 m/s
for clay, 1×10-6 m/s for silt and 1×10-4 m/s for sand.
Higher values are applicable for most cases as it is
rare that catchments are fully saturated during the
entire erosivity storm events.
Vegetated soil surfaces are very rough and
therefore slow overland flow, increase transit time
and extend time for sediment to deposit. We now
consider the trapping efficiency of the vegetation,
such as grass strips over a hillslope section.
Assume trapping efficiency ev
ev =

C in − C out
C in

(6)

where Cin is the upstream sediment concentration
and Cout is the sediment concentration in the flow
emerging from the downstream side of the
vegetated area. Fluid elements travel through the
vegetation strip along meandering trajectories
because of the turbulence in the flow and losing
particles by deposition to the roughness vegetation
elements as they move downhill. In a Lagrangian
or fluid-following reference frame, the sediment
concentration C [particle/L3] is governed by
dC
= − awv C
dt

(7)

where wv [L/T] is a conductance for sediment
trapping, a is the frontal area density of the
vegetation strip seeing by the water flow (the
frontal area of elements per unit volume). The
right hand side of Eq. (7) is the sink strength per
unit volume for particles due to vegetation
filtration. Regarding wv , a, and flow velocity U are

constant, Eq. (7) can be integrated along a
trajectory to yield
ev = 1 −

C out
 a wv X L 
= 1 − exp −

C in
U 


Eq. (8) can be recast in terms of optical porosity of
the vegetation strip seen by the flow, κ, as most
field observations about vegetation strip are in
terms of the easy to measure property such as κ or
fraction cover f, rather than a. For a uniformly
distributed vegetation strip and according to Beer’s
law
(9)

Eq. (8) becomes

e v = 1 − κ wv / U

(10)

where U is the mean flow velocity. For particle
sizes involved in shallow overland flow, Brownian
diffusion can be negligible and wv ≈ U. Hence
ev ≈ 1 − κ

(11)

Over a hillslope which is longer than the typical
fluid parcel travel length XL or is randomly
covered by vegetation, the overall trapping
efficiency can be approximately estimated by
treating the hillslope as N sections. From Eq. (6)
ev = 1 − κ 1 κ 2 Lκ N

e(t)

(8)

where XL is the total distance traveled by the fluid
parcel in its passage through the vegetation strip
under a Lagrangian frame sense. XL is often greater
than X, the length of vegetation strip in the flow
direction because of the meandering of the flow. In
shallow overland flow, it is appropriate to assume
XL X.

κ = exp(−aX )

routing in the channel network as shown in Figure
1.

(12)

Sh(t)
rh(t)

yh (t ) =
Hillslope Storage
Sn(t)
rn(t)

The hillslope store is supplied with sediment by
soil eroison at a rate e(t) [M/L2/T] over an effective
storm duration ter (sediment transport only occurs
during this time period). At a given time t, the
hillslope stores part of the eroded sediment,
deposits another part at a rate rh, and delivers the
rest to the channel network store, located
downstream of it, at a rate yh [M/L2/T]. yh is
assumed to be a linear function of the mass of
sediment stored in the hillslope per unit area,
denoted by Sh [M/L2]. The area specific sediment
yield from the network store, y [M/L2/T], which is
the same as the area specific sediment yield from
the catchment outlet, is assumed to be a linear
function of the sediment stored in the channel
network, denoted by Sn [M/L2].
The continuity equation of sediment for the two
stores can be expressed as:
dS h (t )
= e(t ) − rh (t ) − y h (t )
dt
y h (t ) = (1 − e v ) S h (t ) / t h

In channels, deposition by gravitational settling is
counted as the only mechanism for sediment
deposition. The other two processes are considered
as insignificant. The filtration by in-stream riparian
vegetation can be important sometime. It can be
easily incorporated if necessary.

rn (t ) = S n (t ) / t f

To relate sediment transport to hydrological
response and deposition, the linear model of
catchment response [Sivapalan et al., 2002] is
adapted and modified. Instead of using the model
for studying catchment response of flood, we use
the same concept to model SDR. The model
consists of two independent component processes:
sediment transport on hillslopes and sediment
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Sn (t )
tn

Figure 1. Diagram of a two storage lumped
linear model of sediment transport at catchment
scale.

rh (t ) = S h (t ) / t f + S h (t ) / t in

A Simple Sediment Transport Model

y (t ) =

Channel Storage

As 0 ≤κi ≤1, i = 1…N, Eq. (12) suggests that ev
becomes progressively larger when the vegetation
cover becomes denser at surface level or the
hillslope becomes longer.

2.2

Sh (t )
(1 − ev )
th

dS n (t )
= eb (t ) + y h (t ) − rn (t ) − y (t )
dt
y (t ) = S n (t ) / t n

(13)

where th is the mean hillslope travel time and tn is
the mean channel travel time and eb(t) [M/L2/T] is
the stream bank erosion rate at time t.
For simplicity, we look at the special case where
hillslopes are eroded at a constant rate e during the
entire duration of effective sediment transport ter.
The stores Sh and Sn are empty at the beginning of
the storm, meaning that the sediment existing
originally in the channel network is not considered.
We also exclude other forms of channel sediment
sources such as bank erosion, meaning the

sediment supplied to the channel network is only
from hillslope.

SDR p , h =

Eq. (13) can be written as functions as yh and yn



th
th
dy h
= e −  λ h
+ 1 y h
(1 − e v ) dt
 (1 − e v ) 

dy n
= y h − (λ n t n + 1) y n
dt

(14)

(15)

Expressions of SDR

At a storm event, SDR can be either expressed as:

SDRe =

SDR p =

∫ y(t )dt
∫ e(t ) dt

simplified

y peak

(17)

e peak

∫ e(t )dt = e t and Eq.
as SDR = ∫ y (t )dt e t
er

e

er

(16) can be
. The later

definition is based on peak value of sediment yield.
In the literature, though descriptions of SDR often
implies (16), meaning SDR representing the total
loss of sediment due to deposition, the actual
measurements undertaken were mostly based on
(17), which is multiplying averaged sediment
concentration by total flood discharge. For the first
time, the simple model we proposed here enables
us to show, under the same physical conditions,
how different SDR would be because of the two
definitions above. For convenience of discussion,
we call (16) as “morphological view” based
definition and (17) as “hydrological view” based
definition.
RESULTS

Eqs. (14) and (15) are solved analytically and lead
to two sets of expressions of SDR based on the
definitions of SDRe and SDRp. (e.g. Eqs. (16) and
(17))
1
SDRe ,h =
(18)
Ah
SDRe =

1
Ah B n

(21)

where Ah = 1 + λ h t h /(1 − e v ) and B n = 1 + λ n t n

Eqs. (18) to (21) are used to compute the
magnitudes of SDRe and SDRp in relation to
channel travel time tn (Figures 2 and 3) and
particle diameter d (Figure 4) for different values
of time scales ter and th. For simplicity, we assume
that th is independent of catchment area and tn is a
scaling function of catchment area

t n = ξ Aυ

(19)
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(22)

where tn is in hrs and A is in km2. For a start, we
assume ξ = 0.76 and υ = 0.38 [ARR, 1987].
Meas (Roehl, 1962)

ev = 0, th = 0.1 hr

ev = 0, th = 1 hr

ev =0.999, th = 0.1 hr

ev = 0.999, th = 1 hr
1
0.8
0.6
0.4
0.2
0
0

2

4

6

8

tn (hr)

1
0.8
SDRe

3.

(20)

and subscripts h stands for the hillslope store only.

(16)

The former expression states that SDR is the ratio
between the area under sedi-graph and the area
upland ero-graph. For the special case we
considered,



t er 

1 − exp − Ah
t h 




 A

1
−
exp − h t er 
A t
 th

1− h n

t h Bn


1
1
1
+
and λn =
.
where λ h =
t f t in
tf
2.3

1
Ah



 B

1 
1
SDR p =
1−
exp − n t er 
t h Bn
Ah B n 
 tn

 1−
A
t
h
n


SDRe

tn

and
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0
0.001
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100

1000
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Figure 2. SDRe as a function of channel travel
time tn for different ev and th, for silt with particle
diameter d of 35 µm.

Figure 2. shows that SDRe remains constant over
the catchment area A. The differences in SDRe are
due to ev and th and has nothing to do with ter and tn.
It matches the “morphological view”. That is, over
time, sediment delivery is only restricted by
hillslope supply. Channels tend to export all the
sediment delivered to them. However, the
computed SDRe does not match “hydrologically”
based measurements [Roehl, 1962].
Meas (Roehl, 1962)
ev = 0, th = 0.1, ter = 2 hr
ev = 0, th = 1, ter = 2 hr
ev = 0.999, th = 0.1, t er = 2 hr
ev = 0.999, th = 1, ter = 2 hr

ev = 0, th = 0.1, ter = 0.5 hr
ev = 0, th = 1, ter = 0.1 hr
ev = 0.999, th = 0.1, ter = 0.5 hr
ev = 0.999, th = 1, ter = 0.5 hr

SDRp

1

0.1

0.01
0.1

1
tn (hr)

10

SDRp

1

magnitude) are due to heterogeneity in catchment
properties represented by th, ev and ter. For a given
area, the ratio ter/th is the main factor causing the
reduction of SDR vs area A. Changing ev from 0 to
0.999 only causes small change in SDRp, Although
further increase in ev reduces SDRp more
dramatically, its does not change the scaling
exponents of SDR ∼ A (e.g. the slope of SDR ∼ A
curve). The scaling exponents with respect to
catchment area A are between 0.0 and -0.38, which
is in good agreement with the value range reported
in the literature (between 0.01 to -0.25 [Walling,
1983].
Eqs. (18) to (21) also allow us to plot SDR as
function of particle size. Figure 4 shows how SDRe
and SDRp changes with particle diameter d in a
non-linear fashion. Overall, SDRe and SDRp
decrease when particle size increases and remain
constant for small particles. However, they obey
very different rules. For the same particle size,
SDRp can be one order smaller than SDRe if the
ratio ter/th is large. Although SDRe and SDRp both
decreases when th increases, the ratio ter/th plays a
profound role in determining the values of SDRp.
On the other hand, SDRe does not depend on ter at
all as it is shown in Eqs. (18) and (20).
ev = 0, th = 1 hr
ev = 0.98, th = 1 hr
ev = 0.9999, th = 1 hr

ev = 0, th = 0.01 hr
ev = 0.98, th = 0.01 hr
ev = 0.9999, th = 0.01 hr

0.1

ev = 0, th = 10 hr
ev = 0.98, th = 10 hr
ev = 0.9999, th = 10 hr

1.2

0.01
0.01

0.1

1

A (km2)

10

100

1

1000

SDRe

0.8

Figure 3. SDRp as a function of channel travel time
tn for different ev and th, for silt with particle
diameter d of 35 µm.
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d (um)

0.3

SDRp

Figure 3 (upper panel) shows that SDRp remains
constant for small values of tn (the scaling
exponent with respect to tn is close to zero), while
for larger values of tn, they decrease linearly with
increasing tn (e.g. the scaling exponent equal to -1).
The change of slope in SDRp occurs earlier (e.g. at
smaller tn) for smaller ter (in comparison with ter
and th), meaning that SDRp remains constant for
larger catchment area if the effective upland
erosion period becomes longer. The effects of ev
and particle size are to smooth and thus reduce the
magnitude of SDRp, without changing the scaling
exponents with respect to tn.

0.2

0.1

0
1

10

100

1000

10000

d (um)

Figure 4. SDR as a function of particle size for
different values of th and ev while channel travel
time ter is set to 2.4 hr.

The computed SDRp shown as families of curves in
Figure 3 (lower panel) forms upper-bound, lowerbound and middle range values of “hydrological view”
based measurements [Roehl, 1962] nicely. It shows that,

4.

for a given catchment area, the large variations in
SDR measurements (vary up to two orders of

Two types of SDR can be defined. In the literature,
the two definitions have never been clearly
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DISCUSSIONS AND CONCLUSIONS

articulated and described in mathematical form.
As a result some controversy has resulted [Trimble
and Crosson; 2000; Nearing et al., 2000]. When
discussion is based on one, but measurements are
based on another, confusion occurs. This study
clears such confusion.
Eq. (16) states the “morphological view” which
considers the total deposition over the entire
erosion versus sediment transport periods. When
the whole sedi-graph is considered, SDR remains
constant for un-vegetated channels. It suggests that
the channel network is capable of transporting
most the sediment delivered to it. The fraction of
eroded upland sediment delivered from hillslope to
the channels is reduced by the presence of
vegetation cover or increase in hillslope length.
Eq. (17) describes the “hydrological view” which
is based on the measurements of peak runoff and
sediment concentration. Under this view, Eq. (2)
applies (though the exponent is not necessarily a
constant) and SDR decreases with increasing
catchment area. Multiplying such a peak-valuebased SDR with long-term averaged upland
erosion rate causes the long standing confusion
mentioned above. It results in a false impression
that large amounts of sediment would be deposited
in streams. It is not observed in reality as it was
correctly pointed out and argued by Trimble and
Crosson [2000]. The confusion is brought by the
mismatch of time dimensions for upland erosion
and sediment transport in the channels, simply
because upland erosion often occurs at shorter time
scale and in a intermittent fashion and sediments
are transported in the channel network over longer
time period.
In the sense of Eq.(2), a “hydrological view” based
expression, previous studies treat the scaling
exponent as constant over a range of catchment
area A. However, change in was evident in the
observation from different parts of world
[Milliman and Meade, 1983]. Our simple sediment
transport model shows that is not constant. The
is primarily due to a change of
change of
effective period of upland erosion in comparison
with catchment residence time and less affected by
upland vegetation and sediment particle size. In
small catchments, storm duration is long compared
to the catchment’s residence time. The sediment
eroded from the whole catchment area contributes
to the peak value of the sedi-graph. As long as this
remains true, the SDRp, does not decrease with
catchment area and the scaling exponent remains
zero. On the other hand, in large catchments, storm
duration is usually smaller than the catchment
residence time. Only a fraction of the catchment
area contributes to the sediment peak, and
according to Eq. (22), decreases toward -0.38.
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In summary, we derived two sets of event-based
SDR expressions based on a simple linear sediment
transport model. The results of this simple model
not only clears a long-standing confusion in the
sediment transport literature, but also provides a
sound physical basis for estimating spatial patterns
of sediment transport over large catchments.
Differences in the time variables ter, tn and th and
other model parameters represent the heterogeneity
in catchment properties. The model presented here
can be used to model the spatial distribution of
SDR if those parameters can be spatially
differentiated.
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Simulation of Stream Flow in the Yantra River Basin,
Bulgaria Via a GIS-based Modeling Approach
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Abstract: This paper describes the simulation of stream flow in ungauged watersheds using the computer
model BISTRA (Basin Impacts of Simulated Transport from Rural Areas), developed by the Pennsylvania
State University in collaboration with the Institute of Water Problems, Bulgarian Academy of Sciences. The
main purpose of this GIS-based model is the quantification of diffuse pollution loads at the catchment level.
To achieve this, BISTRA contains a sub-model for simulating hydrology in a catchment based on generic
climate and landscape-related factors (e.g., daily precipitation and temperatures, soil, topography, land use,
interdependence between surface and underground waters, etc.) which makes it possible to quantify monthly
runoff, infiltration, and stream flow in areas where there are no gauge station records. The calibration and
validation results for stream flow simulations conducted in the Yantra River basin in Bulgaria are given. The
conclusion is made that after calibration and validation, the model can be applied to determine the runoff and
stream flow at different points of the river network where there are no gauge stations.
Keywords: hydrology; stream flow; GIS hydrology models.

1. INTRODUCTION
The development of river basin management plans
requires availability of long-term stream flow data
for the purpose of estimating water balances at
different points in a stream network. This is
oftentimes very difficult because the gauge stations
(GSs) used for flow monitoring are either
insufficient in number, or they are irregularly
distributed in the catchments. Most GSs are
typically situated in the middle and downstream
portions of the catchment, which presents
difficulties for evaluation of stream flow in the
upper stream reaches. Also, the middle and downstream portions of river basins are often highlydeveloped, and exhibit numerous anthropogenic
activities such as water supply intakes, and dams
and reservoirs. In such areas, the observed flow is
often greatly disturbed, which creates serious
difficulties for assessing stream flow in the larger
basins via simulation.
Consequently, the
estimation of stream flow volumes in these cases
based on the use of generic climate and landscaperelated factors is a very useful and powerful
procedure because it is possible:
• To assess stream flows of ungauged river
basins;
• To evaluate the natural flows for long periods
of time;
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• To help in the choice of a gauge station
analogue and to extend the hydrological records,
and
• To make statistical assessments of stream flow
volumes.
The BISTRA (Basin Impacts of Simulated
Transport from Rural Areas) model was created as
a result of collaboration between the Institute of
Water Problems, Bulgarian Academy of Sciences
and the Pennsylvania State University, USA, and
is essentially an updated version of the GWLF
(Generalized Watershed Loading Functions) model
developed by Haith et al. [1992]. BISTRA
includes an interface between GWLF and ArcView
GIS software, and uses a number of GIS data
layers (e.g., climatic conditions, land use and soil
data, topography, etc.) to derive values for various
GWLF model input parameters [Knight et al.,
1999; 2001]. The BISTRA model has previously
been applied in the evaluation of pollution loads in
the Yantra River basin in Bulgaria [Hristov et al,
1999, Ioncheva et al, 1999]. Described in these
papers are the calibration and validation results for
stream flow simulations performed for this basin.

2. OVERVIEW OF THE BISTRA MODEL

The GWLF model contained within BISTRA is
used primarily for assessment of non-point source
(diffuse) pollution loads from agricultural lands,
wash-off from urban lands, and septic systems in
rural settlements. Surface runoff, a main transport
mechanism of nutrient and sediment loads, is
determined based on the use of generic factors
related to landscape and climate. The basic
components of the GWLF model on which
BISTRA is based consist of:
• a surface runoff component (based on the Soil
Conservation Service Curve Number model
[SCS-CN approach; Haith et al., 1992];
• an erosion and sediment delivery model (based
on a modified Universal Soil Loss Equation
combined with Vanoni’s watershed sediment
delivery ratio function, based on watershed size
[Haith et al., 1992]), and
• a nutrient production model (based on dissolvedand sediment-attached nutrients carried with
runoff and sediment).

3. CALIBRATION OF BISTRA MODEL
Calibration of the BISTRA model was conducted
on five sub-basins of the Yantra River basin for the
period 1989-1995 (see Figures 1 and 2).

Figure 1. Location of the calibrated sub-basins.

2.1. Input Data and Output Results for the
BISTRA Model
Execution of the BISTRA model requires three
input files (i.e., weather.dat, transport.dat, and
nutrient.dat) which are prepared automatically via
the ArcView GIS interface. Model parameter
values are derived using information contained in a
variety of GIS data layers, including the basin
boundary (polygons), soil type (polygons), point
sources (points), settlements (polygons), land use
(grid theme), river network (lines), weather
stations (points), topography (grid theme), and
other customized data sets for the river basin
(Knight et al., 2002).
The weather.dat file
includes information for daily precipitation and
daily temperatures; the transport.dat file contains
information for such things as land use
characteristics, evapotranspiration coefficients,
runoff curve numbers, soil data, universal soil lost
equation (USLE) factors, groundwater recession
coefficients, and other initial transport conditions;
and the nutrient.dat file contains information
related to source area loading rates and
background concentrations of nutrients in soil and
groundwater.
The output results are given in summary.txt and
monthly.txt files, which contain monthly
distributions of precipitation, evapotranspiration,
ground water flow, surface runoff, stream flow,
erosion, sediments, and dissolved and total
nitrogen and phosphorus.
Results are also
presented by source area.
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Figure 2. Location of Veliko Turnovo sub-basin.
These included the Drianovska sub-basin with
gauge station (GS) 23350, the Yantra by Gabrovo
sub-basin with GS 23650, the Rossitza sub-basin
with GS 23500, the Yantra by Veliko Turnovo
sub-basin with GS 23700, and the Goliamata subbasin with GS 23150. The location of these subbasins is presented in Figures 1 and 2. (Note that
two of the smaller sub-basins – the Drianovska and
Yantra by Gabrovo – are nested within the larger
Yantra by Veliko Turnovo sub-basin).
These sub-basins were selected for the following
primary reasons:
• The outlet of the sub-basin or group of subbasins coincided with a GS for comparison of the
simulated and observed flows;
• Stream flow was relatively unaffected by
anthropogenic activities;
• The sub-basins are situated in different parts of
the larger Yantra River basin;

• The sub-basins were mainly composed of
agricultural or rural land use types;
• The sub-basins did not include significant point
source discharges.

4. VALIDATION OF THE BISTRA MODEL
Validation is an obvious requirement since no
model may be used in the practice without suitable
proof of its capabilities for solving real problems.
In this case, validation of the BISTRA model was
performed on four additional sub-basins of the
Yantra River basin for the same 1986-1995 time
period. The locations of these sub-basins (the
Yantra before Lefedja mouth sub-basin; the Yantra
after Lefedja mouth sub-basin; the Yantra after
Rossitza mouth sub-basin, and the Yantra by
Karantzi sub-basin) are presented in Figure 4. The
corresponding comparisons between the simulated
and the observed flow, assessed on the basis of instream monitoring data for the upper basins, are
presented on Figures 5 to 8.

Based on a sensitivity analysis of the various
model input parameters, it was determined that the
most critical parameters were the groundwater
recession (GWR) constant, the available waterholding capacity (AWC) parameter and the
evapotranspiration (ET) cover coefficients.
Consequently, adjustments to these parameters
were primarily made during the calibration phase.
The calibration results for the Veliko Turnovo subbasin in which simulated stream flow is compared
with observed stream flow is shown in Figure 3.
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Figure 3. Calibration of BISTRA model for sub-basin Veliko Turnovo for the period 1986-1995

general overview of the model performance and
provides an overall feeling for model capabilities.

5. STATISTICAL ASSESSMENT
Hydrologic models are used most frequently to
simulate or predict flows either on a continuous
basis or for a particular event, and simulated
(computer model) flow is typically compared with
observed (measured) flow to assess model utility.
In such cases, it is recommended that both visual
and statistical comparison between model
computed and measured flows be made whenever
data are presented. The visual comparison is a
necessary first step in the evaluation, and often
takes the form of graphic plots of the simulated
and the observed flows. This first step provides a
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For the work presented in this paper, the statistical
assessment involved the calculation of a number of
statistical parameters. The values of the statistical
parameters are given in Table 1. The values of
calculated index of agreement (“d”, as described
by Willmott [1984]) show that the simulated flows
developed using BISTRA model appear to
compare very favourably with the measured flows
for various sub-basins of the Yantra River
watershed. In this case, the index of agreement (d)
varies between 0.0 and 1.0, where a value of 1.0
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Figure 6. Validation of BISTRA model for sub-basin Yantra after Lefedja for the period 1989-1995
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Figure 7. Validation of BISTRA model for sub-basin Yantra after river Rossitza for the period 1989-1995
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Figure 8. Validation of BISTRA model for basin Yantra by Karantzi for the period 1990-1995.

expresses perfect agreement between observed (O)
and predicted (P) values, and 0.0 describes
complete disagreement.
6. APPLICATION OF BISTRA MODEL IN
THE PRACTICE
The BISTRA model was used to determine the
stream flow for the period 1986-1995 of an
ungauged sub-basin in the upper part of the Yantra
River (the Elenska River), which was an area
targeted for water management purposes. An
additional study to assess the adequacy of the
results was completed for the sub-basin Zlatarishka
that includes the sub-basin Elenska (Figure 9).
Again, the results were quite satisfactory as shown
in Table 1 and Figure10.

Figure 9. Location of sub-basins Zlatarishka and
Elenska

Table 1. Statistical results
Basin
Veliko Turnovo
Zlatarishka
Yantra before Lefedja Mouth
Yantra after Lefedja Mouth
Yantra after Rossitza Mouth
Yantra by Karantzi
Basin
Veliko Turnovo
Zlatarishka
Yantra before Lefedja Mouth
Yantra after Lefedja Mouth
Yantra after Rossitza Mouth
Yantra by Karantzi

O*
9.05
5.25
9.58
18.37
26.84
30.26
MAE
2.45
2.86
3.05
15.17
15.46
12.04

P*
11.50
8.10
12.64
33.55
42.30
42.30
RMSE
7.16
5.88
7.94
23.40
28.03
29.10

N
108
95
72
72
72
72
RMSEs
2.89
3.06
4.20
15.22
15.49
12.84

a
3.80
3.70
5.35
14.25
14.63
16.01
RMSEu
6.55
5.02
6.74
17.78
23.36
26.12

b
0.85
0.84
0.76
1.05
1.03
0.87
d
0.88
0.83
0.88
0.80
0.84
0.83

Where: O*-mean monthly observed value; P*- mean monthly simulated value; N-number of cases; a, b-simple linear regression
coefficients, associated with an ordinary least-squares (OLS) simple linear regression between Oi and Pi ; MAE-mean absolute error;
RMSE-root mean square error; RMSEs-average systematic portion of RMSE; RMSEu-average unsystematic portion of RMSE; d-index
of agreement;
**The terms N, b and d are dimensionless, the remaining measures have the units m3/s (Willmott, 1984).
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Figure 10. Comparison of simulated and undisturbed hydrographs of Zlatarishka catchment for the period
1986-1995

Conclusions
1.

2.

3.

4.

The investigation shows that the BISTRA
model can be applied successfully to
determine the stream flow at different points
within a river network in which there are no
gauge stations.
The simulation of stream flow, using the
BISTRA model, has some advantages in
comparison with the calculation of the stream
flow on the basis of measured flow, which is
often disturbed by ungauged water intakes.
The input data requirements for daily
precipitation and temperature measurements
are easier to obtain, and the required
equipment for doing so is not as expensive in
comparison with the monitoring of the steam
flow by gauge stations.
The assessment of steam flow via a GIS-based
approach as described above can provide the
basis for a new hydrologic monitoring
strategy. For example, the number of gauge
stations could be reduced considerably,
relegating their role and disposition in the
watershed to the support of model calibration.
At the same time, it might be reasonable to
increase the number of weather stations in a
given region to more accurately depict
meteorologic conditions.
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Abstract: Water quality predictions in an ungauged catchment require the development of a model that is
able to capture the basic physical features of the process and depends only on variables that are easily
available. From this point of view, the model has similar requirements to those used in future climate scenario
analysis. The mechanistic water quality model, developed in GKSS, Germany, for the purpose of climate
change analysis, uses only climatic variables, such as temperature, radiation and discharge, to predict the time
variability of algae concentrations. This paper presents the development of a statistical analogue to this
mechanistic model. The goal of this research is the derivation of a data-based model that has the minimum
number of parameters required to explain the data and, at the same time, is able to represent the physical
features of the process (a Data-Based Mechanistic or DBM model). The approximation of the mechanistic
model is obtained by a statistical analysis of the relations between the model input and output variables, as
well as the linearisation of the mechanistic algae equations, leading to the development of a statistically
tractable model. The result of this analysis is a nonlinear, Multi Input Single Output (MISO) transfer function
model that provides a statistical counterpart of the mechanistic algae model. The model is used to reconstruct
hourly chlorophyll-a concentrations (a measure of algae concentrations) during the “pre-unification of
Germany” period (before 1990) in the River Elbe, Germany. The uncertainty of the predictions is assessed
and the results are validated against available monthly chlorophyll-a measurements.
Keywords: Data Based Mechanistic models; algae concentrations; mechanistic model emulation; Stochastic
Transfer Function; uncertainty analysis.
1.

INTRODUCTION

It is believed that mechanistic models,
incorporating most aspects of a real system’s
behaviour, are suitable for predictions in ungauged
catchments. However, ecosystems are complex and
operate under random environmental conditions.
There is no model able to predict environmental
variables without error, even in fully instrumented
catchments. We argue that complex, overparameterised mechanistic models introduce a
large amount of uncertainty related to parameter
ambiguity and we propose here the application of
Data Based Mechanistic (DBM) [Young, 2001 and
references therein] modelling as a counterpart to
mechanistic modelling. The advantage of DBM
models lies in their parametric efficiency. The
main problem with them lies in difficulties related
to the physical interpretation of statistically derived
relations between process variables. However, this
process might be easier when a statistical
equivalent to a mechanistic model is used as an
intermediate stage.
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The problem of identifying a statistical equivalent
to a mechanistic model can be approached from at
least two different directions. In one approach, we
can start the analysis from the statistical properties
of the available observations and derive the
minimal order dynamical relations between the
process variables [Young, 1999]. The other
approach starts from the mechanistic description of
the process and transforms the process equations
into a state space description, which can then be
linearised, so enabling the subsequent use of
statistical tools.
The first approach has the advantage of providing,
straight away, a representation of the data that is
optimal from the statistical point of view but it
might prove difficult in the case when the
mechanistic model structure is complex. The
difficulty of interpreting the parameters in
physically meaningful terms arose from the rather
special form of the mechanistic water quality
model [Schroeder, 1997], which is based on
approximations. These difficulties led us to use the
alternative approach and start from mechanistic

model transformation, rather than the statistical
model, and then utilize the statistical modelling
methods after this first stage. This is a more
conventional method, which normally leads to the
linearisation of physical model equations. In this
way, we are able to identify a consistent
description of the process combining the optimal
statistical representation of the process, from the
point of view of the available observations, with a
physical interpretation of the statistical model
parameters.
The mechanistic model for algae and its statistical
DBM equivalent use only external driving forces in
the form of temperature, radiation and discharge.
We want to investigate if the information contained
in these data sets is sufficient to provide an
adequate description of biological processes in
river under totally different conditions to those in
which the models were calibrated. In order to
achieve this goal the chlorophyll-a concentrations
in the Elbe in the period before German unification
are used for DBM model validation.
In what follows, we describe the physical process
that we address, available data and applied
methodology (Section 2). In Section 3 we present a
short description of the mechanistic model and a
derived statistical emulator of its output. Two
different DBM models are derived. First a DBM
model for chlorophyll-a estimates in the Elbe has a
structure partially derived from the mechanistic
model linearised equations and thus its parameters
can be related to physically meaningful parameters.
The second model uses only the nonlinear
transformation of temperature from the algae
model equation. In the last section, we present the
validation of both models on the pre-unification
years.
2.

Geesthacht, provided by the Elbe Water
Authorities (WGE) [Romanowicz and Petersen
2004].
2.2 Methodology
In this study we apply Data Based Mechanistic
methods introduced by Young [1999, 2001]. This
approach tries to avoid theoretical preconceptions
in the initial stage of the analysis, but wherever
possible, the structure of the model is inferred
directly from observations. Only then is the model
interpreted in a physically meaningful manner.
This physical interpretation is an essential element
in all DBM modelling. No matter how well it
matched the data, it is only considered truly
credible if it can be interpreted in a physically
meaningful way.
The Multiple Input, Single Output (MISO)
Stochastic Transfer Function (STF) model used for
off-line predictions has the form:

Bi ( z −1 )
yt = ∑
ui ,t −δ i + ξt
−1
i =1 Ai ( z )
i=M

where yt is the algae concentration prediction at the
end of sample time t;

ui ,t −δ i is the vector of input

variables, i=1,..,M (e.g. temperature, radiation, or
discharge) at the same sample time t; δ i denotes
any pure, ‘advective’ time delay for the ith input;
and ξt represents the noise (which in some cases
can be considered as zero mean, serially
uncorrelated Gaussian white noise).
The polynomials Ai(z-1) and Bi(z-1) are defined as:

Ai ( z −1 ) = 1 + ai ,1 z −1 + ... + ai ,n z − n

DATA AND METHODOLOGY

2.1 Time series observations
The observation sets used in this study were
collected by GKSS, at station Geesthacht (Elbe
586 km from the source) and include hourly
observations of water quality, chlorophyll-a, silica,
water temperature, radiation and discharge, starting
from the year 1997. Chlorophyll-a is used as a
surrogate measure of algae concentrations. After
the unification of Germany (1990), water quality in
the Elbe changed dramatically, following the
closure of chemical factories in the upper reaches
of the river. Thus the Elbe in the time before
unification may be used to illustrate the ability of
the models to work in very different conditions
than the calibration conditions. Model validation is
performed
using
monthly
instantaneous
observations
of
chlorophyll-a
from
Schnackenburg, 100 km up the river from
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(1)

Bi ( z −1 ) = bi ,0 + bi ,1 z −1 + ... + bi , mi z − mi

(2)

where ai, bj, i=1,..,n; j=0,...,mi., are model
parameters and the operator z-i denotes a backward
shift in time of i time steps, i.e. z-iu(t) = u(t-i). The
value of the STF method depends on the amount of
information available to statistically estimate the
model parameters. Here, the SRIV algorithm in the
CAPTAIN Matlab toolbox and associated Data
Based Mechanistic (DBM) modelling concepts are
used to identify the order of the STF model (the
values of n, mi and δι) and to estimate the
associated parameters [e.g. Young, 1999, 2000,
2001].
The STF-based approach used here chooses, from
among linear STF model structures, only those that
have an inverse solution, i.e., the parameters of the
model can be estimated uniquely. Moreover, this

where yt denotes chlorophyll-a concentrations
(µg/L), ε t is the prediction error, temp denotes
temperature in degree Celsius, rad is radiation in
(W) and dis denotes discharge in (m3/h).
The identified time constant is 56h, and the STF
2

model explained RT =0.84 of the variance of the
mechanistic model output.
150

150

100

100

50

50

-50

3.2 Data Based Mechanistic model
3.2.1

Statistical emulation of mechanistic
model output
The STF model was based on temperature,
radiation and discharge being treated as input
variables and chlorophyll-a concentrations
modelled by mechanistic model, treated as an
observation variable. The model structure and its
parameters were estimated using observations from
the year 2000 and subsequently validated on the
other observation sets (years 1997, 1998 and
1999).
The estimated first order Stochastic Transfer
Function (STF) model has the following form:

yt = 0.9824 yt −1 − 0.0719tempt − 27

+ 0.0081rad t − 0.0008 dist −1 + ε t

(3)
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3.1 Mechanistic model approach
The main objective of the mechanistic model used
in this study is the simulation of meteorologically
induced variations of algal biomass. For this
purpose a zero-dimensional model algae developed
by Schroeder [1997] is applied. This model uses
only
external
meteorological
variables:
temperature, radiation and discharge as the only
time dependent model input variables. The model
is set up in a Lagrangian framework, with a series
of water packages, each assumed to be well mixed
in volume, travelling downstream towards the
Geesthacht Weir. The initial state variables are set
constant and the modelled bio-chemical processes
in each water body evolve independently, with
negligible horizontal dispersion.

1999

COMPARISON OF MECHANISTIC
AND DBM BASED APPROACHES
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technique estimates the covariance structure of the
parameters together with the estimation errors,
under Gaussian assumptions. The CAPTAIN
toolbox methods use all the available information
to derive the best estimates of the parameters using
recursive time series analysis [Ljung and
Soderstrom, 1983, Young, 1984]. Due to the
uncertainty and simplifications involved in the
description of environmental systems, the method
will normally yield different estimated parameter
values when calibrated over different sets of
observations. However, in cases where the data
sets have a sufficiently rich information content,
the parameter values will not be significantly
different in a statistical sense [Young, 1984].
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Figure 1. Validation stage for the 1st order STF
model, years 1997, 1998, 1999. Darker lines
denote algae model predictions. Calibration stage
on 2000 year model output (algae) is shown in the
lower right panel.
The validation stage shows that the model
dynamics are well represented by this 1st order
model and all the years reproduce well the trend of
the
chlorophyll-a
concentrations.
The
decomposition of the model response into three
components suggests that temperature is mainly
responsible for the model trend. Discharge has a
negative correlation with the modelled algal
concentrations, which corresponds to the negative
correlation found in the observation sets and to the
dillution effect in the river. Radiation is mainly
driving the rapid changes of model output.
3.2.2
STF analogue to mechanistic model
We shall transform the basic equation of algae
model in order to linearise it:

A lgt = A lg t −1 + ∆t * A lg t −1 *
* (G − L − R)

(4)

where A lg t denotes the algae concentration in
time t, ∆t denotes time period, G (Growth), L
(Loss) and R (Respiration) describe rate constants
of the basic biological processes.
Loss and Respiration depend on temperature only
while Growth depends also on radiation and algal
concentration. In order to transform this equation
to one equivalent to STF, it is necessary to
introduce logarithms on both sides of (4).

We obtain the following transformed equation for
log(Alg):
yt = yt −1 + log(1 + G − L − R)

+ log(∆t )
(5)
where yt = log( A lg t )

xt = 0.1*1.1Tt −Tref

where

ut = xt −

xt2 xt3
+
2
3

(8)

yt = log( A lg t ) , rad denotes radiation [W] and dis

denotes discharge in [ m3 / h ]; Tref = 20o C and Tt is
the temperature.

After further approximations and introducing the
relations for G, L and R [Romanowicz et al.,
2002], we obtain a first order approximation to the
mechanistic model equation (4):
yt = yt −1 + a1k T −Tr f1 (rad ) f 2 ( Si ) f 3 ( yt −1 )

+ a2 k T −Tr + ζ t

(6)

where f1 (.); f 2 (.); f 3 (.) denote the nonlinear
relations for radiation, silica and nonlinear
feedback respectively. The term with temperature
only corresponds to the first order approximation
of loss and respiration functions, whilst the term
with radiation and temperature corresponds to the
growth function. There is also a non-linear
feedback dependence on algae mass present in this
term. The error ζ t represents all the omitted higher
order non-linear dependencies on radiation and
temperature present in (5).
In order to get full equivalence between the
stochastic and mechanistic model, we need to
introduce the transport process of algae in the
river. Mechanistic model uses a Lagrangian
approximation to the transport problem. The
reaction equation (4) is run for a finite period of
time “backwards”, thus giving an approximation of
water body movement along the river. The time
period is specified for each running time of the
model, using an empirically derived relation
combining the time of passage of water body and
the observed amount of discharge. This procedure
is in some sense representing the enhanced stream
water quality model, Qual2 [Callies et al., 2000].
In order to obtain a fully equivalent stochastic
model we should incorporate the reaction equation
(4) into the partial differential equation describing
the transport of the water body. Instead, in what
follows we shall introduce discharge as an
additional input to the DBM model in a similar
fashion to the STF model (3).
The STF analysis performed using the observed
chlorophyll-a concentrations (year 2000), and with
temperature transformed according to equation (6),
resulted in the best 1st order model, which
explained 75% of the data:
yt = 0.9775 yt −1 − 6.97ut − 3 + 6.95ut − 4

+ 0.000004radt −1 − 0.000002dist − 3

Figure 2. Comparison of STF model simulations
(dark solid line) with observations of chloropyll a
concentrations (gray dashed line) and mechanistic
model results (black dot-dashed line).

Comparison of the simulations of mechanistic
model and DBM models with observations (Figure
2) shows that both models have still much more in
common with each other than with the real
observations, in particular in the range of high
values of chlorophyll-a concentrations. This
confirms our previous investigations regarding the
linear nature of mechanistic model realisations.
This result shows also that mechanistic model uses
the data efficiently, apart from the periods of lower
concentrations where its performance could be
improved. In particular, the analysis showed that
the influence of discharge on mechanistic model
performance should be improved.
As an alternative approach, we shall derive the
STF model without logarithmic transformation of
chlorophyll-a concentrations, while still applying
an empirical nonlinear relation between algal
concentrations and temperature (Eq. 8).
Introducing this relation to the linear transfer
function model (1), we get the second order STF
model, which also explains 75% of the
chlorophyll-a variations and has the following
form:

yt = −1.847 yt −1 + 0.848 yt − 2 +
+ 2.056ut − 3
+ 0.0095 rad t − 2 − 0.009 rad t − 3
+ 0.0001dist − 2 + ε t

(7)
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(9)

The notation is the same as in Eq. 3 and the year
2000 is used for calibration of this model, shown in
Figure 3.

Figure 4. DBM model with log-transformation:
validation on the year 1987; observations are
shown as black dots, continuous line denotes
model predictions; dotted lines denote the 95%
confidence bands.

Figure 3. DBM model (9) without logtransformation: calibration on the year 2000;
observations are shown as black continuous line,
grey line denotes model predictions; dotted lines
denote the 95% confidence bands.

This model has two real roots, corresponding to
time constants 126 and 6 hours. This points to the
existence of slow and fast responses of the model.
Compared with our previous modelling experience
[Romanowicz et al., 2002], this model gives a
much better explanation of the data than the STF
model with linear dependence on temperature.
VALIDATION OF DBM MODELS ON
DATA FROM GERMAN PREUNIFICATION PERIOD
In this section we present the application of both
derived DBM models to reconstruction of algal
concentrations in the River Elbe during the
German pre-unification period. The available
observations of chlorophyll-a have the form of
monthly instantaneous measurements taken during
various parts of the day [Romanowicz and Petersen
2004]. DBM models provide the variance of the
one step ahead predictions, which can be used to
derive the confidence limits of the predictions.
Figure 4 shows the validation results of the DBM
model with logarithmic transformation of the state
variables obtained for the year 1987. Due to the
logarithmic transformation of variables, variance is
heteroscedastic, i.e. it increases with the increase
of the predicted chlorophyll-a concentrations. As a
result, confidence limits have very wide bands for
high values of chlorophyll-a, indicating large
uncertainty of these predictions. Nevertheless, the
observed values lie within the lower part of the
confidence limits, indicating that the model
overestimates the chlorophyll-a concentrations.
This should have been expected, since before
German unification the chlorophyll-a levels were
very low, due to chemical pollution of the river.

The same validation data were subsequently
applied to the DBM model without log-normal
transformation of chlorophyll-a concentrations (9).
The results of the predictions, with 95%
confidence bands, are shown in Figure 5.

4.
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Figure 5. DBM model without log-transformation:
validation on the year 1987; observations are
shown as black dots, continuous line denotes
model predictions; dotted lines denote the 95%
confidence bands.
These model predictions have much narrower
confidence bands (additive errors) and better
explain the data. This result indicates that the
assumption of additive errors rather than
multiplicative is more suitable for chlorophyll-a
predictions in the pre-unification period. However,
this may result from very limited algal
concentration variations in this particular case.
5. CONCLUSIONS
In this paper we have presented the application of
DBM methodology to the prediction of
chlorophyll-a concentrations in a river, working as

a surrogate for algae, in the River Elbe in the preunification period. In order to obtain a model
suitable for application to an ungauged catchment,
we followed the idea behind the development of
the mechanistic algae model [Callies et al., 2002].
Namely, we applied only temperature, radiation
and discharge as external driving factors (inputs) to
the model. Firstly the STF analogue to mechanistic
model was developed, which explains about 80%
of the model performance, (i.e. most of its
performance can be expalined by a linear model).
In the next stage, the mechanistic model equations
were linearised and two DBM models were
developed. One model, taking the closest
resemblance with mechanistic description, uses the
logarithm of chlorophyll-a concentration as a state
variable and non-linear power transformation for
the temperature. The second model uses the same
transformation for the temperature without log
transformed state variables. Both models were
calibrated on data for the year 2000 and validated
for the year 1987. The results indicate that the
model without logarithmic transformation has
much smaller confidence limits than the other
model and gives a better fit to the data.
In this application we used hourly data, but daily
data can also be used as the driving force for the
DBM model predictions of algae. This apparent
flexibility is very important where there is very
poor instrumentation of the catchment. This work
also shows that DBM models can be successfully
used in modelling future climate scenarios.
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Evaluation of a Hydrologic Model Applied to a
Headwater Basin in the Rio Grande (USA) Using
Observed and Modelled Land Surface Fluxes and States
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Abstract: Researchers at the Desert Research Institute are conducting research aimed at developing and
calibrating both operational and physically based numerical models that can be used to predict the quantity
and timing of runoff in semi-arid regions where the majority of runoff originates in the seasonal snow pack.
Unfortunately, observations of hydrologic variables (precipitation, streamflow, evapotranspiration, snow
water equivalent, etc.) are sparse in the semi-arid regions of the western United States and, therefore, the
evaluation of model accuracy (usually in terms of streamflow) is often very limited. However, comparisons
of model output with newly developed high-resolution estimates of hydrologically based land surface fluxes
and states may provide insight to model accuracy in areas with little or no observed information. In this
study, we apply a hydrologic model to a watershed in the headwaters of the Rio Grande to simulate the
streamflow generated at the watershed outlet and several internal subwatersheds. The model simulations of
streamflow are compared to values from long term land surface model studies and observations at streamflow
surface water stations. Additional comparisons of model snow water equivalent (SWE) estimates are made
with the SWE values from the long term land surface model studies and SWE observations at three point
locations within the watershed.
Keywords: Surface water modelling; Model evaluation

1.

INTRODUCTION

In arid/semi-arid areas of western United States
(U.S.), water managers rely on seasonal forecasts
of water supply to make important decisions about
the management of water resources for urban,
industrial, agricultural, and environmental uses. In
many cases, the primary source of water is from
spring runoff of snowpack in mountainous areas.
Streamflow forecasts are generally made using
empirical
relationships
between
historical
observations of precipitation, snow water
equivalent, and streamflow or with more physically
based hydrologic models to simulate (at some
conceptual level) the water and/or energy balance
in a watershed. The empirical approach is limited
to watersheds with sufficient historical hydrologic
observations and to conditions observed in the
historic record (floods, droughts, land use change,
climate change, etc.).
The hydrologic modelling approach requires
spatial and temporal estimates of model inputs
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(e.g., precipitation, temperature, solar radiation,
etc.) and parameter values to simulate current and
future hydrologic conditions. In most areas of the
western U.S., observations of model input
variables are sparse and only available at point
locations. Regional relationships are often used to
transfer the point observations to and throughout
the area of study. Model parameter estimation and
evaluation also can be difficult due to limited
availability of observations of spatial variability of
important hydrologic information (e.g., soils,
vegetation, streamflow, precipitation, temperature,
etc.).
In this study, a hydrologic model is applied to a
watershed in the headwaters of the Rio Grande to
simulate the streamflow generated at the watershed
outlet and several internal locations (nodes) within
the watershed. The hydrologic model is calibrated
to simulate the observed streamflow at the
watershed outlet. The model simulations of
streamflow at the watershed outlet and internal
nodes are compared to values from long term land

surface model studies and observations at U.S.
Geological Survey (USGS) streamflow surface
water stations. Additional comparisons of model
snow water equivalent (SWE) estimates are made
with the SWE values from the long term land
surface model studies and SWE observations at
three United
States National Resources
Conservation
Service
(NRCS)
SNOpack
TELemetry (SNOTEL) sites within the watershed.

SNOTEL sites within the Del Norte watershed that
provide real-time (and historic – October 1988 to
present) SWE, snow depth, precipitation, and
temperature estimates at each site (see Figure 1).

The primary goals of this study are: (1) to gain a
better understanding of the model’s ability to
accurately simulate streamflow at locations internal
to the calibration location – are we getting the right
answer for the wrong reason?; and (2) investigate
the use of the long term data set as a surrogate for
observations in areas with little or no observed
hydrologic information - both important issues
presented within the Prediction in Ungauged
Basins initiative.

5
6

4
1
3

A

2

B
2.

C

METHODS

2. 1 Study Area
The Upper Rio Grande watershed is approximately
83,400 km2 and ranges in elevation from 1,200m
near the New Mexico and Texas border to over
4,250m in the headwater areas in southern
Colorado. Nearly one third of the water flowing in
the Rio Grande is generated from snowmelt in the
headwaters above the Del Norte surface water
station in southern Colorado (see Figure 1). The
Del Norte watershed is a mountainous (elevation
range is 2,400m to 4,250m), snow-dominated,
watershed in the Rocky Mountains of southern
Colorado. The area contributing to the USGS
surface water station at Del Norte is approximately
3,500 km2. The contributing areas associated with
each of the six internal subwatersheds are listed in
Table 1.
The vegetation is predominantly
coniferous forests with a mix of alpine tundra and
bare rock on areas above timberline.
2.2

Figure 1. Location of study area (Rio Grande
above Del Norte) within the Rio Grande Basin.
USGS surface water stations (triangles), NRCS
SNOTEL sites (circles A-C), and subwatershed
boundaries (1-6) within the study area. The stream
network and 1/8 degree grid are also shown.

Table 1. Contributing area and percent volume of
total
streamflow
generated
within
each
subwatershed.
#

2

Observed Data

The USGS and the State of Colorado maintain six
surface water stations within the Del Norte
watershed. The surface water station at the outlet
(Rio Grande near Del Norte) serves as an index
measurement of streamflow on the Rio Grande to
determine water rights throughout the entire Upper
Rio Grande Basin and, therefore, is the most
important of the six stations. The remaining five
stations provide continuous streamflow estimates at
various locations throughout the study watershed.
The NRCS has three automated remote sensing
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Area

2.3

Volume (% of total)

(km )

OBS

MMS

LTDS

1

719

1.8

20.6

7.9

2

549

24.3

15.7

19.2

3

210

7.1

6.0

9.0

4

1376

39.3

39.5

34.0

5

125

3.3

3.6

3.6

6

510

24.2

14.6

26.2

Long Term Data Set

Maurer et al. [2002] developed a model-derived
data set of land surface fluxes and states for the
conterminous United States from 1950 to 2000.
The data set includes surface forcings (e.g.,
precipitation and temperature) gridded (using a

linear relationship between elevation, latitude, and
longitude) at a 1/8 degree resolution from
observations. Simulated hydrologic variables (e.g.,
streamflow and snow water equivalent) from the
variable infiltration capacity (VIC) [Liang et al.,
1994] hydrologic model are also available at a 1/8
degree resolution. This long term data set (LTDS)
was developed primarily to serve as diagnostic data
set in studies where ground based observations are
sparse.

important hydrologic characteristics of the
watershed (e.g., soils, vegetation, slope, aspect,
etc.) using existing empirical relationships. The
remainder of the model parameters were estimated
using a manual calibration approach to simulate the
observed streamflow at the watershed outlet (Del
Norte surface water station). The MMS-PRMS
estimates of streamflow at each of the five internal
nodes were not used in the calibration process.

3.
2.4

RESULTS

Hydrologic Model

The USGS Precipitation-Runoff Modeling System
(PRMS) [Leavesley et al., 1983] within the
Modular Modelling System (MMS) [Leavesley et
al., 1996] was applied to the Del Norte watershed.
PRMS is a distributed-parameter, physical process
hydrologic model that allows the user to partition
the watershed into hydrologic response units
(HRU) based on different characteristics of a
watershed (e.g., slope, aspect, stream network,
elevation etc.).
In this study, the Del Norte watershed was
partitioned into HRUs based on the 1/8 degree
grids (see Figure 1) used in the LTDS study to
avoid possible issues related to scaling between the
MMS and LTDS approaches. Daily values of
precipitation and temperature were estimated for
each HRU for the entire calibration period (1
October 1988 to 30 September 1997) using
regional linear relationships between the elevation,
lattitude, and longitude of the SNOTEL sites and
the centroids of the HRUs.
Many of the PRMS model parameters were derived
directly from spatial information describing

The results of the MMS calibration at the outlet
(Del Norte surface water station) are shown in
Figure 2. Based on a visual comparison of the
MMS simulated streamflow (solid black line) and
the observed streamflow (black dots) over the
entire nine year calibration period, the MMS
simulation appears to be a “reasonable” estimate of
the observed streamflow behaviour at the outlet of
the watershed. This can also be seen in Figure 3a
where the mean annual flow for each calibration
year is plotted (solid black dots) versus the percent
bias of the MMS simulated streamflow. The
results suggest that performance of the MMS
model, in terms of its ability to simulate
streamflow during the calibration period, does not
appear to be significantly influenced by the
“wetness” or “dryness” of the year.
In contrast, the streamflow estimates from the
LTDS overestimate the observed streamflow in all
but the driest year (WY 1996). Like the MMS
results, however, there does not seem to be a
systematic relationship between the percent bias in
the LTDS streamflow estimates and mean annual
flow volumes (see Figure 3a).

Streamflow at Del Norte
25000

SWE (in)

20000
15000
10000
5000
0
Oct-88

Oct-89

Oct-90

Oct-91

Oct-92

Oct-93

Oct-94

Oct-95

Oct-96

Oct-97

Date

Figure 2. Streamflow hydrograph at the Del Norte surface water station. The black dots are the observed,
the solid line is the MMS estimate, and the shaded line is the LTDS estimate.
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The MMS streamflow simulations at two of the
interior nodes (surface water stations at Southfork
and 30 Mile Bridge) underestimate the
observations in all but the driest year (WY 1997) at
Southfork (Figures 3b and 3c). Again, there does
not appear to be a significant relationship between
the mean annual flow and percentage bias of MMS
simulated streamflow. The LTDS estimates at
South Fork tend to be overestimates with no
significant pattern in wet or dry years. At the 30
mile bridge, however, the LTDS streamflow
estimates appear to be more positively biased for
drier years than for wet years.
Plots of the SWE for each of the three SNOTEL
sites are shown in Figure 4a-c. Close inspection of
these plots reveals two important behaviours. The
first is that the LTDS SWE is greater than MMS
SWE estimates in almost all years at all three sites
The second is that there appears to be a systematic
spatial trend of underestimation from Wolf Creek,
a close fit at Middle Creek and overestimation at
Upper Rio Grande. Both of these behaviours are
likely associated with errors in the spatial
distribution of the precipitation (compared to
errors due to model parameter estimation or
algorithm complexity).

4.

4. 1

(a)

(b)

DISCUSSION and CONCLUSIONS

MMS Streamflow Simulation

In this study, the MMS model simulations of
streamflow at the outlet node appear to be unbiased
with respect to mean annual streamflow compared
with the under-predictions at two of the interior
nodes (Southfork and Middle Creek). This is an
indication that, in this case, we may be getting the
right answer for the wrong reason. That is, we
have a “good” fit at the outlet (Del Norte surface
water station) due to the under predictions and
over-predictions throughout the internal areas of
the watershed. The apparent spatial bias of SWE
estimates with the MMS approach points to the
spatial distribution of precipitation as a potential
source of the problem.

(c)

4. 2 LTDS in Ungauged Basins
In general, the streamflow estimates from the
LTDS overestimated the observed streamflow at
the outlet and internal nodes. It is important to
note that the model used to generate the LTDS
fluxes was not calibrated at the Del Norte surface
water station. Further, the LTDS was not
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Figure 3. Plots of mean annual flow versus
percent annual percent bias. The black dots are the
MMS estimate and the open circles the LTDS
estimate.
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Figure 4. SWE time series at (a) Wolf Creek, (b) Middle Creek, and (c) Upper Rio Grande SNOTEL sites.
The black dots are the observed, the solid line is the MMS estimate, and the shaded line is the LTDS
estimate.
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developed to provide accurate estimates of state
variables (e.g., SWE) at point locations. The
LTDS was, however, developed to serve as
diagnostic data set in studies where ground based
observations are sparse.
Based on the initial results from this study,
however, it is not clear how to use the LTDS
streamflow estimates as diagnostics since they
appear to be heavily biased by mean annual flow
volume in at least one of the sub-watersheds. As a
result, using the LTDS as a surrogate for observed
streamflow at nodes within this watershed may not
have much value. The same could generally be
said about the LTDS estimates of SWE in the
watershed. However, there do appear to be some
interesting relationships between the LTDS, MMS,
and point observations of SWE that support the
potential problem related to spatial distribution of
precipitation.
The percent of total streamflow volume (at the
outlet of the Del Norte watershed) generated from
each subwatershed is shown in Table 1 for the
observed, MMS, and LTDS estimates. Notice that
the MMS estimate for subwatershed one is
significantly greater than both the observed and the
LTDS. Also notice that the MMS estimates for
subwatersheds two and six are significantly less
than both the observed and LTDS estimates.
Subwatershed one is a low elevation area that
generally receives less precipitation than the rest of
the subwatersheds while subwatersheds two and six
are high elevation areas that generally receive
much more precipitation than the rest of the
watershed. This result may be a further indication
of a problem with the precipitation distribution
used in the MMS approach. These results also
indicate that despite the apparent bias in the LTDS
streamflow, the spatial distribution of the
generation of streamflow may provide some
valuable information to the modeller in an
ungauged watershed application. Researchers at
DRI are currently exploring these and other ideas
and will report interesting findings in the future.
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Importance of Parsimonious Continuous-Time Models
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Abstract: The problem of Prediction in Ungauged Basins (PUB) is intimately linked with the concept of
regionalisation; namely the transfer of information from one catchment that is gauged to another that is not.
But such regionalisation exercises can be dangerous and should be attempted only with great care. The
present paper addresses what the authors believe to be one essential aspect of regionalisation: namely, the
importance of considering only ‘top-down’ models that are parametrically efficient (parsimonious) and fully
‘identifiable’ from the available catchment data. We argue further that many mechanistic model parameters
are more naturally defined in the context of continuous-time, differential equation models (normally derived
by the application of natural ‘laws’, such as mass and energy conservation). As a result, there are advantages
if such models are identified and estimated directly in this continuous-time, differential equation form, rather
than being formulated and estimated as discrete-time models. The arguments presented in the paper are
illustrated by an example in which the top-down, Data-Based Mechanistic (DBM) approach to modelling is
applied to a set of precipitation-flow data. This involves the application of an advanced method of
continuous-time transfer function identification and estimation; and the interpretation of this estimated model
in physically meaningful terms, as required by the DBM modelling approach.
Keywords:Continuous-time transfer functions; data-based mechanistic; rainfall-flow; regionalisation.
1. INTRODUCTION
From a conceptual standpoint, most mathematical
models of hydrological systems are formulated on
the basis of natural laws, such as dynamic
conservation equations, often expressed in terms of
continuous-time (CT), linear or nonlinear
differential equations. Paradoxically, Transfer
Function (TF) models, which have been growing
in popularity over the last few years because of
their ability to characterise hydrological data in
efficient parametric (or ‘parsimonious’) terms, are
almost always presented in the alternative,
discrete-time (DT) terms. One reason for this
paradox is that hydrological data are normally
sampled at regular intervals over time, so forming
discrete time series that are in a most appropriate
form for DT modelling. Another is that most of the
technical literature on the statistical identification
and estimation (calibration) of TF models deals
with these DT models. Closer review of this
literature, however, reveals apparently less well
known publications [e.g. Young and Jakeman,
1980] dealing with estimation methods that allow
for the direct identification of CT (differential
equation) models from discrete-time, sampled data.
This paper first discusses the formulation,
identification and estimation of CT models. It then

1141

considers a practical example in which the DataBased Mechanistic (DBM) approach to modelling
[e.g. Young, 2001 and the prior references therein]
is applied to a typical set of effective rainfall-flow
data from the ephemeral Canning River of Western
Australia.
2. CONTINUOUS-TIME TF MODELS
Let us consider first a conceptual catchment
storage equation in the form of a continuous-time,
linear storage (tank or reservoir) model: see, for
example, the review papers by O’Donnell, Dooge
and Young in Kraijenhoff and Moll [1986]; or the
recent book by Beven [2001]. Here, the rate of
change of storage S(t) in the channel is defined in
terms of water volume Qi (t) entering the reservoir
(e.g. river reach) in unit time, minus the volume
Qo (t) leaving in the same time interval, i.e.,

dS(t)
= GQi (t ! " ) ! Qo (t)
dt

(1)

where Qi (t ! " ) represents the input flow rate
delayed by a pure time delay of ! time units to
allow for pure advection; and G is a ‘gain’
parameter inserted to represent gain (or loss) in the

system. Making the reasonable and fairly common
assumption that the outflow is proportional to the
storage at any time, i.e.,
Qo (t) = !S(t) ,
and substituting into (1), we obtain,
dQo (t)
1
T
= GQi (t ! " ) ! Qo (t); T =
dt
#

(2)

This can be written in the following, continuoustime Transfer Function (TF) form,
G
Qi (t ! " )
(3a)
1 + Ts
where s is the derivative operator, i.e. s = d / dt .
Five important, physically interpretable model
parameters are associated with this model. The
Steady State Gain (SSG), denoted by G , is
obtained by setting the s operator in the TF to
zero (i.e. d / dt = 0 in a steady state). It shows the
relationship between the equilibrium output and
input values when a steady input is applied. For
this reason, if the input and output have similar
units, G is ideal for indicating the physical losses
or gains occurring in the system. In the case of a
flow-routing model, it indicates whether water has
been added or lost between the upstream and
downstream boundaries and the percentage of
water lost or gained can be defined by L o s s
Efficiency TE = 100(1 ! G) , which will be
negative if G > 1 . The Residence Time or Time
Constant, T , is the time required for the reservoir
output to decay to e!1 (~ 37%) of its maximum
value in response to a unit impulse input. Finally
the pure Advective Time Delay ! indicates the
time it takes for a flow increase upstream to be
first detected downstream: and Tt = T + ! defines
the Travel Time of the system. These five
parameters typify the equilibrium and dynamic
characteristics of the TF model and provide a
physical interpretation of the TF model in terms of
its mass transfer and dispersive characteristics.
Qo (t) =

The first order TF model (3a) is often written in
the form,
b0
Qi (t ! " )
s + a1
(3b)
G
1
b0 =
; a1 =
T
T
because this is the form in which the model is
normally estimated. Typically, a Channel or Flow
Routing model for a river catchment will contain a
number of elemental models, such as (3a,b),
connected in a manner that relates to the structure
of the catchment. For instance, a serial connection
of n such elements constitutes the ‘lag-and-route’
model of a single river channel [Meijer, 1941;
Dooge, 1986] and, with ! = 0 , it becomes the well
known ‘Nash cascade’ model [Nash, 1959]. More
Qo (t) =
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complex river systems can be represented by a
main channel of this type, with tributaries
modelled in a similar manner. Also, a typical TF
model between effective rainfall and flow contains
a parallel connection of two or more such storage
elements [see Young, 1992, 2001]. A practical
example of this kind is described later in Section 4.
Related serial and parallel arrangements
characterise the mass conservation equation of the
Aggregated Dead Zone (ADZ) model for the
transport and dispersion of a solute in a river
channel (e.g. Wallis et al, 1989 and the prior
references therein). And ADZ-type models can
lead to more complex interactive water quality
models, including chemical and biological
interaction, such as DO-BOD models [e.g. Beck
and Young, 1975].
Serial, parallel or even feedback connections of
elemental first order TF models such as (3a,b)
lead, in general terms, to the following multi-order
TF model:
B(s)
x(t) =
u(t ! " )
y(t) = x(t) + # (t)
(4a)
A(s)
where A(s) and B(s) are polynomials in s of the
following form:
A(s) = s n + a1 s n!1 + a2 s n!2 + … + an
B(s) = b0 s m + b1 s m!1 + b2 s m!2 + … + bm
in which n and m can take on any positive
integer values. Here u(t) and x(t) denote,
respectively, the deterministic input and output
signals of the system at its upstream and
downstream boundaries, respectively; ! is a pure
advective time (transport) delay affecting the input
signal u(t) ; and y(t) is the observed output,
which is assumed to be contaminated by a noise or
stochastic disturbance signal ! (t) . This noise is
assumed to be independent of the input signal u(t)
and it represents the aggregate effect, at the down
stream boundary, of all the stochastic inputs to the
system, including distributed unmeasured inputs,
measurement errors and modelling error. If ! (t)
has rational spectral density, then it can be
modelled as an Auto-Regressive (AR) or AutoRegressive, Moving-Average (ARMA) process but
this restriction is not essential. Also, depending on
the objectives of the modelling study, it may be
necessary, in a complete system consisting of
many sub-elements such as (3a,b), to consider
noise inputs within the system, associated with
collections of sub-elements that have distinct
physical meaning: e.g. stochastic lateral inflows.
Multiplying throughout equation (4a) by A(s) and
converting the resultant equation to alternative
ordinary differential equation form, we obtain:

d n y(t)
d n!1 y(t)
+ ! an y(t)
+
a
1
dt n
dt n!1
(4b)
d m u(t ! " )
=
+ ! + am u(t ! " ) + #(t)
dt m
where !(t) = A(s)" (t) . The structure of this model,
in either form (4a) or (4b), is defined by the triad
[n m ! ] .
To date, the most popular form of TF modelling
has been carried using the discrete-time (DT)
equivalents of the models (3a,b) and (4a,b). In the
case of equation (3a,b), this discrete-time TF
model takes the form:
!0
Qo,k =
Qi,k#$
(5a)
1 + "1 z #1

Normally p = n but q may be equal or greater
than m .
3. CONTINUOUS-TIME TF MODELS:
IDENTIFICATION AND ESTIMATION
The statistical estimation of the CT model (4a,b) is
straightforward if completely continuous-time data
are available. However, the hydrologist is normally
confronted by discrete-time, sampled data and the
problem of modelling continuous-time models
such as this, based on discrete-time, sampled data
at sampling interval !t , is not so obvious. This
problem can be approached in two main ways.
1.

The Direct Approach: here, it is necessary to
identify the most appropriate, identifiable CT
model structure (4a,b) defined by the triad
[n m ! ] ; and then estimate the TF parameters
ai , i = 1, 2, ... n, b j , j = 0,1, ... m, and ! that
characterise this structure. Of course, some
approximation will be incurred in this
estimation procedure because the inter-sample
behaviour of input signal u(t) is not known
and it must be interpolated over this interval in
some manner (see above).

2.

The Indirect Approach: here, the identification
and estimation steps are first applied to the DT
model (6). This estimated model is then
converted to the CT model (4a,b), again using
some assumption about the nature of the input
signal u(t) over the sampling interval !t . In
the first order, ZOH case, this conversion is
given by the relationships in equation (5b) but,
in more general terms, the multi-order
conversion must be carried out in a computer,
using a conversion routine such as the D2CM
algorithm in the Matlab Control Toolbox.

Here, Qo,k is the flow measured at the kth sampling
instant, that is at time t = k!t , where !t is the
sampling interval in time units. Qi,k!" is the input
flow at time t = (k ! " )#t time units previously,
where ! is the advective time delay, normally
defined as the nearest integer value of ! / "t (thus
incurring a possible approximation error); and z
is the backward shift operator, i.e. z ! r Qo,k = Qo,k!r .
!1

The values of the parameters ! 1 and ! o can be
related to the parameters of the model (4a) in
various ways depending upon how the input flow
Qi (t) is assumed to change over the sampling
interval (since it is not measured over this
interval). The simplest and most common
assumption is that this remains constant over this
interval (the so-called ‘zero-order hold’, ZOH,
assumption), in which case the relationships are as
follows:
!1 = " exp("a1 #t)
(5b)
b
$1 = 0 {1 " exp("a1 #t)}
a1
Note that, because these relationships are functions
of the sampling interval !t , for every unique CT
model such as (3a,b), there are infinitely many DT
equivalents (5a,b), depending on the choice of !t ,
all with different parameter values. Following from
the definition of this first order DT model at the
chosen !t , the general multi-order equivalent of
the model (5a,b) is defined as follows:
xk =

B(z !1 )
u k!"
A(z !1 )

yk = x k + # k

(6)

where u k!" , xk , yk and !k are the sampled values
of u(t ! " ) , x(t) , y(t) and ! (t) in the model
(5a,b); and
A(z !1 ) = 1 + a1 z !1 + a2 z !2 + … + an z ! p
B(z !1 ) = b0 + b1 z !1 + b2 z !2 + … + bm z ! q
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Various statistical methods of identification and
estimation have been proposed to implement the
two approaches outlined above and these have
been formulated in both the time and frequency
domains. However, only estimation in the time
domain will be considered here, and only one
direct estimation method will be utilised: the
Refined Instrumental Variable m e t h o d f o r
Continuous-time Systems (RIVC) proposed by
Young and Jakeman [1980: see also Young, 1984].
The RIVC algorithm is available in both the
CAPTAIN (see http://www.es.lancs.ac.uk/
cres/captain/) and CONTSID2 (see http://www.
cran.uhp-nancy.fr/) Toolboxes for Matlab. The
RIVC method is the only time domain method that
can be interpreted in optimal statistical terms, so
providing an estimate of the parametric error
covariance matrix and, therefore, estimates of the
confidence bounds on the parameter estimates.

RIVC is a close relative of the R e f i n e d
Instrumental Variable (RIV) algorithm for the
identification and estimation of discrete-time TF
models [Young and Jakeman, 1979; Young, 1984].
This has been used in a wide variety of
hydrological applications over the past 30 years.
These include calibration of rainfall-flow models
such as IHACRES Jakeman et al [1990] and its
Data-Based Mechanistic (DBM) model equivalent
[e.g. Young 2001 and the prior references therein].
In the example below, the RIV method is used for
indirect identification and estimation of CT
models. For comparative purposes, however, the
indirect estimation is also achieved using the wellknown Prediction Error Minimisation (PEM)
algorithm in the Matlab System Identification
Toolbox. In both cases, the D2CM algorithm with
the ZOH interpolation assumption (see above) is
used to convert the estimated DT algorithms from
discrete to continuous-time form.
Finally, model structure identification is based on
two statistical criteria. First, the Coefficient of
Determination, RT2 , based on the error between the
sampled output data yk and the simulated CT
model output at the same sampling instants (this is
normally equivalent to the well known NashSutcliffe Efficiency). Second, the YIC statistic,
which is a measure of model identifiability and is
based on how well the parameter estimates are
defined statistically. These statistics are discussed
in more detail in Appendix 3 of Young [2001].
4. PRACTICAL EXAMPLE
Figure 1 shows a portion of effective rainfall
u(t) and flow y(t) data from the River Canning,
an ephemeral River in Western Australia. A longer
set of these data has been analysed
comprehensively in Young et al [1997], using
discrete-time DBM modelling. The effective
rainfall series plotted in the lower panel of Fig.1 is
generated from the effective rainfall nonlinearity
identified in this earlier study, with the effective
rainfall generated by the equation
u(t) = r(t)y(t)! ,
where r(t) is the measured rainfall and ! is a
power law parameter. Here, the flow y(t) is acting
as a surrogate measure of the catchment storage,
rather than attempting to model this storage
separately in some conceptual manner [see e.g.
Young 2001].
In the present paper, we employ the smaller data
set shown in Figure 1 in order to obtain linear,
continuous-time DBM models between the
effective rainfall u(t) , as defined in the above
manner, and the flow y(t) .
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Figure 1. Daily effective rainfall and flow data for
the River Canning in Western Australia with CT
model output in upper panel (dotted line).
4.1 Direct CT Identification and Estimation
Let us consider first identification and estimation
based on the measured daily data shown in Figure
1. The RIVC algorithm, in combination with the
RT2 and YIC statistics, identifies a [2 3 0] second
order model with the parameter estimates:
â1 = 0.457 (0.032) â2 = 0.0248 (0.0045)
b̂0 = 0.0138 (0.001) b̂1 = 0.0505 (0.002)
b̂2 = 0.0046 (0.0008)
where, here and elsewhere in the paper, the figures
in parentheses are the estimated standard errors
obtained from the RIVC algorithm. This model
output (shown as the dotted line in upper panel of
Fig.1) explains the data very well with RT2 = 0.980
(98% of the output flow explained by the
simulated CT model output) and a residual
variance of 0.00723 (standard deviation 0.085
cumecs, where the maximum flow is 3.86 cumecs).
The model can also be decomposed by standard TF
decomposition [Young, 1992] into a parallel
pathway form. The three pathways are: (i) an
instantaneous effect, accounting for 7.4% of the
flow, which is a measure of rapid flow that occurs
in the very short term (within one sampling
interval; here one day); (ii) a ‘quick’ pathway,
accounting for 54.1% of the flow, that represents a
linear store with a residence time of about 2.53
days, probably the result of surface and shallow,
sub-surface processes in the catchment; and (iii) a
‘slow’ or ‘base-flow’ pathway, accounting for
38.5% of the flow, that passes through a much
longer 15.9 day residence time, linear store,
probably representing the effects of deeper
groundwater processes and the displacement of
‘old water’.
4.2 Indirect CT Identification and Estimation
The first step of indirect CT modelling involves
DT identification using the RIV algorithm (see

earlier). This identifies a similar structure [2 3 0]
TF with the following parameter estimates:
!ˆ 1 = "1.6034 (0.008) !ˆ 2 = 0.6244 (0.007)

#̂ 0 = 0.0140 (0.001) #̂1 = 0.0151 (0.002)
#̂ 2 = 0.0252 (0.0013)
However, since this is a discrete-time model, it has
to be converted to continuous-time form. The
D2CM algorithm in Matlab (see section 3.)
accomplishes this conversion, using a ZOH
approximation (i.e. the input effective rainfall is
assumed to be constant over the sampling interval).
The resulting CT model parameter estimates are:
â1 = 0.4711 â2 = 0.0264
b̂0 = 0.0140 b̂1 = 0.0514 b̂2 = 0.0049
Note that there are no standard errors quoted here
because these are not available after conversion
and must be computed separately in some manner,
usually by Monte Carlo simulation analysis (see
later). In this case, the model is quite similar to the
directly estimated CT model in the previous
section 4.1.
4.3 Simulation Analysis
From the above results, it is clear that, at the daily
sampling interval, direct and indirect methods of
estimation produce quite similar estimation results
in this example. However, this is not always the
case and the direct approach has a number of
advantages. First, it provides direct estimates of the
differential equation model parameters, without the
need for conversion from discrete to continuous
time. Moreover, after TF decomp-osition into first
order linear storage elements, the derived
parameters have an immediate physical
interpretation. Second, the RIVC analysis provides
a direct estimate of the parametric error covariance
matrix, so allowing for the specification of error
bounds on these physically meaningful parameters,
as well as the model output or model-based
forecasts. Finally, the estimated covariance matrix
provides the information required for sensitivity
and uncertainty analysis based on numerical Monte
Carlo Simulation (MCS) analysis. For instance,
this can be used to obtain empirical probability
distribution functions (normalised histograms)
associated with any derived parameters, such as
the parallel flow partition percentages [see e.g.
Young, 2001]. Or it can allow for the
quantification of uncertainty in model forecasts
associated with the parametric estimation errors.
While these advantages, in themselves, do not
make the direct CT approach irresistible, CT
estimation has one other advantage: it provides
more robust estimates of the model parameters at
rapid sampling rates, where the indirect DT-based
approaches encounter difficulties. These
difficulties are associated with the fact that, when
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the sampling interval is short, the denominator
roots (eigenvalues) of the DT model approach the
boundary of the unit circle and the associated TF
parameter estimates become much less well
defined. For instance, in the case of the DT model
(5a,b), where the root is !a1 , it is clear that as
!t " 0 so a1 ! 1.0 and small changes in the
parameter lead to large changes in the residence
time T = 1 / a1 . This can lead to poorer confidence
in the parameter estimates and, more importantly, a
lack of robustness that leads to the DT estimation
methods encountering convergence problems.
Also, the DT models at rapid sampling intervals
have much poorer numerical properties when used
for simulation or control system design.
These questions of what sampling interval is ‘best’
for parameter estimation purposes have been
known for some considerable time but there are no
completely general analytical results to guide the
modeller in this regard. However, experience over
many years has led to a ‘rule-of-thumb’ that a good
range of sampling intervals for DT models is
between 10 and 50 times the system bandwidth; or
equivalently, between 1/10th and 1/50th of the time
constant. Since hydrological systems tend to be
characterised by combinations of quick and slow
modes of behaviour, as in the present example, this
rule has to applied carefully and can restrict the
choice of sampling interval. For instance, on this
basis, the sampling interval for the slow mode
( T ! 16 days) should not be greater than 16/50
days, or about 8 hours; while in the case of the
quick mode ( T ! 2.5 days) it should not be greater
than 2.5/50 days, or about 1 hour.
In this example, let us explore the consequences of
using different sampling intervals. In order to do
this, the input effective rainfall data can be
interpolated so that it has 288 five minute samples
over each day. Then this rapidly sampled series
can be used as the input to the RIVC estimated
continuous time model, in order to generate a
simulated flow series at this sampling interval.
Similar simulations can be performed over a whole
range of sampling intervals from 5 minutes to one
day. These simulated outputs can then be used as
the basis for a MCS study at each of these
sampling intervals. Here, for each realisation at the
selected sampling interval, the output data is the
sum of the ‘noise-free’ simulated output at this
sampling interval and an independent white noise
signal with similar variance to the estimated
residual error of the RIVC model (0.0072). The
MCS results at each sampling interval are based on
50 realisations of this type; and the performance of
each algorithm (RIVC, RIV and PEM) is measured
by the number of times in the 50 realisations that
the algorithm fails to converge to a reasonable
model. Here a ‘reasonable’ model is defined as one

in which the estimate â1 of the a1 parameter is
within 3 standard deviations of the true value
( 0.457 ± 0.096 ).
The full results from this MCS study are given in
Young [2004]. They show that the direct RIVC
algorithm rarely fails to converge: it has no failures
for sampling intervals from 5 minutes to one hour;
and a maximum of 2 failures in 50 at a sampling
interval of 18 hours (a mean failure rate of only
0.3%). On the other hand, the indirect RIV and
PEM-based indirect approaches perform poorly,
particularly at high sampling rates, with mean
failure rates of 7.4% and 17.4% respectively. As
expected, the lowest number of failures for the
RIV-based method occurs for longer sampling
intervals of !t > 1.0 hour, where the failure rate is
only 3%. This is superior to the PEM performance.
5 DISCUSSION AND CONCLUSIONS
This paper has outlined an approach to Data-Based
Mechanistic (DBM) modelling of hydrological
systems based on the direct identification and
estimation of continuous-time (transfer function or
differential equation) models. It has also argued
that such models are more appropriate to PUB
regionalisation studies than their more widely
known discrete-time equivalents. The major
advantages of continuous-time models in this
regard are:
•
•

•

The model parameters values are unique:
unlike discrete-time models, they are not a
function of the data sampling interval.
The model is in an ordinary differential
equation form that can be related directly to
the formulation of physically meaningful
models, such as those derived from mass,
energy and momentum conservation.
Model parameter estimation is superior over a
wider range of sampling intervals, particular at
fast sampling intervals (e.g. 15 min. for
rainfall-flow measurements).

These advantages, together with the parsimony that
is a natural consequence of DBM transfer function
modelling, should mean that any relationships
between the CT model parameters and physical
measures of the catchment characteristics should
be clearer and better defined statistically, as
required for PUB applications.
6
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Abstract: In this paper a Monte Carlo procedure for deriving frequency distributions of extreme discharges
starting from a simplified description of rainfall and surface runoff processes and using regional data is
presented. The procedure is based on two modules: a stochastic rainfall generator module and a catchment
response module. In the rainfall generator module the rainfall storm, i.e. the maximum rainfall depth for a
fixed duration, is assumed to follow the Two Components Extreme Value (TCEV) distribution whose
parameters have been estimated at regional scale for Sicily. The catchment response has been modelled by
using the Soil Conservation Service – Curve Number for the total-effective rainfall transformation and the
classical rational formula for the flood routing. This method allows incorporation of information on soil
type, land use, soil cover condition and Antecedent Soil Moisture (AMC). Furthermore, to take in account
for the spatial variation of CN within the catchment, a semi-distributed approach of the rainfall-runoff
model was implemented. Finally, the Generalised Likelihood Uncertainty Estimation (GLUE) procedure has
been used to explore the estimation of the uncertain knowledge of AMC affecting derivation of FFC.
Keywords: Flood; frequency analysis; Extreme events; Monte Carlo simulation, Uncertainty, PUB
streamflow, i.e. developing the chain of events in
the runoff formation process that lead to a certain
frequency of streamflow. Streamflow variables
are related to precipitation data (which have
longer record history, spatially more dense and
more uniform), antecedent moisture conditions in
the drainage basin and the basin response to a
precipitation input. [Hebson and Wood 1982;
Diaz-Granados et al.,1984; Gottschalk and
Weingartner, 1998; Iacobellis and Fiorentino,
2000; De Michele and Salvadori, 2002]. The
Derived Distribution Approach can be used to
derive, analytically, or numerically, the
cumulative distribution function of the flood
runoff.As the analytical methods to derive the
probability distribution of peak streamflow
showed mathematical complexity, i.e. difficulties
in parameter estimation, availability of long
series of hystorical data some authors [among
others Loukas, 2002; Blöschl and Sivapalan,
1997; Muzik, 2002; Rahman et al., 2002]
adopted Monte Carlo simulation approach to
determine the flood probability distribution. This

1. INTRODUCTION
For engineering applications the estimation of
the peak discharge at the basin outlet for a given
return time is important especially because the
planning and design of water resource projects
and floodplain management depend on the
frequency and magnitude of peak discharges. In
gauged basins, this is possible through a
statistical analysis of data or the calibration of a
rainfall-runoff model of varying degrees of
complexity. In ungauged basins the modelling of
flood formation process must be built up using
simplified descriptions of the hydrological
processes characterised by a reduced number of
robust parameters in order to ensure a reduced
uncertainty in model predictions.
Eagleson [1972] developed the idea of deriving
flood statistics from a simplified schematisation
of storm and basin characteristics proposing the
so-called Derivation Distribution Technique. The
approach allows consideration of the knowledge
about the hydrological processes generating

1147

hydrologically homogeneous sub-regions for
which the parameters α, Λ1, µ have been
estimated using Maximum Likelihood (ML)
method using the annual maximum rainfall with
1,3,6, 12 and 24 hours duration recorded at
raingauges located in each sub-region. In
comparison, the two parameters Λ*, Θ* have been
estimated using the data recorded in the entire
region.

methodology involves random sampling from
continuous distributions of input variables to
obtain the flood hydrographs. The procedure is
mathematically simple, despite having a heavy
computational demand. Therefore, from the
consideration of practical applicability and
flexibility, the Monte Carlo simulation technique
appears to be the most promising method to
determine derived flood frequency distributions,
and thus has been adopted in this study.

Furthermore, these five parameters were observed
to be dependent on the rainfall duration and
simple relationships were proposed for their
estimation (Cannarozzo et al., 1995):

2.

MONTE CARLO PROCEDURE FOR
DERIVING FFC
This section describes the Monte Carlo procedure
used in the present study to derive the flood
frequency curves. The procedure is based on two
modules: a stochastic rainfall generator module
and a catchment response module. It was the
intention of the authors to develop a method as
simple as possible requiring limited data and
suited for ungauged or partially gauged
catchments. In the next paragraphs the rainfall
and the catchment modules will be presented.

for the entire region:

Θ * = 1.95 + 0.0285 ⋅ t
Λ = 0.175 ⋅ t 0.301

(2)

depending on the sub-regions:

Λ1 = p ⋅ t q
α = r ⋅t s

(3)

depending on raingauge site:

µ = a ⋅t n

2.1 The stochastic rainfall generator module
In the rainfall generator module the storm h is
assumed to follow the Two Components Extreme
Value (TCEV) distribution [Rossi et al. 1984].
This distribution has been adopted by the Italian
National Research Group for the Prevention of
Hydro-Geological Disasters for the analysis of
extreme rainfall in Italy. The main advantage of
this distribution lies in using two components to
model the observed hydrological variable. This
capability is significant in Mediterranean
catchments where maximum rainfalls and floods
are often due to storms with different
meteorological characteristics [Rossi and Villani,
1992].

Again, to allow a simple estimation of the
parameter µ in ungauged or partially gauged sites
two maps reporting contour lines with constant a
or n values were also produced.
2.2 The catchment response module
For modelling the catchment response a
parsimonious hydrological approach was
preferred over more complex models because of
its simplicity and ability to approximate
catchment runoff behaviour characterised by a
fast hydrological response, a small area and
inadequate streamflow data. Again, in the model
we consider the rainfall duration as constant and
uniformly distributed in space over the
catchment. Such an hypothesis is physically
accepted for small-medium size catchments,
which are more usually ungauged or partially
gauged.

The Cumulative Distribution Function (CDF) of
the TCEV distribution written using a
dimensionless variable h’ equal to the ratio
between the hydrological variable h and the mean
value µ of the distribution is the following:

[

F ( h' ) = exp − Λ1 (exp α )− h'
1















− Λ* (Λ1 )Θ * exp

α
Θ*

 
 
 
 

− h'

(4)

The classical ‘rational formula’ [Dooge, 1957],
although an old concept, remains a practical tool
in engineering hydrology. From the rational
formula, the peak runoff Qpeak, caused by an
effective uniform rainfall he(tc) for a duration tc
which leads, for a given return period, to the
maximum peak discharge (critical duration) can
be calculated from:



(1)


In order to apply this distribution to ungauged
catchments Cannarozzo et al., [1995] estimated
the five parameters α, Λ1, Λ*, Θ*, µ at regional
scale for Sicily. In their work the authors
proposed a division of the Sicily into three
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h (t )
Q peak = e c ⋅ A
tc

(5)

where A is the catchment area.
The SCS-CN method, adopted by USDA Soil
Conservation Service [1986], is used to transform
the rainfall depth h to effective rainfall he. This
method allows us to incorporate information on
soil type, land use, soil cover condition and
antecedent soil moisture (AMC). The total depth
of effective rainfall he can be expressed in terms
of the rainfall depth h as:

λ1 = Prob[AMC = I ]
λ = Prob[AMC = II ]
 2

= Prob[ AMC = III ]
λ
 3







( h − 0.2 ⋅ S )2
h > 0.2 ⋅ S
he = ( h + 0.8 ⋅ S )

0
h ≤ 0.2 ⋅ S


(6)

where S is the maximum soil potential retention
given by the following expression:





100
− 1
S = 254 ⋅ 
CN

(7)

Now, to take in account for the spatial variation
of CN within the catchment, a semi-distributed
probabilistic approach was implemented for the
modelling of the runoff production from (6).
Using GIS, a classified map of the Curve
Number, reporting the number of pixels in each
class of CN, can be easily obtained given the land
use and the soil type. In this perspective the
effective rainfall can be computed by applying (6)
in a way to include the information from this type
of map. Following these premises, equation (6)
can be rewritten in the form:
( h − 0.2 ⋅ S i ) 2
h > 0. 2 ⋅ S i
he,i = ( h + 0.8 ⋅ S i )
0
h ≤ 0.2 ⋅ S i

conditions are described through the definition of
three AMC classes (I, II and III) depending on
the total 5-days antecedent rainfall. To take into
account the catchment prior-to-storm conditions
and to relax the classical hypothesis of isofrequency between rainfall input and peak
discharges, the AMC has been treated as a
random variable with a discrete probability
distribution:

 3



(10)

λi = 1

i =1

where {λ1, λ2, λ3} are the probabilities of
occurrence of the three different moisture
conditions of the catchment [De Michele and
Salvadori, 2002].Finally, the distribution of peak
flood conditioned by the AMC distribution is thus
given by:
Q peak =

3

λi

N


i =1

he,i,j (t c )

j =1

tc

⋅a j

(11)

3.

IMPLEMENTATION OF MONTE
CARLO PROCEDURE
The procedure above outlined was applied for the
derivation of the FFC in a relatively small
catchment located in the north-western part of
Sicily, Italy (Figure 1): Oreto River (catchment
area = 75.6 km2).

(8)

Tyrrenian Sea
0

1.5

3.0 km

and, consequently, the equation (5):
Q peak =

N


he,i (t c )

i =1

tc

Flow gauge

⋅ ai

(9)

where he,i is the runoff produced the i-th CN
class, Si is the maximum soil potential retention
in i-th CN class, ai is the area of the catchment
characterised by a particular value of CN with
A=

Figure 1. Location of Oreto catchment.

N


a i and N is the number of CN classes in

In this catchment the heavy storm rainfall is the
only flood producing factor and the presence of
streamflow gauging station with a long recording
period (N=57 yrs) at outflow allowed derivation
of the AMC probability distribution using daily
data (Figure 2). The TCEV parameters were

i =1

the GIS map.
The SCS-CN method assumes that the CN values
vary with the degree of saturation of the soil
before the start of the storm. Particularly, the soil
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evaluated using (2)-(4) with the parameters p, q,
r, s, specified for the catchment sub-region and
the parameters a, n obtained by the iso-a, iso-n
contour lines [Cannarozzo et al., 1995] (Table 1).
The critical storm duration tc was assumed to be
equal to the concentration time of the catchment.
For its evaluation we used the simple relationship



Tm = 1 −


m − 0.4
NG + 0.2

−1



(12)

where NG is the number of simulated peaks and
m is the rank of the m-th peak flood value
arranged in increasing order of magnitude.

t c = 0.46 ⋅ A / v (tc in hours, A in square
kilometres and v = 1-2 m·s-1) deduced by Agnese
and D’Asaro [1990] by applying the
Geomorphological
Instantaneous
Unit
Hydrograph
theory to several
Sicilian
catchments. The CN spatial distribution map has
been produced in a GIS environment with a
100m grid resolution (Figure 3).
1.00
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Figure 3. CN spatial distribution map

0.40
0.20

The resulting Flood Frequency Curve is reported
in Figure 4 and compared with the observed
annual maximum peak flood values plotted using
the same plotting position. The agreement is
fairly good and this shows that the Monte Carlo
simulation technique can reproduce observed
flood frequency curves with reasonable accuracy
over a wide range of return time using a simple
and parsimonious approach.
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AMCII
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Antecedent Moisture Condition

Figure 2. AMC discrete probability distribution
from historical data
Table 1. Parameter values for the TCEV
distribution
Parameters
p
q
r
s
a
n
tc (hours)

4.

UNCERTAINTY ANALYSIS USING
GLUE
As many authors pointed out [Wood, 1976,
Muzik et. al., 2002, De Michele and Salvadori,
2002] the soil moisture condition of the basin
could be the most important factor influencing
the estimation of flood frequency distribution and
hence, the uncertainty of the distribution. The
Generalised Likelihood Uncertainty Estimation
(GLUE) procedure [Beven and Binley, 1992] is
used here to explore the estimation of the
uncertain knowledge of AMC affecting the
predictions of the rainfall-runoff model. GLUE is
a Monte Carlo simulation-based approach
developed as an attempt to recognise more
explicitly the underlying uncertainties of models
simulating environmental processes. 1000
numbers of λi values of (corresponding to
different AMC conditions) were generated, each
value being drawn within range from 0 to 1 with

Values
14.55
0.2419
3.5208
0.1034
26.2
0.372
2.7

10000 Monte Carlo runs were performed to
obtained synthetic FFC with a return time range
from 1 to 500 years. The implementation can be
described by the following steps:
(a) 10000 values of total rainfall depth h for the
storm duration tc were randomly drawn from
TCEV distribution by solving (1); (b) for the
three AMC conditions (I, II, III) 10000 effective
rainfall values have been calculated using (8) for
each CN class; (c) the final values of the peak
flood discharges conditioned by the AMC
distribution were obtained using (11); (d) the
return time for each generated peak flood value
has been computed from the plotting position
formula:

3



the condition
i =1
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λi = 1 .

where L(θi/Y) is the likelihood measure for the ith model simulation for parameter vector θi

Flood quantile (m3/s)

700
600

Observed floods

500

Syntethic floods

conditioned on a set of observations Y, σi2 is the
associated error variance for the i-th model and

400
300

2
σobs
is the observed variance of the observed
peak floods.

200
100
0
1

10

100

Figure 5 shows scatter plots for the likelihood
based on (13) for each of the AMC parameters
sampled for the Flood Frequency Curve. Each dot
represents one run of the model with different
randomly chosen parameter values within the
ranges. The generation of the likelihood surface
involves a decision about the criterion for model
rejection and, particularly, simulations that
achieve a likelihood value less than zero are
rejected as non-behavioural. The remaining are
rescaled between 0 to 1 in order to calculate the
cumulative distribution of the predictive variables
from which the chosen discharge quantiles, 5 and
95%, have been calculated to represent the model
uncertainty in the model predictions (Figure 6).
As might be expected these plot show how the
model response is highly sensitive to variation of
antecedent moisture condition in the catchment.

1000

Return time (years)

Figure 4. Flood Frequency Curve for Oreto
catchment compared with observed values
Simulations were performed for each parameter
set θi ={λ1, λ2, λ3}i for comparison with the
measured flood peak values at catchment outlet.
Due to the different sample size for the generated
and the observed values the comparison was
carried out with the generated discharge values
characterised by the same return time of the
historical values (a linear interpolation was used
to extract the value of the discharge from the
generated sample). Each simulation was
evaluated using a performance index in the form
of the classical Nash and Sutcliffe Efficiency
Criterion (1970):
2
L (θi / Y) = (1 − σi2 / σobs
)

2
σi2 < σobs

(13)
1

1
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Figure 5. Scatter plots illustrating the distribution of likelihood weighted qualitative parameter values
It worth to point out how the higher values of
rescale likelihood were found for high value of λ3
(AMCIII). In the limitation of a single application
this is a typical behaviour of Mediterranean
catchments in which extreme events occur when
the soil is close to saturation and hence the soil
moisture is the main factor affecting the flood
formation process.

Flood quantile (m3/s)
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Observed floods
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5% quantiles
95% quantiles

400
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Figure 6 illustrates the 90% likelihood weighted
uncertainty flood frequency bounds derived from
the 1000 behavioural simulations parameter sets,
In addition to above stated the estimates of the
higher return period floods are subject to the
greatest amounts of uncertainty.
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Figure 6. 90% uncertainty bounds derived from
annual maximum peaks of 1000 behavioural
parameter set with 10000-year simulation length
5. CONCLUSIONS
This paper presents a Monte Carlo procedure for
deriving frequency distributions of extreme
discharges starting from a simplified description
of rainfall and surface runoff processes. The
procedure is tailored for small-medium size
ungauged or partially gauged catchments It
focuses on a parsimonious rainfall-runoff
modelling approach and a stochastic rainfall
generator both fed by data at regional scale, as
CN maps and spatial interpolation of maximum
rainfall depth over the study area. The
application of this procedure to a Mediterranean
catchment showed how Monte Carlo simulation
technique can reproduce the observed flood
frequency curves with reasonable accuracy over a
wide range of return time (Figure 4) using a
simple and parsimonious approach and limited
data input.
In addition to this we put the emphasis on the
importance of the soil moisture conditions for
flood formation process and the uncertainty in
their knowledge as common in ungauged
catchments. The application of GLUE procedure
for exploring this uncertainty showed the
importance of the prior-to-storm conditions to
derive the FFC and the sensitivity of the rainfallrunoff model (despite, its simplicity) to soil
moisture variations.
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Unit Hydrographs and Regionalisation of United
Kingdom River Flows: Comments on Some Estimation
Uncertainties
I.G. Littlewood

Centre for Ecology and Hydrology, Wallingford, OXON, OX10 8BB, United Kingdom

Abstract: Two types of unit hydrograph (UH) are discussed, with an emphasis on uncertainties. The paper
reviews the 1-parameter triangular unit hydrograph (UH) employed to assist with systematic design flood
hydrograph estimation for ungauged United Kingdom catchments. A 6-parameter rainfall-runoff model that
incorporates a 3-parameter UH is also discussed. The precision and accuracy of characteristic decay times for
dominant quick and slow response UHs, derived from the 6-parameter model, are examined in the context of
uncertainty in flow regime regionalisation. On the basis that, as argued in the paper, the full potential of the 3parameter UH has yet to be exploited for regionalisation of flow regimes, there are plans for further work
along these lines during the International Association of Hydrological Sciences (IAHS) Prediction in
Ungauged Basins (PUB) Decade (2003-2012).
Keywords: Unit hydrographs; Regionalisation; Flow regimes; Uncertainties

1.

INTRODUCTION

The unit hydrograph (UH) has, for many decades,
been a major component of rainfall-runoff
modelling for systematic flood hydrology in the
UK and elsewhere. Based on procedures
introduced in the Flood Studies Report (FSR)
[NERC, 1975], the UK’s Flood Estimation
Handbook (FEH) [Institute of Hydrology, 1999]
presents a method for estimating simple triangular
UHs for gauged catchments. Since the height and
base-width of the triangle are constrained to be
simple functions of its time to peak, Tp, the
triangular UH is a 1-parameter model. Employing a
statistical relationship between Tp and catchment
characteristics, the triangular UH can be applied in
regionalisation mode for catchments ungauged for
flow. A flood event hydrograph at the ungauged
site is estimated by convolving the UH (estimated
from catchment characteristics) with effective
rainfall derived from an appropriate rainfall profile
using a separate loss module, followed by the
addition of a baseflow hydrograph also estimated
separately. The triangular UH is widely employed
for flood hydrology.
For hydrological analysis of lower flows, or for
characterising whole flow regimes, the 1-parameter
triangular UH is, not surprisingly, limited by its
conceptual simplicity (e.g. hydrograph recessions
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are not characteristically linear). Furthermore, the
triangular UH, which deals only with a poorly
defined direct runoff component of streamflow (an
intuitively reasonable baseflow is separated from
total streamflow before identification of the UH),
is suitable only for application over runoff events.
However, the 3-parameter mixed exponential
decay UH introduced by Jakeman et al. [1990] is
characteristic of total streamflow and can simulate
continuous streamflow from effective rainfall.
The 3-parameter UH, when placed in series with a
simple 3-parameter loss module to create a 6parameter rainfall-runoff model, has been shown to
work well on a wide range of catchments [e.g.
Jakeman et al., 1993a,b; Littlewood and Marsh,
1996; Post et al., 1998; Steel et al., 1999;
Kokkonen et al., 2003]. Regionalisation can be
undertaken via statistical relationships between
each of the six model parameters in turn (as the
dependent variable) and catchment characteristics
(as independent variables). The 3-parameter
mixed-exponential decay UH does not require
prior baseflow separation. Indeed, a hydrograph
separation giving dominant quick and slow
response components of streamflow is often a byproduct of the method [e.g. Littlewood, 2002a].
The 6-parameter rainfall-runoff model referred to
here requires only streamflow, rainfall and air
temperature data; apart from catchment size no

other data, or information about the catchment, is
required.
The paper further describes the triangular and
mixed-exponential UH approaches, with particular
emphasis on some of the estimation uncertainties
involved. Although the mixed exponential UH
approach can model high flows well at daily timestep on a wide range of catchments, its suitability
and potential for assisting with systematic flood
hydrology in the UK is not discussed here. Calver
et al. [2004] outline some of the recent UK
research on continuous flow simulation for design
flood hydrology purposes.
The International Association of Hydrological
Sciences (IAHS) has initiated the Prediction in
Ungauged Basins (PUB) Decade (2003-2012). An
important overall objective of PUB is to reduce
predictive uncertainty. Amongst wide-ranging aims
and objectives, the PUB Science and
Implementation Plan1 has two linked modelling
targets: Target 1 is to improve existing models; and
Target 2 is to develop new innovative models. The
work presented in this paper is a contribution to
Target 1, with scope for exchanges of ideas with
those more engaged in Target 2. The work is
representative of the top-down modelling approach
which, as one of several investigative approaches
that will be applied during the PUB Decade, is
considered to have good strategic potential [Young
et al., 1997; Young, 2002; Littlewood et al., 2003;
Sivapalan et al., 2003].

2.

THE TRIANGULAR UH

Equations (1) and (2) are regionalisation equations
for the time to peak of the triangular instantaneous
UH, Tp(0), published as reviews of the FSR
Tp(0) = 283 (S 1085)

(SAAR4170 )
(MSL )0.23 (1 + URBAN FSR )−2.2
−0.33

(DPLBAR )0.54 (1 + URBEXT )−5.77

(1)

(2)

method were undertaken, models were re-worked
and, for the FEH (2), advantage taken of the more
recent availability of catchment characteristics
derived from digital datasets rather than from
conventional maps [Institute of Hydrology, 1985;
1999]. In (1) and (2), S1085, MSL and DPSBAR
are catchment or stream slope factors, SAAR4170 is
1

On the basis of the published values of fse it
appears, superficially at least, that the precision
with which Tp(0) could be estimated from
catchment characteristics worsened between 1985
and 1999. This, however, would be a rash
conclusion. The larger number of catchments used
to derive (2) might have been expected to lead to a
smaller fse but may have included a larger
proportion of ‘difficult’ catchments than those used
to derive (1). Furthermore, fse gives an incomplete
assessment of the quality of (1) and (2): the
uncertainty associated with particular estimates of
Tp(0) using (1) or (2) is conditional on the values
of the catchment characteristics for the basin in
question. It is not, as suggested by fse, the same for
all catchments. Nevertheless, the comparison of (1)
and (2) highlights the fact that it has not been
demonstrated that (2) is better than (1). It is not
clear
that
the
catchment
characteristics
(independent variables) used for (2) are better than
those used for (1). A way forward might be to
compare (a) the uncertainties in a relationship of
the form of (2), calibrated using the same 175
catchments and runoff events used to derive (1),
with (b) the uncertainties in (1). However, this was
beyond the scope of the current paper.
The argument above may be of interest in its own
right but it also serves as a reminder that, in order
to monitor progress during the course of the PUB
Decade (2003-2012), it will be necessary to devise,
agree upon, and apply methods and procedures by
which reduction in predictive uncertainties can be
demonstrated.

−0.54

Tp(0) = 4.270 (DPSBAR )−0.35 (PROPWET )−0.80

mean annual precipitation (1941-1970), URBANFSR
and URBEXT are indices of the extent of
urbanisation in the catchment, PROPWET is the
proportion of time the catchment is wet, and
DPLBAR is a mean stream length [NERC, 1975;
Institute of Hydrology, 1999]. Equation (1), was
derived using data from 175 catchments, and the
stated factorial standard error (fse) associated with
Tp(0) is 1.48, i.e. +48%/-32%. Equation (2), was
derived using data from 204 catchments and the
stated fse is 1.85 [Institute of Hydrology, 1999],
i.e. +85%/-54%.

http://iahs.info; http://cee.uiuc.edu/research/pub/
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Sometimes in hydrology, low uncertainty in the
quantity being estimated is associated solely with
good precision (e.g. standard error), and
consequently the accuracy (bias) component of
uncertainty is overlooked. For example, it appears
to have been assumed that (2) gives, on average,
estimates of Tp(0) for the gauged catchments used
in its derivation (assuming them to be ungauged)
no different from the ‘observed’ values of Tp(0).
However, equations of the form of (2) can
introduce bias when they are the back-

transformation of a regression model calibrated
using logarithmically transformed variables
[Ferguson, 1986]. Indeed, (1) and (2) were derived
in this way. The bias arises as follows, using
regression of y on x as an example.
The underlying model is given by (3), where i
denotes the ith of the n values used for the
regression analysis and εi is an independent
additive error term from a normal distribution with
a mean of zero and variance σε2, i.e. N(σε2, 0).
After regression analysis to estimate log(a) and α,
(3) is back-transformed to (4), where log(ηi) = εi.

log ( y i ) = log (a) + α log ( x i ) + ε i

(3)

y i = η iα x ia

(4)

( )

E (η i ) = exp σ ε2

(5)

The multiplicative errors, ηi, are therefore assumed
to be log-normally distributed, in which case if
natural logarithms were used, the expected value of
ηi is given by (5) [Miller, 1984]. It can be seen
from equation (5) that the bias is zero (i.e. E(ηi) is
unity) only if there is no scatter (σε = 0) about the
best-fit curve of log(y) against log(x), and that the
bias increases as the scatter (σε) increases.
In straightforward cases it is possible to quantify
the bias and apply a correction factor. However,
this does not appear to have been done for (1) or
(2), or for some other cases of similar
regionalisation equations in the literature [e.g.
Abdulla and Lettenmaier, 1997; Sefton and
Howarth, 1998]. The fine detail of the procedure
by which (2) was derived means that it is difficult
to establish the magnitude of its bias but
Littlewood [2002b] considered it to be not less
than 8%, with (2) systematically underestimating
Tp(0). Therefore, not only does (2) give imprecise
estimates for Tp(0) in ungauged catchments
(+85%/-54%), it is inaccurate with a bias of
perhaps more than 8%. Although a bias of 8% adds
only about half of one percentage point to the
combined root mean square error for (2), it is a
component of the total error that modellers should
consider and minimise whenever possible.

3. THE MIXED EXPONENTIAL DECAY UH

Employing the 6-parameter rainfall-runoff model
that includes the 3-parameter mixed-exponential
decay UH mentioned in the Introduction, Sefton
and Howarth [1998] derived a regionalisation
scheme for England and Wales. They calibrated
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the rainfall-runoff model for 60 gauged catchments
over approximately 3-year records of daily data
(taken from the period September 1986 to August
1989), using a parameter estimation and selection
procedure described by Jakeman et al, [1990]: a
trade-off between (a) a high proportion of initial
variance in streamflow accounted for by the model
and (b) a low ‘average relative parameter error’ on
the UH parameters. The 60 catchments had flow
regimes largely unaffected by anthropogenic
effects. Sefton and Howarth [1998] subsequently
derived six statistical relationships, one for each of
the six model parameters, of the general form
given by (2) but using different catchment
characteristics. The correlation coefficients
obtained ranged between 0.37 and 0.80 as shown
in Table 1, where: f (oC-1) is a factor for
Table 1. Correlation coefficients for multiple
regression regionalisation equations

DRC*

f

τw

C-1

τ(q)

τ(s)

ν(s)

Coefficient
of
correlation

0.80

0.41

0.61

0.64

0.37

0.77

Source: Sefton and Howarth [1998]
* Dynamic response characteristic (independent variables)

temperature modulation of evaporative losses; τw
[T-1] controls the rate at which the catchment dries
out in the absence of rainfall; 1/C [L] is the volume
of a conceptual store expressed as a depth over the
catchment; τ(q) and τ(s) [T] are decay time constants
for the dominant quick and slow response UHs
respectively; and ν (s) [-] is the relative volumetric
slow-flow throughput. The 894 km2 Teifi at Glan
Teifi was one of the 60 catchments used.
Employing software [Littlewood et al., 1997] now
available free of charge2, Littlewood [2002c]
showed that, when the 6-parameter model and
parameter identification procedure used by Sefton
and Howarth [1998] were re-applied to the Teifi,
there was a tendency for low flows to be overestimated, i.e. τ(s) was inaccurate (positively
biased). However, when the parameter selection
procedure was extended, by additionally adjusting
parameter f by trial-and-error (holding τw constant
and re-calibrating the other four parameters each
time) in search of a better match between the lowflow end of flow duration curves for gauged and
modelled flows, Littlewood [2002c] obtained a

2

See http://www.ceh.ac.uk/ or
http://www.wmo.ch/web/homs/homshome.html HOMS Component K22.2.11.

1000

catchments would be higher, perhaps similar to that
for τ(q) in Table 1 (0.64). Work to investigate this
possibility is planned but it is worth remembering
that, for flow regimes dominated by a quick flow
response, e.g. the Teifi, the precision associated
with τ(s) is usually inferior to that for τ(q), as will
now be discussed further.

observed
basic
revised

Y (cumecs)
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% of daily mean flows exceeding Y

Figure 1 Teifi at Glan Teifi flow-duration
curves 29th May 1980 to 25th June 1988 for
observed and modelled flows by the basic and
revised parameter selection procedures

better model for the Teifi. Figure 1 shows Teifi
flow-duration curves associated with the basic and
revised modelling methods: the revised method
gives a good characterisation of the flow regime
between the 1 percentile and 99 percentile. The
revised parameter and selection procedure is a
multi-objective,
manual-automated
hybrid,
procedure similar to the approach discussed by
Boyle et al. [2000] and Wagener et al. [2001].
An effect of the model improvement described
above was to minimise bias in τ(s), with τ(s)
decreasing from 48.8 days to 39.0 days (a 20%
change). As suggested in Figure 1, the model-fit at
high (quick response) flows changed only slightly,
with τ(q) decreasing from 1.99 days to 1.91 days (a
4% change). Littlewood [2003] compared the
efficacy of the basic and revised parameter
selection procedures for six other catchments in
Wales, ranging in size from 129 km2 to 1480 km2.
In four of the six cases the revised procedure
clearly had a similar effect of minimising bias in
τ(s). Littlewood [2003] discussed likely reasons
why the benefit of the revised procedure was not so
apparent for the other two catchments, i.e. factors
affecting the flow regime and the quality of flow
measurements for the largest catchment and, for
the other catchment (a highly responsive
mountainous basin with a relatively high annual
average rainfall of 2189 mm), the inadequacy of
the daily modelling time-step used.
The bias in τ(s) introduced by the basic parameter
selection procedure used by Sefton and Howarth
[1998] may partly explain the relatively poor
correlation coefficient for τ(s) (0.37) in Table 1. It
is interesting to speculate, therefore, that the
correlation coefficient of a regionalisation equation
for τ(s) using the revised procedure for the 60
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A feature of the modelling methodology introduced
by Jakeman et al. [1990] is that indicative standard
errors on τ(q) and τ(s) become available as a result
of the UH parameter identification algorithm
employed. For the Teifi, using the revised
parameter selection procedure, 95% confidence
limits for τ(q) are +5.2%/-4.2%, and for τ(s) they are
+13.8%/-11.0%. For flow regimes dominated by a
slow response the precision associated with τ(q) is
likely to be poorer than that for τ(s) [Zlatunova et
al., 2002; Littlewood, 2002d]. Employing a
relationship calibrated for gauged catchments
dominated by a quick flow response, it may
therefore be an unrealistic expectation to
regionalise τ(s) with respect to catchment
characteristics as well as can be achieved for τ(q),
and vice versa. Clearly, however, the choice of
which catchment characteristics (independent
variables) to use in regression models for τ(q) and
τ(s) (and for f, τw, C and ν(s) is of paramount
importance.

4. CONCLUDING REMARKS

The paper has highlighted the lack of precision in
estimates of Tp for the triangular UH given by (1)
and (2), and the relatively small bias (inaccuracy)
in those estimates of Tp if left uncorrected. The 6parameter rainfall-runoff modelling methodology
referred to in this paper and described in greater
detail elsewhere [e.g. Jakeman et al., 1990;
Littlewood, 2003] can often, if sufficient care is
taken in the selection of its parameters, give a good
characterisation of quick-response dominated
natural flow regimes at a daily time-step. In
addition to a close agreement between modelled
and observed flows temporally, a good match
between daily time-step flow-duration curves for
modelled and observed daily flows over the 5-95
percentile range can be achieved in many cases,
and sometimes, as for the Teifi, out to the 1
percentile and the 99 percentile (Figure 1).
Contrary to a view that because of parameter
identification difficulties different models are
required for high and low flows [Wagener, 2003],
the revised 6-parameter modelling methodology
outlined here can, in many cases, model a wide
range of the flow regime at daily time-step.

Visual inspection of flow duration curves plotted
as in Figure 1 can be an extremely useful step in
the assessment of rainfall-runoff models. Indeed,
the author would suggest that it should be a
required step. In the case presented here (Figure 1),
and for other cases presented by Littlewood
[2003], one of the loss module parameters (f)
controls the position of the low-flow end of the
flow duration curve to the extent that manual trialand-error adjustment of that parameter leads to a
revised set of model parameters that greatly
improves the characterisation of the flow regime.
Automation of this procedure as an additional step
in the parameter identification and selection
procedure would allow more efficient application
of the approach to many catchments, as required
for regionalisation.
It is evident from this paper and Littlewood [2003]
that the full potential of the 3-parameter, mixed
exponential decay, UH to assist with estimating
flow regimes for ungauged catchments from
rainfall,
air
temperature
and
catchment
characteristics, has yet to be exploited. As a
contribution to the PUB Decade, plans are being
developed to further investigate this potential for
catchments in the UK and other hydroclimatic
zones.
Although the 6-parameter rainfall-runoff model
and methodology referred to in this paper are often
able to simulate continuous streamflow well,
representation of processes by the model is
simplistic (but superior to that of the triangular UH
approach). This is both a strength and a weakness.
It is a strength because the parametric parsimony of
the model allows the parameters to be reasonably
well identified from records of streamflow, rainfall
and air temperature. It is reasonable to expect,
therefore, that useful statistical relationships might
be found between those parameters and catchment
characteristics, leading to practical application for
regionalisation to ungauged basins. Such a
modelling methodology can be said to have good
utility. However, the simplistic description of
streamflow generation processes in the 6-parameter
model is a weakness because it does not fully use,
or advance, our scientific understanding of how
catchments work.
Conceptually more complex models may not be the
answer in a practical sense. A computer-based
spatially distributed rainfall-runoff model that
incorporates detailed process descriptions, which
match our existing scientific understanding of how
catchments work, can lack utility. They can require
the calibration of so many parameters (many of
which may be poorly estimated), and so much
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(costly) input data, that they are unsuitable for
systematic application.
Hydrology is essentially a practical activity. The
utility of a given modelling approach incorporated
in a computer program is therefore of great value.
However, hydrology is also a blend of sciences,
where the ever-better understanding of underlying
processes is a legitimate and important goal. It may
not always be necessary to understand subcatchment-scale processes in order to be able to
contribute to solving real-world water resources
and environmental management problems using
appropriate computer models. But it may not be
wise to live by that observation; it can result in the
unsatisfactory and sometimes vulnerable situation
whereby we achieve the right (good) answers for
the wrong (only approximately correct) reasons.
During the PUB Decade it should be possible to
move towards a unification of utility and scientific
understanding in computer models. Then we will
be closer to achieving the right answers for the
right reasons.
5.
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Abstract:
Development of methodologies to achieve a priori parameter estimation of hydrological models is
fundamental in ungauged basins, to reduce the number of parameters to be calibrated or to obtain parameter
values where calibration is not possible. This work shows that conceptual rainfall-runoff models can be applied to
ungauged watersheds by developing relationships between model parameters and watershed characteristics. In
fact, the calibration of MEDOR, a four parameter daily lumped conceptual rainfall-runoff model specific for the
Mediterranean catchments, is affected by the equifinality issue. Systematic scanning of the Nash criterion
objective function demonstrates that a Production Equifinality Relationship (PER) exists between loss function
parameters. This basin-specific relation can be determined using the annual balance of rainfall-runoff and daily
rainfall data generated by a stochastic model calibrated for the region. Moreover, the analysis shows the
importance of the stochastic structure of rainfall in the calibration of MEDOR. Thus, the parameters cannot be
determined solely from the physical properties of the basin. Coupled to a stochastic model of rainfall of a given
region, MEDOR generates equifinality relations between runoff coefficients (CE) defining a surface in the
parameters space. Several large areas have been identified in the Mediterranean region having a single reference
CE surface (e.g., East coast of the Mediterranean Sea). The runoff coefficient of a given watershed located in one
of these areas constrains the specific equifinality relation. In a case study, the PER of two Lebanese watersheds
were determined using the same single reference CE surface and spatial soil depth information. Thus, it is possible
to evaluate the predictive uncertainty for the streamflow at the catchments outlet.

Keywords: Hydrological modeling; Regionalization; Equifinality; Ungauged basins

1.

INTRODUCTION

Access to daily stream flow data, at a river reach
scale, is an operational requirement and necessity
for water resource management. However, a large
number of the catchments are ungauged, which is
the case of several Mediterranean catchments.
Hence, there is an urgent need to have easy,
consistent, robust and reliable methods for
simulating streamflow discharges within ungauged
catchments. Thus, prediction of ungauged basins is
one of the most challenging issues in the
hydrology of this century. One of the difficulties of
the prediction is the transfer of information from
gauged to ungauged areas. Generally, catchments
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with similar characteristics show similar
hydrological behavior. Thus, it is possible to
regionalize model parameters on the basis of
catchment characteristics, i.e., to provide a regional
parameter set where parameter values vary with
measurable catchment characteristics [Seibert,
1999]. This regionalization can be made using
relationships between the parameters of the model
and the catchment characteristics. The research
methodology for determining relations between
parameters and catchment descriptors usually
employs multiple regressions [Hughes, 1989; Post
and Jakeman, 1996]. Their differences lie essentially
in the nature of the selected descriptors. Typically,
the obtained results are not good enough to allow

reliable application on ungauged catchments [Perrin
et al., 2001]. Most of the studies focus on descriptors
related to the topography, e.g., slope, drainage
network, vegetation, often in relation with the remote
sensing. Other studies take climate into account in
these relations using climate characteristics, e.g.,
mean rainfall, average temperature, etc. These global
climate characteristics do not use the fine permanent
characters of the rainfall, which are represented by
its stochastic structure.
This work shows the role of the stochastic structure
of the rainfall in the a priori estimation of the
parameters of a simple conceptual rainfall-runoff
model, MEDOR, working at a daily step. The
objective is to reduce the number of parameters of
the model by taking into account the location of the
catchment in a given geographical area having
homogeneous climate. The introduction of the
stochastic rainfall modeling [Hreiche et al., 2003],
helps in the regionalization of model parameters, and
in the determination of predictive uncertainty.

2.

THE MODEL AND ITS CALIBRATION

2.1

The model

The MEDOR model [Hreiche et al., 2002] is a
conceptual rainfall-runoff model which simulates
daily streamflow using only daily rainfall as input. It
was especially developed for the Mediterranean
climate.

Figure 1. Structure of MEDOR Model

2.2

The criterion chosen in this paper is the NashSutcliffe criterion [Nash and Sutcliffe, 1970], which
is widely used and may be represented as follows:
Nash = 1 − ∑ ( qmes − qsim ) 2 / ∑ ( qmes − qmes ) 2

This specific structure results from two properties of
the Mediterranean climate:
- A cold "rainy season" during which the actual
evapotranspiration (ET) is at a minimum; and whose
variations do not impact on the production function.
Daily ET can be represented by a constant EVL.
- A dry season which leads to very low streamflow
and has negligible interannual carry-forwards, which
emphasizes the independence of hydrologic years.
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(1)

(qmes: daily measured streamflow, qsim: daily
simulated streamflow, qmes : mean measured
streamflow)
2.3

Study catchments

The model was successfully tested on six
Mediterranean catchments, located in Lebanon and
France. The data comprised daily volumes of mean
rainfall from several rain gauge locations, and
concomitant daily streamflows from the catchment.
Table 1. Optimized parameters, Nash-Sutcliffe
criterion values and runoff coefficient CE
Catchment

H

EVL
x10-3

R

T

Ncal

Nval

CE

Nahr Beirut
Nahr el Kelb
La Mimente
G. de Mialet
La Vis
La Muze

0.56
0.14
0.16
0.1
0.21
0.22

4
3
6
4.5
3
3

0.6
0.16
0.96
0.72
0.68
0.24

28
76
10
22
10
10

0.73
0.72
0.73
0.68
0.83
0.57

0.75
0.62
0.70
0.67
0.81
0.54

0.41
0.61
0.57
0.5
0.64
0.4

The MEDOR model applied on these watersheds
gives acceptable Nash-Sutcliffe values. Table 1
shows for each catchment the runoff coefficient (CE),
the optimized production parameters (H,EVL) and
transfer parameters (R,T), and the criterion values, in
calibration (Ncal) and validation (Nval) respectively.

3.

The structure of the model is represented in two
separated functional modules: a production module
and a transfer module, each having two parameters
(its structure is given in Figure 1). This separation
allows analysis of the respective roles of parameters:
Two production parameters ensure the exactness of
the streamflow balances and two transfer parameters
modulate the realization of the simulated daily
streamflow.

The criterion

CALIBRATION AND EQUIFINALITY

The calibration procedure used involves the
identification of a number of parameters that are
identified by calibration methods using a series of
measured rainfall-runoff data. One of the difficulties
of this method is due to equifinality problems where
a number of sets of model parameters may lead to
equivalent results [Beven, 1993]. Equifinality is
common in hydrologic models. It has been
demonstrated [Hreiche et al., 2002] that the MEDOR
model has an equifinality problem. In the current
case there was an exhaustive search of the criterion
function in a reasonable grid of the parameters:
1,476,800 simulations were made by using High
Performance Computing and Networking. The
surface objective function within the (H,EVL) space
possesses a ridgeline that separates the two sides of
the surface. The Nash values along this line are
sufficiently close to make it possible to regard them
as equivalent. Its projection on the (H, EVL) space

represents a relation of equifinality between the
parameters of production, or PER. It was
demonstrated that the PER is independent of the
transfer parameters. Thus it is possible to determine
the production parameters in advance, independently
of those of transfer.

4.

DETERMINATION OF THE PER

The independence of the annual chronology was
verified by checking that results are unchanged if the
order of the data is changed on a yearly scale. As a
consequence, the "production" at the annual time
step does not depend on the transfer, but depends
only on two parameters H and EVL.
The use of a Nash-Sutcliffe criterion with variable
term allows the PER to be determined from the
annual balances or the total balance. Indeed, if daily
accumulations are correctly modelled, those at 2
days, 8 days, 1 month and 1 year will also be
accurate. An average agglomerated streamflow over
n days is defined using mean streamflow at a daily
step . q agglo = ∑ q daily / n
. These "agglomerated"
series give a criterion of “agglomerated Nash”:
N agglo = 1 −

(

∑ qobsagglo − qcalagglo
∑ qmoyen − qobsagglo

(

)2
)

(2)

At a daily time step, this expression corresponds to
the usual Nash-Sutcliffe criterion. At the annual
step, Nagglo expresses the variations of the annual
volume of streamflow. The evolution of PER was
analyzed with an agglomerated criterion using
accumulations on the scales of 2, 4, 16, 30 and 365
days. This PER changes slightly until the annual
step is reached (Figure 2). This variation is very
small and does not affect the results of this
analysis.

Figure 2. Evolution of the PER with the
agglomeration of the criterion with variable term.
The agglomeration on the whole set of the data
series gives a relation of total balance by the
equality between the total volume of measured
streamflow on all the period and the simulated one
given by:

BT' (H, EVL, rainfall data) = BT (streamflow data)

(3)
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and can be compared to the whole set of the PER at
variable steps. Figure 2 shows that different PER
(monthly, annual and total) are similar to the daily
PER. Therefore, the PER of the daily model, which
is determined by an exhaustive scanning of the
parameters of the model in the criterion space by
using daily rainfall-runoff data, can be determined
by using the daily rainfall and the annual discharge
or the total discharge. The agglomeration of the
streamflow data decreases the quantity of
information used to fix the PER. Since the
agglomeration involves only the streamflow, the
PER is determined by the daily rainfall and annual
discharge or total discharge. In the absence of daily
values of streamflow, individual rainfall values
cannot yield relevant information for the calibration
of the model. However, useful information can be
obtained from the stochastic structure of the rain and
its annual accumulations and it allows the
determination of the PER.

5.

DEPENDENCE OF THE PER OF THE
STOCHASTIC RAINFALL MODEL

The local rainfall time series constitutes a particular
realization of a stochastic process. The stochastic
model of daily Mediterranean rainfall [Najem,
1988] was used in this work. The adjustment of the
local parameters of the model with the available
rainfall data series for a Beirut station allows to
generate rainfall data series of arbitrary length. The
real rainfall series is replaced by a generated series of
the same stochastic model having the same annual
totals. A sorting of the generated years was made in
order to retain the years to which the totals are
closest to those of the real series. The two annual
PER for both the measured and generated series,
which are obtained by exhaustive scanning of the
criterion in the parameters space, are similar. This
shows that the only relevant information in the
rainfall data is its stochastic structure. Thus the PER
can be determined from only the annual balance and
the stochastic structure of rainfall.

6.

A PRIORI DETERMINATION OF THE
PRODUCTION PARAMETERS

6.1

MEDOR: a non-dimensional stochastic
generator of streamflows

The criterion of total balance expresses the equality
between the total simulated flow which depends on
the parameters H, EVL and of the rainfall data series
and the total volume of discharge resulting from
streamflow measurements.

Figure 3. Iso-CE surfaces for the five homogenous zones
MEDOR

generates

a

surface

iso-balances.

BT' = BT' ( H , EVL ) by systematic scanning of all the H,

EVL space. This surface, which depends only on the
stochastic structure of rainfall, can be generated
independently of any input data from a given basin.
Expressed in meters per year, it constitutes a climatic
characteristic associated with MEDOR. The value of
the mean annual measured streamflow BT defines
the cut of this surface for BT = BT' . It is projected in
the (H,EVL) space according to the PER of total
balance. The stochastic structures of rainfall in the
same region have common characteristics, which
allows regionalization. Indeed, for Lebanon, the
regional analysis of the characteristics of the
stochastic model of rainfall, shows:
- The seasonal modulation of the parameters of the
rainfall alternation T1, T2 (characteristic times of a
Markovian alternation of the 1st order) is identical
for the different Lebanese stations.
- Daily intensities having the same nondimensional statistical distribution, but with
different averages dependent on the location.
In a homogeneous climatic region (for example
Lebanon), local stochastic structures are different
only by their mean daily intensity. By referencing
the rainfall to the mean intensity PM , we can define
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a non-dimensional rainfall which has an identical
structure for all the stations in the area. The MEDOR
model, forced by stochastically generated rainfall,
becomes a stochastic runoff generator. The nondimensional form of the MEDOR equations,
complemented by the non-dimensional structure of
rainfall, allows definition of the non-dimensional
variables that characterize this generator, in
particular the runoff coefficient of the catchment: CE
(non-dimensional ratio of the streamflow volume
and the precipitation volume). Thus, the MEDOR
model generates a non-dimensional surface which
characterizes the climatic region according to the
production parameters C E = C E ( H / PM , EVL / PM ) .
This allows regionalization of the PER, giving its
variation across different basins.

6.2

Regionalization of iso-CE surfaces

The analysis of iso-CE surfaces is made using the
projection of the cuts of the surface for defined
values of CE. The determination of iso-CE surfaces
requires long rainfall series. We selected 36
pluviometric stations with long series distributed on
the Mediterranean basin. The iso-CE surfaces of
Beirut, Harkenaan and Telaviv show considerable

similarity, which allows them to be a reference for
this region. Other stations, e.g., Nimes, have a
different surface. The results of the 36 stations
allows to define homogeneous zones for MEDOR,
i.e. whose stochastic rainfall models generate similar
iso-CE surfaces.

values. The classification of surfaces iso-CE
correlates appreciably with the index of seasonal
variation (considering the uncertainty on the
representation of this index).

7.

USE OF THE REFERENCE REGIONAL
SURFACES
FOR
THE
PER
DETERMINATION

Regional reference iso-CE surfaces can be used to
determine the PER of a given catchment of the
region using only the knowledge of the runoff
coefficient. For example, the reference surface of the
homogeneous climatic zone of the Oriental
Mediterranean sea, which is defined at the station of
the city of Beirut, allows to determine the PER of the
two Lebanese catchments of Nahr Beirut and Nahr el
Kelb using their related runoff coefficient. The
search for the values of the Nash-Sutcliffe criterion
at a daily step allows the zones of equivalence of the
model (in the Nash-Sutcliffe criterion sense) to be
represented in the parameter space (H,EVL).

Figure 4. Location of the 36 rain gauge stations
used for the regionalization and the iso-index
cartography.
The Mediterranean basin can be divided in five
homogenous zones (Figure 3): the Eastern
Mediterranean zone; the zone of the Islands of the
Eastern Mediterranean; the "Balkan" zone; the
Southern Iberian zone; the Central Mediterranean
zone which gathers a vast group starting from the
North of Spain in Greece passing by France, Italy
and Tunisia. A great similarity exists between iso-CE
surfaces of the same zone. An average station
defines a regional surface of reference. Figure 4
shows the regional surfaces iso-CE projections on
( ln( H / PM ) , ln( EVL / PM ) ) space of the five
defined zones.
6.3

Interpretation

Beyond the general similarity, marked by
seasonality, the most important difference between
the climates of the various Mediterranean regions
concerns the degree of severity and the duration of
the summer aridity. The difference between the rainy
season and the dry season can be characterized by an
index of seasonal variation, which plays an essential
role in the hydrological functioning by modulating
an interannual carryforward of the hydrological
balance.
This index is defined starting from the rainy moving
average over 3 months.
Is = 1 −

min (C ) with
C (t ) = ∫tt−3month P(t )dt
max (C )

(4)

This index
was calculated
all around the
Mediterranean Sea using the average monthly data
on 200 pluviometric stations. A map (Figure 4) of
iso-values was obtained by triangulation of the

1163

Figure 5. PER corresponding to runoff coefficient
of the two catchments and zones of equivalence

Figure 5 shows the zones of equivalence of two
Lebanese rivers. They are well centered on
corresponding PER, and the Nash values are very
close along these PER. These zones move on the
PER depending of the length of the series. This same
result was verified on four French catchments in the
Languedoc region. The reference station is Nimes,
(6)
which is the closest rainfall station with the longest
data series. The knowledge of this PER allows the
number of degrees of freedom of the model to be
decreased by one by creating a relation between the
two production parameters. This relation is not an
overparametrisation of the model because it is local

in relation with the location of the catchment in a
defined climatic zone. The a priori estimation of this
PER reduces to three the number of parameters to be
calibrated.

8.

PREDICTIVE UNCERTAINTY

j35
50%

CE 75%

95%

100%

classified into 5 distinct climatic regions. The
knowledge of the runoff coefficient of a catchment
allows the PER to be defined on the surface relative
to its region, therefore reducing the number of
parameters and simplifying its calibration. This
knowledge can be obtained either by using
catchment descriptors, or by using a short measured
data series, with an uncertainty function of the length
of the data record.
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Figure 6. Sensitivity of CE to the length of data
series.

An uncertainty on the value of CE exists. This
uncertainty is bound to the small number of annual
data records. It can be estimated using generated
rainfall and simulated streamflow data with variable
length. Figure 6 shows the sensitivity of CE to the
length of the data series.

9.

CONCLUSIONS

The search for optimal parameters in terms of
representation of the time series of existing data
using a criterion shows equifinality relations
between
parameters.
This
equifinality is
demonstrated by the existence of a relation between
the 2 parameters of production (PER). It is not,
however, an over-parameterization of the model, but
it is a specific property of the model, the catchment
and the climate.
The stochastic structure of the rainfall has an
important role in the calibration of MEDOR. In
particular, production parameters can be determined
using a stochastic regional rainfall generator and the
annual balances or the total balance. A change of the
stochastic rainfall model modifies the PER, which
demonstrates that the production parameters are a
function of the fine structure of the rainfall. Hence,
parameters obtained by the calibration cannot be
bound exclusively to the physical characteristics of
the catchment.
The regional analysis of the statistical structure of
the rainfall, associated with a non-dimensional
representation of MEDOR, highlights the regional
behaviour of the runoff coefficient of the catchment.
This behaviour allows the Mediterranean basin to be
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Comparison of Hydrologic Simulations using
Regionalised and Catchment-Calibrated Parameter Sets
for three Catchments in England
D. Maréchal and I. P. Holman:
Institute of Water and Environment, Cranfield University, UK.
d.marechal.s00@cranfield.ac.uk
Abstract: The objective of this study is to assess the performance of a regional hydrological model in
catchments treated as ungauged. The Catchment Resources and Soil Hydrology (CRASH) model is a daily,
catchment-scale, rainfall-runoff model that has been previously regionalised for England and Wales. In this
paper, the regional CRASH is evaluated in three catchments located in East Anglia – eastern England - and
it is compared to the catchment-specifically calibrated CRASH. The results demonstrate that the
performance criteria are met in the three catchments for both the Nash-Sutcliffe (R2) and the percent bias
efficiency indexes. The R2 results of the regional CRASH in the three catchments (0.70, 0.56 and 0.48)
compare well with another study in one of the catchments using another hydrological model specifically
calibrated and are within the range of results from other simulation studies in ungauged catchments in
England, Australia, Canada and Norway. The degradation between the regional and the catchment specific
models is only limited for all the efficiency indexes. Finally, the uncertainty analysis on the model
parameters showed that there is a reasonable confidence in the regional model.
Keywords: Rainfall-runoff; assessment; ungauged; catchment-scale model.

1

catchment-scale rainfall-runoff model to be used in
ungauged catchments. The modelling approach can
be regarded as following the top-down
methodology because the Catchment Resources
And Soil Hydrology (CRASH) model was
developed after the main factors affecting the
hydrological response at the catchment scale were
identified [Maréchal and Holman, 2003]. A
regional parameter set for England and Wales has
been derived from the calibration of CRASH for 32
mid-size catchments [Maréchal and Holman, 2003].
The aim of this paper is to assess the performance
of the regional CRASH in three catchments, not
used for the derivation of the regional parameter
set, located in East Anglia (eastern England). The
assessment of CRASH comprises a multi-criteria
evaluation of the performance and an analysis of
the effect of the uncertainty in the regional model
parameters [Wagener, 2003].

introduction

The availability of reliable hydrological data is
recognised to be a world-wide issue due to the
costs and logistics involved in running extensive
gauging networks, and because existing sets of
data often include missing periods. For example,
despite 1,100 river flow gauging stations in the
UK, a large number of catchments are still
without proper records of flow data. To address
this global issue, the International Association of
Hydrological Sciences (IAHS) launched the
Predictions in Ungauged Basins (PUB) decadal
initiative [Sivapalan et al., 2003]. Ungauged
basins are defined as catchments without
adequate records of data in both data quantity
and data quality or appropriate spatially and
temporarily to the needs [Sivapalan et al., 2003].
The work undertaken by Maréchal and Holman
[2003, 2004] addresses one of the five PUB
directions of work: objective 3 - to further
develop methodologies for predictions in
ungauged basins and for minimising uncertainty
[Sivapalan et al., 2003]. The aim was to develop
a conceptual, continuous, daily, semi distributed

2

Model

The CRASH model [Maréchal and Holman, 2003]
was developed from the assumption that the
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physical properties or descriptors for the
parameterisation of the unit hydrograph at the subcatchment scale; river and reservoir characteristics
for the flow routing, surface water discharge and
surface and ground water abstraction data.

transformation of rainfall into river flow at the
catchment scale is driven by soil and land use
properties. It was designed to be used solely
with existing datasets of soil and land use.
CRASH uses the Hydrology of Soil Type
(HOST) system [Boorman et al., 1995], a
conceptual representation of the hydrological
processes in UK soils. It defines the
hydrological behaviour of soils in terms of their
influence on river flow at the catchment scale
and gives a classification of all the soil types of
the United Kingdom into 29 conceptual
response models (or classes).

3

Catchments

The Bure, Wensum and Tud catchments are located
in East Anglia (eastern England) (Figure 1) and
drain areas of respectively 342, 501 and 88 km2.
They are flat and low-lying with altitude ranging
from a few meters to 115 meters above sea level.
The climate is relatively dry with annual average
precipitation and potential evapotranspiration of
670 mm and 490 mm between 1979 and 1983,
respectively. Despite an excess of precipitation over
potential evapotranspiration of 180 mm, water
resources are under significant stress during the
summer months, when intensive farming practices
require a significant amount of irrigation due to
evaporation exceeding precipitation. Arable lands
cover 80% of the three catchments where the main
crops cultivated are cereals and irrigated potatoes
and sugar beet. There are two major surface water
intakes for public water supply in the Wensum
catchment, and one sewage treatment work in each
of the Wensum and Bure catchments.

CRASH structures a catchment using four types
of objects: the response units where the
production of flow is predicted, and three
routing objects: the sub-catchments, the rivers
and the reservoirs. It also includes surface water
discharge and surface and ground water
abstraction.
The response units are defined within each subcatchment as cells with homogeneous
hydrological behaviour based upon a
combination of soil type, land use and weather.
Response units are composed of soil water and
groundwater stores. They have a single
hydrological input: precipitation and four
hydrological outputs: actual evapotranspiration,
runoff, intermediate flow and base flow. Actual
evapotranspiration depends on climate, plant
growth stage and soil moisture conditions. Both
saturation and infiltration excess runoff
processes are explicitly taken into account for
the production of surface runoff. The surface
depression store must be full before any excess
surface runoff can be released from the response
unit. The intermediate and base flows are
proportional to the soil water store and ground
water store contents, respectively.

The area is covered by the Chalky Boulder Clay in
the Tud, Wensum and the upper part of the Bure
catchments and by the North Sea Drift in the
middle and lower parts of the Bure catchment [Soil
Survey of England and Wales, 1984]. Soils in the
Chalky Boulder Clay typically have a slowly
permeable subsoil and are seasonally waterlogged.
These soils belong to HOST classes 18 and 24
[Boorman et al., 1995] and are characterised by
likely surface runoff and seasonal saturated
subsurface flows. On the other hand, soils
developed in the North Sea Drift are sandy with
permeable surface and subsurface layers [Soil
Survey of England and Wales, 1984]. They are well
drained and are not affected by ground water. These
soils typically belong to HOST class 5. The spatial
distribution of the HOST classes is presented on
Figure 1.

CRASH has three parameters needing
calibration for each HOST class, one for each
flow path: surface runoff, intermediate flow and
base flow. Results from response units of
similar soil hydrological behaviour (or HOST
class) are grouped together so that the model
parameters are calibrated for each HOST class.

The groundwater catchment for the Tud is smaller
than the surface water one [Centre for Ecology and
Hydrology, 2003]. The Tud catchment has
therefore a tendency to lose water to its neighbour
catchments among which is the Wensum. However,
the effects of this transfer of water are smaller on
the Wensum than on the Tud catchment due to the
difference in surface area.

The sub-catchments, rivers and reservoirs are
routing objects to transfer the flows to subcatchment and catchment outlets using
respectively the unit hydrograph method, the
Muskingum-Cunge method [Cunge, 1969] and
the reservoir routing routine from Chow [Chow
et al., 1988].
The model requires several types of input data:
the spatial distribution of soil and land use data
for the definition and parameterisation of the
response units; daily weather data; catchment

Abstraction licences were used to estimate the
water abstraction from both surface and ground
water for public water supply. It was assumed that
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of the four main HOST classes in the catchments
are presented on Figure 2. The effect of the transfer
of ground water from the Tud catchment has an
influence on the base flow parameters and
especially on the base flow parameter of HOST
classes 5. Consequently, the parameter’s value is
significantly lower in the Tud catchment than in the
regional parameter set (Figure 2).
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the ratio between actual abstraction and licenced
volumes was 80% [Anglian Water - pers.
comm.]. The water demand for spray irrigation
was estimated following the method of Knox et
al. [1996] with a ratio between surface and
ground water based on the spray irrigation
licences. No specific data for industrial uses
were available, it was therefore assumed that the
percentage of licensed abstraction for industrial
purposes over total licensed abstraction was
constant for the three catchments. This
percentage was taken as equal to the regional
value for the Norfolk region. Finally, effluent
return flows from the two sewage treatment
works were used to account for the discharges
into the rivers Bure and Wensum.

Parameter value

Parameter value

Figure 2. Model parameters for the catchments
Bure (
), Tud (
) and Wensum ( ) and the
regional model ( ) with their uncertainty
percentage distribution; a) base flow HOST class 5,
b) base flow HOST class 6, c) intermediate flow
HOST 18, d) intermediate flow HOST 24

Figure 1. Location of the study catchments and
their dominant HOST classes [Boorman et al.,
1995].

6

RESULTS

6.1 Multi-criteria evaluation

4

Daily hydrographs are presented in Figures 3 to 5,
and the results for the R2, FMOF and PBIAS
efficiency indexes are summarised in Table 1,
where the percent bias PBIAS is defined as:

REGIONAL MODEL

CRASH has been regionalised for England and
Wales [Maréchal and Holman, 2004]. Firstly, it
was calibrated individually for 32 catchments
covering a wide range of climatic, topographic,
soil and land use conditions in England and
Wales. Secondly, a single, or regional,
parameter set was defined from the results of
the catchment-specific calibrations.

∑ (Obs j − Sim j )
PBIAS =

j

(2)

* 100%

∑ Obs j
j

with Sim and Obs the simulated and observed river
flows and j the time step indice.

5

CATCHMENT SPECIFIC MODEL

Table 1: Model performances for R2, PBIAS and
FMOF

CRASH has been calibrated specifically for the
three catchments for the period 1979-1983 by
optimising the multi-objective function (MOF):
MOF ( θ ) = R 2 (θ ) − FMOF (θ )

Catchment

R2

PBIAS

FMOF

(%)
Bure

(1)

Tud

where θ is a set of model parameters, R2 the
Nash-Sutcliffe efficiency index and FMOF the
fuzzy multi-objective function defined by Yu
and Yang [2000]. The most sensitive parameters

Wensum
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Figure 5. Daily results – Wensum
Table 2: Performance intervals
Efficiency index

Excellent

Very good

Good

Poor

R2

>0.65

0.5-0.65

0.2-0.5

<0.2

│PBIAS│(%)

<10

10-20

20-40

>40

The results reveal that the general performance
of the regional CRASH is slightly better in the
Bure and Wensum catchments than in the Tud
catchment
According to the scoring system proposed by
Maréchal and Holman [2004] in ungauged

catchments (Table 2), the regional CRASH
performance is excellent in the Wensum catchment
and very good and good in respectively the Bure
and Tud catchments for the R2 index. It is excellent
in the Wensum and Bure catchments and good in
the Tud catchment for the PBIAS index.
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regional model [Maréchal and Holman, 2004] were
used to define the uncertainty bounds of the model
parameters. The choice of the limit between a
behavioural and a non-behavioural model is always
a subjective choice [Beven and Freer, 2001] and it
was decided to select the best 200 parameter sets
for each HOST class. The distributions of the four
most sensitive parameters are presented in Figure 2.

6.2 Multi-study comparison
The regional CRASH performs better than the
Soil Water and Assessment Tool (SWAT)
model [Arnold et al., 1998] in the Wensum
catchment, albeit for part of the 1990s. The R2
index of the specifically calibrated SWAT
model is 0.38 against 0.70 for CRASH [N.
Kannan – pers. comm.].

The model was run for 500 sets of parameters. The
results for the three efficiency indexes are presented
in Figure 6. There is a relatively good confidence in
the regional model as it performs better, in terms of
R2, than 95% of the behavioural models in the Bure
and Wensum catchments. The largest uncertainty
for the R2 efficiency index is in the Bure catchment
where 90% of the R2 results are between 0.55 and
0.05. There is only a limited influence of the
parameters uncertainty on the PBIAS index.
Finally, the variations of FMOF due to the
parameters uncertainty are mainly the consequence
of variations in the prediction of low flows.
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The results for the three catchments are also
within the range of values presented in other
studies carried out in a wide variety of climates.
Post and Jakeman [1999] tested their approach
on 16 catchments in Australia by crossevaluating the relations between physical
catchment descriptors (PCDs) and dynamic
response characteristics (DRCs) derived from
the 15 other catchments. Their R2 results ranged
from 0.71 to -1.53 with an average of 0.37.
Sefton and Howarth [1998] obtained R2 of 0.61
and 0.53 for two catchments in England by
applying PCDs-DRCs relations derived in other
catchments. Van der Linden and Woo [2003]
obtained R2 results from 0.6 to 0.8 when they
applied the parameters derived in a subarctic
catchment in Canada to three catchments of
similar size and characteristics. Beldring et al.
[2003] derived model parameter values for 5
land use classes from the calibration of a
distributed version of the HBV model in 141
catchments in Norway. R2 was above 0.5 in
60% of the 43 independent catchments where
these parameter values were used.

a)

c)
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0.4
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0.75

1.25

1.75

2.25

0.1
0

Figure 6: Uncertainty analysis. X regional model, ■
median result from the uncertainty simulations with
its 90% probability limits for the a) Bure, b) Tud
and c) Wensum catchments.

6.3 Regional vs catchment specific CRASH
There is only a limited deterioration in
performance from the catchment specific and
regional CRASH in the three catchments. The
results stay in the excellent and very good
categories for the Wensum and Bure catchments
for R2 and PBIAS, and change from very good
to good for the Tud catchment.

7

CONCLUSION

The aim of this paper was to independently
evaluate the performance of a regional daily
hydrological model for England and Wales in three
catchments located in the East of England.
The overall performance of the regional CRASH is
satisfactory as it meets the performance criteria in
the three catchments for both the Nash and Sutcliffe
(R2) and the percent bias (PBIAS) indexes despite
an over-prediction of the river flows in the Tud
catchment. The R2 results range between 0.70 and
0.48.

The main deterioration experienced is for the
Tud catchment (Table 1) where PBIAS
increases from 18% to 37%. This
overestimation of the flows is the consequence
of the transfer of groundwater from the Tud to
its neighbour catchments as illustrated by the
difference between the catchment specific and
regional base flow coefficient of HOST class 5.

The results from the uncertainty analysis on the
model parameters showed that there is a reasonable
confidence in the regional model as it performed
better than 95% of the 500 behavioural models in
two catchments for R2. The uncertainty in regional
model parameters showed limited influence on the
PBIAS index.

6.4 Uncertainty on the model parameters
The posterior distributions of the model
parameters from the calibration procedure of the
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The deterioration between the regional and the
catchment specific models is only slight in the
two catchments where the model performs the
best. It is more significant for the Tud where the
catchment specific base flow parameters are
influenced by the transfer of ground water to its
neighbour catchments.
Finally, the R2 results have been compared to
results from similar studies in different climates
and they are within the same range of values.
Therefore, it is found from the above-presented
performances of the model that the modelling
approach developed with CRASH gives
promising results. It is especially noted that the
incorporation of pre-existing knowledge, like
the HOST soil classification, into new
modelling tools has a valuable impact on
simulating ungauged basins.
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Abstract: A main limitation of using conceptual models for predicting flow in ungauged catchments is the
errors in identified relationships between calibrated conceptual parameters and known (or estimated)
catchment descriptors. It is hypothesised here that these errors may be reduced if the modeller does not
explicitly identify relationships, but applies all feasible models within a Bayesian averaging scheme. This
maintains the information about parameter inter-dependencies obtained as part of local calibration, and also
provides a strong basis for integrating various sources of uncertainty into the predicted average flow and
associated confidence intervals. A case study of UK catchments provides encouraging results.
Keywords: Rainfall-runoff; ungauged catchments; regression; Bayesian averaging
1.

because the CDs are mostly inter-correlated, and
so it is not intuitive which should be used as
independent variables in the regression. Often this
is allowed for by selecting a number of relatively
orthogonal CDs which are perceived to have most
hydrological significance, and neglecting the rest.
Another problem is that the parameters of rainfallrunoff models are inter-dependent in highly nonlinear ways. These cannot be sufficiently
encaptured by a regression model (Kokkonen et
al. 2003), which will linearise the problem (even
if the data are transformed first). This problem of
parameter inter-dependency is either neglected
and each gauged/ungauged catchment parameter
is treated as independent (multiple univariate
regression), or is nominally included using
methods such as multivariate regression,
canonical correlation analysis or sequential
regression. Using multivariate regression,
correlations between the gauged catchment
parameters can be included in the regression
procedure, allowing covariance of the ungauged
catchment parameters to be derived. Although
employed with some success by Tung et al. (1997)
for a two-parameter unit-hydrograph model,
multivariate regression would become extremely
complex if applied to a conceptual rainfall-runoff
model with several parameters. Canonical
correlation analysis (see Young 2000) uses linear
combinations of both the CDs and the parameter
sets as variables, thus partially allowing for CD
inter-correlations as well as parameter intercorrelations. Using sequential regression (Lamb et
al., 2000), univariate regression is applied to the
perceived most important parameter, its values are

INTRODUCTION

A priori, without considering the nature of a
catchment, there is a large range of conceptual
models that might be used to model its rainfallrunoff response. Therefore, modellers generally
try to constrain this model space by either (in the
case of adequately gauged catchments)
conditioning the model on observed rainfallrunoff data, or (in the case of ungauged or poorly
gauged catchments) by regionalisation of models
of
similar
well-gauged
catchments.
Regionalisation has commonly been approached
by (a) selecting an appropriate model structure
according to general catchment type and the
experience of the modeller, and (b) regression of
the gauged catchment parameters1 against
multiple catchment descriptors which are known,
or may be estimated, for the ungauged catchment
(e.g. Wagener 2002). In this paper, we will review
the limitations of the regression approach to
regionalisation, and propose that Bayesian model
averaging is potentially a more sensible and
powerful approach. A case study of 36 UK
catchments is presented.
2.

PARAMETER REGRESSION

Regression of model parameters against
catchment descriptors (CDs) is problematic
1

We use the term “gauged catchment parameters” to
refer to the calibrated parameters of the rainfall-runoff
model of the gauged catchment.
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which has been widely applied in hydrology, and
Neuman (2003) has recently presented a formal
framework for hydrologic model averaging based
on maximum likelihood. Shamseldin et al. (1997)
employ various schemes to identify averaging
weightings for five different rainfall-runoff model
structures applied to eleven gauged catchments,
and they provide a concise review of other
applications. However, previous application of
Bayesian averaging to prediction in ungauged
catchments seems to be very limited. The regionof-influence approach used in the UK Flood
Estimation Handbook (Institute of Hydrology
1999), is comparable. For a poorly gauged
catchment, a number of well-gauged catchments
with CDs within a threshold of similarity
(measured by proximity in the CD space) are
identified and their data are integrated with equal
weights, giving an estimate of the flood statistics
in the poorly gauged catchment. The region-ofinfluence method has also been applied to
estimation of low flow statistics (Holmes et al.
2002).

fixed for each gauged catchment using the
regressed estimates, then all the other parameters
are re-calibrated. This continues sequentially
through all the parameters, removing the issue of
inter-dependency by making parameter estimates
conditional on regionalised values of higher
parameters.
Regression generally assumes normal or
transformed normal distributions of residuals in
calculating the uncertainty in regression
coefficients (Haan 2002). The information about
non-linear parameter interactions, which may be
obtained using Monte Carlo-based calibration
(e.g. Wagener et al. 2001), is lost.
Another limitation of commonly used regression
approaches is that equal weight is generally given
to all gauged catchments, irrespective of the
quality of their data or how successfully they have
been modelled using the chosen model structure.
Wagener (2002) used weighted regression to
reduce the influence of gauged catchment
parameters that were poorly identified during
calibration, but this does not introduce weights to
allow for the model’s local performance or data
quality. Another source of uncertainty, not
accountable using regression, is the uncertainty in
the CDs themselves. For example, BFIHOST is a
commonly used CD in the UK, but is an
approximation of the base flow index which may
carry considerable uncertainty. By the nature of
regression, this uncertainty is neglected. In this
paper, we propose a regionalisation scheme,
within which all these sources of doubt can be
easily integrated.

3.

The general concept which we will use is
illustrated simplistically in Figure 1. In Figure 1, θ
is the only shown model parameter, although the
notion is applicable to multi-parameter models,
and only one CD is shown whereas there would
normally be several. Figure 1(a) illustrates the
commonly used regression approach where θ is
regressed against the CD. In Figure 1(b), the
weights W assigned to each gauged catchment
model represent the perceived relative probability
with which that gauged catchment model could be
applied to the target gauged catchment. All
models with non-zero W would be applied without
averaging or interpolation of their parameters. W
would necessarily relate to the similarity of that
gauged catchment to the ungauged catchment, but
also could relate to, for example, the
identifiability of that model, and/or the quality of
the data used to identify that model. The concept
would easily be coupled with the output of a
GLUE analysis, whereby a large sample of
parameter sets each with their own weight are
available for each gauged catchment, and could
equally well encompass the notion of equifinality
of model structures (Perrin et al. 2001). The
simplest approach would be “nearest-neighbour”
approach where the gauged catchment most
similar to the target ungauged catchment is given
W=1 and all other catchments neglected (W=0),
although Young (2001) found this inferior to
regression. Alternatively, using a region-ofinfluence approach, all models of gauged
catchments which have a CD value within a
prescribed deviation from that of the target
ungauged catchment would be given equal W
values, and all others would be neglected.

BAYESIAN AVERAGING

An alternative to regression is Bayesian
averaging, where all potentially viable models
(structures and parameter sets) are assigned prior
probabilities which are updated based on the
various sources of evidence. All models with nonzero probability are applied to the ungauged
catchment, providing an ensemble distribution of
flow forecasts. By eliminating the regression
model, this maintains the full information content
of the local models’ parameter sets through to the
ungauged
catchment
predictions.
This
methodology also has the potential to integrate
many sources of uncertainty into the ungauged
catchment model.
The Bayesian averaging idea has already been
employed for many hydrological modelling
applications. Bayesian averaging is central to the
Generalised Likelihood Uncertainty Estimation
(GLUE) framework of Beven and Binley (1992),
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catchments, Table 1 gives their base flow indices
(B), standardised average annual rainfalls (R), and
catchment areas (A).

The averaging method would only work if there is
at least one non-zero W, and (presumably) many
would be preferred, and therefore regression
might intuitively be more sensible if considerable
extrapolation or interpolation between gauged
catchments was required. However, in many
countries there are a large number (hundreds) of
gauged catchments (Perrin et al. 2001, Young
2001).
θ

The modelling is done using the Rainfall-Runoff
Modelling Toolkit of Wagener et al. (2001), and
for simplicity a single lumped model structure is
employed – the probability distributed model of
Moore (1985) which calculates effective rainfall,
coupled with a routing model consisting of two
linear stores in parallel (representing fast and slow
routing). This model structure has been found to
perform relatively well over a range of UK
catchment types (Young 2000), using a twoparameter Pareto distribution to define the spatial
distribution of soil moisture capacity. It has six
parameters that are considered to be uncertain
here; the maximum soil moisture over the
catchment, the Pareto distribution shape
parameter, the proportion of rainfall which
bypasses the soil stores, the split of the effective
rainfall between fast and slow routing stores, and
the fast and slow routing time constants.

(a) Regression approach

E(θ)

data from gauged
catchments
ungauged catchment CD value

Table 1. Summary of the six test catchments

(b) Bayesian averaging approach

θ

Catchment

B
[-]

A
[km2]

R
[mm/yr]

Thet at Bridgham

0.68

276

640

Ithon at Disserth

0.43

359

1130

Bela at Beetham

0.54

132

1298

Coquet at Morwick

0.39

578

884

Coquet at Rothbury

0.40

346

951

Medway at Chafford

0.44

252

852

W7

W8
W11
W3
W6

W10

W2

W5

W9

W1
W4

ungauged catchment CD value

Figure 1. Regression and Bayesian averaging
regional models
4.

CASE STUDY

4.1

Gauged catchment models

B = base flow index, A = catchment area, R =
standardised annual average rainfall

Firstly, the models were calibrated using plain
random sampling from within prescribed
parameter bounds. 10000 random samples were
taken, and the best-performing parameter set was
identified. As well as this optimum parameter set,
the next best nine parameter sets for each
catchment were retained, so that parameter
equifinality can be later integrated into the model
averaging. The Nash-Sutcliffe Efficiency was
used as the fit criterion.

In this case study we limit the analysis to a sample
of 36 gauged catchments. The 36 catchments have
been chosen from a database of gauged UK
catchments kept by the Center for Ecology and
Hydrology, Wallingford, UK (see Young, 2001).
The 36 catchments have been selected to have a
wide variation in catchment descriptors (within
the UK context) and to all have high quality daily
rainfall-runoff data in a common period. 30 of the
catchments are used to formulate the regional
model, and the other six are used for testing its
performance. The 5-year period 1989-1994 was
used for all catchments. The CDs of these
catchments were obtained from the Flood
Estimation Handbook (Institute of Hydrology
1999). As a summary description of the six test

4.2

Regression

Firstly, we use multiple univariate regression for
the regional model (see Haan (2002) for the
theory behind this method). To decide which CDs
to use as regressors, rank correlations between all
CDs and optimum model parameters were
calculated. From this correlation analysis, the
following CDs were chosen as regressors, on the
basis of high correlation with one or more
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respectively, the catchment area, standardised
annual average rainfall, and base flow index (as
estimated by the HOST model) of the gauged
catchments, and A’, R’ and B’ are the same for the
target ungauged catchment. See Institute of
Hydrology (1999) for more detail about this E
measure and the associated CDs.

parameters and low correlations with previously
selected regressors:
•
•
•
•
•
•
•
•

Base flow index.
Standardised average annual rainfall.
Catchment area.
Standard period potential evaporation (from
Young 2000).
Variation of the drainage network distances.
Mean direction of all 50m slopes.
Extent of urban land cover in 1990.
Flood attenuation by reservoirs and lake.

Secondly, only those parameter sets for which E is
below a threshold value are assigned non-zero
weights.

Wi =

Each of the six model parameters was regressed
independently against these CDs. The optimum
parameter values and associated CDs were used as
the regression data (i.e. 30 data points). The
covariance matrix of the regression coefficients
was calculated so that uncertainty in the ungauged
parameters could be estimated.

S

Wi = 0 for Ei ≥ 1

Wi , j =

Ei =

1
(1 − Ei / E max )
∑ (1 − Ei / Emax )

1

∑ (W1× W 2)

W1i × W 2 i , j

(4)

where subscript i refers to the ith of S similar
gauged catchments, j refers to the jth of 10
parameter sets, W1 is the W defined in Equation 3
and W2 is the NSE value obtained from each
parameter set during calibration. Therefore, in this
case the influence of the poorer performing
parameter sets is weighted down, as are the
influences of the gauged catchments which did not
yield well performing models. Using the NSE in
this way has the potential to reduce the effects of
unreliable data sets (and poorer model structures
if more than one is used), as this would tend to
cause lower NSE values.

Model averaging

We now conduct a preliminary evaluation of
whether model averaging has the potential to
improve the forecasts in these six ungauged
catchments. Three separate averaging schemes are
used. Firstly, only the optimum gauged catchment
parameter sets are included, and the W values are
calculated using the similarity of the respective
gauged catchment to the target ungauged
catchment:

Wi =

(3a)
(3b)

where S is the number of gauged catchment
models under the threshold Ei < 1. Finally, using
this threshold scheme, all 10 of the bestperforming parameter sets for the S gauged
catchments are included, and the weight for each
one is a combination of its calibration
performance (as defined below) and the catchment
similarity. 10 is assumed here to be the number of
parameter sets that might be feasible, given input
data errors, but is open to review and revision in
future work. For this analysis, there are S×10
values of W for each test catchment defined by,

This regional model was then applied to the six
test catchments that were not included in the
regional model data. Mean values and variances
of all parameters for each test catchment were
calculated. Assuming the parameters to be
normally distributed, Monte Carlo simulation
(1000 samples) was used to simulate 90%
confidence limits on the flow time series for each
test catchment. An example time-series is given in
Figure 2(a), for the Thet at Bridgham catchment.
The NSE performances obtained using the mean
streamflow obtained from the Monte Carlo
simulation are in Table 2.
4.3

1
(1 − E i / E max ) for E i < 1
∑ (1 − Ei / E max )

(1)
5.

ln Ri − ln R ' 2
B − B' 2
1 ln Ai − ln A' 2
)
) +( i
) +(
(
σ (ln R' )
σ (B' )
2 σ (ln A' )

RESULTS

For the six test catchments Table 2 gives the
following NSE values: the best fit using local
model calibration (a); the averaged flow from
Monte Carlo simulation of the regressed
parameter distributions (b); the three alternative
Bayesian averaging schemes (c-e); and the fit
using the optimum model of the most similar
gauged catchment (f).

(2)
where subscript i refers to the ith of the 30 gauged
catchment models, E is a measure of catchment
dis-similarity, and Emax is the maximum value of E
for that ungauged catchment. A, R and B are,
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successfully our criteria have constrained our
knowledge for various flow regimes.

Performance using local calibration defines the
benchmark against which to evaluate the success
of the other methods. The Bayesian averaging
including all 30 gauged catchment models has
generally done worse than the regression method,
while using only the more similar catchments with
an E threshold of 1 has done generally better.
Using the weighted average of all S×10 retained
parameter sets has done consistently better than
regression. In four cases using only the optimum
model of the most similar gauged catchment was
better than regression, but in no cases was it the
best method, and in two cases it was found to be
the worst approach, marginally. Although no
single averaging method was consistently better,
taking the best out of them comes close to
matching local calibration performance. There
was no evidence that any one type of approach
was especially amenable to one type of catchment.

6.

DISCUSSION

At the outset of the paper we suggested that a
Bayesian averaging scheme may be a more
sensible method of regionalisation than parameter
regression methods. Table 2 indicates that this
may be true, although more work is required to
substantiate this. The regression method used is
univariate regression without any transformation
of the CDs, and it may be expected that more
sophisticated methods would perform better. Also,
some more thought is needed in selecting
regressors, and in designing similarity measures (a
particular limitation of this paper is that more CDs
were used in the regression than were used for
defining similarity). A small population of gauged
catchments has been used and a larger set is
needed to make stronger conclusions. In
particular, we would like to explore the extent to
which the averaging approach relies on a having
group of similar gauged catchments, and whether
it is useful when extrapolation to an extreme type
of catchment is required. The small number of
ungauged catchment models has restricted us to
representing posterior prediction uncertainty as an
ensemble of trajectories in Figure 2(c). A higher
number, as well as presumably leading to a more
reliable average, would allow confidence limits to
be presented. Another priority for further work is
to develop the model evaluation beyond the NSE
measure. This might include multi-objective
evaluation to assess how we should design our
regionalisation according to the objective of the
modelling, e.g. whether it is directed at high flow
or low flow applications.

Figure 2 shows time-series results for the Thet at
Bridgham catchment. Figure 2(a) shows the 90%
confidence intervals calculated using Monte Carlo
sampling of the regressed parameter distributions.
Figure 2(b) shows the ensemble of time-series
obtained using each of the 30 optimum parameter
sets from the gauged catchment models. This
ensemble represents our knowledge prior to
considering the nature of our ungauged catchment.
Figure 2(c) shows the smaller ensemble of the
four optimum parameter sets from the ‘similar’
catchments, representing our posterior knowledge
as constrained by the similarity threshold. Figure
2(d) shows the weighted average flow from the
same four optimum parameter sets (weights from
Equation 1), illustrating the success of this
regionalisation scheme, at least for this catchment.
While the NSE is a useful summary of
performance, visualisation of the time-series in
this way gives us greater insight into how

Table 2. NSE performances of alternative regionalisation schemes for six test catchments
Catchment

(a)

(b)

(c)

(d)

(e)

(f)

Thet at Bridgham

0.84

0.75

0.68

0.81 (4)

0.77

0.80

Ithon at Disserth

0.85

0.82

0.81

0.83 (4)

0.83

0.81

Bela at Beetham

0.89

0.82

0.61

0.63 (4)

0.89

0.87

Coquet at Morwick

0.64

0.61

0.61

0.63 (2)

0.62

0.60

Coquet at Rothbury

0.63

0.58

0.62

0.62 (1)

0.61

0.62

Medway at Chafford
0.82
0.40
0.80 (5)
0.81
0.80
0.78
Note: (a) Local calibration, (b) Regression, (c) Model averaging (using the optimum parameter set from all 30
gauged catchments), (d) Model averaging (using the optimum parameter set from S most similar catchments),
with S given in parenthesis, (e) Model averaging (using the 10 best parameter sets from the similar
catchments), (f) Using the model from only the most similar gauged catchment. Regionalisation performances
better than regression are boldened.
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Figure 2. Comparison of observed and simulated flow time-series from Oct 1984-Sept 1989 for the Thet
at Bridgham. (a) 90% confidence intervals derived using the regression, (b) ensemble of model results from using all
30 gauged catchment optimal models, (c) ensemble from using the optimal models of the 4 most similar gauged
catchments, (d) the weighted average result of these 4 models.
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Monitoring of Severe Floods in the Upper Mosel Basin:
the Need for a High Spatio-Temporal Density
Experimental Network
G. Drogue, A. El-Idrissi, J.-F. Iffly, P. Matgen, C. Tailliez, L. Hoffmann and L. Pfister
Environment and Biotechnologies Research Unit, Public Research Center-Gabriel Lippmann, 162a, Avenue
de la Faïencerie, L-1511 Luxembourg, Grand-Duchy of Luxembourg
Abstract: Hydro-meteorological data of high spatio-temporal resolution have been exploited since the mid1990s for environmental research in the Grand Duchy of Luxembourg. Examples of ongoing field
observations are given in this paper, with a special emphasis on the large hydro-meteorological event of
January 2003, which generated severe inundations in the floodplains of the main Luxembourgish tributaries
(Alzette and Sûre rivers) of the upper Mosel river. The large rainfall-runoff event of January 2003 was well
documented through a single hydro-meteorological database collected via dense rain- and stream-gauge
networks, set up by three institutions of the Grand-Duchy of Luxembourg (Public Research Center-Gabriel
Lippmann, Ministry of Interior and Ministry of Agriculture). Different maps, derived from ground-based
measurements of the January 2003 flood, illustrate the relationship between the spatio-temporal distribution
of rainfall intensities, runoff contributing areas, as well as the propagation of flood waves in the channel
network. Of particular interest is a better estimation of flood peaks related to heavy rainfall intensities, as
well as an enhanced understanding of the influence of the geological substrate on the rainfall-runoff
relationship with high antecedent saturated conditions. However, monitoring streamflow during such a large
event, remains a difficult task owing to the uncertainty related to the rating-curves for high water stages.
Keywords: Ground-based measurements; Large rainfall-runoff event; Flood processes; Grand-Duchy of
Luxembourg
1.

paper also demonstrates that monitoring severe
flood events helps improving rating-curves at
gauging stations and in turn, the quality of
hydrological series as well as the estimation of
hydrological model parameters.

INTRODUCTION

Since the mid-1970s, the magnitude of oceanic
floods during wintertime and the repeated
inundations occurring in Western Europe, have
caused considerable economic loss and led to an
increased social demand for prevention of such
extreme rainfall-runoff events. A better
understanding of basin hydrology (scale effect,
hydrological processes) and flood propagation
involved in severe flood occurrence, would
benefit from dense experimental networks, both
in space and time, as recommended in the PUB
(Prediction in Ungaged Basins) initiative
[Sivapalan et al., 2003]. Continuous and longterm rainfall-runoff measurements on gauged and
representative basins in a given region, are indeed
the best way to analyse their hydrological
behaviour for various physiographic conditions
and therefore to reduce the uncertainty in
designing and transposing for example processoriented rainfall-runoff models. After a brief
description of the observation gauges set up in the
Grand-Duchy
of
Luxembourg,
hydrometeorological aspects of the well-documented
severe January 2003 flood are presented. This

2.

DESCRIPTION
OF
EXPERIMENTAL NETWORK

THE

2.1. Meteorological instruments
Since 1947, a set of 12 historical daily manual
raingauges,
homogeneously
distributed
throughout the Grand-Duchy (2586 km2), was
installed by the Ministry of Agriculture. During
the same time, a synoptic station ran in the
Luxembourg airport for monitoring other climatic
variables. This historical network was completed
in the 1990s by a set of real-time automatic
meteorological stations collecting precipitation
and temperature every minute (Ministry of
Interior and Ministry of Agriculture). Twentythree real-time raingauges, including one Belgian
raingauge, were used to document the spatio-
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sandstones, schists). The whole present rainfallstreamgauge network operates continuously since
1997. The data recorded by the public authorities
and used to document the January 2003 flood
were directly downloaded with the HYDRAS 3.0
software [OTT, 1999], used as a rainfall-runoff
database.

temporal distribution of rainfall during the flood
event of January 2003 (Figure 1).

Figure 1. Raingauge network and relief in the
Grand-Duchy of Luxembourg.
2.2. Hydrological monitoring
After the devastating floods of December 1993
and January 1995 in the Sûre floodplain, the
Ministry of Interior and the Ministry of
Agriculture of the Grand-Duchy of Luxembourg
decided to equip the main Luxembourgish rivers
with automatic gauging stations, except in the
eastern part of the country (Figure 2). Since then
water levels have been recorded every 15 minutes
at numerous points of the channel network
drained by the Sûre river. Drainage areas of
monitored sub-basins range from 7.3 km2 to 3222
km2 (Figure 2). The mean basin altitudes range
from 295 to 500 m.a.s.l. Some gauged basins are
homogeneous from a lithological point of view,
with essentially marls or schists, while the other
basins are composites with marls, limestone,
sandstone and schists (Figure 2).

Figure 2. Streamgauge network and geological
background in the Grand-Duchy of Luxembourg.
3.

PRE-EVENT CONDITIONS OF THE
JANUARY
2003
FLOOD
OCCURRENCE

3. 1 Meteorological records
Rainfall events were unevenly distributed during
the first part of winter. October and November
had experienced a large surplus of rainfall,
between 40 and 70 % above the decennial mean
1990-2000, whereas December was below the
decennial mean, between -5 and - 30 % [Pfister et
al., 2003].

The geological formations and topography
partially condition the land use patterns. Thus, in
general, agricultural areas coincide with marls
and flat areas and forested areas with
sandstones/schists on steep slopes. Most basins
can be considered as rural and forested. Due to
the important geological heterogeneity of the
Alzette river basin (Figure 2), the Public Research
Center-Gabriel Lippmann decided at the end of
the 1990s, to set up a complementary
streamgauge network aiming at sampling outflow
data for small tributaries lying on the principal
geological formations (limestones, marls,

3. 2 High saturation level of soils
Due to the abundant rainfall totals occurring
during the early winter, soils became saturated.
Photographs taken a few days before the large
rainfall of January 2003, show evidence of
groundwater resurgence in many parts of the
Alzette floodplain (Figure 3). The water balance
determined for the Alzette at Hesperange (291
km2) rose regularly during autumn and reached
210 mm (near the maximum storage capacity) on
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01.01.03 at 18 hrs

December, 31. At this point, the infiltration rate
of soils was considerably reduced.

02.01.03 at 18 hrs

02.01.03 at 00 hrs

03.01.03 at 00 hrs

02.01.03 at 06 hrs

02.01.03 at 12 hrs

03.01.03 at 06 hrs

Figure 4. Successive 6-hourly total rainfall maps
during the January flood [after Pfister et al.,
2003].

Figure 3. Groundwater resurgence in the Alzette
floodplain upstream of Hesperange on December
29th 2002 (Photograph: Matgen P.)

The heterogeneous spatio-temporal distribution of
rainfall totals during the January 2003 flood led to
a wide range of streamflow patterns. Different
rainfall-runoff responses corresponding to
physiographic representative basins are illustrated
in Figure 5.

4. HYDROMETEOROLOGICAL ASPECTS
OF THE JANUARY 2003 FLOOD
4. 1 The rainfall episode

The structure of observed hydrographs in small
marly and rural sub-basins (7.3-47.3 km2) located
in the central-western part of Luxembourg
resembles the time structure of hyetographs. After
a quick rising limb, the two main flood peaks (e.g.
Figure 5-A) are separated by a recession period
corresponding to a sequence without rainfall.
Values of specific discharge can reach very high
levels (around 700 l.s-1km-2, Figures 5-A and B)
for small basins but rapidly decrease with higher
drainage areas (Figure 5-C). On the opposite to
this quick reactive hydrological response,
probably due to the infiltration excess overland
flow and saturation excess on dynamic
contributing bottom areas, sub-basins dominated
by forested areas and schists (Figures 5-D, E) are
characterized by a slow rising limb, without
recession during the period with no rainfall.

Synoptic situations prevailing during the January
rainfall episode were of Wz type (westerly
atmospheric airflows) according to the
Grosswetterlagen classification [Hess and
Brezowski, 1977]. The rainfall began around midday of January 1st. The first of the three intense
rainfall events occurred on the evening of January
1st. At that time, 24-hour accumulation was on
average around 28 mm with two poles, one in the
north and a second one larger, in the centralwestern part of the country (Figure 4-A). The
second intense rainfall sequence took place on
January 2nd and affected mostly the western side
of the country (Figure 4-B). The latter received an
area-average rainfall exceeding 30 mm.
Finally, a third rainfall cell was identified in the
north of the country in the evening of January 2nd
(Figure 4-C). Based on historical rainfall series
(1954-2003), return periods of 48-hour total
rainfall fallen on 01st and 2nd January was
calculated for 4 raingauges. The highest return
value was obtained for the Koerich raingauge (T
= 64 years) located in the central-western part of
the Luxembourg, while the lowest value was
concentrated in the eastern part (T = 8.5 years).
Total rainfall in 24h had a moderate return period
in the north of the country (T = 19 years). Total
rainfall amounts during the entire rainfall episode
were more abundant in the north and the central
part of the Grand-Duchy (around 80 mm) rather
than in the extreme south, less affected by the
intense rainfall (around 55 mm).

A unique specific peak discharge of medium
magnitude (no more than 400 l.s-1km-2) occurred
after the two first rainfall events (Figure 5-D) or
even after the rainfall event (Figures 5-E),
depending on the size of the basin. This
hydrological behaviour indicates that, runoff
generation processes in forested schistose basins
were dominated by slow but continuous subsurface stormflow in thin soils. The lowest water
yields (<250 l.s-1km-2) were found for a sub-basin
where schists and sandstones are present (Figure
5-F). But in this case, the time structure of the
hyetograph is well reproduced, probably due the
influence of near river saturated zones acting in
the deeper alluvial soils developed on sandstones.

4.2 The variability of hydrological responses
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Figure 5. Hourly rainfall-streamflow relationship in some sub-basins during the January 2003 flood.

4.3 Dynamics of the runoff contributing areas
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In the Alzette river basin, the presence of an
alluvial plain between Livange and Hesperange
controls the evolution of the downstream raw
discharge values. The alluvial plain acting both by
decreasing the magnitude of peak flows and by
increasing the time lag of the basin (Figure 6-B).

100

streamflow (m /s)

The downstream evolution of the raw discharge
into nested gauging stations illustrated for the
Attert and the Alzette basins (see Figure 2 for
location), indicate an increase of the magnitude of
the peak discharge from upstream to downstream,
except for two stations, Reichlange and Useldange.
The latter should record higher discharge values
due to the contribution of the Roudbaach river
(Figure 6-A). This could be the evidence of an
incorrect rating curve for high water levels in one
of the two stations.

The panel of maps represented in Figure 7 clearly
shows that water yields from tributaries of the
Alzette river rapidly rose in conjunction with the
first major rainfall, mainly concentrated in this
area (Figure 7-A). As the specific discharge
continued to grow in the Alzette river basin, the
second rainfall sequence generated an increase of
water yields from the northern tributaries
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Figure 6. Evolution of the hourly peak discharge
downstream to the Attert river (a) and the Alzette
river upstream of Luxembourg City (b) during the
January 2003 flood.

02.01.03 at 06 hrs

03.01.03 at 00 hrs

03.01.03 at 06 hrs

Figure 7. Successive 6-hourly peak water yields
(in mm) of gauged sub-basins during the January
2003 flood [after Pfister et al., 2003]
(Figures 7-B, 7 C) with a delay of 12 hours on
average compared to the south.

Time to peak

Figure 9. Spatial distribution of the time to peak
for the gauged sub-basins of the Sûre river at
Bollendorf [after Pfister et al., 2003].
The importance of sub-surface flow in flood
generation in schistose basins can also explain this
delay in the time to peak.
5. THE CHALLENGE FOR REDUCING
UNCERTAINTY
IN
HYDROMETRIC
MEASUREMENTS

Figure 8. Stormflow coefficient for the different
gauged sub-basins during the January flood 2003
[after Pfister et al., 2003].
Apart from the spatial distribution of rainfall, the
influence of geological substrate on specific
discharge is also clearly perceptible on Figure 8.
Highest stormflow coefficients are found for small
and medium impervious basins (i.e. dominated by
marls and schistose formations) with values up to
40 % and a maximum of 75 % in the north of the
country. The influence of the permeable liasic
limestone and triasic sandstones led to highest
water retention during flood generation.
4.4 Analysis of the flood propagation waves
The time to peak of gauged basins (Figure 9) was
strongly contrasted between the north and the
south of the country. The southwestern tributaries
of the Sûre river reacted generally quickly with
times to peak less than 12 hours (Alzette river
basin). Those were longer in the northern
tributaries of the Sûre river due to a less intense
but longer rainfall event in the north of the GrandDuchy.
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The above analysis of rainfall-runoff observations
has shown the need for dense spatio-temporal
experimental networks for the large data set it may
provide. The latter is required faced with the large
variability of hydrological basin responses and
outflow quantities at meso-scale. But this data set
may inevitably contain measurement errors and it
is well known that performance and optimal
parameter estimation of lumped rainfall-runoff
model are conditioned by an accurate estimation of
input data, especially discharge values [Zin, 2002].
The efficiency of model parameter regionalization
is also strongly dependent on the quality of
hydrological series, since the estimation of
hydrological parameters at ungauged basins is
frequently made through relationships between
local optimal parameter values and physical basin
descriptors e.g. [Drogue et al., 2002]. Different
sources of uncertainty in hydrometric data can be
analysed : the water stage measurement error, the
form of the rating-curves, etc. [Clarke, 1999]. The
occurrence of the January 2003 flood was an
opportunity to complete the rating-curves of some
gauging stations for high water stages. An example
of a substantial modification of the terminal form
of a rating-curve and therefore derived streamflow
values is given in Figure 10 for the Eisch river
(47.2 km2). The upper daily peak flow series
(Figure 8-A) was determined by selecting all
streamflow values exceeding 4 times the average

streamflow for the period 2001-2003. The ratingcurve was fitted without the gauging point of the
January 2003 flood. The peak flows series in
Figure 8-B was obtained according to the same
over-threshold method with the new rating curve
including the high water stage-discharge point of
the January 2003 flood.
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Figure 10. Magnitude of peak flows for the river
Eisch at Hagen with the old rating curve (A) and
the new rating curve (B) including the
measurement point of the January 2003 flood.
A slight increase of medium peak flows magnitude
resulted from the new function used to calculate
discharge from water stages (Figure 10-B vs
Figure 10-A), but the maximum peak flow of the
January 2003 flood would have been largely
underestimated with the old version of the rating
curve. This means that uncertainty related to the
form of the water stage-discharge relationship of
gauged basins, especially strong in extrapolation,
should be included in the analysis between
measurement error and parameter estimation
before any prediction on ungauged basins.
Incorporation of confidence intervals of the
regression
fit
of
water
stage-discharge
relationships in model parameter estimation could
help to achieve this objective.
6.

In the future, efforts must be made in order to
ensure the maintenance and the reliability of
gauging stations, in particular by improving the
existing rating-curves. More studies about the
effect of measurement errors of observed
streamflow data in rainfall-runoff modelling
should be realized for reducing the prediction
uncertainty in ungauged basins.

CONCLUSIONS

The January 2003 flood affecting part of the upper
Mosel basin was the first large meso-scale rainfallrunoff event, which could be monitored with high
spatio-temporal resolution rainfall-runoff data in
Luxembourg. Dense ground-based measurements
were necessary to have a representative image of
where the stormflow came from and how it was
distributed in space and time according to the
rainfall and physical background of gauged basins.
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Abstract: Water quality impacts due to non-point source pollution can be significant particularly in
environmentally sensitive areas. They may, however, be difficult to quantify, since the magnitude is heavily
influenced by climatic, geomorphologic, lithologic and pedologic characteristics. A conceptual model for
continuous daily simulation is proposed to reproduce the quali-quantitative response of a Sicilian
catchment. Short-term water quality monitoring is necessary to assess the hydrological response of
catchments characterised by hot dry summers and rainfalls with short duration and high intensity. The
quantitative sub-model comprises two modules: a non linear loss model, to transform total rainfall in
effective rainfall, which involves calculation of an index of catchment storage based upon a non-linear
triggered exponentially decreasing weighting of precipitation and temperature; a linear convolution of
effective rainfall with the total unit hydrograph with a configuration of one parallel channel and reservoir,
corresponding to ‘quick’ and ‘slow’ components of runoff. The qualitative sub-model here presented deals
with a conceptual form of the unit-mass response function of non-point source pollutants runoff. It connects
flow discharges to concentrations of pollutants, as nitrates and orthophosphates by means of components of
IUH (Instantaneous Unit Hydrograph) describing the quantitative response of the system. This paper
explores how the limitations inherent in the modelling processes can be reflected in the estimation of
predictive uncertainty. The Generalised Likelihood Uncertainty Estimation (GLUE) approach is used here
in the estimation of predictive uncertainty of both, quantitative and qualitative, sub-models. With this
methodology it is possible to make an assessment of the likelihood of a parameter set being an acceptable
simulator of a system when model predictions are compared to measured field data.
Keywords: Water quality model; non-point source pollution; uncertainty.
pollutant loads, to highly complex hydrological
surface and ground-water runoff quantity and
quality models. The basic premises of
hydrological simulation models is an interaction
among hydrological and pollution-generation and
transport processes [Novotny and Olem, 1994].
The choice of a suitable hydrological model is a
key question in the description of all hydrological
processes. From this point of view, conceptual
lumped models have the advantage that inputs
are simple to obtain and provide good predictive
accuracy, at least in high yielding catchments
[Schreider et al, 1995; Ye et al, 1997].
Furthermore, conceptual lumped models allow
the problem of overparameterization to be
overcome [Jakeman and Hornberger, 1993]. This
problem is important when a rainfall-runoff

1. INTRODUCTION
Surface water pollution by nutrients is typical of
non-point source pollution (NPSP), especially in
natural areas. The diffuse nutrients loss is
considered to be a major environmental problem
that threatens drinking water supplies and
contributes to the eutrophication of surface
waters. Diffuse pollution, mainly of agricultural
origin, constitutes a significant fraction of the
total pollution loads discharged into a water
body. Assessment of source magnitude may be
difficult because it is a function of such factors as
the hydrology, soils, geology, vegetation as well
as human-origin pollution loading.
A large number of models have been developed:
they range from simple applications of basic
hydrological procedures with added unit
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model is applied to those cases where only few
and highly irregular data are available.

weighting of precipitation and temperature
conditions:

The estimation of the predictive uncertainty of
quali-quantitative models is an important and
challenging area of research to be addressed by
both the scientific community and governmental
decision-makers. When predictive uncertainty is
taken into account it may significantly affect
conclusions ascertained from model predictions.
The
Generalised
Likelihood
Uncertainty
Estimation (GLUE) methodology of Beven and
Binley [1992] is used here in the estimation of
predictive uncertainty of a quali-quantitative
model. GLUE is a Bayesian Monte Carlo
simulation-based technique that was developed as
a methodology for the calibration and estimation
of uncertainty of predictive models in equifinality
scenarios.

r(t)
1
s(t) =
+ 1−
⋅ z −1 ⋅ s(t)
c
T(t)
[
]
w

(1)

τ w [T ( t )] = τ we[0.062⋅ f ⋅( 20 −T ( t ))]

(2)










where s(t) is the catchment storage index varying
from 0 to 1, τw[T(t)] is a variable controlling the
rate at which the catchment wetness index s(t)
decays in the absence of rainfall, τw is the value
of τw[T(t)] at T=20°C, c is a parameter chosen to
constrain the volume of effective rainfall to equal
runoff, f is a temperature modulation factor on
the rate of temperature, Z-1 is the backward shift
operator. The effective rainfall u(t) is computed
as the product of total rainfall r(t) and the storage
index s(t):

In this paper a conceptual rainfall-runoff model
is linked to a model of non-point source
pollutants to reconstruct the NPSP runoff in a
natural catchment. The paper focuses on the
issues of the quali-quantitative model prediction,
uncertainty and sensitivity inherent in the
predictions of hydrological and nutrient
characteristics. The GLUE methodology is
demonstrated using the quali-quantitative
simulations of a research site located in Sicily,
Italy.
2.






u(t) = s(t) ⋅ r(t)

(3)

In this paper, following Ye et al. (1997), one
extra parameter p was used to generate uk to take
in account the strong non-linearities caused by
the impact of long dry periods on the soil surface
of low-yielding ephemeral catchments. That is:
u(t) = s(t) p

(4)

where p represents the exponent of a power-law
used to describe the non-linearity.
The linear convolution of net rainfall with the
total unit hydrograph is allowed to be any
configuration of conceptual elements in parallel
and/or in series. Italian studies on several
catchments in southern Italy [Claps et al, 1997;
Murrone et al, 1997; Candela et. al, 2002], led to
the identification of catchment response in the
form of a linear combination of components each
describing three main runoff components: surface
flow, subsurface flow and baseflow. For the lowyielding catchment examined here a new
configuration with two parallel elements is
proposed, with a linear channel corresponding to
the ‘quick’ component of the total streamflow
and a linear reservoir corresponding to the ‘slow’
component of the total streamflow. The form of
the impulse response deriving from the
combination of these two linear elements has
been expressed as:

MODEL STRUCTURE

2.1

Conceptual model of hydrological
response
The hydrological response of the catchment has
been modelled by means of the conceptual
rainfall-runoff model IHACRES (Identification of
Hydrographs And Components from Rainfall,
Evapotranspiration and Streamflow Data) which
undertakes identification of hydrographs and
component flows purely from rainfall,
evaporation, and streamflow data [Littlewood et.
al, 1997]. In IHACRES the rainfall-runoff
processes are represented by two modules: (1) a
non linear loss module transforms precipitation
to effective rainfall by considering the influence
of the temperature, and (2), after this, a linear
module based on the classical convolution
between effective rainfall and the unit
hydrograph to derive the total streamflow.
The non-linear loss module involves calculation
of an index of catchment storage s(t) for time step
t, based upon an exponentially decreasing

h( t ) = c (q ) ⋅ δ ( t ) + c (s ) exp(− λt )

(5)

c (q ) + c ( s ) = 1

(6)

The response of the quick component is
expressed in the form of Dirac delta function δ(t),
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equilibrium concentrations for the two discharge
components and for the xth pollutant are time
dependent parameters connected with the number
of chemical species supplied to the soil, with
current reaction processes and with complicated
removal mechanisms due to earlier rainfall
events. The mass transfer coefficient measures
the actual speed of chemical transfer from the
interphase (where fixed and mobile phases are in
equilibrium) to the bulk of the mobile phase.

because the catchment time lag is enough smaller
than the time interval of data aggregation and is
fed by a fixed percentage of c(q) of effective
rainfall. The slow component is expressed with
an exponential decay law characterised by a
coefficient λ equal to the inverse of the time
constant for the reservoir τ(s) fed by a fixed
percentage of c(s) of effective rainfall.
2.2

Conceptual model of Unit-Mass
Response Function
The qualitative model deals with a conceptual
form of the unit-mass response function of NPSP
runoff to discharged water volume. It connects
flow discharges to concentrations of pollutants,
such as nitrates, N-NO3, and orthophosphates, PPO4. Pollutant loads have been evaluated as the
product of daily discharges and field data of daily
concentrations.
The modelling approach presented here is related
to runoff components of IUH models. Actually, it
is possible to link directly unit hydrograph
concepts to pollutant runoff-water via definition
of a unit-mass response function (UMRF). Such a
function is defined as a mass flux against time in
response to a rainfall event of unit intensity and
duration distributed uniformly over the
catchment.
Following Zingales et al. [1984] and
Bendoricchio and Rinaldo [1982] the UMRF has
been obtained by integration of the mass balance
equations for the two elements, a canal and a
reservoir in parallel. In terms of UMRF, the xth
pollutant load (g/s) is:
ptot = p(xq ) + px(s )

(q ) ⋅ q (q )
p(xq ) = CE,
x

(7)


(s ) ⋅ q (s ) ⋅ 1 −
p(xs ) = CE,
x







where p x(q ) and



+ hx(s )





4. CASE STUDY
The Nocella catchment with an area of 99 km2 is
an agricultural and urbanised (15%) catchment
located in the north-western part of Sicily, Italy
(Figure 1). It receives approximately 750 mm of
precipitation annually, of which some 27% of
this annual total is discharged (mean annual
runoff 200 mm).

p x(s ) are pollutant flow rate

respectively due to quick surface runoff, q (q ) ,
and

3. THE GLUE METHODOLOGY
The work presented in this paper explores the
estimation of the uncertainty associated with
predictions of the quali-quantitative model
utilising the Generalised Likelihood Uncertainty
Estimation (GLUE) methodology [Beven and
Binley, 1992]. GLUE is a Monte Carlo
simulation-based approach developed as an
attempt to recognise more explicitly the
underlying uncertainties of models simulating
environmental processes. The GLUE approach
rejects the concept of an optimum parameter set
and assumes that, prior to input of data into a
model, all parameter sets have an equal
likelihood of being acceptable estimators of the
system in question. Many parameters sets are
generated from specified ranges using Monte
Carlo simulation. Then performance of
individual parameter sets is assessed via
likelihood measures which are used to weight the
predictions of the different parameter sets. This
includes the rejection of some parameter sets as
non-behavioural. All other weights from
behavioural or acceptable runs are retained and
rescaled so that their cumulative total is equal to
1. The cumulative likelihood weighted
distribution of predictions can then be used to
estimate quantiles for the predictions at any time
step.

slow subsurface runoff,

(q )

q (s ) , C E,x and

(s ) are equilibrium concentrations for the two
C E,x

discharge rates and for the xth pollutant, hx(s ) is
the mass transfer coefficient for the slow
component and for the xth pollutant, and λ is
the storage coefficient of the slow component.
The application of equation (7) requires basin

The area can be considered as reasonably
geologically homogenous, the dominant rock type
is limestone, covered with calcareous soils.
Vegetation is characterised by agricultural plots,
and the valley bottom is used as pasture and
farmland. Sparse woods are present in the upper

(q ) , C (s ) and h(q ) . The
average values of C E,
x
x
E, x
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1991 of rainfall and air temperature, spatially
averaged over the catchment, and discharge data
measured at the Nocella at Zucco gauging
station. Concerning the qualitative model, input
data comprise continuous measures of daily
discharge and contemporary nitrogen (N-NO3)
and phosphorus (P-PO4) concentrations measured
at Nocella at Zucco gauging station site in March
2000. In order to reduce the number of
parameters a preliminary sensitivity analysis was
performed. This analysis has been carried out
simply generating 10000 uniform random sets of
parameters and using these sets to perform model
simulation. For each of these simulations a
performance index has been evaluated in the
form of Nash and Sutcliffe Efficiency Criterion
(1970):

part of the catchment. The climate is
Mediterranean with hot dry summer and rainy
winter season from October to April. The
hydrological response of this basin is dominated
by long dry seasons and following wetting-up
periods. Also, a slow hydrological response can
be identified because runoff is present at basin
outlet also during dry periods. A gauging station
(Nocella at Zucco) is located 6 km upstream the
river mouth with a catchment area of 56.6 km2.



L( i /Y) = (1 −

2 2
i / obs

)

2
i

<

2
obs

(8)

where L(θi /Y) is the likelihood measure for the ith
model simulation for parameter vector θi
conditioned on a set of observations Y, σi2 is the
associated error variance for the ith model and

Figure 1. Location of Nocella catchment.

2
σobs
is the observed variance for the period
under consideration. Figure 2 shows scatter plots
for the likelihood based on (8) for each of the
parameters sampled for the hydrological model.
Each dot represents one run of the model with
different randomly chosen parameter values
within the ranges of Table 1. The generation of
the likelihood surface involves a decision about
the criterion for model rejection; actually the
uncertainty bounds associated with the retained
simulations will depend on the choice of the
likelihood measure and rejection criterion.
Particularly, simulations that achieve a likelihood
value less than zero are rejected as nonbehavioural. The remaining are rescaled between
0 to 1 in order to calculate the cumulative
distribution of the predictive variables (Figure 3).
Cumulative distributions of c(q), c(s) and τ(s)
represent the input variables in the qualitative
model.

5.

MODEL EVALUATION AND
UNCERTAINTY ANALYSIS USING
GLUE
A Monte Carlo procedure was used to generate
large numbers (104) of sets of parameters for both
models, each parameter value being drawn from
ranges thought feasible for the Nocella catchment
on the basis of physical argument and previous
experience (Table 1).
Table 1. Parameter ranges of quali-quantitative
model used in the Monte Carlo sampling
Parameter

c – volume-forcing constant (mm)
τw – basin drying time constant (days)
f – temp. modulation factor (°C-1)
c(q) – quick flow volumetric throughput
c(s) = slow flow volumetric throughput
τ(s) – slow flow time constant (days1)
p – power-law parameter
CE,x(q) CE,x(s) - equilibrium
concentrations for the two discharge
rates and for the xth pollutant
hx(s) - mass transfer coefficients for the
slow rate and for the xth pollutant

Lower
limit
0.001
1
0.1
0
0
1
0
0

Upper
limit
0.05
50
1
1
1
100
1
10

1

30

For the qualitative model 10000 uniform random

(

)

(s ) , C (q ) , h(s ) , each value
sets of parameters C E,
x E,x x
being drawn within the ranges of Table 1, are
used to perform model simulation for the xth
pollutant considered. Figure 4 shows scatter plots
for the likelihood based on (8) for each of the
parameters sampled for the qualitative model.
These plots show a general insensitivity of all
quality
parameters
for
both
pollutant
components. Simulations that achieve a
likelihood value of zero are rejected as non-

Simulations were performed for each sub-model
and for each parameter set for comparison with
the measured daily flows (rainfall-runoff model)
and measured pollutants discharges (qualitative
model). For the hydrological sub-model input
data are the daily series from May 1977 to April
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were found to be relatively wide, except that for
the initial period of the simulations.
1

1

0.8

0.8

0.6

0.6

L

L

behavioural. Following the rejection of nonbehavioural simulations, the weights rescaled
between 0 and 1 have been applied to their
respective model pollutant discharges to give a
cumulative distribution of pollutant discharges at
each time step, from which the chosen discharge
quantiles, 5 and 95%, have been calculated to
represent the model uncertainty.
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Figure 4. Scatter plots illustrating the
distribution of likelihood weighted qualitative
parameter values
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Figure 5 shows the pollutant discharge prediction
bounds calculated for the two species, N-NO3 and
P-PO4, based on the likelihood measure of
equation (8). Predicted observable pairs
corresponding to the 5% and 95% percentiles
limits of the cumulative distributions are used to
estimate uncertainties in the model predictions.
For both pollutant species uncertainty bounds
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Figure 5. Uncertainty bounds for pollutant
discharge predictions
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6. CONCLUSIONS
This paper presents the results of applying the
GLUE methodology to the application of a
conceptual rainfall-runoff model, linked to a
model of non-point source pollutants to
reconstruct the NPSP runoff in a natural
Mediterranean catchment. The modelling
strategy was directed to a simple conceptual
model because it provides good predictive
accuracy in low-yielding catchments, especially
when only few and irregularly sampled data are
available. The effectiveness of this approach has
been carried out with reference to the
interpretation of nutrients field data. The GLUE
approach focuses on the issues of the qualiquantitative model prediction, uncertainty and
sensitivity inherent in the predictions of
hydrological and nutrient characteristics.
GLUE provides an estimate of the likelihood of a
model given the observations and thereby
includes the effects of model structural error
implicitly. The resulting prediction limits are,
however, quantiles of the model predictions, not
direct estimates of the probability of simulating a
particular observation, which is not easily
estimated given model structural error.
Uncertainty bounds were computed for
simulations of a period of measured flows and
nutrient loads and found to enclose the
observations. For both pollutant species
uncertainty bounds were found to be relatively
wide. These results have revealed that the model
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uncertainty. This may be due in part to
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equifinality between parameter sets.
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Abstract: The extraction of information from hydrological data has been increased by the use of
multiple objective functions which lead to trade off strategies during model calibration. Uncertainty
within input data, model calibration and structure and parameter regionalisation schemes all led to
uncertainty within model simulations when used as predictive tools. However, model success and
failure is commonly determined not by abstract fit statistics but by the sensitivity of subsequent
analyses to the uncertainty in the simulated stream flow data. This paper will explore some of these
issues in the context of the assessment of potential impacts of climate change on river flows using the
results from a UK case study on regionalising model parameters for a rainfall runoff model. The paper
will comment on the utility of regionalised hydrological models for evaluating the impact of potential
climate change scenarios using the specific example of a study from the United Kingdom and will
conclude by outlining some current research directions in the regionalisation of rainfall runoff models
and climate change impact assessment.
Keywords: Regionalisation, water resources, rainfall runoff modelling, climate change

assessment of the impacts of climate change at
the catchment scale. This has lead to renewed
interest in the regionalisation of rainfall runoff
models for estimating river flows within
ungauged catchments for water resource and
flood prediction purposes in the United
Kingdom. The Centre for Ecology and
Hydrology has maintained an active research
programme in the regionalisation of rainfall at
both an hourly time step for flood prediction
purposes [Lamb, et al, 2000; Calver et al,
2001] and at a daily time step through the work
of Arnell and Reynard [1996], Sefton and
Boorman [1997] and Young [2002, 2004] for
water resources. The outputs from the latter
study are used in this paper. This study, in
common with the other studies referenced,
focused on the calibration of a simple rainfall
runoff model within a wide range of catchment
types and the subsequent development of
multivariate relationships between catchment
characteristics
and
calibrated
model
parameters. In this study the most effective
relationships were derived using multivariate
regression with the uncertainty in the
estimation of a particular model parameter
encapsulated as the standard error of the
regression model.

1. INTRODUCTION
Access to daily stream flow data, at the river
reach scale, is a central component of many
aspects of water resource and water quality
management. However, the majority of river
reaches are ungauged hence there is an
operational requirement for a quick, consistent
and reliable method for simulating historical
stream flow records within ungauged
catchments. Furthermore, the coupling of
hydrological models into land-surface schemes
for Regional Climate Models (RCM) is central
to improving the utility of these models in
predicting the potential impacts of future
climate change and variability on river flows.
Historically, the requirement for flow
information within ungauged catchments has
been met in the United Kingdom [NERC,
1980; Holmes et al., 2002a&b], and elsewhere
[for an example see Demuth, 1994] through
models that relate flow regime statistics to the
physical and climatic properties of a
catchment.
However, there are many applications for
which a time series of stream flows is required.
These include the assessment of yield for water
resource schemes, the in-stream flow
requirements of aquatic flora and fauna and the
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independent evaluation period (average 16
years) and the choice of one parameter vector
for each catchment for subsequent use in the
regionalisation
study
was
based
on
performance over both the calibration period
and the stability of fit over the evaluation
period

The catchment model was based on the
Probability Distributed Model (PDM) of
Moore [1985]. The model assumes a Pareto
(reflected power) distribution of storage
capacity (defined by the maximum storage
capacity, Cmax, and the shape parameter, b)
and used a second order linear routing
reservoir scheme for simulating quick and
slow flow routing of effective rainfall (with
time constants K1: quick flow and Kb: slow
flow). There is also an interception storage
term (parameter g) and a soil moisture related
drainage term (controlled by parameter kg).
The conceptual structure of the model is
presented within Figure 1.

IE

IP

Interception
Store {g}

2.

EVALUATING THE POTENTIAL
IMPACT OF CLIMATE CHANGE
ON UK RIVER FLOWS
It is now recognised that human activities are
leading to increases in greenhouse gas
concentrations which may in turn lead to
changes in climate [IPCC, 2001]. These
changes in climate may result in changes in the
hydrological cycle over Britain. Water
providers and environmental regulators are
increasingly incorporating an assessment of the
impacts of climate change within water
resources planning activities. Over the last few
years there have been a number of studies
which have looked at the potential effects of
climate change on river flows in Britain [eg
Arnell & Reynard, 1996; Arnell & Reynard,
2000; Pilling & Jones, 1999]. All of these
studies have been based on applying changes
in climate to observed catchment climate time
series and simulating stream flow in the study
catchments under current and perturbed
climates; the so called delta change
methodology. These studies have used a
number of scenarios, most recently those
published by the UK Climate Impacts
Programme in 2002; the UKCIP02 scenarios
[Hulme et al, 2002].

Precipitation
(P)
Evaporation
(E)
Quick flow
{K1}

River
flow

PDSM
{Cmax b Kg}

Slow flow
{Kb}

Figure 1. Conceptual structure of the model.
For the study, catchment average precipitation
time series were derived for each catchment
from the UK Meteorological Office daily
rainfall library using the interpolation
methodology of Jones [1983]. Time series of
Potential Evaporation (PE) demand were
estimated for each catchment using a scheme
for disaggregating Meteorological Office of
Rainfall and Evaporation Calculation System
(MORECS) II [Hough, 1996] Penman
Montieth PE estimates from a 40 to a 1 km
resolution grid, taking into account the impact
of increased spatial heterogeneity of
topographic controls on PE.

Ideally, the effects of climate change on stream
flow would be determined by using a locallycalibrated and validated catchment model to
simulate stream flow and running the current
(also termed “baseline”) and perturbed time
series through a water resources model.
However, in practice catchment models exist
for only a small proportion of the surface water
supply sources in the United Kingdom. A
“fast-track” approach to estimating the
potential effects of climate change scenarios
on streamflow and recharge was therefore
developed to aid the water industry, and has
recently been updated [Arnell, 2003] for the
UKCIP02 scenarios.

The model was calibrated on the catchments
using a multi-criterion, constrained random
walk scheme that utilised a number of
objective functions, allowed for trade-offs
between different aspects of model fit and
recognised that the input stream flow and
climatic data have an associated uncertainty.
This calibration scheme was used to yield up
to 300 “valid” model parameter vectors
identified for each catchment using a 6-10 year
calibration period.
All “valid” model
parameters vectors were evaluated over an

The UKCIP02 scenarios comprise a set of four
alternative future climates spanning a range of
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catchments representing a broad cross section
of climatic regimes within the United
Kingdom using the model calibrations and
regionalised parameter predictions from
Young’s regionalisation study. The locations
of these catchment are presented within Figure
2.

global emissions, namely the Low, MediumLow, Medium-High and High Emissions
scenarios, for three future 30-year time slices,
the 2020s, 2050s and 2080s. For the 2020s the
medium-high and medium-low are identical.
The scenarios are presented as monthly
changes, compared with the 1961-90 baseline,
either percentage or absolute, in 15 climatic
variables, for a 50 × 50 km grid across the UK.
In essence, the approach of Arnell [2003]
presents two methods. Where a rainfall-runoff
model is available the regionalised climate
change factors should be applied to the input
precipitation and potential evaporation data to
determine the impacts of flows. Where no such
model is available the regionalised runoff
factors should be applied to naturalised
monthly mean flows, to produce perturbed
flow time series representing conditions under
a changed climate in the 2020s. These change
factors are regionally extrapolated from
catchment applications of the delta change
methodology using locally calibrated rainfall
runoff models. Within ungauged catchments
and catchments with anthropogenically
modified flow regimes there remains the
problem that the pre-requisite naturalised flow
time series has to be generated.

1

2

3
4
5

Figure 2. Catchment locations

This paper builds on the work of Arnell to
explore whether a regionalised model can be
used to generate both the baseline naturalised
flow time series within a catchment and
subsequently apply the delta change
methodology directly without the need to use
the extrapolated regional factors. Through case
study examples the paper explores whether the
climate change signal in stream flow changes
can be differentiated from the uncertainty
associated with the identification of rainfall
runoff model parameters, using predictions for
the 2020s. This is tested for the case of a
locally calibrated rainfall runoff model, where
the model parameters are estimated from
stream flow data and the case where the model
parameters are estimated directly from
catchment characteristics.

These catchments were selected as the
recorded flows are essentially natural and the
calibrated model fits within these catchments
were stable when the calibrated model was
applied to an independent evaluation period of
record. The calibrated and regionalised model
parameters for these catchments are presented
in Table 1. The results from the application of
the delta change methodology for both the
calibrated and regionalised models for these
catchments are summarised for the mediumhigh emissions scenario case in Tables 2 and 3
respectively. The results are presented as
percentage changes in the flow that is equalled
or exceeded for 95% of the time, the mean
flow and the mean flows within each calendar
month.
These all show a significant decline in summer
flows. The differences in predicted percentage
change between the simulations obtained using
regionalised parameter estimates and those
obtained using the calibrated model parameters
are less than 5% with the exception of the
summer flow statistics highlighted for

3.

CASE STUDY CATCHMENTS AND
APPLICATION OF THE DELTA
CHANGE METHODOLOGY
The delta change methodology, using 2020s
climate change factors for precipitation and
PE, was applied to five medium sized
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England. Within this catchment, the correct
simulation of the soil moisture internal state
variable within the model and the subsequent
modelling of evaporation losses and the
reduction of summer evaporation to below
potential evaporation rate will be critical. The
model behaviour within this catchment was
investigated further using an ensemble
simulation approach to evaluate whether the
climate change signal in precipitation and
evaporation predicted by the medium-high
emission scenario climate perturbations was
significant in the context of simulation
uncertainty resulting from model parameter
uncertainty for both the calibrated and
regionalised case.

catchment 5 and Q95 for catchment 1.
Catchment 1 is a very low baseflow catchment,
the absolute value of Q95 is low and hence 5%
corresponds to a small volumetric difference

Table 1. Calibrated and regionalised model
parameter values for the case study
catchments.
Catchment

Model Parameters

g

Cmax

b

kg

K1

kb

Calibrated
1

1.9

105

0.8

857

49

408

2

1.7

102

2.7

746

64

542

3

2.1

217

3.8

719

42

683

4

1.5

141

0.1

1695

117

1599

5

1.6

145

0.1

5968

56

1673

1

1.9

94

2.8

745

47

674

2

1.7

97

2.0

580

53

737

3

2.1

162

1.4

627

66

856

Table 3. Percentage changes in selected flow
statistics for the case study catchments using
regionalised model parameters [Young, 2004]

Regionalised
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2
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5

1

3
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4

Table 2. Percentage changes in selected flow
statistics for the case study catchments using
calibrated model parameters
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-4

Mean monthly flows

Q95

4.

UNCERTAINTY ANALYSIS FOR
THE MEDWAY AT CHAFFORD
WEIR.
Within this catchment the sensitivity of
calibrated model results to the selection of
model parameters was evaluated by repeating
the application of the delta change
methodology using the 300 candidate “equally
valid” calibrated model parameter vectors
identified for this catchment as part of the
regionalisation study.

Catchment 5, the River Medway measured at
Chafford Weir, lies in the drier, south east of
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These results clearly demonstrate that the
propagation of the climate change signal,
resulting in a decline in summer flows, is
significant at this level of confidence for both
the calibrated and regionalised model cases.

% change

The sensitivity of the delta change
methodology results obtained for the
regionalised model was investigated through
an ensemble set of 3000 applications of the
methodology. These used random realisations
of regionalised parameters based on mean
predicted values from the multivariate
regression models, the standard errors for the
regression models assuming a Gaussian
distribution for the error model. For the
catchments considered the average standard
errors for the prediction of model parameters,
expressed as a fraction of the predicted values,
were; Cmax: 0.58, b: 0.26, Kg: 0.70, K1: 0.57
and Kb: 0.40.

The asymmetric nature of the confidence
interval for the regionalised case is probably a
consequence of failing to incorporate correctly
the residual parameter covariance within the
model that is implicitly captured within the set
of 300 calibrated model parameter vectors.
5. CONCLUDING REMARKS
This paper illustrates that the climate change
signal from a particular scenario is
significantly strong, in terms of its impact on
the flow statistics used, to be robust in the light
of both calibrated and regionalised parameter
estimation uncertainty. This is encouraging in
light of the practical application of
regionalised models within this context and the
coupling of such models to RCMs.
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For future research it is anticipated that there
will be a greater focus on the representation of
evaporation processes within this class of
model; this will give greater confidence to the
predictions of potential impacts within climatic
regimes in which evaporation limiting soil
moisture deficits are common in most years.
Furthermore,
reductions
in
parameter
uncertainty will be sought through the
integration of catchment characteristics in the
process of defining both model structure and
regional parameter sets.
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a) Calibrated model parameters
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Turning to the climate change scenarios, there
are many sources of uncertainty in any set of
climate simulations. The current study uses
just one emissions scenario, fed through one
set of climate models (global and regional).
There is considerable uncertainty surrounding
the socio-economic assumptions that will drive
future emissions, as there is in the modelling of
the global and regional climate responses to
these changes. This is particularly true for
local and extreme precipitation, when different
global models can predict either increases or
decreases.

b) Regionalised model parameters
Figure 3. Non-parametric 68% confidence
limits for predictions of changes in mean
monthly flows
The results from these ensemble simulations
are presented in Figure 3 for both the
calibrated and regionalised model parameters.
These figures present the change in monthly
mean flows from the base line simulated mean
flows as non-parametrically derived 68%
confidence intervals (lighter traces). The
median simulation are presented as dashed
lines for both experiments and the results for
the selected calibrated model parameters and
the mean predicted regionalised model
parameters are presented as darker traces.

The level of climate impact is also strongly
dependent on the method used to translate
monthly percentage changes in rainfall to the
corresponding changes at a daily timescale
(arguably, a better alternative to the simple
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A New Method for Estimating Flow Duration Curves :
an Application to the Burdekin River Catchment,
North Queensland, Australia
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Abstract : This paper presents a new method of representing flow duration curves (FDC) using a logarithmic
transformation. The FDC has been defined using two parameters – the ‘cease to flow’ point, and the slope of
the FDC. This method for defining the FDC has been applied to 23 sub-catchments of the Burdekin River in
North Queensland, Australia. The two parameters defining the FDC have been related to the area, mean
annual precipitation, drainage density and total stream length of the catchments under consideration. Finally,
a regionalisation procedure has been developed whereby the FDC for an ungauged catchment can be
predicted based on the attributes of that catchment. Significant landuse change such as dam construction can
have a significant impact on the FDC, implying that the FDC may be used as an indicator of landuse change
in a catchment. Finally, the mirror-image nature of the FDC may imply that it is possible to predict high
flows in a particular catchment based on analysis of low flows in that catchment.
Keywords : Flow duration curves, Burdekin catchment, tropical hydrology.

1. INTRODUCTION
The flow duration curve provides information
about the percentage of time that a particular
streamflow was exceeded over some historical
period. Generally it is represented on a log-normal
scale with exceedence probability on the x-axis
and discharge (or some function of discharge) on
the y-axis.
Flow duration curves have long been used as
means of summarising catchment hydrologic
response. More recently, they been used to
validate the outputs of hydrologic models and/or
compare observed and modelled hydrologic
response. See for example Hansen et al. [1996]
and Ye et al. [1997].
Recently however, it has also been suggested that
flow duration curves may provide a hydrologic
‘signature’ of a catchment. This hydrologic
signature has been used in top-down modelling
approaches to determine the appropriate level of
complexity required in a rainfall-runoff model
[Jothityangkoon et al., 2001]. It is hypothesised
that this signature may reflect properties of the
catchment, and may therefore be of potential use in
regionalisation studies. For example, Yu et al.
[2002] applied a regionalisation procedure to
predict the low flow proportion of the flow
duration curve at ungauged sites in southern
Taiwan.
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In relatively homogeneous areas, it may be
possible to estimate the flow duration curve very
simply, based on a relationship with catchment
area. Yu and Yang [2000] demonstrated this
approach in the homogeneous Gao-Ping Creek
area in southern Taiwan. However, in order to be
able to regionalise the flow duration curve in more
heterogeneous areas (such as the Burdekin
catchment in North Queensland, Australia), we
need to be able to estimate it in a relatively simple
yet robust way, such that it can be related to
characteristics of the catchment which it represents.
Many alternative parameterisations of the flow
duration curve have been presented in the literature.
For example, Cigizoglu and Bayazit [2000] utilise
a 5-parameter harmonic model, which they found
could be simplified to a 2 or 3 parameter model in
many cases. Best et al. [2003] examined the use of
three different parameterisations of the flow
duration curve, and found that the 5-parameter
model was the only one that provided an adequate
fit to be able to examine the impact of land use
change on hydrologic response as defined by the
flow duration curve.
In this paper, I will present an alternative method
of defining the flow duration curve which requires
just two parameters. This simple model is
sufficient to adequately define the flow duration
curve in a variety of catchments. It is therefore
compatible with the ‘top-down’ approach where

additional levels of complexity are added to a
model only if demanded by the data [Sivapalan et
al., 2003].

Here, a = 95.8 and b = 1.688. r2 = 0.998.

3. APPLICATION TO BURDEKIN SUBCATCHMENTS
2. DEFINING
CURVE

THE

FLOW

DURATION

Following the procedure defined by Best et al.
[2003], streamflow (in cumecs) was normalised by
dividing it by the median discharge of the non-zero
flow days. This ensures that the log of the
normalised streamflow crosses the axis at the
median streamflow of the non-zero flow days
(since log(1) = 0). It is impossible to normalise by
the median streamflow over all days because some
of the ephemeral catchments in the Burdekin flow
for less than 50% of the time (making the median
streamflow zero).
The log of normalised streamflow for Burdekin
sub-catchment 120002 versus percent exceedence
is shown by the dashed line in Figure 1.
Based on the shape of this curve, a logarithmic
function appears to be most appropriate on to
choose to represent it. The chosen function is
shown in (1).
y = ln ((a/x)-1)/b

(1)

where :
y = log(normalised streamflow)
x = percent exceedence

and a and b are variables as follows :
a = percent exceedence at the cease to flow value
(for example, if a river flows for 90% of the time,
a = 90).
b = a constant controlling the slope of the FDC
The fit to the observed data is shown by the solid
line in Figure 1.

log10 (normalised streamflow)
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The Burdekin River Catchment is a large (140,000
km2) catchment in the dry tropics rangelands of
North Queensland, Australia.
Table 1 shows the values of a and b for each of the
23 Burdekin sub-catchments. It also shows which
region each of the catchments is in (the Burdekin
can be divided into three physio-climatic regions
as described in Post and Croke, [2002]). The
catchments in each of these regions exhibit a
different hydrologic behaviour.

Table 1 : FDC parameters for the 23 Burdekin
sub-catchments
Region
Catchment
Upper
120002
Suttor
120006*
Suttor
120008*
Suttor
120014
Suttor
120015*
Upper
120102
Upper
120106
Upper
120107
Upper
120110
Upper
120112
Upper
120120
Upper
120121
Bowen
120205
Bowen
120207+
Bowen
120209
Bowen
120216+
Bowen
120299
Suttor
120301
Suttor
120302
Suttor
120303
Suttor
120304+
Suttor
120307
Suttor
120309
* Below the dam. Data
1987 (pre-dam).
+

4

a
b
r2
95.8
1.69
.991
95.7
1.66
.992
93.4
1.74
.987
18.0
1.63
.964
99.0
1.98
.986
61.9
1.63
.983
70.0
1.66
.974
99.5
2.15
.978
99.4
1.99
.980
68.3
1.57
.991
83.9
2.01
.997
74.1
1.72
.994
98.9
2.06
.998
99.7
2.60
.995
99.6
2.09
.993
96.5
2.60
.998
89.0
2.24
.986
61.7
1.38
.979
52.9
1.14
.944
54.3
1.38
.963
38.0
1.31
.973
27.3
1.55
.969
38.6
1.37
.971
only examined to July

Data only available until December1998.
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3.1 Goodness of fit

-4

It can be seen from Table 1 that in general, the 2parameter logarithmic FDC model produces a very
good fit to the observed flow duration curve, with
all r-squared values exceeding 0.94. However, an
examination of the goodness of fit of the models is
illuminating. The poorest 6 fits are those obtained
for catchments in the Suttor region. This is the area

-6
-8
Percent exceedence

Observed

Predicted

Figure 1 : Observed and predicted FDC for
Catchment 120002
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Figure 2 shows the relationship between the cease
to flow point and the goodness of fit (measured by
r2). It will be seen that more perennial catchments
(flowing more than 80% of the time) all have r2
values greater than 0.974. However, more
ephemeral catchments (flowing less than 80% of
the time) have r2 values ranging from 0.944 to
0.994, with most of them having poorer fits than
the more perennial catchments. This indicates that
the procedure described here for using the FDC to
define the hydrologic response of a catchment are
more likely to work in humid, perennial
catchments than in arid ephemeral catchments. As
many of the sub-catchments of the Burdekin
examined in this study are in the dry tropics, it
suggests that this technique will be more
applicable in the more humid parts of Australia
(and the world), and possibly the wet tropics.

have different patterns – catchments in the Suttor
show little relationship to MAP, whereas
catchments in the Bowen all have cease to flow
values close to 100%. Wetter catchments in the
upper Burdekin actually seem to have lower cease
to flow values than drier catchments. Within each
region therefore, MAP appears to have little
impact on cease to flow for a particular catchment.

100

Cease to flow (a)

of the Burdekin catchment that is characterised by
low rainfall, and infrequent discharge events. As a
result, these catchments also have the lowest
values of a.
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Upper Burdekin

Figure 3 : Mean annual precipitation versus cease
to flow for the 23 Burdekin sub-catchments

0.99
0.98
0.97
0.96
0.95
0.94
0

20

40

60

80

100

Cease to flow (a)
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Suttor

Figure 2 : Cease to flow versus goodness of fit for
the 23 Burdekin sub-catchments

3.2 Cease to flow (a parameter)
The value of a in Equation 1 represents the ‘cease
to flow’ point. That is, a perennial river would
have a value of 100, while a river that flows for
80% of the time would have a value of 80.
One would expect that the value of a would be
dependent on mean annual precipitation (MAP),
with wetter catchments flowing for more of the
time. This is true in part, as can be seen by Figure
3 showing MAP versus a. Catchments with high
MAP (> 1000 mm) all have cease to flow values
above 60%. However, drier catchments (500-1000
mm) can have cease to flow values anywhere
between 20% and 100% depending on which
region they are in (catchments in the Suttor in
general flow for less of the time than catchments
in the upper Burdekin with similar MAP).
However, it will also be seen that the three regions

1197

The second major control on cease to flow is
catchment area (see Figure 4). Larger catchments
tend to flow for longer because of their baseflow
contributions and because it is likely that it will
rain somewhere in them more often than it will
rain somewhere in a smaller catchment. For
example, the three gauging stations downstream of
the dam (the three points in the upper right of
Figure 4) flow for nearly all the time because there
will be a contribution coming from one of the
catchments upstream at pretty much any time of
the year (the data are from before the dam, so it
does not have an influence). A relationship can be
seen for the Suttor, and perhaps the upper
Burdekin, but little can be seen for the Bowen.

100

Cease to flow (a)

Goodness of fit (r-squared)

1
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Bowen

Upper Burdekin

Suttor

Figure 4 : Catchment area versus cease to flow for
the 23 Burdekin sub-catchments

3.3 Slope of the FDC (b parameter)

bS = 0.547 DD + 4.54x10-6 SL + 1.00 r2=0.73 (3)

In general, b shows the same relationship with
mean annual precipitation and catchment area as a.
As a result, these parameters are related to each
other, with the slope of the FDC increasing with
increasing values of cease to flow (ie. approaching
100). This correlation could mean that these
parameters are inter-dependent, but there is
insufficient information to be able to exclude one
of them from the defining equation.

While the physical meaning of the b parameter is
still not understood, as it controls the slope of the
FDC, it also influences the range of meaningful
values of log(streamflow). Thus catchments with
smaller b values would have a greater range of
streamflow. It seems reasonable that this should be
related to the drainage system of a catchment.

4.2 Upper Burdekin
4.
REGIONALISATION
PARAMETERS

OF

FDC

To be able to derive flow duration curves for
ungauged catchments, we need a way of deriving
the values of the two parameters, a and b, as well
as the median discharge. To determine the median
discharge, one would need to monitor discharge
for at least 50% of the year, although this could be
done during the dry season when measurements
are easier to take.
In the Burdekin catchment, the values of a and b
depend not only on the following factors :
MAP

Mean annual precipitation (mm)

CA

Catchment area (km2)

DD

Drainage density (km/km2)

SL

Total stream length (km)

The values of a and b also depend on which region
the catchment is located in – the Bowen, Upper
Burdekin, or Suttor, with different relationships
found in each region.

The value of a can be predicted in the Upper
Burdekin using (4).
aU = 8.52x10-4 CA + 74.22

r2=0.51

(4)

Similarly to the Suttor, the relationship with
catchment area indicates that larger catchments
flow for more of the time. It can be seen from
Figure 4 that the relationship between a and
catchment area is not linear, and thus a
transformation would possibly lead to a better fit.
The addition of drainage density into this
relationship only increased r2 from 0.51 to 0.53
and is thus not justified.
No statistically significant relationship could be
derived to define the value of b in the upper
Burdekin. This may be related to its lack of
physical meaning. However, learning from the
other systems, it appears that catchment area,
drainage density, and mean annual precipitation
are vital controls on the shape of the FDC.
Employing these three parameters in a linear
regression leads to (5).
bU = 0.31 DD + 2.97x10-4 MAP +4.0x10-4 CA
r2=0.57
(5)

4.3 Bowen

4.1 Suttor
The value of a can be predicted in the Suttor using
(2).
aS = 5.08x10-4 CA – 26.63 DD + 51.24 r2=0.95(2)
The relationship with catchment area indicates that
larger catchments flow for more of the time, while
that with drainage density indicates that
catchments with higher drainage density (where
water will find its way into a stream more quickly)
will flow for less time than catchments with longer
sub-surface travel times.
The lack of a relationship with rainfall reflects the
fact that MAP varies very little across the Suttor,
from 576 mm to 880 mm (see Figure 3).
The value of b can be predicted in the Suttor using
(3).
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No statistically significant relationship could be
found to derive the value of a in the Bowen. This
is probably related to the fact that the range of
catchment areas in the Bowen is very small
compared to the overall range of catchment areas
in this study (Figure 4). Also, as a only varies from
89.0 to 99.7, setting to it to 100 would be a
suitable approximation.
The value of b can be predicted in the Bowen
using (6).
bB = 7.29x10-4 MAP + 1.40 r2=0.95

(6)

Similar to the comments in the Suttor, the physical
meaning of b is not completely understood, but a
relationship with mean annual precipitation is not
unreasonable.

5. IMPACT OF THE BURDEKIN FALLS
DAM ON THE FDC
Figure 5 shows the flow duration curve for a
catchment (120006) downstream of the Burdekin
Falls Dam for the period before the dam was
constructed. The modelled FDC fits the observed
data very well (r2=0.992). By comparison, Figure 6
shows the FDC for the period after construction of
the dam. It will be seen that for the observed data,
high flows are unaffected by the construction of
the dam (comparison of the dashed lines in Figures
5 and 6). This is to be expected as the largest
discharges pass over the dam spillway relatively
unaffected by the dam. However, low flows are
considerably changed after the construction of the
dam. The very lowest flows have all but
disappeared, and whereas the Burdekin River used
to flow for only 95% of the time, it now flows all
year round, and at a considerably higher level
during low flows. Also, the model fit is very poor
indeed, significantly underestimating both the high
flows and the low flows.
log10 (normalised streamflow)
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6. DISCUSSION
It was demonstrated in the previous section that
the flow duration curve is a mirror image about
y=0 and x=a/2. One question that immediately
springs to mind is : why is this true? Why should it
be that the log of normalised high flows looks very
much like the log of normalised low flows? It
could be that this relationship between high flows
and low flows represents an important and useful
property of natural rivers. Certainly this
relationship holds true for catchments in this study.
If it holds true for other catchments, we may have
a way of estimating low flow response from
measurements of high flows, or more importantly
be able to estimate flood return intervals from
measurements of baseflow. This supposition is
unproven, but may represent a useful advance in
the regionalisation of hydrologic response.

-6

For example, Figure 7 shows a prediction of high
flows for Catchment 120112 made by inverting the
flow duration curve of the observed low flows. It
will be seen that while there are some differences,
in general the shape of the high flow FDC is
reproduced using just data from the low flows. It is
unlikely that the very highest flows will be
reproduced accurately since they are predicted
from the very lowest flows. These flows will
depend on the accuracy of the monitoring
equipment being used to measure low flows and
thus may not necessarily represent a property of
the catchment itself.
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Figure 5 : Observed and predicted FDC for
catchment 120006 (pre-dam)

4
3
2
1
0
-1

0

20

40

60

80

100

-2

6
log10 (normalised streamflow)

log10 (normalised streamflow)

axis around the median non-zero discharge. Thus
the two tails of the modelled FDC are mirror
images of each other. This means that in rivers
with unaltered flow in the Burdekin River
Catchment, the log of the maximum discharges
look very much like the log of the minimum
discharges (Figure 5). When the natural
hydrograph is altered (by construction of a dam for
example) this relationship no longer holds (see for
example Figure 6).

-3
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Predicted

Figure 6 : Observed and predicted FDC for
catchment 120006 (post-dam)
It is interesting that during pre-dam natural flow
conditions, the derived model fits the
observational data very well, but during the postdam altered hydrologic regime, the model fits the
observed data very poorly indeed. The form of the
equation representing the FDC means that the
FDC is reflected in the x-axis around 0 and the y-
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Figure 7 : Observed and predicted high flows for
catchment 120112

Secondly, to produce these predictions, one needs
to know the number of days of zero flow, so that
the curve is ‘mirrored’ in the right spot (at x=a/2).
Monitoring a stream only during the period of low
flow is likely to yield this number. Finally, to
convert the numbers on the FDC back into
discharges, one needs to know the median
discharge of the stream during periods of flow.
This is more problematic, but may be obtained if
the stream is monitored for at least 50% of the
time.
Whether or not high flows can be predicted form
low flows, this property of the FDC may provide a
means of checking the accuracy of discharge data
or the hydrologic impacts of landuse change.
Deviations from the predicted FDC may reflect
human-induced changes in either high flows or
(more likely) low flows. Further research may also
prove illuminating in terms of determining why it
is that the FDC has this property, and whether this
is true for all catchments, or just a sub-set.

7. CONCLUSIONS
This paper has presented a new way of
representing the flow duration curve using a
logarithmic function. This representation appears
to reproduce the observed FDC in the 23 subcatchments of the Burdekin River examined here
to a reasonable degree of accuracy. Using it, the
FDC can be reproduced through just two
parameters – the cease to flow point and the slope
of the FDC. The values of these two parameters
can be predicted using catchment area, drainage
density, stream length, and mean annual
precipitation in each of the three regions of the
Burdekin River, and thus may represent a way of
regionalising flow duration curves into areas
where we have little or no hydrologic data.
The mirror-image nature of the FDC presented
here indicates that there may be some physical
relationship between the nature of high flows, and
that of low flows in a particular catchment. The
cause of this relationship is not known, however it
presents intriguing possibilities of predicting high
flows in a partially gauged catchment through
making use of the low flow record. It may also
provide a way of checking the accuracy of
hydrologic data, or assessing the extent of human
interference on the hydrologic response of a
catchment.
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Abstract: A new approach to regionalisation for prediction of flow characteristics in ungauged catchments
is presented. If flows in ungauged catchments are to be predicted using calibrated rainfall-runoff models,
regional relationships between the parameters of such models and catchment attributes must be determined.
This is only possible with parsimonious models (fewer than about 7 parameters), and even then there are
considerable uncertainties in the prediction of ungauged catchment response, due to the accumulation of
uncertainties in the regionalization process for estimating parameter values. The uncertainties in the
catchment attributes and climate data used for the ungauged catchment combine with the uncertainty in the
relationships between catchment attributes and model parameters for the gauged catchments. Moreover,
these relationships are subject to uncertainty in both catchment attributes and gauged-catchment model
parameter values. The latter are influenced by model structure, parameter identifiability, subjective selection
of “optimal” parameter values and errors in the climate data. The uncertainty for the ungauged catchment
can be minimised either by minimising each contributing uncertainty or by altering the approach so as to
bypass some of them. An example of the second option is to regionalize catchment response characteristics
rather than model parameters, then relate the ungauged-catchment model parameter values to these
response characteristics. This bypasses the influence of model structure, parameter identifiability and
subjective selection of “optimal” parameter values, thereby reducing uncertainty in the estimates of the
response characteristics at the catchment scale. Possible response characteristics are the mean annual runoff
coefficient, slope and shape of the flow duration curve, fraction of time with no flow, and the average-event
flow-response curve. Initial regionalisation of these characteristics will be illustrated for a selection of
catchments in Australia.
Keywords: Regionalisation; Rainfall-Runoff Model

1. INTRODUCTION
The ability to predict flows in ungauged
catchments and to predict the effect of land-use
change on catchment response remains an
important goal of hydrology, as success indicates a
useful understanding of the principal drivers of
hydrologic response. This paper will discuss
approaches
using
lumped,
parametrically
parsimonious conceptual models for prediction in
ungauged basins, though some of the techniques
described here may be helpful in the application of
physics-based models.
Regionalisation of conceptual rainfall-runoff
models is a popular approach to estimating flows
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in ungauged catchments [e.g. Post and Jakeman
1996; 1999, Post et al. 1998, Sefton and Howarth
1998, Kokkonen et al. 2003, Merz and Blöschl,
2004]. The technique involves calibrating models
on gauged catchments, and determining
relationships between model parameter values and
catchment attributes (such as topography, geology,
vegetation cover). These relationships can then be
used to estimate the parameter values for the
ungauged catchments from their attributes.
Ideally, the technique used should yield an
“optimal” parameter set (i.e. that which
minimises a selected measure of error in the
parameter values). Unfortunately, the approach

outlined above will yield near-optimal parameter
values for the ungauged catchment only if the
scatter in the relationships between catchment
attributes and model parameters is sufficiently
small. This is highlighted by Merz and Blöschl
[2004], who explored various methods of
regionalisation of a rainfall-runoff model for 308
catchments in Austria, concluding that the best
method was to use average parameter values of the
immediate upstream and downstream nested,
gauged catchments, followed by kriging. Both
these techniques are biased towards selecting a set
of parameter values from neighbouring, and thus
broadly similar, catchments.
As nested gauged catchments are not always
available, an alternative approach is to scale the
model parameters from similar, but spatially
distinct, gauged reference catchments.
This
approach requires a method of estimating the
difference in response between the reference
catchments and the study catchment. It has been
applied in the Mae Chaem catchment in Northern
Thailand [Schreider et al. 2002], where a crop
model was used to estimate the difference in
hydrologic response between trees and grass on
each land unit within the reference and study
catchments.
The difference in hydrologic
response was then used to estimate the parameter
values of the IHACRES rainfall-runoff model
[Jakeman et al. 1990, Jakeman and Hornberger
1993] for the ungauged catchment, by adjusting
the calibrated parameter values for the reference
catchment to take into account the difference in
the land units in each catchment, as well as the
fractional forest cover on each land unit.
2.

REGIONALISATION AND
UNCERTAINTY
While regionalisation of catchment model
parameter values is a straightforward approach to
the problem of prediction in ungauged basins, the
uncertainty in the model predictions depends on
the accuracy and precision of the catchment
attributes, the relationships (both functional form
and parameter values) between catchment
attributes and model parameters, and on the
choice and appropriateness of the rainfall-runoff
model structure.
The uncertainty in the
relationships between catchment attributes and
model parameters depends on the uncertainty in
the catchment attributes, and the calibrated values
of the model parameters for the gauged
catchments used to derive the relationships.
Since the purpose of the regionalisation is to
estimate some characteristics of the flows at an
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ungauged site rather than estimating the model
parameters, the performance of the regionalisation
should be assessed by comparing the predicted
and observed response characteristics for gauged
test catchments. For most models, response
characteristics (such as mean annual flow, flow
duration curve (FDC), and baseflow) depend on
combinations of several model parameters.
Optimality of the model parameter estimates does
not generally imply optimality of response
characteristics obtained from them. There are
exceptions, such as the minimum error variance
and zero bias obtained for any linear function of
minimum-covariance,
unbiased
parameter
estimates. However, none of the response
characteristics considered here fall into that
category, as all are non-linear in some of the
model parameters. As a result, the uncertainty in
the predicted response characteristics obtained
from nominally optimal model parameter
estimates can be considerably larger than the
minimum uncertainty achievable in principle.
A further source of uncertainty in predicted
response characteristics for ungauged catchments
is that the criterion used in fitting model
parameters to gauged catchments may be
insensitive to the aspect of the rainfall-runoff
behaviour determining the response characteristic.
For example, parameter estimates in models of
rainfall-runoff dynamics are often fitted by
minimising mean-square error in runoff. This
tends to be dominated by a relatively small
number of large errors near flow peaks, and those
errors are mainly due to model error in
representing the most rapid part of the dynamics.
By contrast, the mean annual flow (or the runoff
coefficient) depends on the area under the unit
hydrograph, which is the zero-frequency gain of
the rainfall-runoff model. Moreover, a response
characteristic may be highly sensitive to error in
the parameter estimates from which it is derived.
For instance, a 1% error in a slow-flow
autoregressive parameter value of 0.9 in an
IHACRES model translates into a 9% error in
total runoff due to that component. Conversely,
however, a moderately well estimated response
characteristic may constrain one or more model
parameters quite tightly.
Another contributing factor is how well the model
structure represents the key processes; a model
structure good for a restricted purpose may oversimplify or omit processes which have an
important influence on another response
characteristic.

3.

ALTERNATIVE REGIONALISATION
APPROACH
A new approach to regionalisation is proposed,
aimed at reducing the uncertainty in the
prediction of flows in ungauged catchments.
Rather than regionalising the model parameters,
key catchment response characteristics are
regionalised directly and used to constrain the
model parameters. If sufficient constraints can be
applied, they will define a sufficiently precise set
of parameter values. If not, additional constraints,
possibly even partial regionalisation of model
parameters, will be needed.
The catchment response characteristics considered
here are the mean annual runoff coefficient, slope
of the flow duration curve (in log-normal form),
the fraction of time without flow and the form of
the unit hydrograph.
3.1 Mean Annual Runoff Coefficient
The use of the mean annual runoff coefficient in
regionalisation builds on the conclusion of Post et
al. [1998] that the prediction of flows at ungauged
sites can be improved by constraining the model
to have the same runoff coefficient as a nearby
catchment with similar attributes. The mean
annual runoff coefficient r has been estimated at
selected gauges in the Goulburn-Broken
catchment in Victoria, the Upper Murrumbidgee
catchment in New South Wales and the Upper
Condamine catchment in Southern Queensland.
Initially, the standard approach of using multiple
linear regression to derive the regional
relationships between r and catchment attributes
was applied. This approach does not attempt to
understand the processes involved, merely to
identify the characteristics with the strongest
correlation with r.
The catchment water balance is given by:

P = Q + ET + Qs + ∆S

(1)

where P is the rainfall, Q is the streamflow, ET is
the evapotranspiration, Qs is the subsurface
outflow (which may be negative if there is a
subsurface inflow) and ∆S is the change in water
stored within the catchment (as either soil
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moisture, groundwater or surface water) between
the start and end of the period in question. The
last two terms are assumed to be negligible,
giving:

r = Q P ≅ 1 − ( ET P )

(2)

and the “observed” ET is given by P-Q. The
empirical relationships between rainfall and
evapotranspiration Ef for forest and Eg for grass
developed by Zhang et al. [2001] were adopted as
a starting point for the regionalisation of the
runoff
coefficient
r.
The
modelled
evapotranspiration Em for a catchment is then the
linear combination of these terms using an
estimate of the fraction f of woody cover:

Em = fE f + (1 − f )Eg

(3)

Analysis of the ET residuals (observed - modelled)
for the gauges in the Goulburn-Broken and Upper
Condamine catchments showed a correlation with
potential evaporation Ep obtained from the
National Land and Water Resources Audit
[http://www.nlwra.gov.au/] as well as a
correlation with catchment mean slope m. While
the observed variation with Ep in Figure 1 seems
plausible, the derived relationship may not be
physically correct as other drivers correlated with
Ep in the catchments studied may also be
contributing (e.g. seasonal distribution of rainfall,
rainfall intensity and vegetation cover). This
highlights the care needed when using such
empirical relationships.
1.3
1.2
1.1

ET/Em

Finally, gauged catchments may display similar
behaviour in a given response characteristic while
differing markedly in others which affect model
parameter estimates. This may severely limit our
ability to identify relationships between parameter
values and catchment attributes.

1
0.9
0.8
y = 0.99x0.31
R2 = 0.45

0.7
0.6
0.9

1.1

1.3

1.5

1.7

Ep (m/yr)

Figure 1. ET/Em versus Ep for catchments in the
Goulburn-Broken and Condamine basins with
more than 3000 days of recorded streamflow and
slope less than 8.5°. [Three catchments with
abnormally high runoff coefficients were removed
from the sample].
The scatter in the ET / Em values in Figure 1 are
due to the errors in the long-term mean
streamflow and rainfall values, the forest fraction f
and the assumption that the subsurface flux and

change in storage can be ignored. Errors of 15%
in rainfall, streamflow and forest cover for a
catchment with a mean annual rainfall of 1 m,
runoff coefficient of 0.3 and woody cover of 0.5,
would result in an error in ET / Em of 11%. The
strongest contributor to this error is the rainfall
(10%), followed by streamflow (5%) and woody
cover (1.6%). The estimated value of 11% for the
error in ET / Em explains the scatter in values in
Figure 1. Note that the standard deviation about
fit is 5%, suggesting the assumed errors above are
slightly overestimated, and that the subsurface
flows and changes in storage are not contributing
significantly to the scatter.
Investigation of catchments with slopes m greater
than 8.5° shows a possible relationship between
ET and m, steep catchments having a higher runoff
coefficient (see Figure 2). The value of r is then
given by:

0.6

rm = 1 − Em f (E P )g (m )

(4)

1.4
1.2

Goulburn Broken
Upper Condamine
test set
1:1

0.5
Modelled runoff coefficient

where f(Ep) is given in Figure 1, g(m) is given in
Figure 2 and rm is the modelled runoff coefficient.
[Note that for m<~7.15, g(m) =1].

0.4
0.3
0.2
0.1

1

ET/[Em f(E p)]

The resulting formulation gives a runoff
coefficient estimate that depends on the
catchment-averaged values of rainfall, land use,
potential evaporation and slope. Testing of the
regionalisation of the runoff coefficient for
selected gauges in the Upper Murrumbidgee and
Wingecarribee catchments suggests that the
approach is able to represent the differences
between these catchments, but the predictions of r
for individual gauges has considerably higher
uncertainty. This is due to the influence of other
drivers for which no clear correlation with r can
be identified. An example is the set of 5
catchments in Figure 3, where the model
significantly underestimates the runoff coefficients
(modelled value ~ 0.15-0.2, observed value ~0.4).
The underestimation may be due to deficiencies in
the model or to errors in the data used to derive
the observed and modelled runoff coefficient.

0
0

0.8

0.1

0.2

0.3

0.4

0.5

0.6

Observed runoff coefficient

0.6
GB + UC
fitted values
Power (fitted values)

0.4

Figure 3. Modelled versus observed runoff
coefficient.

y = 1.76x-0.29
R2 = 0.25

0.2
0
0

5
10
mean slope (degrees)

15

Figure 2. Influence of catchment mean slope on
ET. Solid diamonds (overlaid on open squares)
are the data values used in deriving the fit shown
and comprise catchments in the Goulburn-Broken
basin with high catchment mean slope. Open
squares are the catchments used in deriving the
influence of PE on ET.
Table 1. Residuals for modelled runoff
coefficient
set

mean
fitted, all
fitted, r>0.11
test, all
test, r>0.11

(r - rm)/r
st dev

-0.14
-0.028
-0.42
-0.028

0.52
0.27
0.69
0.49

r - rm
mean
st dev

-0.003
-0.001
-0.025
-0.014

0.054
0.061
0.080
0.078
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The proportional and absolute residuals (r - rm)/r
and r - rm in the runoff coefficient for the
catchments fitted in deriving the relationship and
the test set are shown in Table 1. In both cases,
results are given for the full set (except for the 5
catchment noted above), and for only those
catchments with runoff coefficient r above 0.11.
Assumed uncertainty of 15% in rainfall and
streamflow leads to an error of 21% in the
observed runoff coefficient. For the modelled
runoff coefficient, there is additional uncertainty
in the estimation of the evaporation losses for the
catchment. Uncertainty of 25% in the potential
evaporation estimate would result in 8% error in
the correction term f(Ep), so the runoff coefficient
model is fairly robust with respect to Ep.
Similarly, the model is not highly sensitive to
errors in the catchment mean slope. The error in
Em/P for a 15% error in rainfall (P=1000 mm/yr,
f=0.5) is 5% (with larger uncertainty in drier
catchments), leading to a combined error in the

3.2 Shape of the Flow Duration Curve
The next most significant response characteristic
after the mean annual runoff coefficient is the
shape of the flow duration curve (FDC). Best et
al. [2003] used paired catchments to investigate
the variation of a normalised version of the FDC
between similar catchments with different land
use. They found that a 5-parameter model for the
FDC (plus an additional parameter for the ceaseto-flow point) gave the best compromise between
number of parameters and fit to the FDC. With
such
a
large number
of parameters,
regionalisation is difficult, though a paired
catchment approach may yield useful information.
In comparison, for the selected catchments in the
Murray-Darling Basin, the observed FDC
(ignoring periods without flow) is nearly linear
when plotted on log-normal axes, suggesting that
a simpler model than that found by Best et al. may
be used with only a slight degradation in the fit.
Using the linear form gives a 2-parameter
representation of the FDC (slope of FDC and
fraction of time without flow), and has a higher
potential for regionalisation. An attempt to
regionalise the slope of the FDC was made (see
Figure 4), and while reasonable relationships (R2
~ 0.7) could be identified (strongest signal with
rainfall and forest cover), the correlation between
catchment attributes prevented derivation of a
unique relationship.
0

Modelled slope

-1

0.8
0.6
0.4
0.2
0
0

0.5

1

1.5

2

2.5

P/EP

Figure 5. Fraction of time with no flow plotted
against dryness index (P/Ep). The curve is an
estimated upper limit with functional form (see
equation 5) designed to have a value of 1 at
P/Ep=0.
The fraction of time without flow will depend on
both the frequency of rainfall events that produce
effective rainfall and the duration of flow from a
particular event. While an upper bound on the
fraction of time without flow was also obtained
(dependent on a dryness indicator, given by
rainfall P divided by potential evaporation Ep), no
clear relationship defining the actual value could
be obtained (see Figure 5). The form of the upper
bound shown is:

y=

1
8
1 + (2 P E p )

(5)

This form was adopted as it fits the observed
envelope and gives a value of 1 for the limiting
case P/Ep=0.
While this is a promising indication that
regionalisation of the probability distribution of
flows may be possible, further studies are needed.

Condamine
Test set
Goulburn Broken
1:01

-0.5

1

fraction of time with no flow

modelled runoff coefficient, ignoring parameter
uncertainty, of approximately 10%.

-1.5
-2
-2.5
-3
-3

-2.5

-2

-1.5
-1
Observed slope

-0.5

0

Figure 4. Modelled slope of flow duration curve
against observed slope. Fit based on 40
catchments in the Goulburn-Broken basin.
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3.3 Unit Hydrograph
The shape of the FDC depends on the temporal
distribution of effective rainfall as well as the
dynamic response characteristics of the
catchment.
Therefore, the FDC will only
constrain the parameter values and cannot provide
a unique set of model parameter values unless
either the distribution of effective rainfall or the
unit hydrograph can be determined by other
means. One technique that has been used for
estimating runoff response in ungauged
catchments [e.g. Hall et al., 2001] is the
geomorphological instantaneous unit hydrograph
(GIUH). A functional form is assumed for the IUH
(e.g. the Clark [1945] or Nash [1957] models) and

topographic and stream channel data are used to
estimate the model parameters at ungauged sites.
When coupled with a technique for estimating the
baseflow response, this approach has the potential
to predict the parameters of the unit hydrograph
for ungauged sites, so long as the assumed
functional form adequately represents the actual
response, and the geomorphological data
adequately represent the spatial variation in
response function.
An alternative is to regionalise the parameters of
the IUH derived from calibration of rainfall-runoff
models. This has been successfully applied to
small catchments with only daily rainfall data
[e.g. Post and Jakeman 1996 and 1999, Post et al.
1998, Sefton and Howarth 1998, Kokkonen et al.
2003]. However, deriving the IUH directly from
the observed hydrograph without reference to
rainfall [Croke, 2004] can reduce the uncertainty,
by removing the effect of the difference between
the temporal resolution needed to resolve the unit
hydrograph and the modelling time step
employed, and by avoiding the uncertainty in the
estimated effective rainfall.
4. CONCLUSIONS
The work presented here has shown that it is
possible to develop a regionalisation of runoff
coefficient that spans a wide range of climates and
is sensitive to rainfall, land use, slope and
potential evaporation. Thus, the long-term water
budget for ungauged sites can be estimated
without use of a rainfall-runoff model (assuming
subsurface inflow/outflow and change in storage
within the catchment are negligible). There is
potential for estimating the FDC at ungauged
sites, though the correlation between catchment
attributes makes this problematic.
Maximising the agreement between what is
modelled and observed (or estimated for ungauged
catchments) is a necessary condition for selecting
a set of rainfall-runoff model parameter values,
but not always sufficient. However, the FDC can
constrain parameter values considerably, and thus
aid in their estimation for ungauged catchments.
It is possible that a hybrid parameter estimation
technique,
combining
regionalisation
of
catchment response characteristics and model
parameters, will improve prediction of flows at
ungauged sites.
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Abstract: A project which sets out to explore alternative methods of regionalisation for prediction of
streamflow in ungauged catchments is described. A commonly applied regionalisation methodology estimates
model parameters for the ungauged basin from multiple linear regressions between parameters and catchment
attributes, calibrated on gauged catchments. Its effectiveness is limited by the availability of sufficiently
similar, well gauged and modelled catchments. In this paper a different approach is adopted, employing a data
mining methodology to seek a useful set of rules in the catchment attribute space with parameter values as
consequent. The outline of a hypothesis testing algorithm is given, along with a suggestion for a new
discretisation method. The techniques are both based on the information theoretic concepts of cross entropy
and mutual information.
Keywords: Regionalisation; Information Theoretic Measures; Hypothesis Testing.

1. INTRODUCTION
The problem considered here is prediction of
streamflow in an ungauged catchment, through
application of regionalisation rules relating
streamflow characteristics to rainfall and
measurable catchment attributes. Most commonly,
regionalisation estimates rainfall-runoff model
parameters for the ungauged basin from multiple
linear regressions between parameters and
topographical and land-use catchment attributes,
calibrated on a large number of gauged
catchments. Parameter values are used with rainfall
estimated from adjacent or regional gauged data,
adjusted based on a long-term mean rainfall
surface [e.g. Schreider et al., 1997]. The results are
typically not good, so an alternative, less
prescriptive approach is being explored, based on
data mining. As this study is in its early stages,
only regionalisation of the rainfall-runoff
coefficient R is considered (cf. Croke and Norton,
[2004]). Knowledge of R for a given catchment is
valuable for water management although by no
means sufficient. However, regionalisation for a
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full set of rainfall-runoff model parameters is far
more complex and introduces the additional issues
of model-structure selection and parameter
identifiability.
The study data are described in the next section.
Section 3 is devoted to the transformations applied
to them to obtain the information for
regionalisation. Rule-extraction approaches are
outlined in Section 4. Early results will be reported
later.
2. DATA
Daily rainfall and streamflow series are available
for 45 catchments in the South-East coastal region
of New South Wales, Australia. Each catchment is
also described by catchment area, percentage
woody cover, relief, perimeter, channel density,
and mean elevation above sea level. Climate
records add two more descriptive features: average
evapotranspiration (ET) and average yearly
rainfall. The dataset covers a wide range of
physical and geographical characteristics, from

small, mountainous basins to larger, low-relief
coastal catchments.
Area, relief, slope, perimeter, channel density and
elevation were obtained from a nine-arcsecond
DEM [Hutchinson et al. 2000], which is well
validated. Woody cover values from Lu et al.
[2003] were used. These estimates were obtained
data from multiple LANDSAT passes, with
vegetation assumed to be herbaceous and not
woody wherever significant yellowing occurred in
summer. Point measurements were then used to
calculate an estimate for the percentage woody
cover over 5km by 5km cells. The cell
measurements were then aggregated over each
catchment.
Certain soil properties, such as saturated
conductivity and soil type, were also available in
some areas, but only as point measurements which
often do not reflect the composition of the basin
well. These data were therefore not included.
The rainfall and streamflow time series are of
variable quality, and gauge density is not always as
high as one would wish. The study area
encompasses several built-up regions and one city
(Bega) where gauge coverage is dense, but also
National Park and State Forest catchments with
little more infrastructure than fire trails and one or
two rainfall measurement stations.
Rainfall values for each catchment were estimated
by scaling gauged data by a mean surface derived
using thin-plate smoothing splines [Hutchinson,
1998], interpolating and integrating over all
relevant gauges to approximate the total rainfall
incident on the catchment. The daily values were
aggregated to a coarser time scale, reducing the
effect of the errors incurred at this step.
Streamflow-measuring equipment is prone to
occasional failure. The streamflow records ranged
in length from less than five years to several
decades, almost all peppered with missing days,
weeks, or months. Accordingly, the standard
procedure of selecting a time period common to all
records was not practicable. Instead, the longest
unbroken run of days was selected for each gauge.
While this introduces some inconsistency, it was
preferable to dubious interpolation to fill breaks in
the record.
3. TRANSFORMATION OF TIME SERIES
The first action performed on the rainfall and
streamflow series was conversion from daily to
yearly records over the selected period for each
gauge for input into calculation of the rainfallrunoff coefficient R. Although daily or monthly
values would potentially give better insight into
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catchment behaviour and help provide information
for short-term catchment management, they pose
the need to consider catchment dynamics and are
much more susceptible to error due to local
climatic variability.
The rainfall-runoff coefficient R is a function of
rainfall
P,
streamflow
Q
potential
evapotranspiration ET, (all as mean annual values
expressed as millimetres per year), woody cover
W, mean slope m and other catchment attributes
such as relief, soil type, drainage patterns, and
typical rainfall intensity. Rainfall can be
partitioned into runoff, evapotranspiration, the
change δM in soil moisture and groundwater
recharge G (which may be negative). Aggregating
the time series to yearly figures permits the
assumption that δΜ is small, i.e. that the net
change in soil moisture over each year is a
negligible component of the water balance. In the
absence of better information, G is also assumed to
be negligible. With these assumptions, Equation 1
may be applied, and hence Equation 2 obtained.

P = Q + ET + δ M + G ≅ Q + ET

(1)

so R ≅ 1 − ET P

(2)

Evapotranspiration can be expressed as the product
of a function ETlz of woody cover and rainfall
[Zhang et al., 2001], and a function g of
topographical and other catchment characteristics:

ET = g (PE , m,...) ∗ ETlz (W , P)

(3)

ETlz was calculated and added to the list of
descriptive features.
To summarise, the preprocessed data consist of 45
records, each consisting of annual values for R, and
a descriptive vector with eight spatially aggregated
variables: slope, percentage woody cover, relief,
elevation, channel density, perimeter, catchment
area, and ETlz as features.
4. HYPOTHESIS-TESTING ALGORITHM
Rather than adopting the conventional linear
regression method of relating hydrological
parameter values to measurable attributes of
ungauged catchments, a more flexible, rule-based
approach is taken. The rules are to be discovered
from the data, without strong prior assumptions
about model structure. There are, of course,
limitations to the rule syntax, and the complexity of
the rule set must be subject to conditions of
demonstrable predictive power, just as a
parametric model should be parsimonious in its
number of parameters.

Each rule is composed of a simple set of
conditions. An example of a possible rule is

Slope > 0.3 AND 800m < Elevation ≤ 950m
AND Area < 5km 2 THEN R > 0.5

(4)

Individual conditions, eg Slope > 0.3, or groupings
of conditions are called predicates. Note that not
all variables need to be represented in a given rule,
although for the sake of computational simplicity,
trivial conditions stating that the value of a variable
not forming part of a rule is between the maximum
and minimum bounds of that quantity can be
added.
The space from which rules must be extracted is
potentially large, the number of discrete values
growing exponentially with the number N of
descriptive attributes. While at present N is only 7,
further catchment attributes may be added later.
Even with seven attributes, the number of discrete
values, and hence possible rules, is n1n2n3n4n5n6n7
where ni is the number of values attribute i may
take, e.g. 107 if each ni is 10. Clearly an exhaustive
search for each possible rule in the space is
impractical. There exists a large number of widely
used rule-extraction algorithms. Perhaps the best
known is the Apriori algorithm [Agrawal and
Srikant, 1994] developed for supermarket basket
analysis. The method isolates small ’frequent
itemsets’, or combinations of attribute values that
occur together often, and uses them to build large
frequent itemsets that can be considered rules
describing features in the data. Terabyte-sized
databases can be efficiently processed in this way.
Like most rule-extraction methods, the Apriori
algorithm usually yields a large number of rules,
most of which are irrelevant or intuitively obvious.
Sorting and ranking the rules for interestingness
and relevance is a problem in itself. See Freitas,
[1999] for a discussion. Also, the basic Apriori
algorithm produces rules with unspecified
consequents (explained items), whereas only those
that say something about R are of interest here.
Simple interdependence among the small number
of descriptive data (catchment characteristics) can
be investigated by simpler methods such as
visualisation.
Under data mining problem, regionalisation could
fall as well under the heading of classification as
under rule extraction, because the target class is
specified at the outset. However, it is not necessary
here to completely cover every instance in the
dataset, in contrast to normal classification. The
algorithm described below will borrow from
general-to-specific classification by rule methods
like the AQ family of algorithms (see Wnek and
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Michalski, [1991]). A hypothesis-test-driven route
will be taken rather than the more usual divideand-conquer approach to classification.
From physical considerations, certain tentative
rules giving the rainfall-runoff coefficient R can be
postulated. For example, catchments with small
area, high elevation, and high slope are likely to
respond to a rainfall event with a sudden peak in
streamflow that accounts for most of the incident
rainfall. Thus, it seems probable that R be high for
these catchments. This intuitive rule is quantified
in Equation 4.
Clearly, there exists a large gulf between the rough
description of the trend and the sharply defined
rule. The domain expert, in this case a catchment
management scientist familiar with the area in
question, can make an educated guess as to what
the rule should look like and estimate the bounds
on each condition.
The proposed rules are unlikely to be optimal, but
form an initial candidate set from which to move. It
is here that the algorithms described below come
into play. Each candidate rule must be tested
against two aspects of rule performance, accuracy
and support. Accuracy, often called confidence in
the literature, is simply the percentage of times the
consequent occurs when the rule’s conditions are
fulfilled, and support is the number of times the
rule is applied in the training dataset, normalised
by the number of records N. If support is too low,
the rule is not interesting because it rarely applies,
and if accuracy is insufficient, the rule does not
consistently represent a trend.
From a simple hypothesis-testing point of view the
expert-generated candidate rules could be tested
for support and confidence against predefined
thresholds. Rules meeting both criteria would be
accepted and those with poorer performance
rejected. However, as noted above, these rules are
unlikely to be optimal. The quantitative relations
presented by the domain expert are likely to
translate imperfectly into rules with valid syntax.
Therefore, a local search will be performed around
each rule, tightening and generalising each
condition (or predicate) until a rule that identifies
quantitatively and precisely the trait suggested by
the domain expert is arrived at. A possible
execution scheme, sketched in pseudocode, is:
1.

Select a candidate rule

2.

Test confidence and support

3.

Select a new condition. If none, go to 1

3.1

Relax condition by factor f1

3.2

Test confidence and support of predicate

3.3
4.

If support is still acceptable and confidence
has increased by d or more, go to 3.1
If confidence has increased over initial value,
go to 5 else continue

4.1

Tighten bounds by factor f2

4.2

Test confidence and support

4.3

If confidence has increased by d or more,
go to 4.1 else go to 5

5.

Store new condition, go to 3.

The question of precisely how individual
conditions should be varied should be considered
in detail. The order in which the conditions should
be taken, and the parameters of the relaxation or
tightening of each condition, must be chosen. Here
the method diverges from the most of the usual
approaches, which involve random, greedy or
exhaustive searches through the space of
possibilities. Two different methods for evolving
the candidate rules will be explored at this step.
The first and simplest is to rate each condition by
its (normalised) support, relaxing those conditions
with low support and further constraining those
with high support. This way, it is not unreasonable
to expect to find a balance between support and
confidence, but such ideal behaviour is by no
means guaranteed. It may well be that greater
performance can be achieved by loosening a
condition with high support, or conversely by
tightening one with low support. It may be optimal
to shift the upper or lower bound only, but this
possibility will be ignored for the moment.
When using this method, the rather bold
assumption is made that the optimal rule is most
likely to consist of a number of predicates
(individual conditions) with close to the same
mean level of support, and that a simple tradeoff
relationship of the type illustrated in Figure 1
exists for each.

Of course, this is not in general true, nor are the
contributions of each predicate usually separable as
has been implicitly assumed thus far, and will be
assumed below.
In the second method, a more sophisticated
approach is taken, using the information-theoretic
properties of the data to guide adjustment of
conditions. The most important measures used are
the entropy H(X) of a variable X, and cross entropy
H(R,X) between a descriptive feature X and the
target R. Entropy and cross entropy are defined
[Henery, 1994] as

H ( X ) = −∑ π i log 2 π i

(5)

ij

H (R, X ) = −∑ p ij log 2 pij

(6)

ij

Here, πi is the prior probability that X takes its ith
value and pij is the joint probability of the target
taking its ith value while the descriptive feature
takes value j. If the dataset is very large, these
values could be estimated from a subsample rather
than the entire dataset. For our 45 samples
reducing the sample size is not necessary or
desirable, but the hypothesis-testing method
outlined is transferable to other problems.
Entropy tells us about the distribution of instances
in R, and cross entropy provides an intuitively
simple measure of the information X is capable of
providing about R. The presence of the logs to base
2 stems from the use of information theory to
quantify the bits of information required to
determine an outcome uniquely. Intuitively, the
entropy as a number of bits is also the number of
binary yes/no or greater than/less than questions
needed to identify a result. MacKay (2003) uses
the example of simple number guessing game and
demonstrates that H(X) is the minimum number of
questions required to correctly identify any number
in X.
The mutual information M(R,X) [Henery, 1994]
between feature X and R can be calculated as
Equation 7. Mutual information gives a useful
measure of how dependent the feature and
classifier are. If R and X are completely
independent, M(R,X) is zero and X alone provides
no information about R. If M(R,X) is maximal
(equal to the lesser of H(R) and H(X)), then the
value of X determines the value of R completely
[Hamming, 1994].

M (R, X ) = H (R ) + H ( X ) − H (R, X ) (7)

Figure 1. Confidence and Support as assumed by
simple method
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Given a particular rule hypothesis, the predicates
for each feature Xi will first be ranked according to
M(R; Xi). If for any i this value is close to zero, it
may be decided that conditions based on Xi will be
omitted. Alternatively, they may be allowed on the
grounds that each predicate relates to only a small
part of Xi. This question will be considered more in
subsequent work. The predicate operating on the
feature with greatest mutual information with R
will be operated upon first.
Next, individual predicates must be expanded,
contracted or shifted. At this stage many quantities,
most importantly the pij calculated in the
construction of H(R,X), are known. These values
can be used to decide how to shift the boundary of
the predicate. Consider the condition C, part of
some hypothetical rule:

C = X ⊂ X k ,X k +1 ,...,X m ⇒ R = R j

Many methods exist for discretising continuous
data, ranging from simple binning to quite
sophisticated distribution-based methods. For a
small number of instances as in this project, the
more complex methods are not really useful. A
simple entropy-based discretisation method is:
1.

Sort entries by feature value

2.

Divide dataset in half; call the subsets record
A and record B

3.

Consider record B one bin, and define two
small bins S and T at the left-hand extreme of
record A

4.

Calculate H(B ∪ S, X) and H(B ∪ S ∪ T, X)
by Equation 1

5.

If adding T to the union decreases the crossentropy, aggregate S and T into S’. If not, go
to 8.

6.

Select a small partition to the right of T and
call it T’

7.

Repeat from 4. with T’ and S’ in the places of
T and S, until the condition fails or the
rightmost edge of record A is reached, in
which case go to 10

8.

Leave the small block S as it is and redefine T
as S’. Select a small block immediately to the
right of T to be labelled T’

9.

Repeat from 4

(8)

Note that this statement does not require X to be a
numerical or ordered feature, although ordering is
useful in the boundary-shifting step. If ordering is
not present and a distance metric cannot be defined
by the domain expert, some kind of search through
candidate categories must be performed, increasing
the computational complexity of the calculation.
For each X, a pij has already been calculated.
Therefore, we can readily test pkj and pmj to
ascertain which way each boundary should be
shifted: on the left, if pkj is small, Xk can be
removed from the condition, and if it is large and
pk+1j is also, Xk¡1 could tentatively be added.
Parameters to govern the various thresholds on pij
need to be defined, but as this is a qualitative
discussion we shall leave this process to the
experimental stage.
In advocating this method, the assumption has been
made that the domain expert has produced
qualitatively good rules. This may not be the case,
and, if so, varying the predicate boundaries is
unlikely to remedy the situation. The tests for
confidence and support must be sufficiently strict
to remove rules that are irrelevant when compared
to some benchmark values. The expected
confidence and support of a few randomly
generated rules would be a sound choice to provide
a base level of performance.
Locally and temporarily, the process of adding and
removing blocks to a condition amounts to
adjusting the discretisation of the feature (predicate
granularity may vary between rules covering the
same attribute). This observation suggests an
alternative, to define the discretisation at the dataprocessing stage, where any floating-point features
need to be discretised anyway.
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10. Swap records A and B. When the end of
dataset B is reached, stop.
Note the minus sign in the definition of crossentropy (Equation 6). Although simplistic and
biased towards defining partition edges further to
the right than may be optimal, this scheme provides
a rough way of decreasing (although perhaps not
minimising) the cross-entropy of a feature with the
target during the discretisation stage, and thus
increasing the mutual information between the two.
While repeated calculations of cross-entropy are
computationally expensive, the summation is
separable into individual parts, and these can be
stored at first calculation and re-used. For example,
the contributions of records A and B need only be
calculated once each. The cost of the above
algorithm would probably be governed by memory
accesses rather than floating-point calculations.
Once discretisation has been performed in the data
processing stage, converting the rules to suit the
new format is trivial, and the condition-size
adjustments detailed above would be superseded.
Of course, the discretisation does not take into
account specific interesting values of the target R

as the process based around pij does, and some
unnecessary work may have been done in regions
away from the hypothesised predicates, but the two
methods are not claimed to be equivalent, merely
two ways of approaching the problem. Also, the
unnecessary adjustment of bin edges in regions
thought to be non-informative by the domain
expert may highlight non-intuitive, interesting
aspects of the system.
The information theoretic approach we have taken
has parallels with the noisy-channel coding theory
developed by Shannon (see MacKay [2003]) and
others for information transmission, compression,
and storage. It is hoped that the rigorous
foundation of that work will be transferable to this
class of problems, and thus that theoretical
performance bounds can be calculated for the
algorithms described above.
Preliminary experiments with a standard dataset
taken from the University of California at Irvine
machine learning repository indicate that both the
discretisation routine and information-theoretic
rule evolution algorithm are in principle valid.
However, the UCI datasets are well understood and
much-studied, whereas environmental data of the
kind we aim to use for regionalisation are complexfull of noise and interdependencies. It remains to
be seen if the simple procedures described above
can extract useful rules from such a system.
5.

FURTHER WORK AND CONCLUDING
REMARKS
A brief look has been taken at one approach to the
regionalisation problem as posed by Croke and
Norton [2004], and an algorithm suggested to
develop vague hypothesised rules into firm
quantitative rules. It is thought that the output rules
will optimally capture the features suggested by the
domain expert. The natural next step in the process
is to apply the rule-extraction algorithm with and
without information-theoretic guidance, to validate
the method outlined in Section 4.
If the validation is positive, the next task will be to
look into extending the regionalisation (and
accordingly the algorithm) into model parameter
space. Also, the method proposed is in no way
confined to regionalisation problems, so trials with
other datasets with different characteristics would
be simple in principle.
The project including this work is at too early a
stage for results to be reported in this paper, and
performance comparison with any of the plethora
of existing rule-extraction methods is not yet
possible, but it is hoped that the skeleton of a
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viable and novel regionalisation method has been
presented.
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Flood Frequency Quantification for Ungauged Sites
using Continuous Simulation: a UK approach
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Abstract: The paper outlines recent and ongoing research addressing the quantification of river flood
frequencies at ungauged sites across Britain. The approach is one of modelling continuous time series of
catchment runoff. Model parameters are established where data permit: the spatial generalisation to
ungauged sites is effected by relating model parameters to widely available catchment properties which then
provide the route to model use in data-sparse areas. The particular aspects of research described are (i) the
merging of data of different time discretisation, (ii) considerations in the calibration of parameter-sparse
rainfall-runoff models, (iii) considerations of site similarities in spatial generalisation and (iv) quantification
of uncertainties arising from parameter estimation.
Keywords: Ungauged sites; Flood frequencies; Modelling; Spatial generalisation

1.

INTRODUCTION

The challenge addressed in this paper is the
development of a method for river flood frequency
quantification for coverage at a national level
including, therefore, many sites that have no
gauged flow records. The particular approach is
one of ‘continuous simulation’ of river flow time
series by modelling the catchment hydrological
response to rainfall.
The overall principle of the approach is outlined.
The following sections of the paper then highlight
certain, but by no means all, of the major research
issues in pursuing this approach, namely aspects of
data constraints, calibration issues, spatial
generalisation and the quantification of
uncertainties. The particular country of
investigation is Britain: the impetus for the
research comes not only from the key modelling
challenge but also from the need for strategic flood
risk information for planning and flood
management design.
The essence of the method is encapsulated in
Figure 1. Runoff modelling is undertaken for a set
of catchments for which flow data are available to
allow calibration of model parameters. These
parameter values are then related to more widelyobtainable ‘catchment property’ data which are
available across the zone of concern for which the
final methodology is required. These catchment
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Flow and
rainfall
data

Rainfall-runoff model
Time series of river discharge;
flood frequency curves

Catchment
properties

Relating of model
parameters to catchment
properties.

SPATIALLY GENERALISED FLOOD
FREQUENCY ESTIMATION
for use at ungauged sites
Long term rainfall

Optional climate change
information
TEMPORALLY GENERALISED FLOOD
FREQUENCY ESTIMATION
to cover high recurrence interval floods

Figure 1. Principle of continuous simulation for
river flood frequency quantification.

properties are used to define model parameters for
ungauged sites and the runoff model(s) then run
for these sites to derive a flow time series from
which flood characteristics and statistics can be
drawn. This is the ‘spatial generalisation’ or
‘regionalisation’ procedure. If, in addition, the
runoff models can be driven by long rainfall time
series (observed or generated), it is possible to
extend estimation of floods to higher recurrence
intervals than those warranted by calibration
period data.
Potential advantages of this type of approach
include the consideration of whole flows (not
separated hydrographs) with antecedent conditions
as an integral part of the modelling, the resultant
flexibility of relationship of recurrence interval of
rainfall and associated flood, and the ability to
incorporate the effects of climate variability and
change if required.
2.

indicates the parameter value where the objective
function is optimised. These lines indicate that
calibration using equal-hourly data results in
calibrated parameter values closer to those from
real hourly data than does the use of daily data.
The objective functions, measuring the fit of
simulated and observed flow, are in this case
Nash-Sutcliffe on 30-day mean flows (O1), and on
daily flows (O2). It is appreciated that these
results, whilst useful for a number of UK
catchments, are not necessarily universally valid,
particularly for small drainage areas.

DATA ISSUES

When modelling floods it is frequently an
advantage to be able to work with a small time step
in order to preserve the definition of the peaks.
Conversely, data storage and, more especially, data
availability tend to favour the use of coarser
discretisation. Calver et al. [1999] produced a
pilot flood frequency system for Britain using 35
catchments and modelling at an hourly time step
based on some 320 station-years of continuous
flow and rainfall data. In ensuring that a larger
sample is available for current research it is
difficult, even in a relatively data-rich country such
as Britain, to readily acquire significantly more
data, particularly with respect to length of good
record.
It has therefore been considered useful to explore
the possible merging of both hourly and daily data
sets to afford access to longer records and more
sites. The parameters of the particular rainfallrunoff models used should be independent of timestep length. However, numerical experimentation
on an appropriate way to combine data [Kay et al.,
2003] indicated that overall (not necessarily in a
site-specific case) models were best run at the finer
time step for calibration purposes, as calibration
using a daily time-step would lead to quite
different calibrated parameter values in some
cases. Figure 2 illustrates this with dot plots of
objective functions for two parameters (crm, a
water balance parameter, and csm, a soil storage
parameter) of the TATE rainfall-runoff model
[Calver 1996]. The calibration performance for
one catchment is compared using observed hourly
data (top row), daily data (middle row), and hourly
data uniformly disaggregated from daily data
(bottom row). The dashed line on each graph
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Figure 2. Dot plots of objective functions for two
parameters (crm and csm) of the TATE rainfallrunoff model, comparing calibration performance
for one catchment using observed hourly data
(top), daily data (middle), and hourly data
uniformly disaggregated from daily data (bottom).

3.

CALIBRATION

Earlier research on this topic used both manual
calibration based on hydrological reasoning and
automatic calibration by the use of Pareto sets [see,
for example, Gupta et al., 1998]. It should be
noted, whilst not detailing model structures here,
that the types of model under consideration are
simple, parameter-sparse models since the
parameters need to be established indirectly from
other data. (Note that continuous simulation can be
undertaken with more detailed parameter-intensive
models for catchment-specifc investigations – as
opposed to the broad scale national systems being
discussed here). Larger data sets mean that
manual calibration, despite promising results,
becomes untenable.
Recent experiments are

favouring the adoption of an automatic method in
which each parameter is calibrated in turn with, at
each stage in the sequence, a Monte Carlo
sampling of the remaining parameter space. It has
been found helpful in this research to allow the
choice of objective function to vary for different
parameters, and to use a two-pass approach, where
each parameter is calibrated for a second time,
separately, after all parameters have been
calibrated once. This allows some re-adjustment
of parameter values, to obtain a better-defined final
set.

SPATIAL GENERALISATION

Early evidence suggested that two key directions
were helping to improve the quality of spatial
generalisation of rainfall-runoff models. One was
the use of ‘sequential’ regression in relating model
parameters to catchment properties [Lamb et al.
2000a] and the other was parameter reduction to a
very simple model formulation where the effect of
an
individual
parameter
has
increased
independence [Calver et al., 2001]. Recent
research has been additionally exploring
approaches based on site similarity whereby runoff
model parameters at ungauged sites are established
in relation to those at calibrated sites whose
catchment properties most closely match those of
the ungauged site in question [Kjeldsen et al.
2003]. The parameters at the ungauged target site
are estimated as a weighted average of parameters
for the selected gauged catchments. Tests have
been undertaken on the relative performance
afforded by the number of catchment properties
most usefully invoked, the number of ‘nearest’
catchments (in catchment property space rather
than simply geographical space) from which
information is drawn, and on weighting schemes
applied to the transposed information.

Second, it was found preferable to use only
catchments that were deemed very similar to the
target site rather than a large sample of
catchments. Figure 3 shows the performance
measure (S) plotted for the top three combinations
of catchment descriptors estimated using 5, 10 and
25 neighbouring catchments, respectively. The
figure shows that the performance is significantly
worse using 25 catchments, whereas the difference
between using 5 or 10 catchments is relatively
modest. In general it was preferred to use 10 to
minimise the impact of potential outliers.
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The performance of different variants of the site
similarity approach was compared using a basic
leave-one-out cross validation measure defined as:

S=

1
N

∑{y

2
− yˆ (i ) }

N

i

i =1

(1)

where N is the number of catchments, yi is the
calibrated parameter estimate for the i’th
catchment and (i) is the estimate obtained for the
i’th catchment, treating it as ungauged. Small
values of S are therefore preferable. (Note that
values of S are parameter-specific.)
ŗ

Based on a comprehensive search through many
possible combinations of catchment descriptors, a
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4.

number of conclusions have been suggested. First,
the number of catchment properties used to define
the distance (in catchment property space) from
the target site to nearby gauged sites should not
exceed three, as little information is gained from
adding further properties and the hydrological
justification becomes increasingly difficult. No
single combination of catchment properties
worked well for all model parameters, but
combinations based on two or three properties
describing the soil properties in combination with
either catchment slope, influence of upstream lakes
and reservoirs (if any) or land use were found to
work well in general.

1

2

3

4

5

No. Catchment Properties

Figure 3. Plot comparing the performance of the
site similarity approach for a ‘Probability
Distributed Model’ [Moore, 1985] routing
parameter using different numbers of
neighbouring sites. The performance measure S is
plotted against the number of catchment properties
in the distance measure for the top three
combinations of catchment properties in each case.

The third investigation concerned the weighting of
the selected catchments, testing equal weighting
against a scheme where weights decrease linearly
as a function of the distance in catchment property
space between a gauged catchment and the target
site. The latter was found to perform better.

5.

QUANTIFICATION OF UNCERTAINTY

Uncertainty around flood frequency curves
resulting from the spatial generalisation process for
ungauged British sites has been reported [Lamb et
al. 2000b, Lamb and Kay, in press]: these results
do, however, assume parameter independence.
Research is under way to incorporate an
uncertainty measure more closely associated with
the calibration and spatial generalisation
procedures. Figure 4 illustrates two of the sources
of uncertainty in relating rainfall-runoff parameters
to catchment descriptors. These sources can be
treated as having variances g2, for departures of a
catchment's true parameter value from the
generalisation value, and c,j2, for departures of the
calibrated parameter value for catchment j from its
true value. The following demonstrates the use of
these for the simple case where a group of
catchments is treated as having the same value for
a certain parameter . Values for the calibration
variances c,j2 are obtained from a jackknife
procedure [Shoa & Tu, 1995], specially adapted
for the present application, and are treated as
known. An initial estimate g2(0) for g2 is set
arbitrarily, and then iteratively improved via the
following equations which involve forming a
weighted average of the J estimates âj of the
parameter for each calibration catchment in the
group.
̌

̌

Figure 4. Two of the sources of uncertainty in
using calibrated estimates of model parameters in
the estimation of such parameters from catchment
properties: the generalisation error and the
calibration error.
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−1
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{

( J − 1) −1 ∑ ω (j k ) aˆ j − α ( k )

}

2

(5)

When this converges, α (k ) provides a generalised
estimate for the parameter for an ungauged
catchment thought similar to the given group,
while:

sˆU2 = (1 + J ω( k )−1 ) sˆ g2 (k + 1)

In future research it is anticipated these types of
uncertainty considerations will be propagated
through to their effect on the flood frequency
curves, together with estimates (or models) of data
and runoff model structure uncertainties.
Quantification of uncertainties, including those
associated with the driving rainfall, does not of
course necessarily mean a narrowing of confidence
bands, and a major challenge is to manage floods
in the light of uncertainties.

(6)

provides an estimate of the variance describing
how far the true value of the parameter for the
ungauged catchment is likely to be from this
estimate. Where the generalisation procedure is
based on regression, the above scheme is extended
to become an iteratively re-weighted least-squares
method.

1217

6.

CONCLUDING REMARKS

The challenges in establishing a national method
for ungauged flood frequency estimation using
continuous simulation are at the forefront of
modelling research. It is beyond the scope of this
short paper to detail all of these, and it will be
appreciated that only some points have been
highlighted here. It is, however, to be noted that
considerable progress has been made and that
further advances can reasonably be anticipated.
Currently the pragmatic way forward is to use
hydrological models which are relatively simple in
formulation but it remains a long term aspiration
that future advances may allow the benefits of
more detailed modelling to be extended from datarich sites, where their current evolution is
occurring, to ungauged areas less rich in data. The
potential advantages for ungauged sites lie in
exploratory modelling for planning and scenario
impact assessment before real-world decisions are
made.
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Abstract: Simulation of flow hydrograph at an ungauged site recently has attracted considerable attention. A
distributed rainfall-runoff model not only can describe the spatial heterogeneity of physiographical and
hydrological characteristics in the catchment, but also can simulate the hydrological processes inside the
studied area. If a distributed rainfall-runoff model can be adequately verified based on measurements both at
the outlet and inside the studied area, then confidence that the model can accurately simulate the hydrological
processes inside the studied area becomes more justified. The upstream catchment of Yan-Shoei creek was
chosen as the study area, and historical flow hydrographs are observed not only at the outlet of the basin, but
also at two small reservoirs inside the basin. A grid-based distributed rainfall-runoff model is first calibrated
and verified using 12 and five historical storm events respectively, and the model is found to have reasonable
rainfall-runoff simulation for the study area. Observed water level hydrographs recorded at these two
reservoirs further indicate that the model could accurately simulate the rainfall-runoff process within the
studied catchment. Finally, a windows-based program was developed based on the Visual Basic and
Geographic information system-Arc View to establish a user-friendly interface. Users can easily input the
model data, calibrate the model parameters, run the model and query the simulated flow hydrograph at any
ungauged site within the study area.
Keywords: Geographic Information System; Distributed Rainfall-Runoff Model; Window-Based; Ungauged
Basin

1.

INTRODUCTION

Rainfall-runoff models have been widely applied in
water resource projects. Various rainfall-runoff
models have been developed. However, the
problem of hydrograph simulation in an ungauged
basin is still interesting. The structure of rainfallrunoff models has developed from lumped towards
distributed types, since the Geographic Information
System (GIS) and Remote Sensing (RS) techniques
have been developed as useful tools for simulating
the spatial heterogeneity of hydrological and
physiographical characteristics in the catchment.
Therefore, the distributed rainfall-runoff model is
known for its ability to simulate the spatial
hydrological process inside a basin. Theoretically,
such a model can simulate the rainfall-runoff
relationship at any site, provided the model has
been verified. However, in most works the
distributed rainfall-runoff model is only verified
using the flow hydrograph at the outlet of the
studied basin. This method of verification only
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demonstrates that the model can simulate the
rainfall-runoff relationship from the perspective of
the whole basin. This study assumes that a
distributed rainfall-runoff model needs to be
further verified using historical recorded data
inside the study basin. Verifying that a distributed
rainfall-runoff model has reasonable ability to
simulate hydrological processes both at the outlet
and inside the basin suggests that it can also
simulate the spatial hydrological processes in the
studied basin. This feature of distributed models
can be applied to simulate the flow hydrograph at
any ungauged site in the basin.
Despite having numerous advantages compared to
lumped models [Beven and O’Connell, 1982], the
distributed models normally need to pay more
attention to input data preparation and model
calibration. Accordingly, friendly user interfaces
must be developed to enable users to input
numerous input parameters. Recently, various
public rainfall-runoff models have been developed

with friendly user interfaces including HEC-HMS
[Hellweger and Maidment, 1999], integration of
HSPF [Lohani et al., 2002], windows-based
AGNPS [He et al., 2001], HEC-RAS and TR-20
[Buntz, 1998; Kopp, 1998]. This investigation
attempts to verify whether the windows-based
distributed model proposed in this work has the
potential to be applied to ungauged basins. The
basin of Yan-Shui Creek, which contains two small
reservoirs, is selected here as the study area. The
model is verified not only using observed
hydrograph at the basin outlet, but also using
observed water level at two small reservoirs. The
ability to simulate the spatial hydrological process
can be extended for ungauged sites within YanShui Creek. This approach is based on
interpolation within a gauged basion. The
windows-based friendly interface is further devised
to enable users to query the simulated flow
hydrograph at any ungauged site within the study
area.
2.

STUDY AREA

The basin of Yan-Shui Creek is located in southern
Taiwan and has a drainage area of 343 km2 and the
mainstream length of 41.3 km. A drainage area of
138 km2 upstream the Feng-Hua Bridge station, the
only stream gauging station in the Yan-Shui Creek,
was chosen as the study area. Fig. 1 depicts the
locations of this stream gauging station and two
raingauges. Two small reservoirs, Hu-Tou and
Yan-Shoei for irrigation located inside of the basin
are shown in Figure 1. Both the Hu-Tou Yan-Suei
reservoir reservoir was built for the purpose of
agricultural irrigation. Around 90% of the rainfall
occurred during the wet period from May to
October. Rainfall events caused by typhoons and
southwestern convective storms, frequently
occurring after typhoons leaving Taiwan, were
dominant in annual rainfall and related severe
disasters. Both 12 and another five historical flood
hydrographs recorded at outlet of the basin are
chosen for model calibration and verification. The
water levels recorded at two reservoirs were further
used to verify the model performance to simulate
spatial hydrological processes inside of the basin,
which was important feature of a distributed
rainfall-runoff model.
3.

DISTRIBUTED
RUNOFF MODEL

RAINFALL-

A detailed description of the model can be
referenced by Yu and Jeng [1997]. Only a brief
summary is given here. This model is designed for
flood event. It is not suit for continuous simulation
in this study.
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Figure 1. Location of study area

3.1 Catchment Characteristics
The catchment is to be divided into a 0.5 0.5 km
grid-based mesh. Based on the soil map, the
referenced parameters values of fo, fc and k are
determined for each grid cell to estimate the
infiltration loss. The roughness of the ground
surface, which depends on the surface cover, has
an influence on the storage coefficient and runoff
behaviour is determined by remote sensing image.
The topography within each grid cells, including
flow direction, surface slope, and flow length, is
determined from digital elevation model (DEM).
3.2 Abstraction Loss
Since infiltration dominance in the abstraction
losses was unanimously assumed during storm
events, only infiltration loss was estimated by
Horton equation.
f P (t ) = f C + ( f 0 − f C )e − kt r
(1)
Where f P (t ) denotes the infiltration capacity,
f 0 represents the initial infiltration capacity, f C is
the final infiltration capacity, k denotes the decay
constant, and t r is the time. We set the actual
cumulative infiltration equal to the integrated
Horton's equation, to adjust the deficiency of the
equation (1), which always decreases with time
even if the rainfall stops [Waren et al., 1989]. Each
storm event has its own antecedent condition and
optimal initial infiltration capacity, so a calibrated
parameter Ch is used here to obtain the optimal
initial infiltration parameters [Yu and Jeng, 1997].
3.3 Flow governing equation
Non-linear conceptual approaches were used here
for calculating overland flow and channel flow
routing. The continuity and storage equations are
written as:

I − Q = dS dt (continuity equation)

(2)

S = K ⋅ Qm

(3)

(storage equation)

I, Q and S are input, output and storage at a grid. K
and m are parameters. To consider the simplest
case of overland flow in a grid with length L, width
w and water depth y, the volume of water stored in
the grid is:

S = wyL

(4)

The discharge, Q, given by Manning's equation is

Q=

1.0 5 3 12
wy S b
n

(5)

Substituting (4) into (5) to eliminate the water
depth y gives

S=

N 0.6 w 0.4 L 0.6
Q
0. 3
Sb

(6)

Here, Sb is the slope and N is the Manning's
roughness coefficient. (6) is the same as (3) with

m = 0.6

K = N 0 . 6 w 0. 4 S b

(7)
− 0. 3

L

(8)

Hence the storage coefficient K in (8) is the
function of Manning's roughness coefficient N and
the slope. As the actual value of N and Sb may
involve some uncertainty, a lumped parameter, C,
is introduced in this study to adjust the storage
coefficient, and is calibrated from the historical
data.
( K i ) opt = C ( K i ) = C ( N 0.6 wi0.4 LS b−0.3 ) i
(9)
Reservoir routing included in this work based on
the Storage-Outflow curves that are developed
from Area-Level-Storage and spillway rating
curves. The governing equation is the same as (2).
The reservoir routing is repeatedly calculated by
using inflow, Storage-Outflow curve and continuity
equation.
The spatial variability of storage coefficient can be
obtained by using the Manning's coefficient N and
slope at each grid element as shown in (9),
although a lumped parameter C is calibrated for all
grid elements. Notably, two separate parameters Cs
and Cc were used for overland flow and channel
flow. The model calibration parameters may cause
the uncertainty of model output. The detailed
reference can be traced in our previous findings
[Yu et al., 2001].
4.

MODEL
CALIBRATION
VERIFICATION

AND

The model parameters in distributed rainfall-runoff
models are divided into two kinds: the physical
parameters, which can be generated directly from
topographic, soil, and vegetation maps, and the
calibrated parameters, which are calibrated using
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historical rainfall and flow data. Three calibration
parameters must be calibrated by applying both an
optimization technique and an objective function.
This study adopts the shuffled complex evolution
(SCE) method for model calibration. [Duan et al.,
1992].
The distributed rainfall-runoff was calibrated using
12 historical storm events. The calibration results
demonstrate that the maximum error of time to
peak (ETP) was less than two hours, while the
average error of estimated peak flow (EQP) was
6%, the average error of total volume (VER) was
approximately 16% and the average coefficient
efficiency was 0.89. Figure 2 only shows the worst
cases of the calibrated events, and the results
indicate that this model achieves a reasonably
accurate simulation at Feng-Hua Bridge station.
The average parameters (Cs=0.482, Cc=0.578,
Ch=0.053) are used for model verification. Table 1
lists the verification results, which display that the
average ETP was around 0.8 hours, the average
EQP was below 13%, the average VER was about
30%, and the average coefficient efficiency was
0.75. Figure 3 only illustrates the worst cases of the
verification events. The calibration and verification
results concluded that the distributed rainfallrunoff model can effectively simulate the rainfallrunoff behaviour from the view of the whole basin.
However, the ability of the model to simulate the
hydrological process inside the study basin is also
interesting.
The automatic monitoring system in the Hu-Tou
and Yan-Shoei reservoirs only provided complete
hourly records of observed water levels for
historical events 15 and 17 to verify the model.
Figure 4 compares the observed and simulated
water level of event 15 at the Hu-Tou and YanShoei reservoirs. The accurate simulation results
show that the distributed model still has good
simulation on the rainfall-runoff process in the
interior of the study basin. Consequently this
distributed model proposed in this work may
provide a tool for hydrograph simulation at any
ungauged site within the study catchment.
Table 1. The performances for verification storm
events
Storm Event ETP(hr) EQP(%) VER(%) CE
Event 2
1
4.78
-26.81 0.72
Event 14
-1
-20.09
-27.32 0.71
Event 15
0
-22.64
-35.45 0.78
Event 16
-1
-8.15
-29.17 0.80
Event 17
1
-6.21
-29.60 0.72

/Average/

0.8

12.37

29.67

0.75

required for the distributed rainfall-runoff model
includes digital elevation; soil type; and land
use/cover database. The boundaries of the studied
basin and river network are first divided using
Hec-GeoHMS software and Digital elevation data,
which is also used to estimate the average elevation
and slope of each grid. Soil and land use/cover are
used to estimate the Manning’s n and infiltration
rate of each grid. Users can use the pull-down
menu to conduct this estimation and can save the
estimation results as output files for model input
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5.2 Interface For Model Execution, Display
And Inquiry
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Executing the distributed model involves the steps
of model data input; model calibration; model
verification; output display and inquiry. A
windows-based interface is developed using
Microsoft Visual Basic to conduct these
procedures. The functions of the various windows
are summarized as follows:

Time (hr)

Figure 2. The worst cases of the calibration
events
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Users can first go to the window for model data
input to fill in the file name and paths for each kind
of model data input. This window provides eight
buttons for inputting model data, including the files
of “hourly rainfall”, “hourly runoff”, “grid
boundary”; “infiltration data”; “channel network”;
“topographic data”; “river characteristic”, and the
file name to be assigned to the model output.

computed hydrograph

400

Q(m /sec)

5.2.1 Data input window

observed hydrograph

3

200

0
0

20

40
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5.2.2 Parameter calibration window

Time (hr)

Figure 3. The worst and best cases of the
calibration events
5.
5.1

After inputting the model input data file, users can
execute model calibration, which requires the input
of the ranges of calibration parameters, Cc, Cs, and
Ch. and the parameters of the SCE method.

WINDOWS-BASED INTERFACE
Interface For Data Generation

5.2.3 Model verification window

A distributed rainfall-runoff model generally
requires
numerous
complicated
physical
parameters to simulate the heterogeneity of spatial
hydrological characteristics. These data may
include the catchment boundary, surface slope and
elevation, soil and vegetation type, land use and
ground cover, reservoir locations and the
identification of flow direction and river network.
The GIS and RS techniques provide digital
geographic information and processing of the
satellite image, and not only save a considerable
data preparation time, but also enhance data
accuracy. However, it depends on users being
proficient at using GIS software, which GIS
software has powerful functions for calculation and
analyses. This study develops a windows-based
interface to integrate the distributed rainfall-runoff
model with the Arc View Spatial analyst and HecGeoHMS [USACE, 2000]. The basic database
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Model verification requires a set of model
parameters from model calibration. Users can input
the model parameters from the upper-left window
of Fig. 5. The observed and simulated hydrographs
are automatically displayed in the middle window
after pressing the “start to simulate” button.
Simulation results, including the error of peak
time, peak discharge, runoff volume and efficiency,
are displayed in the left window.
5.2.4 Results inquiry window
Since the distributed rainfall-runoff models can
simulate the hydrological process inside the
catchment, the windows-based interface in this
work (Fig.6), enables users to query the
hydrographs of each grid or channel section. The
hydrographs are shown after users choose the grids
of interest from the map and press the button to
draw.

(b) Yan-Shoei Reservoir

(a) Hu-Tou Reservoir
33.0

38.0

Event 15

Event 15
37.5

32.0

observed water level

observed water level

computed water level

water level (m)

water level (m)

computed water level

37.0

31.0

30.0

36.5

29.0

36.0
0

20

40

60

0

80

20

40

Time(hr)

Time(hr)

Figure 4. The computed and observed water level of event 15

Figure 5. The window of runoff simulating

Figure 6. The window of results inquiring
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6.

CONCLUSION

This investigation established a windows-based
distributed rainfall-runoff model for a gauged basin
that could interpolate the flow hydrographs at any
ungauged site within the catchment. The
verification that the distributed rainfall-runoff
model has reasonable ability to simulate
hydrological processes both at the outlet and inside
the basin indicates that the model can accurately
simulate the spatial hydrological processes in the
subject basin. This feature of distributed models
then can be applied to simulate the flow hydrograph
at any ungauged site in the basin. The basin of YanShoei Creek, which contains two small reservoirs,
was chosen as the study area. Twelve calibration
storm events and another five verification storm
events provided the data set. However, water level
hydrographs were only observed for two storm
events at these two small reservoirs to verify the
model performance inside the basin. Average model
parameters from these 12 calibration storm events
were further used for model verification. The
calibration and verification results indicate that the
proposed model has reasonable ability to simulate
the rainfall-runoff relationship.
Because distributed rainfall-runoff models require
more complicated topographic and landform data
for their input, a friendly interface was developed to
enable users to easily generate the model input data,
including the catchment boundary, surface slope
and aspect, Manning’s n and infiltration rate. The
distributed rainfall-runoff model was further
integrated using Microsoft Visual Basic to develop
a windows-based interface. The windows-based
interface helps users to easily input the model data,
calibrate the model parameters, execute the model
and display the simulation results.
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Abstract: As a potential member country to the European Union (EU), Latvia has harmonized the national
environmental legislation with the EU air quality (AQ) legislation. The AQ management system in the
country is being developed in accordance with the requirements laid down in the appropriate EU directives
thus introducing advanced management tools based on the AQ modelling. According to the Latvian
legislation, the simple empirical model, “Ecolog” (Russia), should not be used for air quality modelling. The
new tool for pollution dispersion assessment and management, EnviMan, OPSIS AB Company, Sweden was
obtained by the Latvian Hydrometeorological Agency in 1998. Initially it was used only for processing and
storage of data collected from automated AQ monitoring stations. First modelling exercises began in 20002001 when a map of Riga was digitized and related to the GIS databases with regard to emission sources;
input meteorological data were prepared as well. At the moment, the digital maps have been prepared, and
source emission databases are being revised for another 9 industrially developed Latvian towns.
Keywords: Air pollution; Modelling; Traffic emissions; Latvia

maintaining or restoring air quality (Baumbach,
1996).
Over the last decades, a number of air
pollution models have been developed at the
National Environmental Research Institute
(NERI),
Department
of
Atmospheric
Environment, ATMI, Denmark and U.S.
Environmental Protection Agency. The aim of
this study is the practical use of two models –
Operational Street Pollution Model (OSPM) and
AERMOD (U.S.).

1. INTRODUCTION
In the year 2000, 45% of the world’s population
lived in urban areas, with a much higher fraction
(75%) in the more developed countries
(Population Reference Bureau, 2001a). By 2007,
it is projected that half of Earth’s population will
be city dwellers if trends continue, and most of
this additional urbanization will take place in
developing countries (Population Reference
Bureau, 2001a). Given the large and increasing
fraction of the population exposed to the
atmospheric environments of cities, the growing
interest about an air pollution level is
understandable.
The central purpose of dispersion modeling is
to describe the relationship between pollutant
emission, transmission and ambient air
concentrations of one or several pollutants as a
function of space and time in a mathematically
exact way. This is done with the calculation
depending on emission volume, individual
meteorological conditions and, if necessary, a
number of parameters which take into account
transformation and deposition processes in the
atmosphere. Air pollution modeling is used to
establish criteria for planning the location of
industrial plants and complexes requiring official
approval, for determining minimum stack heights,
for developing and assessing air quality control
strategies (to investigate the effects of emission
restrictions on air quality) and thus for

2. NUMERICAL MODELING
2.1. The operational street pollution model
(OSPM)
The Danish OSPM model is a parameterized
semi-empirical model making use of a priori
assumptions about the flow and dispersion
conditions in a street canyon. In the model,
concentrations of exhaust gases are calculated
using a combination of a plume model for the
direct contribution and a box model for the
recirculating part of the pollutants in the street.
Parameterization of flow and dispersion
conditions in street canyons was deduced from
extensive analysis of experimental data and model
tests. Results from these tests have been used to
improve the model performance, with regard to
different street configurations and a variety of
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during transport, a calculation model based on
Gaussian diffusion is used for approval
procedures.
The AERMOD modeling system consists of
two pre-processors and the dispersion model. The
meteorological preprocessor (AERMET) provides
AERMOD with the meteorological information it
needs to characterize the Atmospheric Boundary
Layer (ABL) (Irwin, et al., 1988). The terrain preprocessor (AERMAP) both characterizes the
terrain and generates receptor grids and elevations
for the dispersion model. AERMET uses
meteorological data and surface characteristics to
calculate boundary layer parameters (mixing
height, friction velocity) needed by AERMOD.
AERMOD contains improved algorithms for: 1)
dispersion in both the convective and stable
boundary layers; 2) plume rise and buoyancy; 3)
plume penetration into elevated inversions; 4)
computation of vertical profiles of wind,
turbulence, and temperature; 5) the urban
boundary layer; 6) the treatment of receptors on
all types of terrain from the surface up to and
above the plume height (Hayes, 1986).
AERMOD is a steady-state plume model. In
the stable boundary layer (SBL), the
concentration distribution is assumed to be
Gaussian in both vertical and horizontal. In the
convective boundary layer (CBL), the horizontal
distribution is assumed to be Gaussian, but the
vertical distribution is described with a biGaussian probability density function. This
behavior of the concentration distribution in the
CBL was demonstrated by (Willis, and Deardorff,
1981) and (Briggs, 1993).

meteorological conditions. The model calculates
air concentrations of NO, NO2, NOx, O3, CO and
benzene in the street canyon at both sides of the
street (Berkowicz, 1999; Brandt, 2000).
An importance feature of OSPM is modeling
of the turbulence in the street. The turbulence in
the street is assumed to be composed of two parts:
a part dependent on wind speed (ambient
turbulence) and a part due to traffic induced
turbulence. The last dominates when the wind
speed is low.
2.2. Air pollution data from traffic
Comparisons of measured and modeled hourly
concentrations of NOx in Riga (Valdemara street)
are shown in Figure 1 for the measuring period in
2003 (7110 hours). Valdemara street is a typical
street canyon with about 18 500 vehicles/day. The
street is 15 m wide and is flanked on both sides
with about 22 m high buildings. Direction of the
street is 223 degrees. The pollution monitoring
station is situated on the West side of the street
where the building facades are closed. Hourly
emissions of NOx are estimated using the traffic
counting data and average emission factors
estimated according to computer program
COPERT (Ntziachristos and Samaras, 2000;
Vardoulakis, 2002). An average diurnal traffic
profile was constructed from the counting data.

NOx - calculated (µg/m3)

1000

N = 7110
R2 = 0.82

800
600

2.4. Air pollution data from point sources

400

Riga is a city with 1 million inhabitants. Figure 2
shows the location of the industrial sources of
SO2.

200
0
0

200

400

600

800

1000

NOx - observed (µg/m3)

Figure 1. Comparison between measured and
modeled concentrations of NOx in Riga
(Valdemara street).
Good correlation between the modeled and
measured concentrations is evident from the
results presented in Figure 1. Precise diurnal and
yearly traffic data and successful using of
COPERT obtain so good correlation.
2.3. AERMOD
To calculate the dispersion of non-sedimenting
substances from point sources which are not
subject to physical and chemical transformations

Figure 2. Location of SO2 sources in Riga city
(scale 1:40 000) .
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3 years. Information about terrain (as surface
roughness) is included. We put in the
representative value for the local roughness
around the monitoring site.

The Latvian Environmental Agency Emissions
Inventory was used as a basis for SO2 emission
data. The inventory includes the emissions from
stationary sources (power plants, other point
sources and residential heating). Sources are
considered as point sources. Computations
included approximately 200-point sources.
The meteorological data site (56º58' N and
24º02' E) used was from Spilve airport located at
central part of Riga. A period of 3 years from
2001 to 2003 was studied. Peaks in measured
sulfur dioxide concentrations are caused in large
part by the major combustion sources, Figure 3.
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Figure 4a. Percentiles of SO2 concentration in
Riga: January-December 2001.
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Figure 3b. Time series of SO2 hourly
concentrations in Riga: January-December 2002.
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Differences between measured and monitored
data are caused by incomplete emission inventory
data; especially we have not any SO2 data from
mobile emission sources (locomotives, etc.).
Variations of SO2 concentrations could be
explained by economical activity, exactly by
industrial activity. The quality of the emissions
inventory was a critical factor in all three cases. In

Figure 3c. Time series of SO2 hourly
concentrations in Riga: January-December 2003.

Comparisons of measured and modeled hourly
concentrations of SO2 in Riga (Maskavas street)
are shown in Figure 4 for the measuring period of
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particular the following aspects were important:
1) information on the operating times of the
largest industrial sources, including periods of
shutdown; 2) emission data for small industrial
sources e.g. stack height, diameter, release
velocity and temperature, especially if the source
significantly influences a monitoring site; 3) it
was important to use local meteorological data,
especially wind direction and wind speed.
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2.5. GAS MEASUREMENTS
UV DOAS (Ultraviolet Differential Optical
Absorption Spectroscopy) technique was used to
determine the concentration of NOx and SO2.
Challenging the UV DOAS system with a known
concentration of span gas assesses accuracy and
precision for specific gases measurement.
Performance of QC measures will be in
accordance with OPSIS Analyzer Software User`s
Guide. The measurement uncertainty is 2 µg/m3,
sensitivity – 1 ppb. SO2 monitor was located at
central part of Riga city.
3. CONCLUSIONS
OSPM model is the most commonly used tool in
regulatory street canyon applications. It is
specially designed to produce time series of
pollutant concentrations within near-regular
canyons, and it requires a relatively small amount
of input information and computational resources.
From other point of view, OSPM model is based
on a number of empirical assumptions that might
not be applicable to all urban environments.
Gaussian plume models are popular because
of their relative simplicity and the possibility of
easily including special features. AERMOD is
mainly designed to simulate point, area and/or
grid sources in open terrain.
The tool for pollution dispersion assessment
and management, EnviMan combines both of
mentioned models.
In each study (OSPM, AERMOD) the quality
and detail of information available from the
emissions inventory was a large factor and
specific, achievable improvements could be
identified in each case. Nonetheless, from the
emissions data available there was a good
agreement between modeled and measured values
of the main pollutants, SO2 and NOx.
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Abstract: Overall persistence (POV) and long-range transport potential (LRTP) of chemicals are two
indicators used in the context of precautionary chemical assessment. Multimedia fate models are used in
research and regulatory contexts to calculate numerical indicators of POV and LRTP. The resulting indicator
values exhibit uncertainty due to model uncertainty concerning model design and due to variability and
uncertainty in the substance parameters. In this study, we compare the relative magnitude of substance
parameter and model uncertainty for a large set of 3175 hypothetical chemicals that evenly cover the
chemical parameter space and for eight different multimedia models available for the calculation of POV and
LRTP. The assessment of the relative magnitude of the two types of uncertainty is important to direct
further research and to inform the user on the level of confidence he can have in the model results. It is
shown that, for POV, substance parameter uncertainty is larger than model uncertainty in most cases (78%),
and that model uncertainty becomes more important for those chemicals which partition in considerable
amounts into more than one environmental compartment. For LRTP, on the other hand, model uncertainty
is higher than parameter uncertainty in most cases (61-81%). This dominance of model uncertainty can be
explained with known differences in the model designs. Uncertainty of POV can thus be reduced most
effectively by improving data on degradation rate constants. For LRTP, the choice of the model that is best
suited for the assessment purpose in question is most essential to reduce uncertainty.
Keywords: Uncertainty analysis; Multimedia model; Exposure analysis
1.

INTRODUCTION

High overall persistence (POV) and long-range
transport potential (LRTP) have been recognized
as hazardous characteristics for chemicals that
might be released to the environment (e.g.,
Scheringer, 1996). Numerical indicators of P OV
and LRTP are therefore used in various contexts
for the assessment of the hazard posed to the
environment by chemicals, e.g. for identifying
candidate persistent organic pollutants (POPs)
within the Stockholm Convention (UNEP, 2001).
However, it is difficult to directly measure these
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two descriptors of chemical fate in the
environment.
Multimedia models have been found to be
appropriate tools for calculating numerical values
for POV and LRTP. The results of these
calculations are subject to two main types of
uncertainties. First, they are influenced by
parameter uncertainty that is due to uncertainty in
the measurement methods for chemical substance
properties as well as due to natural variability of
the environmental parameters within the large
areas represented by the multimedia models. The
second major uncertainty is due to differences
between the various multimedia models available
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uncertainty in POV and LRTP for these same 3175
chemicals for two distinctly different models,
ChemRange and ELPOS. We then compare the
uncertainty ranges spanned by eight of the models
with the uncertainty ranges due to parameter
uncertainty in the two models for each of the 3175
chemicals.
Our objective is to assess the relative magnitude
of substance parameter versus model uncertainty
for different chemical property combinations and
for the two indicators POV and LRTP. In this way,
we learn when further research should focus on
the reduction of parameter uncertainty and
variability and when it should rather focus on
model optimization.
METHODS

2

2.1
Models and definitions of P OV and
LRTP

Coupled

Transport

To assess model uncertainty, results from 8 out of
the 9 models used in the OECD study were
compared (for references to models see OECD,
2004). The eight models share a set of common
characteristics: All are based on a mass balance
approach, have a compartmental design and rely
on empirical submodels to describe partitioning
between various environmental compartments and
subcompartments. However, the models also
differ considerably in several respects. These
include different compartment geometries, different numbers and types of compartments included,
processes that are only present in a subset of
models and the degree of spatial resolution of the
models. The differences between the models are
described in more detail in OECD (2004).
ChemRange

SimpleBox
Impact 2002

Single-Media

for the calculation of POV and LRTP. Because the
original goals and motivations for developing
these models were different, they exhibit
differences in the model geometry,
parameterization of the environment and also use
different definitions of the endpoints POV and
LRTP. Differences in POV and LRTP due to model
design are here referred to as model uncertainty.
Because of the potential application of these
models in regulatory decisions, assessing the
magnitude and relative importance of the two
types of uncertainty needs to be an area of active
research. Work on quantifying the influence of
parameter uncertainty on POV and LRTP has been
conducted by Bennett et al. (2001), Beyer and
Matthies (2002) and Fenner et al. (2004). In these
studies, 30 to 70 compounds with diverse
partitioning behavior have been investigated. All
three studies used Monte Carlo simulations to
determine 80 to 90% confidence intervals of the
results. These confidence intervals were found to
typically span factors between 5-30 for POV and
between 2-50 for LRTP.
Model comparison studies, on the other hand,
have been conducted by Wania and co-workers
(WECC, 2000; Wania and Dugani, 2003),
Bennett et al. (2001) and Beyer et al. (2001), and
are currently being conducted by an OECD expert
group (OECD, 2004). Their findings indicate that
rankings in terms of POV and LRTP of broad sets
of different chemicals are broadly similar across
different models (i.e., rank correlation coefficients
are regularly > 0.9 among models). For POV, good
correlations even for the absolute results have
been found among different models. The model
comparisons have also shown that significant
discrepancies between the models occur only for
specific combinations of partitioning
characteristics and degradation rate constants.
These discrepancies are directly attributable to
basic differences in the models, for example,
consideration of transport in air only versus
coupled transport in air and water.
In none of these studies, however, have the
relative magnitudes of model and parameter
uncertainty been compared. Such a comparison is
required to direct further research and to supply
the model users with information on the degree of
confidence they can have in the model results and
on how to use the results in the assessment of
substances. The model comparison study of the
OECD expert group, in which POV and LRTP of
3175 hypothetical chemicals that span a large
range of chemical properties were compared for
nine different models, provides a unique
opportunity to conduct such a comparison of
model and parameter uncertainty. Here, we
present an assessment of substance parameter

CalTox
CEMC L II
CEMC L III

BeTr

ELPOS
Transport

Focus

Target Region

Figure 1. Comparison of multimedia models with
respect to mode of transport (single-medium vs.
coupled, vertical axis) and LRTP metric (transport- or target region-oriented, horizontal axis).

However, two main distinctions are particularly
influential on the hazard indicators calculated by
the models (see Figure 1). First, the models differ
with respect to whether they allow for long-range
transport in both air and water and to what extent
these two transport mechanisms are coupled. In
the extreme, ChemRange calculates fully coupled
air-water transport, while ELPOS calculates
separate air and water transport potentials.
Second, while the models agree in their definition
of POV (i.e., the chemical’s reactive residence time
in the system), they may differ with respect to the
way in which LRTP is calculated. A main
distinction is between BETR-GLTE, on the one
hand, and all other models, on the other hand. The
LRTP metric of BETR-GLTE describes the
fraction of chemical deposited to the surface
media in target regions after transport in air
(“target region-focused”). The LRTP metrics of
the other models describe the potential for transport in the mobile media air and/or water without
deposition to the surface media (“transportfocused”). These different transport metrics cause
major differences between model results for
LRTP particularly for volatile chemicals.
2.2
Hypothetical chemicals and parameter
uncertainty
Since the relative magnitude of parameter and
model uncertainty might vary with the
partitioning and degradation properties of a
chemical, the comparison was conducted for a set
of hypothetical chemicals (n = 3175) covering a
broad part of the “chemical space”. The “chemical
space” represents the entire range of plausible
combinations of relative solubilities between air,
water and octanol, with octanol chosen as a
surrogate for sorptive phases such as soils,
sediments and aerosols. By choosing hypothetical
instead of real chemicals, we circumvent the issue
of data reliability and at the same time achieve an
even coverage of the possible range of
applicability of the models.
The hypothetical chemicals are the same as used
in OECD (2004) and were constructed as follows:
log Kaw values were varied from –11 to 2 and log
Koa values from –1 to 15 in steps of one logarithmic unit. All possible combinations were formed
with the restriction of 8 ≥ log Koa + log Kaw = log
Kow ≥ -1 (Kaw: air-water partition coefficient, Koa:
octanol-air partition coefficient, Kow: octanolwater partition coefficient). An additional
dimension of chemical properties was added by
defining five half-life categories ranging from 24
hours to 87,600 hours (10 years) for water and
five categories for half-lives in air ranging from 4
1231

hours to 8760 hours (1 year). To limit the number
of possible combinations to an acceptable level,
half-lives in soil were set to twice the half-lives in
water, and half-lives in sediment were set to ten
times those in water. The 25 half-life combinations were then combined with all of the 127
possible combinations of partition coefficients to
yield 3175 hypothetical chemicals.
To assess the degree of parameter uncertainty in
the resulting POV and LRTP values of each
chemical, substance-specific input parameters
(partition coefficients and degradation rate
constants) were varied for each hypothetical
chemical. Identical uncertainty factors were
assumed for all chemicals. They were chosen to
be a factor of 10 for degradation rate constants
and a factor of 3 for partition coefficients. Factors
of similar magnitude have been found for data for
real chemicals (e.g., Fenner, 2001; Webster et al.,
1998). Each hypothetical chemical was then
represented as 32 realizations by individually
multiplying or dividing each substance-specific
input parameter by the square root of the
uncertainty factor. This leads to 2 values for each
of the two partition coefficients and three
degradation rate constants, yielding 25=32
combinations for each chemical.
2.3
Comparing parameter and model
uncertainty
To assess parameter uncertainty in POV and LRTP,
the 32 realizations of each of the 3175
hypothetical chemicals were run through
ChemRange and ELPOS. These two models were
selected for assessment of parameter uncertainty
as examples of two distinctly different models.
Parameter uncertainties determined for these two
models are expected to be representative of all 8
models in the exercise. For calculation of the
model uncertainty, the eight models were run for
all 3175 hypothetical chemicals and POV and
LRTP for each chemical from each model was
determined. In all calculations, emission to air
was assumed.
The comparison of parameter to model
uncertainty has to be conducted differently for
POV and LRTP. Since all models use the same
definition of POV, uncertainty in POV among
models can be assessed directly for the absolute
results of POV (given in days). The extent of
uncertainty among the eight models and over the
32 chemical realizations is determined by
calculating coefficients of variation (CV =
standard deviation/mean) for each hypothetical
chemical. The relative magnitude of parameter
versus model uncertainty for each chemical x

URxPov = CVxPov,para/CVxPov,model

(1)

In this way, 3175 URxPov values, covering the
entire chemical space, were calculated.
For LRTP, model results cannot be compared in
terms of absolute LRTP values, due to different
definitions and therefore also different LRTP
metrics. In order to compare the LRTP model
results, we determine the rank of a chemical’s
LRTP value within the list of 3175 chemicals. In
this way it is possible to compare the LRTP
results among different models. The standard
deviation (STD) of ranks is already a normalized
measure. Therefore, model uncertainty can be
quantified by calculating the STD of the LRTP
rank of each hypothetical chemical over the
different models (without dividing the STD by the
mean of the ranks). To assess parameter
uncertainty, the same measure was calculated, i.e.
the STD of the rankings of each chemical when its
substance-properties are varied according to the
32 realizations while the properties of all other
3174 chemicals are kept at their base case values.
Accordingly, the relative magnitude of parameter
versus model uncertainty (URxLRTP) is determined
as the ratio of the STD due to parameter
uncertainty (STDxLRTP,para) and the STD due to
model uncertainty (STDxLRTP,model).
URxLRTP = STDxLRTP,para/STDxLRTP,model

(2)

Table 1. Percentage of uncertainty ratios smaller
than 1, i.e. percentage of chemicals for which
model uncertainty is larger than parameter
uncertainty for the two models ChemRange and
ELPOS and for the indicators POV and LRTP.
URxPov < 1
URxLRTP < 1

ELPOS
16.9
81.0

600
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In this way, 3175 URxLRTP values, covering the
entire chemical space, were calculated.

400
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ChemRange
ELPOS

200
100
0
0.1
-1
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10
1

100
2

x
Pov
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RESULTS AND DISCUSSION

In Table 1, the percentage of the 3175 hypothetical chemicals for which the parameter
uncertainty is smaller than the model uncertainty
is given. In the case of POV the parameter
uncertainty seems to dominate in most cases, i.e.,
in only 22% of the cases in ChemRange and in
only 17% of the cases in ELPOS is parameter
uncertainty smaller than model uncertainty. For
LRTP, in contrast, the model uncertainty seems to
be more dominant, i.e. URxLRTP < 1 in 61% of the
cases in ChemRange and in 81% of the cases in
ELPOS. Although the percentages for the two
models are not identical in Table 1, they indicate
the same trend.
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Figure 2. Frequency distributions of URxPov in
ChemRange and ELPOS.
600
500

Frequency

3

ChemRange
21.7
61.4

In addition to the information in Table 1, Figures
2 and 3 give the frequency distributions of the
uncertainty ratios URxPov and URxLRTP in the
models ChemRange and ELPOS. The frequency
distributions of the two models are similar in
shape. For POV, uncertainty ratios reach values up
to 30, indicating parameter uncertainty far dominates model uncertainty for some chemical
property combinations. For LRTP, the frequency
distribution for ChemRange is shifted to the right
as compared to ELPOS. This indicates a higher
parameter uncertainty than in ELPOS. The
distributions for both models give the same
general picture, however, i.e. high frequencies
below 1 and frequencies close to 0 above 2.
Model uncertainty is therefore clearly more
important for LRTP than for POV.

Frequency

(uncertainty ratio, URxPov) was then determined as
the ratio of the CV due to parameter uncertainty
(CVxPov,para) and the CV due to model uncertainty
(CVxPov,model).
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Figure 3. Frequency distributions of URxLRTP in
ChemRange and ELPOS.

To better understand how the frequencies of
higher model than parameter uncertainty relate to
chemical properties and to learn why model
uncertainty dominates for LRTP for the majority
of chemical property combinations while for POV
the opposite is the case, we have further analyzed
how those incidences of URxPov<1 and URxLRTP<1
are distributed in the chemical space. Figure 4
shows a contour plot which gives the number of
incidences with URxPov<1 in the Koa-Kaw-space for
ChemRange. Figure 5 depicts the same contour
plot for LRTP, i.e. it shows the number of
incidences for which URxLRTP<1 in the Koa-Kawspace for ChemRange. Low numerical values in
these plots indicate areas of the chemical space
where parameter uncertainty dominates model
uncertainty.

at low Kaw values and high Koa values that
deviates from this rule and that can be shown to
have very low parameter uncertainties for certain
chemical property combinations (CV=0.2-0.6).
This is a region in chemical space where
chemicals in air are present almost exclusively
bound to particles. It is then the degree of
partitioning to particles and the dynamics of
particle deposition processes that determine POV
rather than the half-lif in air. Since no uncertainty
has been assumed for the processes responsible
for particle deposition, parameter uncertainty is
very low for particle-bound chemicals.
Air
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Figure 5. Distribution of number of incidences
with URxLRTP <1 in chemical property space
spanned by Koa and Kaw (results for ChemRange)
Lines are drawn to delimit property combinations
for which >90% of the chemical will be present in
one compartment only.

-11
15

Koa

Figure 4. Distribution of number of incidences
with URxPov <1 in the chemical space spanned
by Koa and Kaw (results for ChemRange). Lines
are drawn to delimit property combinations for
which >90% of the chemical will be present in
one compartment only.
For POV, regions with the smallest number of
URxPov <1, i.e. with a large number of cases for
which parameter uncertainty dominates over
model uncertainty, are those regions where the
chemicals partition mainly into one compartment
(see Figure 4). It can further be seen that while the
parameter uncertainty stays relatively constant at a
high level (CVxPov,para=0.7-0.85) in most regions,
the model uncertainty varies to larger extents
(CVxPov,model=0.03-2). Whether parameter or
model uncertainty dominates for a certain
chemical is therefore mainly determined by the
extent of model uncertainty. In areas where the
chemical partitions in considerable amounts
between two or three media, model uncertainty
becomes larger and might exceed parameter
uncertainty more frequently. This is because
differences between models, e.g. different media
volumes, are relevant mostly for substances with a
strong multimedia behavior. There is one region
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For LRTP, the contour plot looks distinctly
different from that for POV. Here the frequency of
URxLRTP<1 is smaller in those regions where the
chemicals partition in considerable amounts
between two or three media (see Figure 5) and
vice versa, larger where the chemical partitions to
only one of the main compartments. This is
interpreted as follows: In those regions where the
chemical mainly partitions to one compartment,
differences in models with respect to transport
mechanisms in these compartments become very
influential and model uncertainty becomes large.
There are three such situations which have been
identified before (OECD, 2004) and can be clearly
recognized in Figure 5: (i) For chemicals mainly
partitioning to air, e.g. CCl4, the choice of transport- versus target region-focused LRTP
definitions will strongly influence the ranking, (ii)
For chemicals mainly partitioning to water, e.g.
endrin or atrazine, models that include transport in
water such as ChemRange and Impact will yield
considerably higher LRTP values, especially for
long half-lives in water, and (iii) For chemicals
partitioning strongly to particles in air, e.g. the
heavier PCB congeners, it makes a large

difference whether particle-transport in air is
included as a transport mechanism in the model or
not. Level II models such as CEMC level II do not
explicitly account for particle-transport. In addition, similarly as observed for POV, for Kaw < -7
and Koa > 6 sorption to particles and dissolution in
rain droplets, leading to washout from the atmosphere, strongly influence the LRTP in air such
that these processes become more influential than
degradation. This in turn leads to low parameter
uncertainties for chemicals in these regions.
Obviously these results depend on the uncertainty
factors assumed for the substance parameters and
on the choice of the models to be compared. As
discussed, model differences are the decisive
factor leading to different URxPov in the case of
POV. The parameter uncertainty is close to a
constant value for most hypothetical chemicals. If
the uncertainty factor for half-lives was reduced to
5 instead of 10, this would approximately halve
CVxPov,para. Even for this unlikely case, model
uncertainty would only exceed parameter
uncertainty in 35% of all cases. Hence, the main
conclusion that for POV parameter uncertainty is
considerably more dominant than model
uncertainty remains valid. The findings for LRTP
are even less sensitive to reduced parameter
uncertainty because model uncertainty already
dominates in most cases. Here, the choice of the
models is more influential. However the models
were chosen such as to represent a good collection
of those models currently in use for the
determination of POV and LRTP in various
legislatory and regional contexts. In that sense, the
selection is justified and representative of model
differences that are likely to be encountered in
practice.
4

CONCLUSIONS

The findings on the different relative magnitude
of parameter versus model uncertainty for POV and
LRTP allow identifying the most efficient
measures to reduce uncertainty in POV and LRTP.
For the calculation of LRTP it is crucial to
understand the main model differences as laid out
in Figure 1 and to know for which chemical
property combinations they matter most. These
differences in mind, the user should choose the
model that is best suited for his/her purpose (see
OECD, 2004). On a side note, it is interesting to
observe with regard to LRTP that the models
agree well for the chemicals they have originally
been developed for, i.e., chemicals with typical
multimedia behavior, and that they disagree most
for chemicals that partition mainly to one
compartment.
1234

To reduce uncertainty in POV, which is dominated
by parameter uncertainty, it is most fruitful to
invest efforts on improving data on degradation
rate constants. Also, the use of spatially resolved
models might reduce the variance of POV to true
parameter uncertainty in those rare cases where
spatially resolved fate data on degradation and
partitioning is available.
It has to be kept in mind that, in all these
considerations, we define model uncertainty as the
variability of results among the assessed models.
Remaining model uncertainty due to simplifications that are common to all models does
therefore not show up as variability between the
models. Assessing this kind of model uncertainty
remains a subject for future work.
5

REFERENCES

Bennett, D.H., Scheringer, M., McKone, T.E., and
K. Hungerbühler, Environmental Science and
Technology, 35(6), 1181-1189, 2001.
Beyer, A., and M. Matthies, Criteria for
Atmospheric Long-range Transport Potential
and Persistence of Pesticides and Industrial
Chemicals, Erich Schmidt Verlag, Berlin, 2001.
Beyer, A., Scheringer, M., Schulze, C., and M,
Matthies, Environmental Toxicology and
Chemistry, 20, 922-927, 2001.
Fenner, K., Transformation products in
environmental risk assessment: Joint and secondary persistence as new indicators for the
overall hazard of chemical pollutants, PhD
thesis, ETH Zürich, Zürich, Switzerland, 2001.
Fenner, K., Scheringer, M., and K. Hungerbühler,
Environmental Pollution, 128(1-2), 189-204,
2004.
OECD, Comparing Multimedia Models for
Persistence and Long-Range Transport
Potential, in preparation, 2004.
Scheringer, M., Environmental Science and
Technology, 30, 1652-1659, 1996.
Wania, F., and C. Dugani, Environmental Toxicology and Chemistry, 22(6), 1252-1261, 2003.
Webster, E., Mackay, D., and F. Wania, Environmental Toxicology and Chemistry, 17, 21482158, 1998.
WECC, A comparison of overall persistence values and atmospheric travel distances
calculated by various multi-media fate models.
WECC Report 2/2000, WECC Wania
Environmental Chemists Corp., Toronto, 2000.
UNEP. Stockholm Convention on Persistent
Organic Pollutants, Geneva, October 2001.

Integrated Modeling of Cadmium and Zinc Contamination in Groundwater and Surface Water of the Kempen
Region, The Netherlands
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Abstract: Regional modeling of subsurface cadmium and zinc transport in a diffusely polluted area in the
south of the Netherlands is the subject of this study. The atmospheric deposition of cadmium and zinc was
caused by three zinc-ore smelters (point sources of emission). Agriculture and other sources of heavy metals
are small compared to the atmospheric deposition in the vicinity of the smelters. A coupled unsaturated and
saturated zone flow and transport model was used to assess and predict reactive transport of cadmium and
zinc in three different catchments in the area. For cadmium an extensive set of modeling results is presented,
for zinc only preliminary results. The modeling started with a spatial reconstruction of the historic atmospheric deposition followed by an unsaturated zone transport model to calculate cadmium leaching to
groundwater. After this, a 3-dimensional reactive transport model was used for the saturated zone. The calculated cadmium concentrations were compared with two datasets of shallow groundwater analyses for validation of the model. The range of modeled and measured concentrations is the same. The modeling results indicate that the amount of cadmium in the groundwater has been doubled in the past twelve years. In the saturated zone, cadmium becomes strongly retarded, despite the low reactivity of the sandy sediments. The
maximum depth of modeled and measured concentrations is about 20 meter beneath surface level. In 2002
about 10% of the total estimated leached cadmium has been discharged in seepage areas. The integrated
modeling system developed here can be used to run future scenarios to predict resulting concentrations in
groundwater and surface water.
Keywords: groundwater; modeling; cadmium; zinc; Netherlands

1.

INTRODUCTION

In the border region of Belgium and the Netherlands, three zinc-ore smelters are located within 10
km from each other and a fourth was shut down in
1973. Exhaust fumes from these smelters have
emitted oxides of heavy metals during about one
century, which have reached the soil either by dry
deposition or with rainfall. As a result of this, the
soils in the Kempen are heavily contaminated with
cadmium and zinc on a large regional scale (Fig. 1)
(Sonke, 2002, Harmsen, 1977; Boekholt, 1992).
Since the seventies, the cadmium and zinc emissions have been greatly reduced, so the pollution
of the soil of this region is of a historical nature.
Leaching of heavy metals from the topsoil is a
major risk for groundwater contamination. The
soils of the Kempen region are developed in poor
aeolic drift sands and are vulnerable for leaching
due to the acidifying conditions (Wilkens & Loch,
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1997). The saturated zone consists of unconsolidated sandy Pleistocene deposits.
Regional modeling of subsurface cadmium and
zinc transport in the diffusely polluted area is the
subject of this study. A coupled unsaturated and
saturated zone groundwater flow and transport was
used for three different catchments the area (Fig.
1) to assess and predict:
• leaching of metals from unsaturated zone to
groundwater;
• the development of the metal concentrations
in shallow and deeper groundwater;
• the metal loads of the surface water drainage
network.
This paper focuses on the Beekloop-Keersop, Buulder Aa and Tungelroijsche Beek catchment. The
approach (Fig. 2) started with a spatial reconstruction of the historic atmospheric deposition followed by an unsaturated zone transport model to
calculate metal leaching to groundwater. Agriculture and other sources of heavy metals were also

taken into account. After this, a 3-dimensional
reactive transport model was used for the saturated
zone. Calculated and measured concentrations
were compared for validation of the modeling.

2.

ATMOSPHERIC DEPOSITION AND UNSATURATED ZONE TRANSPORT

Leaching of cadmium and zinc from topsoil to
groundwater in the Kempen area is spatially highly
variable. It depends on the soil type, the groundwater depth and input load of the metals by atmospheric deposition and agriculture. The unsaturated
zone model HYDRUS-1D (Šim nek et al., 1998)
was used to model the leaching of cadmium and
zinc to the groundwater in the period 1880-2005.
Non-linear Freundlich adsorption isotherm coefficients (KF) were derived from an existing multiple
linear regression model (Römkens el al., 2002):
ŏ

log [QCd/CCd0,54] = -5.01 + 0,27 log [% clay] + 0,65
log [% SOM] + 0,29 pH
(1)
where Qcd is the cadmium content in soil (mol/kg),
CCd is the cadmium concentration in the soil solution (mol/m3) and pH the acidity of the soil (0.01
M CaCl2).
Input parameters for the regression model (pH,
organic matter, and clay content) were taken from
the chemical characterization of soil types from the
Dutch soil map (De Vries, 1999). Together with
the groundwater level the sorption of metal determines the breakthrough time to the groundwater.
Groundwater levels were derived from a regional
groundwater flow model. The Van Genuchten parameters for modeling the unsaturated water flow
were calculated with pedo-transfer functions from
soil parameters like texture, bulk-density and organic matter content (Wösten et al., 2001). A precipitation excess of 300 mm/year was used for the
model.
No temporal or spatial data about the (historic)
atmospheric deposition of the metals covering the
total Kempen region is available. Therefore, the
atmospheric deposition of the metals was reconstructed from the analyzed cadmium content in 19
forest soil samples. Forest soil samples were chosen because the metal contents in these soils are
not influenced by agricultural activities.
At the 19 locations with varying distances from the
smelters, the historic atmospheric deposition of the
metals was reconstructed by inverse modeling with
the analyzed cadmium content in the soil, using
HYDRUS-1D. Non-linear Freundlich adsorption
isotherm coefficients (KF) were derived from analyzed pH, organic matter and clay content of the
samples (1).
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Figure 1. Map showing the location of the Kempen area in the Netherlands, the BeekloopKeersop, Buulder Aa and Tungelroijsche Beek
watershed and the cadmium amount in the topsoil
for the year 1995.
The results indicate that the historic atmospheric
deposition of the metals decreases strongly with
the distance from the zinc smelters. For cadmium,
the modeled average atmospheric deposition at the
19 locations in the period 1880-1975 vary between
15 and 642 g/ha/yr depending on the distance from
the smelters. For zinc the levels varies between
730 and 25000 g/ha/yr.
The calculated deposition at the 19 locations was
spatially interpolated to an area-covering map of
atmospheric deposition rates. The distance from
the smelters and the predominant wind direction
are input variables for the interpolation.
Breakthrough curves of the metals were calculated
for all unique combinations of soil type, groundwater level, input load and land use in the area. In
total there were 16720 unique combinations. The
agricultural load was determined by data about
municipal and national use of manure and fertilizer
salts respectively. The data were combined with
other data like composition of manure to calculate
the historic cadmium load by agricultural activi-

ties. Agriculture and other sources of heavy metals
are small compared to the historic atmospheric
deposition in the vicinity of the smelters. The average agricultural cadmium load was 1.48 g/ha/yr
and zinc 605 g/ha/yr.

3.

SATURATED ZONE

The results of the unsaturated zone model were
used as recharge concentrations for the saturated
zone model. The output of the unsaturated zone
was averaged per 5 years to match input for the
groundwater transport model. For the period from
1950 to 2005 the transport of cadmium in groundwater was calculated. The saturated zone model
set-up was based on a MODFLOW finite difference groundwater flow model (McDonald & Harbaugh, 1988) and a MT3DMS transport model
(Zheng & Wang, 1999) (Fig. 2). The grid discretization of the model is 100 meters horizontal and
vertically varying 3 meters for the upper 5 layers
to about 15 meters for the deeper layers in order to
minimize numerical dispersion. The Buulder Aa
catchment groundwater model encompassing an
area of 24 x 17.5 kilometers contains 546000
model cells.
Input Budgets
•Historic atmospheric deposition
•Agricultural non-point sources

als. Data about the groundwater composition was
obtained from 370 groundwater analyses from
regional groundwater quality monitoring networks
(Broers, 2002). Averages of concentrations were
derived per so-called homogeneous areas for
groundwater composition. Areal zones were considered to be homogenous regarding groundwater
quality based on sampling from land use/soiltype/geohydrology strata. The variation in
groundwater composition between those areas was
expected to be larger between those areas than
within them.
These homogeneous areas are created by overlay
of four depth intervals (0-6, 6-15 and 15-35 and
>35 meter beneath the groundwater level), two
land use functions (agricultural and nature) and
three geohydrological regimes (recharge, intermediate and discharge).
Second, the calculated activity of the free ion was
used to calculate the related sorbed amount for
individual sorbents present. We consider three
types of sorbents and assume that the sorption to
the three individual sorbents is additive (Griffioen
et al., 1998). The three sorbents are clay minerals,
iron oxides and organic matter. Third, the total
sorbed amount was calculated as the sum of the
products of the fraction sorbed and the amount of
sorbents present:
SCd = Sclay

multi HYDRUS-1D
-Unsaturated flow
-transport

Unsaturated zone

parametrization
•geohydrology
•geochemistry
•hydrochemistry

MODFLOW/MT3D
-3D-saturated flow
-3D transport

Saturated zone

Cd,clay

+ Sox

˻

Cd,ox

+ SOM

˻

Cd,OM

(2)

where Si refers to the amount of sorbent present
and Cd is the fraction of the sorbent occupied with
Cd. Data about the sorbent contents were obtained
from 327 sediment analyses from 16 drillings in
the area. Analyses were averaged per geological
unit and isotherm functions per geological unit
were calculated for these averages. The Freundlich
isotherm that is used in the groundwater transport
model was obtained from an empirical fit of the
total sorbed amount versus the total concentration.

Ground level
parameterization
•water levels
•soil map (flow and
•transport properties)

˻

˻

Flow results
•water levels
•water volumes
•pathlines

Transport results
•concentration profiles
•mass-fluxes
•breakthrough curves

4.

Figure 2. Structure of the integrated modeling
system

MODEL VALIDATION AND PREDICTION

4.1 Validation
3.1 Reactive transport
Sorption of cadmium was described in each individual model cell by pH-dependent single-solute
Freundlich isotherms (Griffioen et al., 1998).
These were calculated in three steps. First the activity of the free cadmium was calculated from the
total dissolved concentration taking into account
the major inorganic aqueous complexes and complexation with dissolved organic acids, including
competition of Ca, Mg, Fe, Al and other trace met-

1237

Validation of the model was done by comparison
of measured and modeled cadmium concentrations. Two data sets with measured cadmium concentrations of the upper meter groundwater were
available: one with 1990 data and one with 2002
data. The 1990 and 2002 dataset contains 44 and
47 samples respectively in the three catchment
areas (Fig. 1). Both were sampled with temporarily
installed observation wells. The concentrations at
the single locations are compared with the calculated concentration in the corresponding 100 x 100

meter grid cell. The concentrations are plotted
against each other in Fig. 3.
An increase in measured and modeled concentrations is observed from 1990 to 2002. There is large
scatter in the data. Figure 4 presents boxplots of
the measured and calculated cadmium concentration in 1990 and 2002. A comparison reveals that
the median and range of the values are in the same
order of magnitude. However, for individual locations concentrations can differ by 2 orders of magnitude. This difference for individual locations
cannot be explained.

1000.00

4.2 Results
Table 1 gives the cumulative mass budgets for
cadmium and zinc of the Beekloop-Keersop, Buulder Aa and Tungelroijsche Beek catchments. The
calculated ratio between zinc and cadmium
changes in time. From 1990 to 2005 the Zn:Cd
ratio of the leaching water decrease from 137 to
112. The same is observed in the analyzed
groundwater samples. In 1990 the average ratio of
the shallow groundwater samples was 133 and in
2002 it was 118. The measured and calculated ratios are comparable despite the total different way
in which they were derived. The shift in Zn:Cd
ratio in time is a result of a slightly higher mobility
of zinc over cadmium.

2002

Table 1. Calculated cumulative mass budgets for
cadmium and zinc of the Beekloop-Keersop, Buulder Aa and Tungelroijsche Beek catchment
(1000 kg).

1990

Cd modeled (ug/l)

100.00

10.00

unsaturated
zone
1.00

leaching

saturated zone

Solute

Sorbed

discharge
surface water

Beekloop-Keersop
0.10

0.01
0.01

0.10

1.00

10.00

100.00

1000.00

Cd measured (ug/l)

Figure 3. Measured and modeled cadmium concentrations (µg/l) in the upper meter of groundwater in 1990 and 2002.
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The results indicate a difference between the areas.
For Beekloop-Keersop the amount of cadmium
leached to the groundwater increases more than a
factor 2.6 in the period between 1990 and 2005.
For Buulder Aa the factor is almost 2 and for
Tungelroijsche Beek the factor is 1.7. The soils in
the Beekloop-Keersop area are more vulnerable for
leaching than in the Tungelroijsche Beek catchment. For zinc, the difference between the different catchments is less obvious.

10

1990
calculated

3.2

Cd 2005

Tungelroijsche Beek

50

1990
measured

Cd 1990

2002
calculated

Figure 4. Boxplots of measured and modeled
cadmium concentrations (µg/l) in 1990 and 2002.

1238

In the saturated zone in all areas the cadmium becomes strongly retarded, despite the low reactivity
of the sandy sediments. In 2005 about 10% of the
leached cadmium will have been discharged in
seepage areas.
Figure 5 gives the simulated cadmium load by
subsurface outflow of groundwater to surface water in the Beekloop-Keersop and Tungelroijsche
Beek catchment as flux in kg/year and concentration in g/l. The concentrations were calculated
from the cadmium and water flux without considering geochemical processes in the stream sediment. Due to anaerobic conditions precipitation of
metal sulfides in this sludge is likely, the stream
sediment then acts as a sink for cadmium and zinc.
̅

200
180
160

flux kg/year

140
120
100
80
60
40
20
0
1960

For a non-reactive tracer, the Tungelroijsche Beek
is the quickest responding system, whereas reactive transport modeling shows that the BeekloopKeersop is the quickest. This turn round of quicker
hydrological system to slower hydrochemical system and vise versa is caused by a difference in soil
type between the areas. The soils in BeekloopKeersop are more vulnerable for leaching of metals than the soils in of Tungelroijsche Beek catchment.
4.3 Uncertainty
A small amount of data was available for parameterization of the historic atmospheric deposition of
cadmium and the reactivity of the sediments.
These parameters are the input terms of the model
with the most uncertainty. However, a comprehensive sensitivity analysis was not performed. Preliminary results indicated that the model is sensitive for the net precipitation excess and the pH of
the groundwater. The net precipitation excess determines the flow-rate of the groundwater and varies between 150 and 500 mm/year mainly dependent on the land use. The pH is predominating in the
retardation of cadmium and varies between 4.5 and
7.
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2040

2060

ye ar

5.

CONCLUSIONS
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Beekloop-Keersop

Tungelroijsche Beek

Figure 5: Simulation of cadmium load by seepage
of groundwater to surface waters in BeekloopKeersop and Tungelroijsche Beek catchments, (A)
flux in kg/year and (B) concentration in g/l.
̅

The modeled concentrations of the surface water
by seepage in both catchments are in the same
range of several g/l and will increase for the next
decades. This simulation shows that for the Beekloop-Keersop catchment a peak will be reached in
the period 2015-2020. For Tungelroijsche Beek the
flux and concentration will increase until 2050.
Regarding leaching of solutes from groundwater to
surface water, the results of the reactive transport
simulation are opposite to results of conservative
(non-reactive) transport that was modeled as well.
̅
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The integrated modeling approach with coupled
unsaturated flow and transport plus a saturated
groundwater flow and transport model predicts
average cadmium concentrations in the shallow
groundwater that are in the same order of magnitude and have the same range in concentrations as
measured values. However, for individual locations concentrations can differ by 2 orders of magnitude. The Zn:Cd ratio of the modeled values and
measured samples are well comparable despite the
independent way in which they were derived.
The coupled model enables the generation of
credible and acceptable information. The coupled
model can be used to run future scenarios with
different measures to reduce the cadmium problem
in the Kempen area. The information generated by
the model is suitable for support in the decision
making and planning process in the area. A precondition for this is that the uncertainties in input
parameters and the model approach are made clear
to all parties involved in the decision making and
planning process.
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Abstract: Environmental monitoring studies produce huge amounts of concentration values of chemicals
spread at distant geographical sites and during different time periods. Moreover, the content of chemicals is
also estimated at different environmental compartments (i.e. air, water, sediments, biota...). All these data
values are difficult to cope and evaluate in a simple and fast way using simple univariate statistical tools,
specially due to their large number and to their multivariate correlation. In order to discover relevant patterns
within large multivariate data sets, the application of modern chemometric methods based in statistical
multivariate data analysis and in Factor Analysis is proposed. The basic assumption of chemometric methods
is that each of the measured parameter in a particular sample is affected by contributions coming from
multiple independent sources. Each one of these sources is characterized by a particular chemical
composition and is distributed among samples in an unknown way. After applying chemometric methods,
point and diffuse sources of contaminants in the environment and their origin (natural, anthropogenic,
industrial, agricultural...) are identified and their relative distribution among samples (geographical, temporal,
among environmental compartments) evaluated. At each sampling site, relative source quantitative
apportionment is estimated allowing a global evaluation of the environmental impact, distribution and
evolution of main chemical contamination sources in the environment. In this presentation, different
chemometric methods will be tested on a series of environmental data sets. In particular, the application of
principal component analysis and multivariate resolution methods is shown to be a powerful tool for the goal
of chemometrics modelling of contamination sources in large environmental data sets acquired in monitoring
studies.
Keywords: Modelling, Chemometrics, Principal Component Analysis, Multivariate Curve Resolution

1.

INTRODUCTION

Chemometric data analysis methods (Massart et al.,
1998) provide powerful tools for the analysis and
interpretation of large, environmental, multivariate
data sets generated within environmental
monitoring programs (Einax et al. 1997). The goal
of these studies is the computation, screening and
graphical display of patterns in large data sets,
looking for possible groupings and sources of data
variation. The basic assumption of these
multivariate exploratory data studies is that main
sources of data variance observed in the
concentration changes of contaminants are due to a
reduced number of contamination sources of
different origin (industrial, agricultural,...) defined
by profiles describing their chemical composition
and their geographical and temporal distributions.
Large environmental analytical data sets containing
concentration information of multiple chemical
compounds collected at different sampling sites
and at different sampling periods are arranged in
large tables, data matrices, or in more complex
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data structures according to different dimensions,
modes, orders or directions of experimental
measurement (Zeng Y et al. 1990). In the
chemometrics literature, these complex data
structures are commonly called multiway data sets
or higher order tensor data sets (Geladi 1989,
Smilde 1992).
Principal Component Analysis (PCA, Joliffe 1986,
Wold et al. 1987) is one of these multivariate
statistical methods frequently used in exploratory
data analysis. PCA allows the transformation and
visualization of complex data sets into a new
perspective in which the more relevant information
is made more obvious. Using PCA, contamination
sources may be identified and their geographical
and temporal distributions estimated. A
complementary approach proposed to achieve
similar results is Multivariate Curve Resolution
using Alternating Least Squares (MCR-ALS,
Tauler 1995). Whereas PCA is intended mostly for
identification and interpretation of contamination
sources, MCR-ALS is proposed for the resolution

of the ‘true’ underlying contamination sources. In
this work, these and other multiway data analysis
approaches based in PARAFAC and Tucker
models (Henrion, 1994) will be proposed and
compared for the analysis of large environmental
monitoring data sets. Both approaches, PCA and
MCR-ALS, are extended to the analysis and
interpretation of multiway data sets obtained in
exhaustive monitoring programs.
Summarizing, the main objective of this work is to
show how Principal Component Analysis,
Multivariate Curve Resolution and other multiway
data analysis methods can be applied in the
investigation of environmental data sets from
exhaustive monitoring studies in order to: a)
identify and interpret the main contamination
sources present in a particular data set; and b)
determine their geographical, temporal and among
compartments distributions

2.

ENVIRONMENTAL
(Figure 1 )
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TABLES

Environmental data sets are usually organized in
data tables or data matrices, corresponding to one
sampling
time
period
or
environmental
compartment of the monitoring campaign, giving
K data matrix arrays of I rows corresponding to I
(geographical) sampling sites and J columns
corresponding
to
J
measured
variables
(concentrations of chemical contaminants or other
environmental parameters). Variables having very
few values above the detection limit should be
removed before multivariate data analysis is
applied. When a particular compound is not
detected, its concentration value is set equal to half
its detection limit (Fharnham, 2002). For missing
values, imputation methods have been proposed
(Walczak, 2001) and whenever they are a small
fraction of the measured values, they may be
estimated without loosing the data structure needed
for application of multivariate and multiway data
analysis tools.
Statistical descriptive plotting
methods like box plots provide useful tools for data
overview, fast visual data variance examination
and outliers’ description. However they do not
allow the description and interpretation of
multivariate relationships nor the detection,
interpretation and resolution of the underlying
(latent) multicomponent sources of data variation.
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Figure 1. Environmental Data Tables

3.

CHEMOMETRIC
METHODS

MODELS

AND

Data pretreatment methods usually employed in
chemometric data analysis studies include mean
centering,
scaling,
autoscaling
and
log
transformation. Mean centering removes constant
background contributions, which usually are of no
interest for data variance interpretation. However,
mean centering may produce undesired effects if
resolution
and
apportionment
of
‘true’
environmental sources is intended, since it gives
negative values. On the other hand, in some
environmental compartments like surface waters,
mean centering has little effect on the results since
most of the values of the different variables are so
low that their average is also very low and close to
zero. Some kind of data scaling is mandatory when
variables are of different type and their values are
at different scales and units. Scaling to unit
variance has a notorious variance effect since it
increases the weight of variables that initially have
lower variances and decreases the weight of those
which have higher initial values and variances. In
some cases, this effect may distort significantly the
results of data analysis making interpretation more
difficult, especially for these variables having only
very few values larger than the detection limit.
When the same errors are expected for all the
measurements of one variable, column norm
scaling is an adequate way to give similar weight to

all
different
measured
variables.
Log
transformation
of
experimental
is
also
recommended for skewed data sets, like those in
environmental studies where the majority of the
values are low values with a minor contribution of
high values. With log data pretreatment, a more
symmetrical distribution of experimental data is
obtained; however, a loss of the internal linear data
structure may occur and more linear components
are needed to explain the same amount of data
variance. In order to remove negative values from
input data before log calculation, a constant value,
usually equal to 1, is added to all the entries, or
even better, values are changed of scale (e.g. from
mg/kg to µg/kg) In this way, log values resulted to
be
non-negative. Finally, tables of binary
correlations between pairs of variables may be also
easily calculated and evaluated.
To investigate multivariate correlations, identify
and interpret multicomponent contamination
sources and deduce their geographical, temporal
and
among
environmental
compartment
distributions, Principal Component Analysis, PCA
method and Multivariate Curve Resolution
Alternating Least Squares, MCR-ALS (Tauler,
1995) are proposed. Both approaches assume a
linear model to explain the observed data variance
using a reduced number of components:
N

x ij = ∑ g in f nj + e ij

Equation 1

X = G FT + E

Equation 2

n =1

In equation 1, xij refers to the measured
concentrations of chemical component j in sample
i, fnj refers to the contribution of variable j
(chemical compound j) to the environmental
source n, and gin refers to the contribution of source
contribution n to sample i. eij gives the
unexplained contribution considering the total
number of n=N environmental sources. This
equation means that the measured concentrations
are a weighed (scores, gin) sum of a reduced
number (N) of main environmental contributions
defined by a particular chemical composition
(loadings, fnj), apart from noise (multiple small
unknown contributions) and experimental error
defined by eij. The weights or scores gin, describe
how the main contamination sources are distributed
among the analyzed samples and the loadings fnj,
identify the chemical composition of these
contamination sources. When this linear equation
is written in matrix form (equation 2), X is the
matrix of measurements, G is the matrix of scores
(distribution of contamination sources among
samples), F is the matrix of loadings (composition
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of the composition sources) and E is the noise or
error matrix containing the variance not explained
by the model defined by the N environmental
sources described in G and F .
Both PCA and MCR-ALS methods are based on
this bilinear model. Since only X is initially
known, matrix decomposition described by
equation 2 is not unique (ambiguous) unless
constraints are applied. PCA constraints F and G
solutions to be orthogonal. F moreover is also
normalized and forced to be in the direction of
explaining maximum variance. Components
(loadings and scores in F and G) are extracted in a
stepwise way, i.e. the first component explaining
maximum variance, the second component
explaining the remaining maximum variance, once
first component contribution has been subtracted,
and so on. Under such constraints, PCA provides
unique solutions and interpretation of variance is
straightforward since scores and loadings are
orthogonal (not overlapped). Using a small number
of principal components a considerable amount of
data variance is usually explained since many of
the analyzed variables are correlated. Therefore,
interpretation and visualization of main features
and trends of the data set under study, i.e. of main
contamination sources, are readily available from
score and loading plots. However, this PCA
decomposition does not estimate the ‘true’
underlying (latent) sources of data variance but a
linear combination of them fulfilling orthogonal
constraints. Scores and loadings evaluated by PCA
apart from orthogonal can be negative. This means
that although these solutions have good
mathematical properties, they do not have a
physical meaning (chemical concentrations and
geographical or temporal distributions never can be
negative)
A possible complementary and/or alternative
method to perform the matrix decomposition given
in equation 2 is MCR-ALS (Tauler, 1995). In this
case, loadings and scores are not constrained to be
orthogonal like in PCA, but to fulfil a particular set
of physical constraints like non-negativity (nonnegativity alternating least squares optimization).
The goal of such a decomposition is to recover
how contamination sources are really in physical
terms (loadings) and how do they really are really
distributed among samples (scores). However,
since only matrix D is known and only soft
constraints like non-negativity and normalization
are applied, unique solutions are not guaranteed
and rotational and intensity ambiguities may be
present (Tauler 1995).

The bilinear model shown in equation 2 may be
easily extended to the simultaneous analysis of
multiple data sets using data matrix augmentation
Thus, bilinear methods like PCA and MCR-ALS
are easily adapted to three-way and multiway data
sets (Tauler 1995) by matrix augmentation or cube
unfolding (matricizing). More complex trilinear
and multilinear models preserving the data
structure have been proposed also for the
investigation of environmental contamination
sources. In particular trilinear models for three-way
data are described by the two equations:

loading profiles for all data matrices
simultaneously analyzed, they are in many
circumstances, too rigid, and do not allow the
resolution of the ‘true’ underlying sources of data
variation, simply because the data do not behave
like in the postulated trilinear models. A
compromise between ‘softer’ bilinear models and
‘harder’ trilinear models should be considered in
practice according to the data structure
encountered for a particular data set.

RESULTS AND DISCUSSION
.

N

x ijk = ∑ g in f jn z kn + e ijk

In order to know if different chemometrics
methods work satisfactorily and to evaluate
pretreatment and rotational ambiguity effects,
different two-way and three-way data sets have
been simulated fulfilling respectively a bilinear
and/or a trilinear model:

Equation 3

n=1

X k =G Z k F T + E

Equation 4

In equation 3, xijk are the measured concentrations
of chemical component j at sample i under
condition k. There are three ways, orders or modes
of measurement. These three modes indicate that
component j was analyzed at sample i at a
particular situation or condition k, usually time or
environmental compartment (water, sediment or
biota). The whole data set can be organized in a
data ‘cube’ or parallelepiped as shown in Figure 2.

i=1,.,I

Xk
k=1,...,K
j=1,...,J

Figure 2. Three-way data arrangement

where Xk is the slice or matrix k of the data
parallelepiped, which is modelled by equation 4,
where Zk is a diagonal matrix. This trilinear model
described by equation 4 is also called the
PARAFAC model (R.Bro, 1997). In the trilinear
model, all slices in the three-way data set are
decomposed using the same G (scores) and FT
(loadings), differing only in their relative amounts
expressed in the different Zk diagonal matrices.
Trilinear models, and by extension multilinear
models, provide unique decompositions and they
are the natural extension of bilinear models. They
are useful for data exploration and interpretation.
However, since they impose equal scores and
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Case 1. Two-way bilinear data
Case 2. Three-way trilinear data
Case 3. Three-way non-trilinear (bilinear) data

Factor loadings and scores are simulated assuming
log distribution of values and pseudo-random
proportional error contributions. Effect of
pretreatment methods for different data structures
are evaluated by singular value decomposition and
principal component analysis. In general, scaling
and log transformation increase the relative
contribution of minor components and they may be
recommended depending on the case.
PCA gives scores and loadings more difficult to
interpret than MCR-ALS, which provides simpler
factor profiles, practically equal to those used for
the data simulation. See for instance results in
Figure 3. The agreement between MCR-ALS
resolved first loading (red) and the actual loading
used for the simulation (blue) is excellent. The
same happen with other factor loadings and scores
used in the simulation. In the case of the analysis of
simulated three-way data, application of methods
based on trilinear models give only an accurate
factor resolution if data are strictly trilinear, failing
in cases where data deviate from this ideal situation
(Figure 4). Correlation coefficients between ‘true’
and PARAFAC resolved profiles (see Figure 4) are
not good enough.
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Figure 5. MCR-ALS results for non-trilinear data.
Comparison of resolved loadings ‘true’ (blue) vs
‘mcr-als’ (red)
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Figure 4. PARAFAC results for non-trilinear data.
Comparison of resolved loadings ‘true’ (blue) vs
‘PARAFACs’ (red)
Conversely, in the case of MCR-ALS without assuming
a trilinear model, an optimal resolution and fit of the
experimental data is achieved and correlation
coefficients between ‘true’ and MCR-ALS resolved
profiles are very good (all r > 0.999) for all of them. In
practice this will be a common situation in the analysis
of complex environmental multiway data sets, where the
higher flexibility of bilinear models allow a better
resolution and fit of the experimental data. This is also a
situation frequently encountered for many chemical data
sets (Tauler, 1995).
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Chemometrics in Environmental Chemistr,.
VCH, Weinham, Germany, 1997.
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5.

Results obtained in the analysis of a large
experimental data set obtained in an exhaustive
study of contamination sources of semivolatile
organic compounds used as herbicides in surface
river waters of Portugal (Tauler et al. 2004) were
confirmed by the results obtained in this work
concerning the study of simulated data. Main
contamination sources of semi volatile organic
compounds in surface waters of Portugal were
identified and resolved by application of different
chemometric methods. These contamination
sources had different origins: agricultural, for
simazine, atrazine, alachlor, and metholachlor in
central and south of Portugal; industrial, specially
for tributhylphosphate in the Porto and Ave River
areas (north of Portugal); and mixed for 4-chloro2-methylphenoxy)acetic
acid,
2,4-dichlorophenoxy) acetic acid and mecoprop widespread
used in the whole Portugal geography. Temporal
distribution profiles of these contamination sources
in the one-year period covered by this study
showed peak values in spring and summer seasons.
Deeper conclusions about geographical distribution
and temporal evolution of these contamination
sources would require a more extensive analysis of
data acquired in multiyear monitoring programs.
Similar interpretations about the more important
contamination sources (loadings) and about their
geographical and temporal distribution (scores)
were possible using different chemometric
methods, increasing the reliability of the
conclusions achieved in this work. The proposed
method for averaging PCA and MCR-ALS
unfolded score profiles resulted to be an efficient
and useful way to uncover mixed geographical and
temporal information from two-way bilinear
models when applied to three-way data. In this way
also, information obtained by these methods can
be easily compared with the information provided
by score profiles obtained using three-way methods
like PARAFAC. See Tauler et al. (2004) for more
details about this work.
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Source Parameter Estimation of Atmospheric
Pollution from Accidental Gas Releases
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Abstract: This paper presents the development of an inverse model that may be used to estimate
the source term parameters for a polluting gas released into the atmosphere from a point above the
ground. The model uses measured pollution concentrations at observation sites on the ground as
well as meteorological data such as wind speed and cloud cover. The inverse model is formulated as
a least- squares minimisation problem coupled with the solution of an advection-dispersion equation.
The minimisation problem where the pollutants are released instantaneously is well-posed and
the source term is calculated with reasonable accuracy. However, the problem with a non-steady
extended release source is ill-posed; consequently, its solution is extremely sensitive to errors in
the measurement data. Tikhonov’s regularisation, which stabilises the solution process, is used to
overcome the ill-posedness of this problem and the regularisation parameter is estimated using the
properties of the non-linear L-curve, and Wahhba’s leaving-out-one lemma. Finally, the accuracy
of the model is examined by imposing normally-distributed relative noise into concentration data
generated by the forward model.
Keywords: Non-linear ill posed problem; Inverse air pollution model; Parameter estimation

1. INTRODUCTION
The analysis process for accidental gas releases are categorised into 4 cases as follows
(Kathirgamanathan et al., 2001, 2003a, 2003b):
(1) instantaneous release from a known location, (2) instantaneous release from an
unknown location, (3) extended release over
a period of time from a known location, (4)
extended release over a period of time from an
unknown location. In this paper we propose a
methodology for Case 4 where pollution originates from a point source with an extended
release over a period of time from an unknown
location. That is, we consider the problem
where the transport properties of the medium
are assumed to be known but the location and
release history of the pollution are unknown.
The methodology for estimating the location and release rates of pollution sources is
based on the solution of an advection-dispersion
equation and a least squares technique. The
least squares technique optimises the agreement
between measured and model-predicted concen- 1247

tration by varying the model input parameters
within reasonable ranges of uncertainties. In
the solution process, the unknown release rate
function is discretised into many components.
The relationship between the concentration of
pollution, C, and the discretised components
is linear and that between C and the location parameters is non-linear. Therefore the
problem involves estimating both non-linear
and linear parameters. It has been shown
already (Kathirgamanathan et al., 2003) that
estimating linear parameters (release rates)
for given non-linear parameters (location) is a
linear ill-posed problem. Therefore estimating
release rates from a source of unknown location
is a non-linear ill-posed problem. This problem
is further complicated by inexact information.
In reality, the data contains measurement
errors, so the true solution will not ﬁt the data.
Also the meteorological parameters are not
known exactly. In this model, these values are
assumed to be uniform and constant; however
in reality, they do vary in space and time and
are diﬃcult to model accurately.

We shall use Tikhonov’s regularisation to
overcome the ill-posedness of the problem. In
this method, the sum of two components is
minimised: a norm of data misﬁt and a norm
of linear model parameters. Balancing the two
components is controlled by a regularisation
parameter. We solve the problem by constructing an iterative procedure for the nonlinear
parameters, where at each iteration a linear
problem is solved. We have slightly modiﬁed
the L-curve criterion developed by Hansen
(1997) for linear ill-posed inverse problems to
our nonlinear problem. We use this criterion
as well as Wahhba’s (2000) ’leaving-out-one’
lemma to estimate the optimal value of the
regularisation parameter for this problem.

2. THE INVERSE MODEL
A Cartesian co-ordinate system (X, Y, Z)
is used with the X-axis oriented in the direction of the mean wind, the Y -axis in
the horizontal cross-wind direction, and the
Z-axis oriented in the vertical direction. In
the estimation of the source term parameter
problem, the location and release rate of
the pollutant at source are not available,
but the concentration of pollutant distribution at some down-stream locations such as
P = (X0 , Y0 , 0), Q = (X0 + x1 , Y0 + y1 , 0), and
R = (X0 + x2 , Y0 + y2 , 0) are available, where
X0 , Y0 are unknown and x1 , x2 , y1 and y2 are
known. Our goal here is to estimate the release
rate q(t) of the pollution and its location such
as X0 , Y0 and H. Here, H is a height of the
source of a pollution from the ground. We
use the concentration measurements at the
down-stream location P , Q, R along with the
equation
 t
q(τ )
×
C =
1
3
3
0 8π 2 (Kx Ky Kz ) 2 (t − τ ) 2


2
−

(X−U (t−τ ))
4Kx (t−τ )

e
 
e

(Z−H)2
− 4K (t−τ )
z

2

− 4KyY(t−τ )





+e

×

(Z+H)2
− 4K (t−τ )
z


dτ (1)

to estimate the source release rate and its
location.

2.1.

The least-squares formulation

It is assumed that n + 1 concentration
values Ci = C(X0 , Y0 , 0, ti ) are measured at

Source required time
τ0

τ

τ

τ1

m

m−1

0

t0 t1

tn−1 t
n

Measurement time

Figure 1. Measurement time and source
required time.

the point (X0 , Y0 , 0) at equal time intervals
between t0 = τ0 and tn = τm . The simplest
way to proceed is to solve (1) on a mesh with
uniform spacing. We suppose that we wish to
determine the source release at times τ0 = 0,
. . ., τm = tn , where m < n (see Figure ), since
the number of parameters to be estimated
should be no greater than the number of data
points. Discretising (1) by the trapezoidal rule
gives the system of equations
c = A(p)q

(2)

where c = [C(0), . . . , C(tn )]T , Aij =
T
K(ti , τj )βij , q = [q(τ0 ), . . . , q(τm )] and p =
[X0 , Y0 , H]T , and where βij is a quadrature
weight and the kernal


2
2
K(t, τ ) =

e

−

(X0 −U (t−τ ))
4KX (t−τ )
3

Y
2
0
− 4K H(t−τ )
Y (t−τ )
Z

− 4K

1

3

4π 2 (KX KY KZ ) 2 (t − τ ) 2

.

Generally, one solves inverse problems by minimising an objective function. Now the problem
for estimating the release rate q and the location p is
minimise

Z (q, p) = A(p)q − c22 ,

(3)

where A(p)q, c are vectors containing the estimated and measured concentrations respectively, p is the vector of unknown non-linear
parameters identifying the source location, and
q is the vector of unknown linear parameters
identifying the source release rates. The estimated concentrations are obtained from the solution of the forward problem using estimates
of unknown parameter values.
Since the minimisation problem given in (3)
has a combination of linear q and non-linear
parameters p, we separate the solution process
into two steps. We ﬁnd the non-linear parameter p by constructing an iterative procedure,
where at each iteration a linear sub-problem
is solved to estimate the linear parameter
q corresponding to that particular value of
p. We solved the same problem given in (3)
1248 for a known value of p(Kathirgamanathan et

al., 2003). It was shown that the problem is
ill-posed and we therefore used Tikhonov’s
regularisation to solve the problem.
This
means that the linear sub-problem inside the
nonlinear iteration is an ill-posed problem.

2.2.

Regularized least squares

Tikhonov’s regularization replaces the illposed problem with the well-posed problem
by imposing a bound on the solution. With
Tikhonov’s regularisation, we introduce the
regularised objective function
Z (q, p) =
=

A(p)q − c22 + λ2 Lq22 ,
φd + λ2 φm ,

(4)

here, φd = A(p)q − c22 is the residual norm
(or data misﬁt function), and φm = Lq22 is
the solution norm. We will be interested in the
function Z(q, p) and its local and global minima
with respect to (q, p) for diﬀerent values of the
regularisation parameter λ. Note that the objective function Z is the 2-norm of the following
system of equations




A(p)
c
q=
,
(5)
λL
0
where L is the regularisation operator and λ is
the regularisation parameter that controls the
relative strength of L, i.e. it compromises between the accuracy and the stability of the solution. The most common form of regularisation
operator is
2

Lq ≈


0

tn



dN q
dτ N

2

dτ.

(6)

The most popular choice for obtaining a smooth
solution is N = 2 (Skaggs, 1994).

3. OPTIMAL CHOICE OF λ
The non-linear problem (4) is diﬀerent from
the linear problem in several ways. First, we
cannot use linear algebra alone to determine the
minima of Z. Second, the non-linear objective
Z may have more than one minimum for each
value of λ. In the course of our research we
developed a number of diﬀerent algorithms,
each of which is applied to many test cases.
The implementation of all the algorithms has
a number of features in common. First, we
frequently have to determine local minima of
Z(q, p) for a given λ. In all our algorithms this 1249

is done by exploiting the fact that some of the
variables, namely q, appear in (4) linearly and
hence can be determined using simple linear
algebra: for given values of p and λ we deﬁne
q(p, λ) as the value which minimizes Z(q, p).
This is computed in directly in MATLAB as the
least-squares solution of (4). For the computation of the local minimum of Z(q, p) closest to
a given point (q, p) we then relied exclusively
on MATLAB ’s routine lsqnonlin. However, this
is speeded up enormously because, after the
elimination of q using linear algebra, only three
non-linear variables (p = [X0 , Y0 , H]) remain.
Let us now consider the numerical details of
the algorithm to solve (4). The solution is arrived at through four steps. In the ﬁrst step, we
ﬁnd all or most of the local minimum of (4) for
a ﬁxed value of λ when it is equal to its lowest
value in the sequence. This is done by solving
(4) many times, at each time with a diﬀerent
initial value p = p0 . We choose p0 randomly
using the MATLAB function rand within a selected interval. There is one important reason
for solving (4) for a ﬁxed lowest λ. Equation
(4) contains the error norm (φd ) and the solution norm (φm ) where the former is a non-linear
part and the latter is quadratic. Therefore, (4)
is almost quadratic if λ is large, and non-linear
if λ is small. We also found that the number of
local minima of (4) increases with the decreasing values of λ. Therefore the number of local
minima of Equation (4) for the lowest value of
λ identiﬁes all or most (say nl ) of the L-curves
for this equation.
In the second step, we take each of the local minima obtained from the ﬁrst step as the
starting value to solve (4) for a sequence value
of λ from lowest to largest. That means solving
(4) nl (the number of local minima when λ is
equal to its lowest value) times for a sequence
values of λ. The idea behind this is to compute
all or most of the L-curve displaying the error
norm (or data misﬁt) versus the solution norm
for a sequence values of λ.
In the third step, for each λ, we pick a
point that gives the lowest function value to
construct the ﬁnal L-curve. Finally, we smooth
the L-curve on a log-log scale by a spline curve
similar to the work done by Hansen (1997).
The fourth and ﬁnal step is to pick the optimal
point on the curve. The optimal point on each
curve is calculated by examining the curvature along the L-curve and using Wahhba’s
(Farquharson et al., 2000) ’leaving-out-one’
lemma to estimate the optimal value of the
regularisation parameter for this problem.
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In this section, we present numerical calculations to evaluate the accuracy of the
methods developed.
To do so, we consider an input of concentration data generated from a point source of strength q(t)
kg s−1 located at (0, 0, H) in the Cartesian
coordinate system.
We simulate the concentration signals at downstream locations
P = (X0 , Y0 , 0), Q = (X0 + 30, Y0 + 30, 0) and
R = (X0 + 100, Y0 + 70, 0). We obtain concentration signals by using the forward problem
(1) and true parameter values. In order to
simulate errors, we corrupt the concentration
signals by adding normally distributed random
noise. For illustrative purposes, Kx , Ky , Kz
and U are taken as 12, 12, 0.2113 and 1.8,
respectively. The purposes of this example is
to demonstrate the simultaneous estimation of
parameters X0 , Y0 , H, and the source release
function q(t)
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Table 1: 10% noise in the measured signal
Estimated value ±
p
True value Conﬁdence interval
X0
150.00
162.00 ± 9.42
25.00
19.3 ± 6.83
Y0
H
12.00
11.1 ± 0.85
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0.8

O0 X O1
X
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log λ
In this example we consider a set of data
e
which is corrupted by 10% of diﬀerent random
noise. The results of the source parameter estimation are summarised in Table 1, and Figure . Listed in Table 1 are the true non-linear
parameter (location) values along with the reconstructed (or estimated) values and their conf
ﬁdence intervals. The L-curve that has lowest
function value is shown in Figure a. Figure b is
the curvature of the L-curve as a function of λ.
The peaks in the ﬁgure correspond to the corners on the L-curve (P1 & P2 in Figure a). The
log λ
Figure c illustrates the Wahhba’s (Farquharson
et al., 2000) ’leaving-out-one’ lemma (NGCV)
Figure 2. (a) non-linear L-curve, (b)
to estimate the optimal point on the L-curve,
curvature vs regularisation parameter, (c)
where the lowest value of the NGCV function
NGCV vs regularisation parameter, (d) true
is clearly indicated (P3 is a corresponding point
error vs regularisation parameter, (e) relative
in Figure a). Figure d depicts the true error in
error in q vs regularisation parameter, (f)
the solution as a function of λ. Here, the true
relative error in p vs regularisation parameter.
error refers to the diﬀerence between the reconstructed and simulated (perfect) concentration
values. This plot is only possible if we know the
true concentration. Figure e depicts the error 1250
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in q (release rates) as a function of λ. Figure
f depicts the error in the reconstructed location
p as a function of λ.
The results from further numerical simulations and comparisons suggest that the corner
which is closer to the origin in the L-curve gives
the best approximate solution than other corners in the L-curve. Further we found that the
accuracy of the estimation decreases with the
following: (i) increasing noise in the data, (ii)
decreasing the size of the source function discretisation, (iii) regularisation, and (iv) increasing distances between source and observation
sites.
In this paper we only considered data measurements at three locations since it has been
already demonstrated (Kathirgamanathan
et al., 2001) that data from at least three
spatial locations are needed to reliably estimate
the parameters in the model. However, the
results from the numerical simulations suggest
that the error in the reconstructed parameter
values decreases only slightly as the number of
locations increases.

5. SUMMARY AND DISCUSSION
The goal of the work presented here is to
develop an inverse model capable of simultaneously estimating the location and release rate
of a pollutant gas from a point source. The
approach is based on a non-linear least squares
estimation using pollutant concentration measurements on the ground. As the problem is
ill-posed, we apply Tikhonov’s regularisation
method to stabilise the solution. The problem
is non-linear and therefore we cannot use linear
algebra alone to determine the solution. Here
we develop an algorithm which we apply to
many test cases. In our algorithm we used the
fact that some of the parameters are linear
and hence can be determined using simple
linear algebra. For the computation of nonlinear parameters we then relied exclusively
on MATLAB ’s routine lsqnonlin. This process
is speeded up enormously because, after the
elimination of linear parameters, only three
non-linear parameters remain.

model is capable of estimating the location
and the release rate of a pollution source to
a reasonable degree of accuracy. Four factors
aﬀect the accuracy of the solution are (a) size
and randomness of noise in the data, (b) size
of discretization of the source function, (c)
regularisation, and (d) distance between source
and observation sites. From our observations it
can be noticed that the major factor induces
error in the reconstructed solution is the noise
in the data. Therefore we can conclude that
the total error in the solution mostly depends
on inaccuracies in the data.
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Issues of Scale in Nested Integrated Assessment Models
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Abstract: Integrated assessment models have been used to explore cost effective abatement strategies in
connection with negotiations on the Gothenburg protocol under the UN/ECE Convention on Long Range
Transboundary Air Pollution (CLRTAP). A variety of spatial and temporal issues must be addressed in order
to model the multi-scalar processes involved and develop nested Integrated Assessment Models (n-IAM)
useful both for further protocol negotiations and to address inter-relationships between local air quality,
transboundary air pollution and climate change. We summarise the generic framework, highlighting the
spatial characteristics of its' application to UK and European contexts, and identify the specific variations of
the constituent models and data at each resolution. Encompassing NH3, SO2, NOX, particulates, O3 and
VOCs, it is clear a n-IAM must capture dynamics both beyond and through the current scales implemented by
the UKIAM and ASAM. Ammonia abatement becomes significant at the micro scale using non-technical
measures and buffer zones, roadside NO2 is important at the urban scale, and the dynamics of O3 stretch from
the urban scale to the hemispheric level, affecting the fates of VOCs and NOX. Timescales implicit in
dispersion models and empirical data, together with multi-scalar effects and policy scenarios must be
mapped, and methodological approaches to critical loads and ecosystem recovery must be captured. At the
UK National Focal Centre for Integrated Assessment Modelling work is ongoing linking the European scale
ASAM and the national scale UKIAM, and progress is being made in linking these to global and urban scale
integrated assessment models.

Keywords: UKIAM; ASAM; Nested Integrated Assessment Models; CLRTAP

1.

complex ways introduces a number of multi-scalar
issues to integrated assessment modelling. This
paper identifies some of these issues and how to
address them in a nested integrated assessment
model (n-IAM).

INTRODUCTION

The integrated assessment models ASAM and
UKIAM bring together information on emissions,
atmospheric transport between sources and
exposed areas or populations, criteria for
environmental protection, and potential emission
control measures and costs, in order to explore
effective abatement strategies in connection with
negotiations on the Gothenburg protocol under the
UN/ECE
Convention
on
Long
Range
Transboundary Air Pollution (CLRTAP) [UNECE
1979, 1999].

ASAM [ApSimon et al., 1994] has been applied
using the same datasets as the RAINS model
[Amann et al., 1999], thus providing comparable
results at the European scale for negotiations under
the CLRTAP. The data utilised by ASAM includes
atmospheric dispersion maps generated by the
EMEP (50km) model [Simpson et al., 2003],
emissions data and costcurves through IIASA [eg,
Cofala et al., 1998], and critical loads data from
across Europe verified by the Coordinating Centre
for Effects at RIVM [Posch et al., 2003].

The flexible architecture employed by the UKIAM
and by ASAM is described in detail by Oxley and
others (2004). This architecture facilitates the
assessment of abatement strategies for a number of
pollutants (NH3, SO2, NOX, and primary and
secondary particulates) at different spatial scales.
Additional pollutants can also be incorporated
providing that data is available and consistent at
the specified scale. However, pollutants such as
NOX, VOCs, O3 and others affecting climate in

The UKIAM utilises comparable data for pollutant
dispersion generated by the FRAME (5km) and
PPM models [Fournier et al. 2002; Gonzales del
Campo, 2003], emissions from the NAEI [Dore et
al., 2003], costcurves from Entec (2003), and
critical loads exceedance data from CEH (2003).
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aerosols, which become more apparent as we move
to national and urban scales [Warren & ApSimon,
2000b]. Such synergies may also be found with
multi-objective strategies and multi-pollutant
abatement
measures,
where
comparable
prioritisation of abatements may emerge for

Table 1 summarises the use of these data by the
UKIAM and ASAM, together with details about
compatible global and urban scale models
STOCHEM [Collins et al., 1997] and USIAM
[Mediavilla-Sahagun & ApSimon, 2003].
STOCHEM

ASAM

UKIAM

USIAM

Scale
Global
Atmospheric
Dispersion
STOCHEM
Continental,
Emissions
N. Hemisphere

150km (50km)

5km

1km

EMEP
EMEP (50km),
IIASA (county)

FRAME

ADMS

NAEI (1km,county,MPS)

NAEI (1km)

Abatement

NOX, VOC, CO

Effects

Tropospheric O3

IIASA (Sector/pollutant)
CCE (50km CL)
MAGIC/VSD

Entec (Sector/pollutant)
CEH (1km CL, 5km Exc.)
MAGIC

Vehicles
Air Quality,
Exposure

Policy Use

Ozone/Climate

CLRTAP/Götburg

CLRTAP/NECD

Urban AQ

Table 1: Overview of data sources and policy use of model spanning urban to global scales
2.

strategies aimed at reducing acidification or
exposure to aerosols.

INTER-RELATIONSHIPS

When the integration of models spanning multiple
spatial and temporal scales is considered, it is
important first to identify some of the key linkages
between both scales and the processes being
modelled. This is necessary both for dealing with
data flows between similar processes which have
been defined at different scales, and for capturing
the effects at the macro-scale of processes
modelled at the micro-scale, and vice-versa.

The multi-scalar effects of O3 influence dynamics
from the urban through to the global scales,
responding to complex feedbacks in the
atmospheric chemistry affected by emissions of
NOX, VOC's, CO and other precursor pollutants
[Collins et al., 2000]. The implication of this for
IAM is the possible need for multi-scalar, multipollutant source-receptor matrices to be
implemented in order that mapping of the effects
of abatements can occur simultaneously at
different spatial scales.

Some of these linkages between scales have been
examined in depth at the UN/ECE Workshop on
linkages and synergies of regional and global
emissions control [CLRTAP, 2003]. It is clear, for
example, that acid (SO2) abatement strategies at
the local and regional scales affect climate
dynamics at the global scale through the radiative
forcing effects of sulphate and other aerosols
[Dentener 2003; Johnson & Derwent 1996; Warren
& ApSimon 2000a]. The complex responses to
acid and GHG abatement measures are less clear
and models describing scenarios of the resultant
influences on climate and global temperatures
appear to diverge beyond 50 years [Kram, 2003].

The crucial final component within IAM's is the
deposition of acidic or eutrophic pollutants and the
consequent effects on vegetation (important for
both soil health and CO2 sequestration), land cover
and soil and water quality. See Füssel & van
Minnen (2001) for examples of climate impact
response functions for terrestrial ecosystems, and
Mayerhofer and others (1999) for details of air
pollution dynamics in response to climate change.
Nested IAM's must therefore be able to capture the
multi-scalar dynamics and make the connection
between the direct effects of abatement (emissions
and atmospheric pollution), the second order
effects (CL exceedances, soil acidity), and third
order effects (water quality) which subsequently
drive abatement policies.

This divergence of scenarios may be the result of
different methodologies or modelling techniques
but it may also be suggesting possible nonlinearities in the effects of combined abatement
strategies through feedback processes involving
land cover and soil and water quality. It is crucial,
therefore, to ensure that the mapping of nested
IAM's captures not only the spatial and temporal
differences but also the methodological and
modelling techniques used at each scale.

3.

SPATIAL SCALES

The spatial scales addressed by this paper range
from the urban (1km), through national (5km),
European (150km/50km) and global scales. We
concentrate primarily upon the UK-European

Linkages also exist between acid emissions and
abatement and human exposure to secondary
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resolution [Mediavilla-Sahagun & ApSimon, 2003,
Colvile et al., 2003]. Combined with the need to
model and evaluate the effects of mobile
populations for epidemiological studies of human
exposure to aerosols, it is clear that further
complications arise if urban scale assessments are
to be incorporated into a nested IAM.
4. MAPPING

scales although reference is also made to the global
scale STOCHEM model and urban scale USIAM.
3.1 European (50km) & UK (5km)
Table 1 provides an overview of the four models.
Note that emissions are defined at both 50km and
totals by country. The EMEP dispersion model is
driven by the gridded emissions, whereas ASAM
(and RAINS) assess abatement strategies based
upon country emissions, thus precluding them
from dictating to national governments where to
abate emissions in order to comply with the
Gothenburg protocol.

The architecture used by the UKIAM [Oxley et al.,
2004] captures emissions, dispersion of pollutants,
deposition, environmental responses and pollutant
abatement measures for multiple sources. The
architecture is designed to be flexible and generic
so that alternative spatial grids, pollutants and
source-receptor matrices can be introduced.

Equity between states during negotiations for
Gothenburg protocol was also important and was
easier to address if IAMs were driven by total
emissions levels and the transboundary pollution
levels. Thus, abatement strategies and emissions
levels were assessed in relation to nation states,
allowing each state to develop appropriate
strategies to meet their negotiated commitments.

With ASAM now using this architecture, mapping
between ASAM and the UKIAM is simple,
assuming of course that methodologies, models
and data are compatible. Complications can still
arise owing to differences such as orientation and
geo-referencing of spatial grids or incompatibilities
between the methodologies or data.

The UKIAM was developed for this purpose
within the UK, requiring increased resolution to
implement abatement strategies spatially; it is
significant if a measure is implemented in the
south or north of the UK [Oxley et al, 2004]. The
same methodology has been used in UKIAM,
substituting counties and a 5km grid for countries
and a 50km grid, again allowing equity between
regions to be maintained for policy purposes.

4.1 Technical
With this generic architecture the model can be
implemented on any spatial grid, assuming that
data and source-receptor relationships can be
defined. However, the existing models may not be
defined upon compatible grids with the result that
mapping between grids becomes non-trivial. The
UKIAM and UK urban scale models (eg. USIAM)
are already defined using Ordnance Survey grids
and can thus be directly mapped.

3.2 Sub-UKIAM (5km) & Urban (1km)

The mapping between the UKIAM 5km grid and

At the national scale some issues have already
been identified which require an even finer model
resolution. One relates to NH3 dispersion which is
localised and often within the same cell as the
emissions source. Another involves urban scale
exposure studies and the ability to handle urban
'hotspots' and population movement.
Regarding NH3, local deposition (<5km) is often
below the resolution of the UKIAM. Ongoing
studies at the farm level suggest additional
abatement measures such as buffer strips between
intensive farming and sensitive ecosystems may
provide a useful means of abatement [ApSimon et
al., 2003], with other investigations assessing how
to represent 'in-square' dynamics statistically
[Dragositis et al., 2002].
Similar problems are found with urban scale
exposure, where 'hotspots' along major roads and
the dynamics of pollutant dispersion amongst street
canyons cannot be addressed adequately at 5km

Figure 1 : Visual representation (SOX deposition) of
the mapping between the UK Ordnance Survey 5km
grid and the EMEP polar stereographic 50km grid
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ASAM is more complex since ASAM uses the
EMEP 50km grid which is based upon a polar
stereographic projection which does not preserve
areas; ie. a 50x50 km2 grid cell is 2500km2 only on
the projection plane, but never on the globe except
at 60º Latitude [Posch et al., 2003]. Thus both the
orientation of the ASAM and UKIAM grids and
the area of cells must be mapped in order to
communicate data between the scales. Figure 1
highlights this mapping visually over the UK.
Mapping between ASAM and global scale grids
may also require a re-projection of grids in order to
nest the models, but equally important is that the
method followed at each scale be mapped for data
flows between scales to have any meaning.

abatement measures and timeframes, the treatment
of different sectors, and definitions of 'business-asusual' scenarios must be consistent [Entec 2003].
4.3 Data
Underlying everything is, of course, empirical and
modelled data and the flow of these data between
scales. It is important, therefore, that there is
consistency between landuse definitions, the
definition of ecosystem types, and the pollutants
and source-receptor relationships. With the need to
maintain a consistent baseline year for model data,
both ASAM and UKIAM datasets are being
continually reviewed in line with CLRTAP and
national policy timescales.

4.2 Methodology
5.
With model architectures and spatial definitions
mapped, it is important also to verify the mapping
of methodologies; in the case of ASAM and the
UKIAM, this includes critical loads, modelling
methods and emissions and abatement projections.

The effects of air pollution have primarily been
addressed using critical loads at both ASAM and
UKIAM resolutions. Exceedance of critical loads
is only a crude indicator of ecosystem protection
and does not capture ecosystem recovery times,
although these can be addressed using the concept
of Target Load Functions (TLF) [Ferrier et al.,
2003]. In the context of nested IAMs, additional
effects become significant, particularly where there
are combined or conflicting responses of terrestrial
ecosystems to acidification or climate change [eg.
Beier et al. 2003], and where the effects of soil
acidification upon biota influence other dynamics
within terrestrial ecosystems [eg. Sverdrup &
Warfvinge, 1993].

ASAM was developed to handle critical loads by
using aggregated isolines specifying the average
accumulated exceedance for each EMEP grid cell
[Posch et al., 2003]. These aggregated isolines
capture the type and extent of ecosystems in a grid
cell but cannot explicitly distinguish ecosystems or
the differential rates of deposition upon them. The
critical loads methods used by the UN/ECE
provide the basis of the exceedance calculations
within the UKIAM, but the representation of
critical load exceedances has been extended to take
advantage of the increased model resolution (5km),
enabling the UKIAM to explicitly optimise
abatement strategies towards protecting different
types of ecosystem [CEH, 2003].
To
complicate
such
methodological differences, it
is important to ensure that the
underlying data is also
comparable (eg. ecosystem
types) so that it is possible to
aggregate and transfer data
meaningfully. Compatibility
between modelling approaches
and
empirical
data
is
necessary,
with
studies
ongoing to verify the operation
and representation of models
used at the UK and EMEP
scales [ApSimon et al., 2004].
If IAMs are to be nested with
the ability to assess abatement
strategies at a finer scale,
emissions
projections,

TIMESCALES

The UN/ECE Joint Expert Group on Dynamic
Modelling discussed the utility of TLF’s generated
using the MAGIC model for integrated assessment
models [Ferrier et al,. 2003]. The VSD model

Figure 2 : Multi-scalar linkages to be captured by a nested integrated
assessment model (n-IAM), together with the models discussed herein.
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conflicting approaches will make information flow
between scales nonsensical.

[Posch & Reinds, 2003] – oriented towards soils,
with longer timeframes and trans-national effects –
may be able to provide 'proxy' TLF's for integrated
assessment modelling where MAGIC has not or
cannot be applied. Preliminary studies have found
that TLF's enable IAM's to include recovery
timescales in the assessment of abatement
strategies [Oxley et al., 2003].
Policy regarding air pollution tends to be
implemented at the local level (urban air quality,
ammonia abatement) and to address issues such as
national emissions ceilings (NEC). These issues
tend to be of significance to short and mediumterm policy objectives. Climate policy, however,
transcends national boundaries and inherently
involves medium to long-term timescales.

Already identified here are disparate timescales of
effects in both the atmospheric processes and soil
and water quality. Taking into account the interrelationships between vegetation (land cover) and
climate change or acidification, these complex
interactions can lead to feedbacks in the system
which may subsequently give rise to counterintuitive environmental responses. Some of these
linkages and relationships are highlighted in Figure
2, showing the importance of assessing both the
short-term (5-50yrs) and long-term (20-200yrs)
effects of abatement strategies.
Thus we see the importance of not only capturing
all spatial resolutions within a nested IAM, but the
temporal scales of effects must also be included.

Recovery of freshwater from acidification can be
captured within the timeframe of short-term policy,
and is thus of interest to policy makers, with the
effects of abatement being seen to be protecting
ecosystems. On the other hand, soil recovery
occurs over the medium to long-term, exceeding
the timeframes even of international policy (eg.
Gothenburg protocol). The influence of soil quality
upon both freshwater and land cover is important
with respect to recovery timescales and the effects
of climate change.

6.

CONCLUSIONS

In moving towards a nested Integrated Assessment
Model (n-IAM) it is clear that we must firstly
understand the inter-relationships and linkages
between scales. Mapping of models between
spatial scales is then possible, but it is important to
capture not only the spatial resolution but also any
methodological or data differences. Crucially, a nIAM must also address the disparate timescales of
abatement, effects and policy scenarios, and a
consistent baseline scenario is essential. All the
issues identified in this paper should be addressed
to verify the capture of all significant processes.

A nested-IAM must therefore be able to capture
policy timescales, their spatial applicability, and
their relationships with acid or GHG abatement
strategies and ecosystem recovery timescales.
Given the inter-relationships between air pollution
and climate change [CLRTAP, 2003], it is
important to capture these multi-scalar dynamics
within a nested IAM.

Finally, the basis of a nested IAM framework has
been defined. Work to implement a n-IAM which
can be used for exploration of alternative
abatement policies in support of CLRTAP is
ongoing, in collaboration with the UN/ECE Task
Force on Integrated Assessment Modelling.

In recent work assessing the anthropogenic
influences upon desertification processes it was
shown how multi-scalar dynamics can influence
each other, observable through differences between
the temporalities of events and effects [Oxley &
Lemon, 2003]; events observed on hourly or
monthly timescales gave rise to effects which were
only observable after days and decades,
respectively. Such non-linearities between events
and effects are also apparent in the context of air
pollution, climate change and terrestrial ecosystem
responses [Füssel & van Minnen, 2001], leading to
the recognition that linkages and synergies exist
between air pollution and climate related
abatement strategies.
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We propose new methodology for the treatment of highly noised statistical data that are
Abstract:
measured and defined on a strongly irregular grid of observations. Using this methodology, we have
processed and analyzed statistical data on congenital heart diseases and oncological diseases over three
Ukrainian regions which were influenced by the Chernobyl disaster. The data appeared to be strongly
inhomogeneous. We have built the maps of the people morbidity spatial distribution and the maps of the man
caused contaminations in these regions. We have used Cs-137 and Sr-90 radioactive isotopes’ and pesticide
pollutions as the factors that characterize the rate of environmental contamination over these regions of
Ukraine. 81 points have presented the information about each kind of disease and pollution. Geometrically,
these points correspond to the location of regional capital cities. On the base of these results, we have built
the maps of correlation coefficients of morbidity versus pollution spatial distribution.
Keywords: approximation; self-organization; environmental contamination

1.

INTRODUCTION

In ecology and medicine, geology and seismology
and many other different fields of science and
technology there exists the problem that concerns
processing of large statistical data sets defined on a
strongly irregular grid of observation data. Very
often these data are highly noised, and the number
of measurements is limited. Processing and
analysis of these data imply extraction of maximum
information with a controlled accuracy and require
excluding or minimising human decisions. Thus we
concluded that we need to have methodology that
would be the base for the generation of selfadjusted methods for data processing, which could
be applied to any measured data with any noise
content. Self-adjustment implies generation of
optimal mathematical models that describe
adequately the observations defined on an irregular
grid of observation data and exclude an influence
of researchers’ human decisions. Using these
models, we can reconstruct the data fields of
potentially different origin and forecast their space
distribution with a controlled accuracy. Another
constituent of the above mentioned methodology is
the method for data analysis which should enable
searching implicit rules that might characterize
measured data. Important information can be
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hidden due to a high noise content, strongly
irregular grid of observation and limited number of
data themselves.
2.

METHOD

The authors of this research work propose
methodology that is based on the principles of selforganization. We have developed the algorithms
and generated the software suit (“SPACER”) that
is based on the methods of self-organization of
multidimensional mathematical models and enables
definition of deterministic and noise components of
the data that are defined on a strongly irregular
grid of noised observation data. In contrast to
previous methods, with our method we can control
accuracy of optimal model and calculate
prognostic errors over a total region of existence of
measured data; we are also able to calculate
determination coefficient that characterizes quality
of the model chosen.
The problem is to determine the values of unknown
function of many variables in any space point
being based on known function values in a finite
number of observation points. If the field to be
recovered should coincide exactly with the initial
function values, then we consider these tasks as

interpolation; when recovering should be made
with some deviations, these tasks are to be
considered as approximation.
Four stages for building algorithms of the field
recovering have been proposed.
The first stage is the choice of the form of
interpolation function. At present, this procedure
has not been formalized and therefore the function
is being chosen depending on the information
about the process under study. As a result, we have
some function of many variables:
r r
r
y = F ( x , A), where x = { x1 , x 2 ,..., x m } - vector of

the model self-organisations are used at all of the
stages for making the best decision.

r

current coordinates, A = {a1 , a2 ,..., ak } - vector of
unknown parameters.
At the second stage, the function definition
boundary is determined. There are two
possibilities, as follows: the values of the unknown
parameters ai (i = 1, k ) are determined from the
observation points and do not depend on the
current coordinates, i.e. ai =constant within the
interpolation range. Parameters ai are determined
at each interpolation site or in some local range,
i.e. ai depend on the current coordinates xi . These
cases correspond to the global approximation (1)
and local approximation (2).
At the third stage, metrics ( ) for interpolation
functional are chosen, which is minimized at the
r
determination of unknown A values.
At the fourth stage, the functions of the functional
ͼ

weights are chosen. In such a case the weight Si of
point i does not depend on the current coordinates
of the global interpolation. When carrying out a
local interpolation, some negative and nonr r r
increasing function υ ( xt , xi , B ) is introduced that
depends on the initial points and interpolation
cites. In general case, the weight function can
include the constants. The values of these constants
are to be determined during the minimization of the
function, or are to be taken from the physical
considerations.
n

∑
i =1

r r p
r r r
yi − F ( xi , A) S iυ ( xt , xi , B)

1/ p

→
min
A

r
xt = { xt1 , xt2 ,..., xtm } is a current
r
interpolation point; xt = { xt1 , xt2 ,..., xtm } is the i
r
point of initial data; xt = { xt1 , xt2 ,..., xtm } are the
where:

parameters that determine properties of weight
function.
And finally, the choice of suitable interpolation
scheme should be estimated using specific
numerical measurements that depend on quality of
interpolation in prognostic points. The methods of
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͡

For analysis of measured data and search of
implicit rules we have generated algorithms and
programs that realise the method of mixture
separation (the second part of the “SPACER”
software suit). The procedure of a mixture
separation belongs to parametric methods of the
estimation of probability density function. It
should be used in those cases when it is necessary
to extract homogeneous groups of data and classify
the results of observations. The premise for the
method of a mixture separation is the fact that
every homogeneous group could be presented by
its probability density function f(X, A), where A
parameter is a some vector of values, which
defines the form of distribution. The problem could
be stated as follows: we have observation data
1,…, N, which should be classified. For that, the
equation of a finite mixture of distribution density
functions could be written as:
͡

M

h( x) = ∑ Pi f ( X , A)
i =1

where: M – is a number of homogeneous groups
in summary sampling; Ai – parameters of i density
function; Pi – portion of i group (group
probability).
Thus, the problem of a mixture separation and
classification of the results by groups comes to the
task of unknown parameters M , {Ai , Pi } (i=1, M )
evaluation.
There exist several methods of these parameters
evaluation. The most prevailing is the method of
plausibility maximum.
3.

RESULTS

In this work, we have demonstrated an application
of “SPACER” suit for processing and analysis of
statistical data for two kinds of congenital diseases,
as follows: cancers and heart diseases over three
regions of Ukraine (Zhytomyr, Kiev and
Tchernigov regions). Using the methods that we
have developed, we can determine an influence of
different environmental contaminations on these
diseases. As the factors that characterize the rate
of environmental contamination over three regions
of Ukraine we have used their pollution by
radioactive Cs-137 and Sr-90 isotopes and
pesticide pollution. The information about each
kind of disease and pollution is shown by 81
points. Geometrically, these points correspond to
the location of regional capital cities. Thus, the
information in each point is integral and
characterises morbidity and ecological situation of
a whole region.
On the first stage of data processing, we have
synthesised optimal three-dimensional models and
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Figure 1: (a) - The map of cancer diseases; (b) - Mixture separation for cancer diseases.
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Figure 2: (a) - The map of congenital heart diseases; (b) - Mixture separation for congenital heart
diseases.
built the maps of distribution of 2 kinds of
morbidity (Fig.1-2) and the maps of Cs and Sr
isotopes space distribution, total radiation doze
(Fig.3a,4a,5a) and pesticide distribution (Fig.6a).
Accuracy of the maps is within 70-80%, which
shows high reliability of the results obtained.
On the second stage we have used the method of
the mixture separation (second part of “SPACER”)
for analysis of measured data. Our calculations
have shown that the data for two kinds of diseases
are not homogeneous and could be presented by 3
classes (Fig.1b,2b). The same calculations were
carried out for classifying initial data on the heart
diseases.
The results of classification and class spatial
distribution are shown in Fig.2a and Fig.2b. From
Fig.1a and Fig.2a it follows that the spatial
distribution of oncological and heart diseases
differs significantly. Application of the method of
mixture separation to the investigation of initial
data on the space distribution of isotopes and
pesticides has shown that Sr-90 distribution
contains 2 classes of data (Fig.3a); Cs-137
distribution, total radioactive doze and pesticide
distributions contain 3 classes of data
(Fig.4a,5a,6a).
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Generation of the maps of space distribution of
morbidity and different territory contaminations
enables calculation of the maps of space
distribution of coefficients of correlation between
the morbidity and kind of pollution. The results of
these calculations for oncological diseases are
shown in Fig.3b, 4b, 5b, 6b. The same results for
the heart diseases distribution are shown in Fig. 3 ,
4 , 5 , 6 . From the results of our investigations
we can conclude that environmental pollution has a
stronger influence on congenital heart diseases then
on oncological diseases. In order to clarify the
results in details it is necessary to enlist the service
of medical experts and to continue further joint
studies using additional medical data.
ͽ

ͽ

4.

ͽ

ͽ
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(a) The map of approx. average soil contamination
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Figure 5:
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(a) The map of the average designed all year total
doze of Chernobil irradiation (mBer), 1992.
(b) The map of coefficient of correlation between
cancer diseases and total doze of Chernobil
irradiation.
(c) The map of coefficient of correlation between
heart diseases and total doze of Chernobil
irradiation.
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Abstract: A tool (TEAP) to evaluate in real-time and operational mode the air quality produced by industrial
plants (power plants also) has been developed based on the third generation of air quality modelling systems.
The system uses the non-hydrostatic mesoscale meteorological model MM5 (PSU/NCAR, USA) and the air
quality modelling system (transport and chemistry) CMAQ (Community Multiscale Air Quality Modelling
System) (EPA, USA) by using the so-called ON/OFF scenario which allows the user to have in advance (48 72 hours) a detailed information in time and space on what is the relative impact of the industrial emissions in
an area up to 400 x 400 km (9 km spatial resolution) - between 24 x 24 km with 1 km spatial resolution, 100 x
100 km (9 km spatial resolution) and finally 400 x 400 km with 9 km spatial resolution - for those pollutants
limited by EU Directives (SO2, NOx, CO, PM10 and Ozone). The system can be adapted to run in cluster
platforms. Also, the system provides scenario analysis for different industrial plants at the same time and for
different industrial loading capacities and provides the best scenario to avoid forecasted exceedances of the
EU limits. The system is developed to provide the information in the Internet network. TEAP requires
important hardware resources and intensive computer CPU demand but it can be implemented by using PC
based platforms. The system can provide an important support for urban air quality since it can be easily
adapted to traffic flow scenario analysis and another different emission reduction strategy. TEAP is and
EUREKA project.
Keywords: Air Quality, Industrial plants, Modelling.

1.

INTRODUCTION

Air Quality information has become an essential
tool for industrial managements and citizens
health. The air quality modelling systems have
been improved substantially in the last decade. The
simulation of the atmospheric process has had an
important advance because of the improvement of
the science knowledge and also because of the
improvement of the capability of the computational
platforms. The computer power has increased
substantially in the last years and the PC based
platforms have reached high performance levels.
The cluster approaches open new scenarios for
many applications and particularly on the
atmospheric
dynamics
simulations.
The
atmospheric models have also reached high
sophisticated levels which includes the simulation
of the aerosol processes and cloud and aqueous
chemistry. These models include sophisticated
land use information and deposition /emission
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models (San José et al. [1997]). The atmospheric
models include traditionally two important
modules: a) meteorological modelling and b)
transport/chemistry modules. These two modules
work in a full complementary mode, so that, the
meteorological module provides full 4D datasets
(3D wind components, temperature and specific
humidity) to the transport/chemistry modules. CPU
time is mainly used for transport/chemistry (70 –
80 %). This modelling system require important
initial and boundary data sets to simulate properly
specific time periods and spatial domains, such as
landuse data, digital elevation model data, global
meteorological data sets, vertical chemical profiles
and emission inventory data sets. In this
experiment we have used AVN (NCEP/NOAA,
USA) global meteorological information as input
for the MM5 meteorological model. The emission
inventory for the proper spatial domain and for the

specific period of time (at high spatial and
temporal resolution) is possibly the most delicate
input
data
for
the
sophisticated
meteorological/transport/chemistry models. The
accuracy of emission data is much lower than the
accuracy of the numerical methods used for solving
the partial differential equation systems (Navier –
Stokes equations) for meteorological models (Grell
et al. [1994] and the ordinary differential equation
system for the chemistry module (San José et al.
[1994, 1996, 1997]). Typical uncertainty
associated to emission data is 25 – 50 %. However,
in our application it is more important to see the
relative impact of the industrial emissions in the
mesoscale domain – where the tested industrial
plant is located – than to quantify and qualify the
absolute pollutant concentrations in the
atmosphere.
The emission inventory is a model which provides
in time and space the amount of a pollutant emitted
to the atmosphere. In our case we should quantify
the emissions due to traffic, domestic sources,
industrial and tertiary sector and also the biogenic
emissions in the three model domains with 9 km, 3
km and 1 km spatial resolution mentioned above.
The mathematical procedures to create an emission
inventory are essentially two: a) Top-down and b)
Bottom-up. In reality a nice combination of both
approaches offers the best results. Because of the
high non-linearity of the atmospheric system, due
to the characteristics of the turbulent atmospheric
flow, the only possibility to establish the impact of
the part of the emissions (due to traffic or one
specific industrial plant, for example) in air
concentrations, is to run the system several times,
each time with a different emission scenario.
Examples of “state-of-the-art” meteorological
models are: MM5 (PSU/NCAR, USA), RSM
(NOAA, USA), ECMWF (Redding, U.K.),
HIRLAM (Finnish Meteorological Institute,
Finland), etc. Examples of “state-of-the-art” of
transport/chemistry models – also called “third
generation of air quality modelling systems” – are:
EURAD (University of Cologne, Germany),
(Stockwell et al. [1997]), EUROS (RIVM, The
Netherlands), (Langner et al. [1998]), EMEP
Eulerian (DNMI, Oslo, Norway), MATCH (SMHI,
Norrkoping, Sweden), (Derwent and Jenkin,
[1991]), REM3 (Free University of Berlin,
Germany), (Walcek, [2000]), CHIMERE (ISPL,
Paris, France), (Schmidt et al. [2001]), NILU-CTM
(NILU, Kjeller, Norway), (Gardner et al. [1997]),
LOTOS (TNO, Apeldoorm, The Netherlands),
(Roemer et al. [1996]), DEM (NERI, Roskilde,
Denmark), (Gery et al. [1989]), STOCHEM (UK
Met. Office, Bracknell, U.K.), (Collins et al.
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[1999]). In USA, CAMx Environ Inc., STEM-III
(University of Iowa) and CMAQ (EPA, US) are
the most up-to-date air quality dispersion chemical
models. In this application we have used the
CMAQ model (EPA, U.S.) which is one of the
most complete models and includes aerosol, cloud
and aerosol chemistry.
2.

THE
MM5-CMAQ
SYSTEM

MODELLING

The CMAQ model (Community Multi-scale Air
Quality Modelling System, EPA, US) is
implemented in a consistent and balanced way with
the MM5 model (Gery et al. [1989]). The CMAQ
model is fixed “into” the MM5 model with the
same grid resolution (6 MM5 grid cells are used at
the boundaries for CMAQ boundary conditions).
The domain architecture is showed in Figure 1.
MM5 is linked to CMAQ by using the MCIP
module which is providing the physical variables
for running the dispersio/chemical module
(CMAQ) such as boundary layer height, turbulent
fluxes (momentum, latent and sensible heat),
boundary layer turbulent stratification (MoninObukhov length), friction velocity, scale
temperature, etc. We have run the modeling system
(MM5-CMAQ) with USGS 1 km landuse data and
GTOPO 30’’ for the Digital Elevation Model
(DEM).
The system uses EMIMO model to produce every
hour and every 1 km grid cell the emissions of total
VOC’s (including biogenic), SO2, NOx and CO.
EMIMO is a emission model developed at our
laboratory in 2001. This model uses global
emission data from EMEP/CORINAIR European
emission inventory (50 km spatial resolution) and
EDGAR global emission inventory (RIVM, The
Netherlands). In addition the EMIMO (EMIssion
Model) model uses data from DCW (Digital Chart
of the World) and USGS land-use data from
AVHRR/NOAA 1 km satellite information. The
EMIMO model includes a biogenic module
(BIOEMI) developed also in our laboratory based
on Guenther et al. [1995] algorithms for natural
NOx, monoterpene and isoprene emissions in
function of LAI (leaf Area Index) and PAR
(photosintetic active radiation).
In Figure 2 we see a scheme of the computer
platform needed to simulate different emission
reduction scenarios in case of exceeding the
pollution levels stated at the legislative directives
(L282/69, 26.10.2001).

alternative is probably the cluster,
with an
acceptable cost/benefit relation to run such a
complex systems. Particularly in the case shown in
this contribution, where the modeling system
should be run in ON and OFF scenario but
additional scenarios (to be compared each other or
with the base case, OFF) can be included but much
more CPU time will be required. We are working
under an architecture of daily operation so that the
CPU limit time is formally 24 hours but in practice
(because the CMAQ CPU time depends on the
maximum wind speed – Courant Law-), 18-20
CPU hours is a realistic limit.

Figure 1.- MM5-CMAQ architecture for this
experiment.
Each emission scenario involves to run a complete
version of the model which differs from others
only on the tested emission reduction so that in the
case of industrial plants, we have an OFF scenarios
which represents to run the model with the
complete emission set (provided by EMIMO) but
“without” the emissions from the industrial plant
and the so-called ON scenario represents to run the
model with exactly the same emissions as in the
OFF scenario but “with” the expected hourly
emissions from the industrial plant. Obviously the
differences between ON and OFF represent the
impact of the industrial emissions in the pollutant
concentrations. A similar approach can be applied
for any emission source which we would like to
analyze (traffic flow, domestic emissions, etc.).
In order to run these complex systems, a single PC
seems to be quite limited because the required
CPU time exceeds the available time for daily
operational application. It is possible to use cluster
platforms to reduce significantly the amount of
computer time required for the different
simulations. Figure 3 shows a scheme for the case
of having a cluster with 6 nodes and how the model
domain is divided. For running the MM5-CMAQ
modeling system in the cluster platform, we use the
cluster version of both modules. The only possible
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Figure 2.- TEAP Computer platform scheme.
The results over platforms of about 20 nodes
provide increases of time of about 10- 11 times for
both
modules
(meteorological
and
chemical/transport). This rate is highly satisfactory
but it may probably be increased by using faster
connection architectures between PC’s. The MM5CMAQ modeling system constitutes a reliable and
robust software tool which allows a historic and
on-line operational simulation over any domain at
global scale with several different nesting
capabilities and approaches. MM5 is used by
several states in USA for weather forecasts and in
Europe it is used by several meteorological
Institutes as a research code and also for
operational applications. In our lab, MM5 has been
used (http://artico.lma.fi.upm.es) for operational

weather forecasts – provided in the Internet – since
year 2000 with reliable results.

every grid cell and for every specific time step for
the simulation period.

Figure 3. Cluster platform with 6 nodes for TEAP
application.
The code has shown an extraordinary performance
without any problems along these years. We have
been using CMAQ since 2001 and – although this
model was originally more unstable -, nowadays,
the last version are very stable and robust. We have
used the CMAQ model (and MM5) for carrying
out several air quality assessment studies for
incinerators (Basque Country (Spain, 2003)) and
future combined cycle power plant installations
with excellent performance. Also the system is
being used in operational and forecasting mode in
Canary Islands (Las Palmas de Gran Canaria,
Spain)
for
the
city
authorities
The
(http://ambiente.lma.fi.upm.es/lpgc_v2).
modular architecture allows to use several different
numerical schemes for different atmospheric
processes. This modularity allows to evaluate the
different physical and chemical schemes and how
they are simulated by the modelling tools.

The MM5-CMAQ modelling system allows to
evaluate the impact on the air quality for different
pollutant concentrations at different levels (surface
and up to several layers in height, typically and in
this experiment 23 layers, up to 100 mb) and for
different physical and chemical processes such as:
a) XYADV: Advection in the E-W and N-S
direction; b) ZADV: vertical advection; c) ADJC:
mass adjustment for advection; d) HDIF:
horizontal diffusion; e) VDIF: vertical diffusion; f)
EMIS: emissions; g) DDEP: dry deposition; h)
CHEM: chemistry; i) CLDS: cloud processes in
aqueous chemistry. The system can provide a
detailed information of the impact on the
production or loss of several criteria pollutants for
the different physical and chemical processes
described. This information can be provided for
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Figure 4. Comparison between observed NO2
concentrations at the monitoring station in
Móstoles (Madrid, Spain) and modelled NO2
concentrations by MM5-CMAQ at the grid cell
where the monitoring station is located (MM5CMAQ with 3 km spatial resolution).
The MM5 – CMAQ, in this application, has been
configured to use CBM-IV (Gery et al. [1989])
chemical scheme for organic reactions, and the
SMVGEAR (Jacobson et al. [1994]) numerical
scheme for solving the chemistry. More than 75 %
of the computer time is devoted to solve the
chemical scheme (more then 90 chemical reaction
and 40 species).
3.

RESULTS AND DISCUSSION

In this contribution we show results for an
application over Madrid domain designed for a
specific study of the impact of a future power plant
construction. Several studies of this type have
already been conducted at different areas in the
Iberian Peninsula for different industrial type
plants as mentioned above. In Figure 1 we showed
the scheme designed for the study in the Madrid
domain. Similar architecture has been used for
different areas. In Figure 4 we observe the
comparison between observed NO2 concentrations
at the monitoring station in Móstoles (Madrid,
Spain) and modelled NO2 concentrations by
MM5-CMAQ at the grid cell where the monitoring
station is located (MM5-CMAQ with 3 km spatial

resolution). Figure 5 shows the surface ozone
concentration differences over a domain of 27 x
33 grid cells (3 km ) centered at the planned power
plant. The planned power plat emissions are
incorporated to the system in ON scenario under
the maximum impact mode i.e. the expected
maximum hourly emissions produced by the power
plant (worst scenario).

automatic mode over several weeks in different PC
platforms.
In real- time mode we should carefully design our
architecture (generally over a cluster platform) and
assure that the simulations of ON, OFF and all
emission reduction scenarios (X %) run under daily
basis for 120 hours period and obtain the
differences between ON and X % runs with OFF
mode to obtain the best performance emission
reduction scenario for the next 48 – 72 hours. The
X % emission reduction scenarios are simulated by
applying this emission reduction over the last 48 –
72 hours. This operational architecture requires –
as we said – cluster platforms. Our tests over a
cluster with 20 nodes (2,4 Ghz.) and one main PC
(with 2,4 Ghz) show an increase on the speed of
about 10 –11 times. This test was performed at a
cluster in the University of Iowa (USA).
4. CONCLUSIONS

Figure 5. Surface concentration differences over a
domain of 27 x 33 grid cells (3 km ) centered at
the planned power plant. Differences between
ozone concentrations (ppb) in OFF mode and with
the planned power plant emissions at 4h00 (GMT)
on July, 8, 2002.
These results show an excellent agreement between
observations and modelling results in the
calibration phase (before running the simulations
adding the emissions from the planned industrial
power plant). This agreement is essential for the
reliability of the final results although the
differences between the concentrations in ON and
OFF modes are the most important relative results
on these types of studies.
We should underline that the amount of
information obtained for a typical air quality
impact study of an industrial and power plant for
120 hours periods along 12 month a year and for
five criteria pollutants, 3 different nesting levels (9
km, 3 km and 1 km) produces an amount of
information (every hour analysis) of about 5
Gbytes and 400000 images (examples are shown in
this contribution). The whole system should be
controlled by the corresponding scripts running in
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The MM5-CMAQ air quality modeling system has
been implemented with several architectures for
several cases of industrial and power plants in
different geographical locations in the Iberian
Peninsula with excellent results. The system
constitutes a reliable 3rd generation of air quality
modelling tool for analysis of city and regions and
also for the analysis of impact of emissions of
different industrial and power plants. Also, the
system can be used to analyze the impact of
different emission scenarios even from different
emission sources such as traffic, biogenic,
domestic, etc. We have used the EMIMO model,
which uses a Top-Down approach (an partially a
Bottom-up approach) for evaluating the high
spatial and temporal emissions adapted to the
different model domains. We have shown that the
comparison between observed monitoring data and
modelled data agrees sufficiently – having in mind
that the modelled data is an averaged for the grid
cell (9 km, 3 km or 1 km spatial resolution) and
observed data is a value with a limited
representation since in most of the cases is located
in urban or suburban areas -.
The results provides a full analysis of every
physical and chemical process and the relative
increases and decreases (in ozone concentrations
for example around the industrial or power plant).
Future
developments
should
focus
on
implementing the system in operational mode for
real cases and cluster platforms running over long
periods.
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Abstract: Numerical modelling was used to study the impact of urban air pollution from Setúbal City in
two important natural reserves. Setúbal is a city in the middle south Portugal with a large resident
population, important industry and intense traffic activities. There is an important harbour, which is
responsible for intense heavy vehicle traffic. Setúbal is surrounded by two natural reserves, a mountain
(Arrábida) and a river delta (Sado River). There is also an important tourist zone near Setúbal with
important beaches and tourist activities. The main pollutants considered in this study were SO2, Particles,
NOx, CO, and VOC. A range of numerical models there was used to produce results. The AMDS-Urban
model was used for the pollutants dispersion, the FLOWSTAR model for the meteorological conditions and
the MOBILE 6.0 to estimate traffic emissions. One database was made containing information about
industry emissions and other emissions in the city. It was also used a geographic information system.
Numerical modelling was done considering all models and information coupled and numerical simulations
were produced for different emissions and meteorological conditions.
This numerical approach can be successfully applied to other cases to study the impact of urban air
pollution. The tourist zone is the most affected by the urban air pollution but both reverses can also be
affected manly depending on the meteorological conditions which are mostly depending on the seasonally.
This work has been developed with the financial support of the Fundação para a Ciência e Tecnologia and
FEDER under Sapiens Programme (project nº POCTI/MGS/47247/2002).
Keywords: Air quality modelling; Urban air; Numerical simulation

1.

INTRODUCTION

The objective of this paper is to present a study on
the impact of urban air pollution from Setúbal
City in two important natural reserves.
In recent years urban pollution has received
special attention due its negative effects on health
and deterioration in living conditions. Its possible
to add to this effects, the impacts on natural
reserves and on native species.
Serious pollution episodes in urban environment
are not only caused by sudden increases in the
emission of pollutants, but result from
unfavourable meteorological conditions. Many
studies were dedicated to the relationship between
pollution concentrations and meteorological
parameters [Pissimanis et al, 1991, Kallos, 1993,
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Katsoulis, 1988, Robeson and Stein, 1990, Ziomas
et al, 1994].
Setúbal is a city in the middle south Portugal,
located in the district of Setúbal, 50km South of
Lisbon at the margins of river Sado, with a large
resident population (113.937 thousand habitants),
important industry and intense traffic activities.
There is also an important tourist zone near
Setúbal with important beaches and tourist
activities and two important natural reserves
surrounding the city (Sado Estuary and Arrábida’s
Natural Park), (Figure 1 and Figure 2).
Serra da Arrábida is a mountain (499 metres
high) located at West from Setúbal witch has the
only
surviving
example
of
primitive
Mediterranean vegetation with rare species as

(Quercus faginea). The Arrábida Natural Park
was formed in 1976 and covers an area of 10.800
hectares. Among the most important mammal
species we can find the wild cat (Felis silvestris),
the genet (Genetta genetta) and the mongoose
(Mungos mungo), as well as various bat species.
Some animals are in extinction risks as goat from
mountain (cabra montês - Capra pyrenaica
hispanica). Bird life finds in Arrabida the most
unique habitat, with birds of prey being a
particularly important group.

SETÚBAL DISTRICT

The industrial area is mainly located at East of
Setúbal city and the main industries are one fuel
oil fired power station (4*250 MWe), one paper
mill industry and a cement industry which is
located at West of Setúbal city.
Therefore to assure the ecological equilibrium of
this region it is important to preserve these two
natural reserves maintaining the equilibrium
between the city live, tourist activity and nature
live.
The main pollutants considered in this study were
SO2, NOx, CO, VOC and Particles.
Due the absence of the background data the option
was to consider only the primary emissions for
calculated PM10.

Figure 1. Location of Setúbal (black dot) and
Natural Reserves (light grey)
The Natural Reserve of the Sado Estuary was
created in 1980 and covers an area of 23.971
hectares. This Natural Reserve is located at South
and East from Setúbal and includes important salt
marsh areas, commercial fish farms, rice fields
and the dunes of Troia with significant examples
of flora. Some important mammals such as otters
(Lutra
longicaudis),
dolphins
(Tursiops
truncatus), civets (Arctogalidia trivirgata),
badgers (Meles meles) and foxes (Vulpes vulpes)
can also be found. Sado Estuary is also very
important for bird migration, the most common of
which are white storks (Ciconia ciconia), blackwinged stilts (Himantopus himantopus), waterhens (Rallus aquaticus), kingfishers (Alcedinidae)
among other species.
The main pollutant sources are traffic, industrial
and urban activities. Important traffic fluxes
crossing city centre to reach the motorway which
links Setúbal to Lisbon or to reach the industrial
area. The motorway finishes near the city centre
and serves other destinations. Important amount
of heavy vehicles move near the city centre to
reach the industrial area and the river harbour.
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A range of numerical models were used to
produce results. The AMDS-Urban model was
used for the pollutants dispersion, the
FLOWSTAR model was used for the
meteorological conditions and the MOBILE 6.0
model was used to estimate traffic emissions.
These models have been extensively validated in
several works presented in the literature [CERC
2001, Carruthers et al., 1998]. In the present work
due to the absence of background data the main
objective is to evaluate qualitatively the impact of
pollutant sources in the natural reserves for
different scenarios based in same approach.
One database was made containing information
about industry emissions and other emissions in
the city. It was also used a geographic information
system. Numerical modelling was done
considering all models and information coupled
and numerical simulations were produced for
different pollutant emissions and meteorological
conditions.

Figure 2. Location of considered sources
2.

NUMERICAL MODELLING

2.1 Pollutant emissions

The sources of pollutant emissions were divided in
three different kinds, point, line and area sources
(Figure 2).

the last two scenarios are chosen due the possible
influence on reserves areas (Table 1).
Table 1. Scenarios Frequency
Scenario
Wind Prob.
A
31%
B
36%
C
8%
D
17%

The point sources represent the main industries
considered, the line sources the main traffic roads
and the area sources representing remain sources
as the residential and rural activities, others
smaller traffic roads and industries.
The data base of pollutant emissions was created
based in values furnished by each industry, and it
was considered the mean values for each pollutant
[Garcia et al, 2002]. The sources from traffic were
based in a study furnished by Setúbal
municipality.
MOBILE 6.0 model from EPA (Environmental
Protection Agency) was used to estimate traffic
emissions.
Area sources were estimated based on the UK
emission Factors Database [DETR, 1999], and
had considered the main kind of activity of the
considered areas (urban, rural and industrial).
The boundary conditions are set to zero. All main
pollutant sources in the region are inside the
domain considered. All important sources outside
the domain as industrial and urban sources are
relatively far from Setubal city, so the influence of
other sources is considered negligible
2.2 Meteorology characterization
The meteorological data considered in this study
were supplied by the Portuguese Meteorological
Institute, using climatic acquisition station located
in Setúbal, and considering meteorological data
covering the period of 1974-1988. Different
meteorological conditions were considered and
combined with the emission data. The
meteorological variables considered were wind
speed and direction. Concerning these variables
we considered four different scenarios:
• Two most common circulation scenarios:
wind from North for: Winter, (scenario A)
and Summer (scenario B).
• Unusual circulations from NE: for Winter
time with low intensity (scenario C).
• Unusual circulations from NW: for Spring
time with high intensity (scenario D).
First two scenarios are the most frequents in
Continental Portugal and in this region too and
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These four scenarios were combined with
information about atmospheric stability, namely
the Monin-Obukhov length. It was considered
three typical values for this length; those
correspond to the possible situations of
atmospheric stability: unstable, stable and neutral.
For Setúbal meteorological station, those
categories have the following annual mean
occurrence (Domingos et al., 1980):
•
•
•

Unstable: 16%
Neutral: 47%
Stable: 7%

The total of possible scenarios in terms of
meteorology data was twelve.
2.3 Topography characterization
The topographic data considered in this study
were supplied by the Portuguese Geography Army
Institute and was computed for the present study
using ArcView Software. The selected area is
presented in Figure 2 and represents an area de
22kmx15km with the Gauss coordinates
represented in Table 2. The grid is regular, with
400 m of spacing in both directions and the
topography data was obtained from a grid with
100m spacing.
Table 2. Gauss Coordinates for the study area.
Min (m)
Max (m)
X
-77 000
-55 000
Y
-135 000
-120 000

2.4 Numerical Models
ADMS-Urban 2.0 is a comprehensive PC-based
model developed by CERC, of dispersion in the
atmosphere of pollutants released from industrial,
domestic and road traffic sources in urban areas.
ADMS-Urban models these using point, line,
area, volume and grid source models. [CERC,
2003].
FLOWSTAR 7.1 is a model developed by CERC
to calculate air flow and turbulence over complex

terrain, including the effects of stratification and
variable surface roughness. [CERC, 2004]
MOBILE 6.0 is a software application program
developed by EPA that provides estimates of
current and future emissions from motor vehicles
[EPA, 2002].

3

Results

It is observed that for unstable category some
particle concentration appears few meters around
the chimneys, due to the rising thermals that
create stronger vertical motions than horizontal
motions. For neutral category the turbulence is
isotropic and it is found also some particle
concentration near the chimneys. Figure 3 shows
particle concentration (PM10) from industries and
traffic for scenario B, stable category. The height
chimney of the power plant avoids the
contamination of the studies areas by particles and
SO2 for any scenario and for any atmospheric
stability.
Particles from the cement industry affect Arrábida
in scenario C and Troia for scenario D but only
for stable categories for both. Figure 4 shows
particle concentration (PM10) from industries and
traffic for scenario D, stable category.
Particles from the centre of the city affect Troia
for scenarios A and B but only for stable category.

However the values in Troia and Sado river in
front of the city are not high. Under scenario C
stable category, Arrábida is affected by the plume,
although the obtained values for particles (PM10)
concentrations are below the limit value referred
in legislation. Note that is due to the influence
from cement industry and city centre activities
together. Under scenario D stable category, a large
area of Sado estuary is affected by the plume.
However these two scenarios are not very frequent
(Table 1).
NOx concentrations from industries in the studied
areas are negligible comparing with the city centre
activities. NOx from the city centre in scenarios A
and B, stable conditions, affects mainly Troia and
the River estuary in front of the city, but with very
low concentrations. Arrábida is also affected
under scenario C, stable and the River estuary is
affected under scenario D, stable.
Important concentrations of CO and VOC appear
only in the city centre and are manly due to its
activities, for all the scenarios. On the other hand,
SO2 from other sources and for different scenarios
do not affect significantly the studied areas.
Traffic sources are important for some pollutant
but affect only areas near the roads, comparing
with other sources, so it is possible to say that the
centre of the city is mainly affected by its own
activity.

Figure 3. Particle concentration (PM10) from industries and traffic for scenario B, stable category.
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Figure 4. Particle concentration (PM10) from industries and traffic for scenario D, stable category.

4

CONCLUSIONS

The main common meteorology scenarios do not
produce any heavy negative impacts in the two
natural reserves. The main affected zone is the
tourist area (Troia) and the city centre.
The sources considered (industry,
residual urban activities) do
significantly the natural reserves for
of considered scenarios, due the high
North wind.

traffic and
not affect
the majority
frequency of

Sado is only affected in vicinity of Setúbal, under
some particular scenarios, but with no severe
impact on the protected area. The most affected
zone is Troia, namely by the city centre activities.
However, the low frequency of this episodes do
not compromise the development of tourist
activities.
5
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Abstract:
The dramatic consequences of oil or chemical spills for coastal ecosystems and economic uses make contingency management a politically sensitive task. We here propose a new Decision Support System (DSS)
consisting of a combination of modeling and evaluation methods with which different containment strategies
can be compared in the light of a variety of potential ecological and economic damages. In this study, the DSS
is tested by hindcasting the Prestige accident off the coast of Spain in 2002. In particular, an oil spill contingency simulation model coupled with multi-criteria analysis techniques was used to assess oil spill impacts for
weather and current forecasts available at that time. Five different towing directions resulted in many different
hypothetical sinking sites which all were simulated separately. Two procedures of including the array of pollution scenarios into the evaluation were considered: the first method uses expected pollution intensities for each
towing route, in the second procedure all hypothetical sinking scenarios are rank–ordered so that towing directions are only indirectly compared. Additional uncertainty resulting from incomplete or imprecise information
about pollution impact thresholds or different weighting schemes representing major stakeholder groups is also
taken into account. We identified clearly one worst option and one or two almost equally well performing
routes. For reasonable range limits of evaluation parameters or sinking probabilities, rankings turn out to be
robust against the many uncertainties included so far. Even the two different methods of implementing various
sinking scenarios did only differ with respect to confidence limits. Robustness as well as transparency of the
coupled approach carry a large potential for enhancing the efficiency of decision making even in politically
sensitive situations.
Keywords: Decision Support Systems, oil spill contingency, multi-criteria analysis.

1

I NTRODUCTION

One of the major episodic threats for near–shore
ecosystems and the human use of coastal areas arise
from large oil or chemical spills. Once authorities
are informed about an emergency call of an oil carrying transport ship or even a tanker a contingency
plan comes into action which often carries various
ambiguities. In detail, one has to decide between alternative counter–actions such as removal of surface
oil from different locations or usage vs. non–usage
of dispergants. Due to the vast array of different environmental and socio-economic impacts, there also
exists a multitude of stakeholder groups with di-
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verging interests (Komatsu et al. [2003]; Edgar et al.
[2003]; Brown et al. [2001]). The growing public demand for environmental responsibility, the fast
rise of associated costs and its political dimension
call for an early integration of these diverging interests in the process of emergency planning. In principle, this can be addressed by means of a Decision
Support Systems (DSS) including a multi–criteria
analysis module. Effects of different response solutions can then be projected in time and be evaluated with respect of few aggregated target values. A
major difficulty, however, of using DSS based recommendations within the planning process or, more
generally, for gaining a high acceptance of the DSS
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Figure 1: Multi–stage approach for ranking different response measures.

for authorities and stakeholders derive from the uncertainties related to various aspects of the problems
such as weather forecasts, presence of endangered
seabird populations, evaluation procedures or relative weighting of different factors.
Here, major functionalities of the DSS are outlined
comprising the integration of data–sets and response
measures into a simulation environment which is
further coupled to an economic as well as ecological evaluation scheme. The ranking of different
measures results from aggregating the compiled criteria factors in a politically balanced way. The entire scheme is shown in Figure 1. As major parts
of this DSS structure were already documented by
Baumberger et al. [2004], here only most essential
elements of each stage have to be sketched.
This paper sets a particular focus on the effect of
including uncertainties in input data or intermediate results. A straightforward approach to reflect
incomplete or imprecise knowledge works by a parallel account of diverse scenarios so that the algorithm operates on sets of constellations rather than
single values. In the work of Baumberger et al.,
these variations led to an array of possible results in
each stage which are averaged before applying the
subsequent operation (”preprocessed uncertainty”).
However, due to the nonlinear nature of the following transformations, this procedure, albeit much
more simple and elegantly to use, might create a
large error. A more precise procedure should maintain the entire variability until the final ranking–
stage. Therein, numerous potential consequences of
different response options are outfolded and then directly compared (”postprocessed uncertainty”, see
also Wirtz [2001]). In order to estimate potential
quantitative deviations of including uncertainty in
different ways into a DSS we here study and contrast preprocessing as well as postprocessing. Both
approaches are visualized by the thick dashed lines
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in Figure 1.
1.1

P RESTIGE SPILL AS CASE STUDY

In order to verify the usefulness of the newly constructed DSS structure, Baumberger et al. [2004]
collected a large data–base with essential informations related to the Prestige oil spill. The oil released by the tanker Prestige in autumn 2002 had
provoked disastrous consequences along the Spanish and with some delay also French Atlantic coast.
In the early phase of the accident, the only feasible
combat measure was to tow the ship into different
directions. Regional and national authorities had to
decide whether to directly face the problem by towing the tanker into a nearby harbor at the Galician
coast or to move it to a remote ocean site. Albeit all
dragging directions were operable, the uncertainty
regarding, e.g., an imminent break–down of the ship
seemed to render any rationale judgment of the respective consequences nearly impossible. Hence, a
major aim of this paper is to evaluate the potential
risks of alternative towing routes and to quantify the
discrimination accuracy achievable within the first
period of response planning.
2
2.1

M ETHODS
S PILL SIMULATION

From the position where the Prestige sent a SOS
at 13/11/2002 off the Finisterra cape (42o 50N;
09o 50W) we defined five towing directions representing the above mentioned different response
strategies: North-East (NE), North-West (NW),
West (W), South-West (SW) and East (E). Along
each towing route 3–13 potential grounding locations were distributed within a maximally three day

trawling range. This yielded a sum of 49 different
positions as shown in Figure 2.

also Figure 3). Also, a more realistic rise of pj for
the offshore routes is tested since these are characterized by higher waves.
2.3

North-West

West

North-East, Coruna

East, Fisterra

South-West

Figure 2: Towing routes and hypothetical sinking
positions after 6-hour towing intervals (grey points).
It is assumed that the Prestige is dragged at the rate
of 32.5 km per day for all directions.

For each potential grounding location the spatio–
temporal evolution of spilled oil is hindcasted by
the industry standard oil spill simulation and contingency tool OSCAR (Oil Spill Contingency And
Response, Daling et al. [1990]; Aamo et al. [1996]).
OSCAR projects the distribution of a contaminant
controlled by physical transport, chemical–physical
transformation processes and by biodegradation. As
improvement of most standard oil spill models also
a multitude of combat activities such as collecting are simulated in a realistic way using a multiagent approach. Thus, after including hydrographical and meteorological boundary conditions OSCAR produces reliable estimates of amounts of oil
Pjk landed at different coastal areas with index k
within 20 simulation days. j (j = 1 . . . 5) denotes
the towing option and is linked to a sub-set of simulations S1 , . . . S49 addressed by the indices nj (e.g.,
nj = 1, 2, . . . 13 for j = 1: western route). The
number of grounding locations along each route j
can be inferred from Figure 2.
2.2

E CONOMIC VALUATION

S INKING PROBABILITY

Each grounding scenario Sj has a specific probability p(Sj ) which depends on the estimated time
when the ship is going to break apart. This probability is constructed in two ways. First, it is set
constant p(Snj ) = pj (pj ≤ 1/13). In a second
formulation a conditional probability with first increasing and then decreasing values is defined (see

1278

Many of the affected coastal areas host one of four
major resource uses with index i: fishery (i = 1),
mariculture (i = 2), tourism (i = 3) and transport
(i = 4). Economic impacts are assessed on the base
of income losses which in turn are estimated using
subregional yearly data for tons of landed fish, harvested mussels, cleared cargo and occupied beds.
These impacts are translated to an economic damage indicator Lij in each sector as a piecewise linear
function of the pollution intensity Pjk . If the latter
reaches a pollution threshold value Pi∗ the damage
equals the regionalized yearly income Li as maximal loss:


Lijk

Pjk
= Li · min 1, ∗
Pi


(1)

The value of Pi∗ reflects both the sensitivity and
adaptability of each economic activity (details in
Baumberger et al. [2004]). It is hardly possible to confine their exact value so that the analysis is iterated using a set of different Pi∗ (fishery: P1∗ ∈ [5, 10, 15] , tourism: P2∗ ∈ [4, 8, 12],
transportation P3∗ ∈ [0.5, 1, 1.5] and mariculture
P4∗ ∈ [0.4, 0.8, 1.2], units: 103 tons of stranded oil).
2.4

E COLOGICAL VALUATION

Ecological impacts are differentiated with respect to
three semi–quantitative indicators for the sensitivity and importance of local habitats: Reproductive
capacity, vulnerability and protection level. First,
reproductive success of pelagic and benthic populations decreases with the extent of polluted spawning and nursery areas. The latter is assumed to be
proportional to the amount of oil reaching estuarine
mariculture areas as these mark relevant spawning
and nursery grounds. Secondly, on the base of vulnerability indices of Gundlach and Hayes [1978] or
Moe et al. [2000], the persistence of oil is estimated
using morphological characteristics of the seashore.
This value multiplied with Pjk quantifies the aggregated effect of oil on substrates such as sand, rocks,
muds or pebbles. Thirdly, a protection factor describes the importance which society attributes to
individual coastal areas. In our approach, it depends
on the number of protective regulations like, e.g.,
RAMSAR, EU-Natura 2000 or national Natural Re-

serves, given to an affected area. Again, this factor
is transformed to a region and response specific impact score Lijk by multiplication with Pjk . Like for
economic damages, integrating damage scores Lijk
for reproduction (i = 6), vulnerability (i = 7) and
protection (i = 8) over all areas k yield three ecological impact scores Lij . To account for momentarily not assessible damages of oil remaining on or
within the water column after 20 days, these pools
are collected into the category ”residual risk”.
2.5

M ULTI – CRITERIA AGGREGATION

In order to aggregate all ecological and economic
impacts to a single target value of response measures we adopt a Linear Additive Model: for each
option, the standardized and weighted performance
scores are added up, often along a hierarchical tree
(Dodgson et al. [2001]). A negatively sloped linear transformation function is employed (Tij =
M
1 − Lij /LM
i ) to normalize the scores with Li denoting the maximal impact among all options and
Tij the normalized score for criteria i. After multiplication of the normalized scores Tij with weights
wi expressing the relative importance of a specific
criteria i in a defined decision context we obtain an
overall target score for each option j.
Tj =

X

wi · Tij

(2)

i

Due to a lack of a priori knowledge on preferences
in our case study, we define different weighting
schemes supposed to be representative for three interest groups involved in the decision making process: fishermen, policy makers and environmentalists (Table 1).
2.6

U NCERTAINTY

AGGREGATION AND

R ANK -

ING

In the first preprocessing procedure, variability originating from a non–predictable sinking time of the
oil tanker is integrated before the valuation stage.
This means that the pollution intensities Pjk (Sn )
belonging S1 , . . . S49 are averaged over each towing route j using pj to calculate an option specific
expectation value Pjk = hPjk (Snj )i before applying Equation (1) . Having calculated a target value
on the base of those averaged pollution intensities
for the five response measures, the latter can be
rank–ordered. The ranking is then repeated for each
distinct combination of minimum, intermediate and
maximum threshold value (Pi∗ in Section 2.3) and
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for all three weighting schemes (see Table 1). Different outcomes are reduced to a mean rank hRj i
and the standard deviation of option rankings.
In contrast, the second procedure treats each simulation separately so that instead of 5 options 49+2
sinking scenarios are compared. If the ship reaches
the Fisterra bight or Coruna harbor, the corresponding pollutions Pjk (50) or Pjk (51) vanish for all areas k except the respective zone. Again, the ranking of 51 scenarios is repeated for different threshold values and stakeholder profiles. This procedure maintains the dynamics of rankings as potential grounding simulations or harboring cases can
be evaluated for every 6h period. The mean scenario specific ranks hR(Snj )i are finally summed
up
P to an overall ranking for each option: Rj =
nj hR(Snj )i · p(Snj ).
3

R ESULTS

Starting from an array of hypothetical grounding
locations, OSCAR simulates a variety of different
spilling scenarios and coastal damages. Minimum
pollution values for each criterion are scattered between different options already indicating a conflict
situation for decision makers. The final ranking of
49 sinking and 2 harbor/bight scenarios displayed
in Figure 3 reveals that a very early breaking of the
Prestige is most disadvantageous. Already after six
hours of towing, northern and western towing directions are clearly favored. In the course of the
second and third day, dragging the ship into a harbor or bight is assumed to infer low overall damage
scores while for ocean–going scenarios the north–
western route is ranked best. It provides the highest
chance to keep the impact on Spanish coastal areas
at a minimum since most of the oil drifts to the Gulf
of Biscay.
If sinking scenarios instead of towing routes are directly assessed, i.e. in the case of postprocessed uncertainty, the underlying routes can be ranked as
shown in Figure 4. Option E performs best, followed by NW. Clearly, direction SW turns out to
be the least valuable response. Although the ranking of options is sensitively affected by the choice
of evaluation and weight coefficients, the simultaneous use of three contrasting profiles and pollution threshold values does not level out the discriminating power of the approach (see also Baumberger et al. [2004]). Standard deviations are in
general smaller than differences between averaged
ranks along routes. Thus, statistically secure distinctions can be made between the best option E, a
group of sub–optimal solutions (NW, NE, W) and

Table 1: Three weighting schemes (wi ) representing opposing stakeholder profiles.
1
Fishery

2
Tourism

3
Transport

4
Mariculture

5
Reproduction

6
Vulnerability

7
Protection

8
Residual risk

0.6

0.1

0.1

0.1

0.025

0.025

0.025

0.025

Policy makers

0.125

0.125

0.125

0.125

0.125

0.125

0.125

0.125

Environmentalists

0.025

0.025

0.025

0.025

0.2

0.3

0.3

0.1

Fishermen

Mean scenario rank

50
40
30

10

20
10
0
0

Sinking probability (per 6 hr)

0

NE
NW
W
SW
E

20

40

60

80

Scenario rank

Index
Profile

20

30

40

0.1

50
NE

0.05

NW

W

SW

E

Direction

0
0

20

40
Time [hr]

60

80

Figure 3: Mean scenario based ranking (”postprocessing”) of different towing options plotted according the sinking time (top). Two alternative versions
of the sinking probability are given (lower diagram).

the lowest rank of SW.
This result has also been proven robust against different sinking probability functions as, for example,
portrayed in Figure 3. Only extreme low or high
values of pj could change the rank behavior in a
significant way.
In the case of preprocessed uncertainty with a direct ranking of different routes a very similar picture
arise (Figure 5, corresponding to the results shown
in Baumberger et al. [2004]). Standard deviations
in ranks are relatively high so that a clear preference
between the best and second best options E and NW
is lost.
The ways of how variability enters into the calculation of rankings therefore seem to be of minor im-
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Figure 4: Ranking of the five possible response
measures with sinking uncertainty included according a postprocessing mode.

portance. Inherent non-linearities in the multi–stage
transformation of pollution values to final rankings
is in our study not sufficient to distort the evaluation
outcomes.
4

D ISCUSSIONS AND C ONCLUSIONS

Interestingly, the northwestern towing route of the
Prestige as the initial measure taken by the Spanish authorities coincides with one of the best ranked
options. However, due to a later turn to the South,
the resulting direction SW corresponds to our worst
case scenario. This can be taken as an argument to
enhance the use of operational DSS in emergency
cases as they provide a rational, albeit never perfect
base for a fast comparison of alternative counter–
measures. A DSS, in addition, allows for testing
different containment strategies or oil spill contingency plans in a systematic way.
In comparison to many standard oil spill DSS, the
approach presented here includes a multi–criteria
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Figure 5: Mean ranking of the five possible response
measures with sinking uncertainty included according a preprocessing mode. Standard deviations derive from variations in other insecure parameters.

decision framework with a great variety of both
monetary and non-monetary evaluation factors. As
it also directly simulates the response measures via
the OSCAR module of oil combat, the DSS can be
used for optimizing existing containment strategies
with respect to a politically balanced target value.
Finally, in future applications we aim to refine the
definition of the weighting scheme and the values
of weight coefficients within a participatory frame.
By confronting regional authorities as well as representatives of interest groups with a spectrum of
scenarios, the relative relevance of different impacts
should be balanced in a more objective as well as
interactive way.
As a major result, this study ascertained the robustness of results which a DSS may provide even when
relatively few data are available. Uncertainty can be
transformed to variability (of simulations and evaluations), leading to the study of large scenario ensembles instead of singular cases. But the final
ranking uncertainty as quantified by the standard deviation does not necessarily render a discrimination
of response measures infeasible, as often thought
by practitioners as well as modelers. In theory, uncertainty aggregation between successive modeling
stages may infer larger discrepancies with respect
to a full account of possible scenarios. This effect
is not confirmed here. The finding helps to facilitate the handling of uncertainty in a DSS framework
since the ”preprocessing” approach is much easier
to use. Both, the robustness as well as transparency
of the coupled approach carries a large potential for
enhancing the efficiency of decision making even in
politically sensitive situations.
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Abstract: The drive to improve the quality and reliability of model based water management has resulted in a
number of quality assurance guidelines. Up to now all of these guidelines were available only in the form of
handbooks. Within the HarmoniQuA project a software-based modelling Knowledge Base and support tools
have been developed, that greatly enhance the way quality assurance guidelines are applied in modelling. The
Knowledge Base is built using ontological knowledge engineering techniques, which enable us to structure
the knowledge and make it easily accessible. A web-based interface is used for the purpose of knowledge
acquisition. The Knowledge Base is then accessed via tools that constitute the HarmoniQuA Toolbox. The
Guideline Tool is the front end to the Knowledge Base, filtering the relevant knowledge depending on the
user profile and needs. A modelling process involves a complex set of activities executed by several users. To
manage this complex process and enhance the reproducibility of modelling tasks the Monitoring Tool has
been developed. This tool guides users through the execution of their modelling tasks and stores their
activities in a model journal. A reporting functionality of the Monitoring Tool generates a report on the
modelling project with the required level of detail. This paper describes how the HarmoniQuA Toolbox will
support the work of all persons involved in model based water management through the full modelling cycle.
Keywords: quality assurance; model based water management; knowledge base; HarmoniQuA toolbox; model
journal

1.

INTRODUCTION

The drive to improve the quality and reliability of
model based water management studies has
resulted in a number of quality assurance
guidelines. Some of the most popular quality
assurance guidelines include the good modelling
practice developed in the Netherlands [van
Waveren et al. 2000], the Murrey-Darling
groundwater flow modelling guideline in Australia
[Middlemis H. 2000] and the Bay-Delta modelling
protocol for water and environmental modelling in
Californian ( BDMF 2000). However these quality
assurance protocols and procedures lack software
tools that support them.
A new computer-based quality assurance (QA)
procedure is being developed within the
HarmoniQuA project. Two kinds of software tools
are implemented (or arein their final stage of
implementation.) The first kind is the knowledge
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base system and knowledge base editor to be used
by experts in the field of water management to
gather and organize quality assurance procedures.
The second, and the most important, kind in the
context of this project is a support tool called the
HarmoniQuA Modelling Support Tool (MoST) to
be used by users such as water managers,
modellers, auditors, stakeholders and interested
public who want to apply these QA procedures in
their modelling effort or who want to see what is
being done and track the progress of a modelling
study.
We created guideline ontology that prescribes
modelling process in the field of water
management, specifically for catchment and river
basin modelling studies. A knowledge base
(hereinafter referred to as KB) and a corresponding
editor that enables experts to enter and edit
knowledge elements in the KB was then build. The
KB and the KB-editor run on a central computer

on a web server enabling experts to cooperate
smoothly in the development of these procedures.

uploaded to a network server store called model
archive where model journals are centrally stored.

The HarmoniQuA MoST is a collective name for a
number of tools or functionalities. The Guideline
Tool is a user-friendly access to the KB, allowing
users to set up a customised view of the KB.
Traditionally guideline protocols are provided as
handbooks containing all information. With the
help of the guideline tool users can specify which
part of the guidelines they are interested in and get
only relevant information to their study.

In the reverse process, the reporting tool reads the
model journal and generates a report.

The second tool we developed is called the
Monitoring Tool. This tool records decisions made
and methods and data used during the modelling
process. This tool is used not only to record user
actions but also guide the user what the next action
should be following the standard procedure.
The third tool is a reporting facility that filters the
myriad of logged information by the monitoring
tool into a readable and compact report to assist
users to get an overview of project progress.
The last part of MoST is the advisor tool, which is
designed to use experience of previous model
based water management studies to give advice on
modelling problems at hand.
2.

OVERVIEW OF THE PRODUCTS

Figure 1 shows the overview the HarmoniQuA
system and the relationship between the different
components. The KB is the repository of expert
knowledge in the field of water management. It is
edited and kept up-to-date by experts using the
KB-editor.

Monitoring
tool

User

Knowledge
Base

Advisor
tool

Report
tool

3.

KNOWLEDGE BASE

3.1.

Knowledge base structure

The term knowledge base in this context is used to
refer to a machine-readable and -interpretable
collection of information that uses ontology to
structure the information. We developed an
ontology that describes a modelling process in
water management as shown partly in Figure 2.
The dashed lines indicate relationships between
knowledge elements. The solid lines indicate a
special kind of relationship called inheritance.
Dedication
aspect

is a

is a
Task

User type

Decision

Domain type

Review

Application
Type

Job complexity

model journal 1
Activity

model journal 2

applies to

Generic Task

has
activities

Model archive
Guideline
tool

The advisor tool is part of the design of the
HarmoniQuA system but its full functionality may
not be realized within the lifetime of the
HarmoniQuA Project. This tool is meant to crawl
through the different model journals and give
advice to the users, mainly modellers. The advice
is based on the accumulated experience of different
previous modelling studies stored in the model
archive. For instance the advisor tool may advice
that the specific method to execute a certain
activity may have been used in a similar kind of
study as the modeller is working on by several
other modellers.

applicable
Methods

applies to

Method

model journal 3

Knowledge
Base Editor
(Experts)

model journal 4

Figure 1. Overview of the HarmoniQuA system.
The Guideline Tool interacts with the KB,
centrally stored on a network server, to upload the
guidelines to the users personal computer.
The monitoring tool gathers user inputs and stores
these in a model journal. The model journal is kept
local on the users computer and can later be
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Figure 2. Part of the ontological structure for
the KB, which is used to produce the
modelling guideline.
The ontology comprises of two parts. The first is
the Task ontology; it decomposes the tasks and
related information into fine-grained concepts such
as Activity and Method. The second ontology
describes dedication aspects. Dedication aspects
are qualifiers of concepts from the task ontology.

Dedication aspects tag a knowledge elements of
the Task ontology as to who (water managers,
modellers, auditors, stakeholders and interested
public) the knowledge element is relevant to,
which domain (ground water, flood forecasting,
etc) it is applicable for, which application types
(planning, design or operational management) it
apples to and what the complexity of the modelling
study is [Scholten et al., 2004]. Please refer to
accompanying paper [Scholten et al., 2004] for
detailed description of the decomposition.

The editor is supposed to be used not only for the
lifetime of the HarmoniQuA project but also
beyond, since modelling guidelines have to reflect
new insights and new developments. In this
perspective the knowledge base editor provides all
interested individuals the possibility of providing
their comments and suggestions.

The knowledge base has been designed according
to the following criteria: correctness, consistency,
maintainability, accessibility and flexibility [Huub
& Osinga 2002]. Correctness concerns about the
truth of individual knowledge elements.
Consistency refers to the validity of the
relationship between knowledge elements. The rest
of the criteria are self-explanatory.

The HarmoniQuA Modelling Support Tool
(MoST) is a desktop application. Depending on the
need of the user the tool can be used as a Guideline
Tool, Monitoring Tool, Reporting Tool or Advisor
Tool. At present the Guideline, Monitoring and
Reporting functionalities of the tool are
implemented. The Advisory Tool is only part of
the design.

3.2.

4.1.

Knowledge base system

A knowledge base system with a web-based editor
is built to satisfy the requirements stated above. It
should be noted though that careful review
processes that accompany knowledge acquisition
was vital for a correct and consistent KB. The fact
that the KB is based on ontological techniques
make it easy to improve the structure of the KB,
thus making it flexible in terms of adopting new
insights. For instance, in the past the structure of
the KB has changed after a review process while
the tools required no major changes.
The knowledge base system is based on the
Protégé-2000 ontology editor and knowledge base
system [Noy et al. 2000]. Protégé-2000 is widely
for medical and clinical information systems that
support clinical procedures. We develop an
extension to Protégé-2000 and a web interface to
support the modelling guideline ontology.
Knowledge base experts and specialists in model
based water management interact through this web
interface with the Protégé system.
3.3.

Knowledge base editor

The knowledge base editor is web tool that allows
experts to view and edit the contents of the
knowledge base. We developed a knowledge base
editor that reflects the ontology developed for the
knowledge base. When the ontology changes the
editor adjusts to the new ontology.

4.

HARMONIQUA MODELLING
SUPPORT TOOL (MoST)

Introduction to the tools

The HarmoniQuA MoST is built with ease of use
in mind. The user interface is composed of three
resizable windows. The left-hand side window
shows an overview in the form of a tree structure
or flowchart. The other windows show the details
for the selected item on the left-hand side window,
thus
resembling
most
common desktop
applications. This resemblance minimizes the need
for training to new users. At present the tools have
been built for Windows™ operating system and in
the near future we will port the tools to Java™ so
that the tools will be available on a wide variety of
operating systems.
4.2.

Guideline Tool

The guideline tool is the front end of the KB. This
tool keeps a copy of the guidelines and is capable
of updating the guidelines by requesting the
knowledge base server for the recent version of the
guidelines.
To use the guideline functionality users need to
specify their personal profile. The user profile is a
combination of all dedication aspects that user
specifies as applicable to his work.

Because the editor is aware of the dedication
aspects, the editor allows experts to enter
information only in their own field of expertise.
The authorisation mechanism of the editor
minimises conflicting updates and errors.

Figure 3. Profile selector of the Guideline Tool
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Figure 4. The HarmoniQuA Guideline Tool

Figure 4 shows the guideline tool. The left-hand
side window is called the tree view. The tree view
shows the HarmoniQuA flowchart as a tree
structure. The top right window is called the
flowchart view and shows the flowchart complete
with feedback loops as a flow diagram. The lowerright window shows the detailed information of the
task and is called the task view.
4.3.

Monitoring Tool

The monitoring functionality of MoST is used
when users mainly water managers and modellers
want to track the tasks and activities performed
during a model study. This tool records tasks and
activities that are executed or skipped, decisions
that are made and methods and data that are used
so that the whole modelling can be tracked and
checked.
Like the guideline functionality this tool is
composed of three resizable windows (see Figure
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5.) The left-hand side window is called navigation
view and shows the sequence of model tasks that
are already completed or skipped. The tick mark
against the task indicates that the task has been
completed; the x marks indicates that the task was
skipped. The question mark indicates that the task
is being worked on at the moment.
The top-right window shows detailed information
on the task and is called the task view. This
information is the same information that is shown
in the task view of the guideline tool.
The lower-right window is called activity view.
This view shows the list of activities for the task
selected in the navigation view. In the same way as
in the navigation view the tick marks in the activity
view indicate completed activities, the x marks
indicate skipped activities and the question marks
indicate the activities not yet completed.

Figure 5. The monitoring functionality of MoST.
Clicking on an activity takes us to the journal view.
The journal window is where the users actually
record model journal information (Figure 7). This
window also provides the possibility of attaching
log files or relevant project documents.
4.4.

Reporting

The purpose of the reporting functionality is to
provide a report in a readable format to water
managers, modellers, auditors, stakeholders and
interested public. The benefit of the audit trail
recorded by the monitoring tool will be severely
restricted if there is no tool that can filter the
myriad of recorded decisions made, methods and
data used and other information such as the time a
specific task is finished to the level of detail users
need for a specific goal. Moreover, not all
information may be publicly available. For
instance some part of the audit trail may not be
allowed to be released in the public domain. A
reporting facility is designed like the other tools to
be sensitive for the actual dedications aspects.
Thus it will be aware of the context of the
information elements in the model journal and will
be capable of generating the right information for a
given audience.
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At present the reporting tool is a work in progress
and doesn’t fully provide the designed
functionality. Figure 6 shows a sample report.
5.

CONCLUSIONS

The HarmoniQuA modelling support tool gives
guidance to water managers, modellers, auditors,
stakeholders and interested public software-based
guidance on good practice. It also provides them a
tool to record what they are doing, leaving an audit
trail of the modelling study. A reporting facility
allows users to generate reports on projects that are
completed or in progress, which is particularly
useful for water managers and auditors.
The tool and the KB incorporate the concept of
dedication aspects since different types of users are
involved and have different views and interests,
modelling studies differ in the domain of
application, job complexity and application
purposes.
Our tool and KB attempt to support the complex
process of model based water management. A
substantial part of the HarmoniQuA resources are
spent to two rounds of testing the tool and the KB.

Figure 7. The journal window of the Monitoring
Tool

Figure 6. Sample report

The first round of testing, mostly done by
modellers and some water managers, showed that
users found the tool and the KB useful. The present
guideline functionality was very satisfactory
according to the test. The monitoring functionality
received also very positive reactions but also lots
of feature requests, which indicates that modelling
support tools are valuable in modelling studies.
Our choice for an ontology-based implementation
of the knowledge based has also paid dividends.
The guideline procedures have undergone its first
review process that resulted in some modification
to the structure of the knowledge base. That
resulted in only minimal modification to the
knowledge base and the tools.
Finally while the knowledge base is at present
rather stable, the development of the tool is still
work in progress. The monitoring tool needs multidomain support and extra fine-tuning. The
reporting tool needs to support fine-grained report
generation. The advisor tool is not further
developed than some rough brainstorm ideas and
will only be developed if time and resources allow.
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Abstract: In the last decade a strong need for Quality Assurance has emerged among professionals in model
based water management. The manifold of reasons for this can be summarised as follows. There is a lack of
mutual understanding between modellers, model study clients, model auditors, stakeholders and concerned
members of the public. Furthermore, malpractice (careless handling of input data, insufficient
calibration/validation and model use outside of its scope) promotes a growing disbelief in the competence of
models to support decision-making. This growing disbelief is fuelled by the tendency of modellers to oversell
model capabilities. Several initiatives claim to support Quality Assurance in model based water management,
but these focus on single domains and usually have chosen a textbook approach to provide guidelines and fillin forms to monitor modelling. The EC funded project HarmoniQuA aims at supporting the full modelling
process by offering computer based guidance for all water management domains, different types of users,
different types of modelling purposes (planning, design and operational management) and different levels of
modelling complexity. In addition to the guidance, users are helped to record all what they do and to produce
for a diverse audience dedicated reports. Finally, HarmoniQuA intends to facilitate co-operation between
groups within and between modelling studies and let its users learn from other modelling studies. The
HarmoniQuA system consists of a knowledge base and a toolbox. This paper will discuss scientific, technical
and organisational considerations behind the HarmoniQuA approach for integrated modelling support. These
considerations can be divided into two groups, one related to the expertise of modellers, the other to
knowledge engineering. An ontological approach, originating from knowledge engineering technology, is
perfectly equipped to design a structure for the modelling knowledge base, which is filled with the expertise
of modellers and to design the structure for recording the modelling process in so called model journals. The
HarmoniQuA toolbox uses the knowledge base to generate dedicated guidelines for the variety of users and
fills (instances of) the model journal ontology with actual data of a modelling process.
Keywords: Modelling knowledge; Model based water management; Ontologies; Multidisciplinary knowledge.

1. INTRODUCTION
Mathematical models have been applied for several
decades in solving problems in many domains of
water management. With the requirements imposed
by the EU Water Framework Directive the trend to
base water management decisions to a larger extent
on model studies and to use more sophisticated
models is likely to be reinforced. At the same time
insufficient attention is generally given to
documenting the predictive capability of the
models. In the last decade a growing need for
Quality Assurance (QA) has emerged among
professionals in this field [Refsgaard, 2002].
Quality Assurance is defined by NRC [1990] as the
procedural and operational framework used by an
organisation managing the modelling study to
assure technically and scientifically adequate
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execution of all tasks included in the study and to
assure that all modelling-based analysis is
reproduced and defensible.
Refsgaard [2002] gives a summary of reasons for
the growing interest in quality assurance:
• Ambiguous terminology and a lack of mutual
understanding between key-players;
• Malpractice (careless handling of input data,
inadequate
model
set-up,
insufficient
calibration/validation and model use outside of
its scope);
• Lack of data or poor quality of available data.
• Insufficient knowledge on the processes
hindering ecological (biota) modelling.
• Miscommunication of the modeller to the enduser on the possibilities and limitations of the

•
•

•

modelling project and overselling of model
capabilities;
Confusion on how to use model results in
decision making;
Lack of documentation and transparency of
the modelling process, leading to projects,
which hardly can be audited or reconstructed.
Insufficient consideration of socio-economic,
institutional and political issues and a lack of
integrated modelling.

As a result of these problems, the credibility of the
models is often questioned, and sometimes with
good reason [Refsgaard, 2002]. The need for
improving the quality of the modelling process has
regularly been emphasised by the research
community, e.g. Klemes [1986], NRC [1990],
Anderson and Woessner [1992], Forkel [1996] and
Rykiel [1996]. The recommendations made in this
respect mostly focus on scientific/technical
guidance in how the modeller should carry out the
various steps of the modelling work in order to
achieve the best and most reliable results.
Existing modelling guidelines, mostly nationally
based, focus on a single domain in contrast to
multi-domain and integrated models [Refsgaard,
2002]. Furthermore, these guidelines vary
throughout Europe. The resulting models and
decisions based on them are therefore often: not
transparent, irreproducible, non-auditable and not
fully comparable between different countries.
The Water Framework Directive (WFD) provides
European policy at the river basin scale. It
explicitly states that water resource models should
be applied. The EU-financed project HarmoniQuA
aims at improving the quality of model based water
management at catchment and river basin scales by
providing guidance throughout the modelling
process and by supporting all persons involved
(water managers, modellers, auditors, stakeholders
and concerned members of the public) in their
activities. The guidelines are based on accepted
and common methodology and practices of
experienced modellers. This knowledge is
collected, completed, improved and made available
in the form of a Knowledge Base, using state-ofthe-art knowledge engineering technology, which
uses an ontological approach. MoST, the software
tool of HarmoniQuA provides guidance from the
Knowledge Base, it supports monitoring of the
modelling activities and reporting to various
audiences. In the future MoST will use expertise
collected in previous modelling studies to advise
on how to perform the model study at hand.
This paper focuses on how HarmoniQuA handles
and improves existing knowledge on modelling for
water management.
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2.

KNOWLEDGE BASE (KB)

2.1. PREVIOUS EXPERIENCES
Quality management is quite common practice in
software engineering, but in the field of modelling
and simulation quality management is often
restricted to verification and validation issues.
Scholten and Udink ten Cate [1999] have proposed
a Simulation Maturity Model (SMM), comparable
to Humprey’s Capability Maturity Model (CMM),
which was developed to improve software
engineering [Humphrey, 1989]. Just like CMM,
SMM distinguishes five stages of maturity: ad hoc,
repeatable, defined, managed and optimised. For
QA in the context of model based water
management the definition stage is the most
essential stage. Such a definition can be used as a
base for modelling guidelines as has been done to
produce a (Dutch) Good Modelling Practice
Handbook [Scholten et al., 2001, Van Waveren et
al., 2000].
The HarmoniQuA approach in developing a
knowledge base with guidelines made use of the
experiences in realising the Dutch GMP
Handbook. Furthermore it was based on other
water management related guidelines, especially on
the Murray-Darling groundwater flow modelling
guideline in Australia [Middlemis, 2000] and the
Bay-Delta modelling protocol for water and
environmental modelling in Californian [BDMF,
2000].
2.2. DESIGN CRITERIA
HarmoniQuA will support model based water
management in general, we had to decide to realise
support at a very generic level only or to aim at
serving all key players, covering a wide range of
water management domains, suited for various
purposes and for modelling jobs of different
complexity. In this way the knowledge has been
dedicated to a specific modelling study and to the
roles of its key players. The term ‘domain’ refers
here to the disciplines of water management,
making water management, as required by WFD, a
multidisciplinary topic. The following domains /
disciplines and other dedication aspects are
distinguished:
•

•
•

Domains: groundwater, precipitation-runoff,
hydrodynamics, flood forecasting, surface
water quality, biota (ecology) and socioeconomics;
User types: modeller (e.g. consultant), water
manager (e.g. client), auditor, stakeholders and
(concerned members of the) public;
Application purpose: planning, design and
operational management;

•

process is typically composed of the following
steps:

Job complexity: basic, intermediate and
comprehensive.

A major design criterion in the development of the
modelling knowledge base is the granularity of the
decomposition. Three decomposition levels are
distinguished. At the highest level the modelling
process has been divided in steps, which are
groups of tasks. To perform a task one or more
activities have to be performed. An activity is
related to the actor, being the smallest ‘doing’ in
the process. A task related to what has to be done
and it refers therefore to the modelling process. By
performing activities a task will be completed.
Steps are logical groups of tasks and have only an
organisational purpose for human actors involved
in the process.
Besides making an appropriate choice in the
granularity of the decomposition, several other
design criteria are relevant for the KB:
•
•
•
•
•
•
•

Explicit structure of the modelling process;
Easy to update by web based access;
Easy to maintain;
Flexible structure;
Authorisation management for knowledge
editors;
Portable to other operating platforms than MS
Windows;
Other, normal software engineering criteria.

To deal with most of these criteria we chose for an
ontological approach in the design of the KB.
2.3. AN ONTOLOGICAL APPROACH
The most used definition in knowledge engineering
of the term ‘ontology’ is of Gruber [1993, 1995]:
an ontology is an explicit specification of a
conceptualisation, referring to what can be
represented in terms of concepts and the
relationships among them. Borst [1997] added to
this definition that there should be consensus of the
concepts and the relations between them, resulting
in the following definition: an ontology is a formal
specification of a shared conceptualisation.
Uschold et al. [1998] distinguishes three groups of
uses of ontologies: communication (of structured
knowledge between people and between
organisations), interoperability (understanding
knowledge between machines and between men
and machines) and systems engineering (for
software systems and knowledge based systems,
facilitating re-use and making knowledge explicit).
Developing an ontology is a part of a process to
build a knowledge base for some purpose. This
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•
•
•
•

An ontological structure is made which is the
frame of the intended knowledge base;
A tool based on this ontology is used for
knowledge acquisition;
The acquired knowledge is stored as instance
of the ontology in a knowledge base;
A software application is developed which
uses this knowledge base.

An ontology can be seen as a framework that
represents the syntax and the semantics of data
structures for a certain domain, in a formal,
machine processable way. In order to describe the
syntax and semantics of data structures, ontologies
must provide one or more standard vocabularies,
defining the terms (concepts) and relations that are
used to describe this specific knowledge domain
(subject area). To describe a certain piece of
knowledge an ontology contains sentences
describing the concepts and relations between
them. Concepts can be discussed and have to be
represented. The term concept has thus a broader
meaning than ‘entity’ and it encompasses abstract
and concrete things, but also processes, tasks and
ambitions or goals. Concepts are used to define
and explain terms. Relations organise concepts in a
hierarchical or in some self-defined structure.
Often ontologies contain other elements e.g.
properties, functions, axioms, but these are not
essential to understand what ontologies are.
Instances are also parts of an ontology, as they
contain the actual knowledge. If task is a concept
in an ontology, the instances of task can be go
shopping, cook a meal, eat the meal. A
comprehensive and clear introduction on what
ontologies are and why we need them is given in
Chandrasekaran et al. [1999].
In HarmoniQuA we use Protégé2000 as tool to
build the ontology and to include the collected
knowledge as instances of the ontology. The
functionality of Protégé2000 has been extended by
building a plug-in for XML-export, according to a
predefined interface for the tools that have to cooperate with the KB.
2.4. FROM KNOWLEDGE TO KB
In a small group of 5 modelling experts with knowhow in knowledge engineering techniques and/or
experience in the development of one of the
existing guidelines, of the modelling process has
been decomposed. In this first draft the modelling
process has been divided in 5 steps and at a lower
decomposition level into around 50 tasks. Each
task was further decomposed in the following task
describing
components:
name,
definition,
explanation, one or more activities (most with one

or more associated methods), references, software
aspects, links to other tasks and some other
aspects. This first draft consisted of structure
diagrams, which determined the order of the task
and spreadsheets with rows for the task
determining components, a column to fill these in
and columns to indicate relevance of each task
determining component for various types of users,
domains, job complexity and application purpose.
In the decomposition three types of tasks are
distinguished: normal tasks, decision tasks (to
decide on advancing to the next task or going back
to a previous one) and review tasks (i.e. special
decision tasks emphasising the negotiating
interaction between water manager and modeller).
2.5. IMPLEMENTATION
In the second stage, a modelling expert for each of
the 7 domain filled in spreadsheets for each of the
50 tasks and indicated the relevance for the user
types, application purpose and job complexity.
Two parties, not involved in providing the
knowledge, assessed the quality of the knowledge.
All HarmoniQuA partners discussed their findings
and proposed improvements. In a third step most
of these comments were incorporated in the
spreadsheets, resulting in a first, spreadsheet based,
prototype, which was not very suited to be used in
actual modelling studies. The 350 spreadsheets
were imported in Protégé2000 as instances of the
ontology structure for the KB (see Figure 1) with a
tool developed in the project.
Spreadsheets were also the preliminary front-end
interface in the development of a glossary for the
terminology in model based water management.
The domain experts delivered a prototype glossary
of almost 1000 entries, which has been included in
the Protégé2000 KB.
A series of tools has been built in HarmoniQuA to
work with the KB. As extra front-end for experts in
model based water management, a web based
knowledge editor and a glossary editor assist in
completing and improving the modelling
knowledge and the glossary. The major tool,
especially for end-users, provides guidance,
supports monitoring of the modelling activities and
helps in reporting to various audiences. In the
future it will give advice based on previous
modelling studies. This tool will be described
briefly in section 2.6 and more comprehensively by
Kassahun et al. [2004].
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Figure 1. Part of the ontological structure of the
KB. Rectangles are concepts and arrows relations.
2.6. CONTENT
The knowledge base is too large to be discussed
here in detail. It consists of the following steps: (1)
purpose and conditions, (2) conceptualisation, (3)
model set-up, (4) calibration-validation and (5)
prediction. The first step (purpose and conditions)
focuses on the interaction between the water
manager and the modeller (or the modelling team).
This step starts with a series of tasks for water
manager in the following order: describe problem
and context, identify data availability, define
objective, determine requirements, prepare terms
of reference. In the next task (prepare / evaluate
tender) there are roles for the water manager, the
modeller and the auditor. The last task in this step
is the decision task agree on model study plan,
where water manager and modeller have to discuss
how the model study has to be continued. If the
parties come to an agreement, one has to continue
with the conceptualisation step and do the first task
describe system and data availability, typically a
modeller’s task.
The tasks briefly presented here do not consist of
activities, which have complex methods to be used,
as is the case for the complex task parameter
optimisation being a task in the step calibration
and validation. This task consists of several
activities to do and a number of methods to use.
The HarmoniQuA guidelines recommends to ‘use
expert knowledge’ or – in case the modeller is not
familiar with the model code – to ‘do a sensitivity
analysis’ to select optimisation parameters. For a
sensitivity analysis several methods are
recommended, including, but not restricted to
analytical sensitivity analysis, manual sensitivity
analysis, Response Surface Methods, Monte Carlo
Methods. Furthermore, the guidelines give short
introductions of the suggested methods.

3. MOST
The end-user part of the HarmoniQuA system,
called MoST (Modelling Support Tool), provides
guidance, monitors modelling activities and helps
in reporting. An outline of the functionality of
MoST is shown in Figure 2.
User

Guiding

The HarmoniQuA suite for model based water
management will be completed with training
material in the form of multi-medial course-ware
for students and workshop-ware for professionals.

Reporting

Model archive
Monitoring

The advisor functionality is still in the design
phase and implementation may appear not within
the scope of the HarmoniQuA project.

model journal 1

model journal 2

Knowledge
Base
model journal 3

Advising
model journal 4

Figure 2. Outline of the functionality of the
HarmoniQuA system.
The Guideline Tool presents guidance from the
knowledge in the KB dedicated for a specific
modelling study and dedicated for the various users
involved. Users can browse through the steps, tasks
and read what activities have to be done and which
methods are available to carry out the activities.
Those that are interested can download a prototype
of the Guideline Tool after registration and the
guidelines
from
the
website
www.harmoniqua.org/deliverables.htm. This tool is
also integrated in MoST. In a model study different
actors are involved in a mixture of tasks and
activities. These actors can learn what they have to
do according to the guidelines provided by the
guideline part of MoST. Further MoST supports
the actors in the modelling study by helping
monitoring what they do. What actually has been
done and what decisions have been made is
monitored and stored in model journals. The latter
can be stored on a local computer or at some
central network server. The structure of the model
journals is also based on an ontology, which is
comparable to the one of the KB. A prototype of
this monitoring functionality of MoST has been
completed and tested in 10 test case. The first
results show the usefulness of this part of MoST,
although many shortcomings have to be repaired
and wishes for extra functionality have to be
realised in a next version, which will be released at
the end of 2004. So far MoST has a primitive
reporting functionality, but the next version will
enable to write reports for different audiences.
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4. CONCLUSION
The HarmoniQuA Modelling Support Tool
(MoST) aims at supporting model based water
management. This support consists of providing
guidance to all involved in the modelling process.
This guidance is provided by a knowledge base
(KB), which contains expert knowledge on many
facets of modelling, including specific knowledge
on seven domains of water management and of a
glossary with many entries from the jargon used in
water management. Many efforts are made to
ensure that the knowledge in the KB is accepted by
a wide group of key players. Furthermore, the KB
has been designed and implemented using an
ontological approach, which is a state-of-the-art
knowledge engineering technology. This approach
has been chosen to guarantee that design criteria
are met. These include a proper choice of the level
of detailing, easy maintenance and updating of the
structure and the content of the KB. Furthermore,
the knowledge has been made as explicit as
possible and specific for seven domains, five user
types, three application purposes and three level of
job complexity. This approach allows to provide
guidance specific for a model study and the
persons involved. In this way HarmoniQuA intends
to contribute a methodological part to an
infrastructure for implementing WFD and for
model based water management in general.
It is too early to draw final conclusions, as two new
versions of the HarmoniQuA product are planned
for the next two years. We are in the middle of
testing, evaluating and improving what we
achieved so far. Is the KB complete, consistent and
has an appropriate level of detail been chosen? Can
all experts agree on the methodology provided?
Does the toolbox MoST meet the needs of all
intended users? Even if the last question may be
answered positively, we have to find out, if the
wider professional community will use it.
The achievements of our approach so far suggest
potentials for a wider use, such as for modelling in
multidisciplinary problem solving projects in
general.
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Abstract: FLUMAGIS aims at the interdisciplinary development of methods and data processing data processing tools in support of the planning and management of river basins. The focus will be laid on the development of an interactive tool facilitating the evaluation and (3D) visualisation of river basin environments.
This comprises the representation of current inshore water and landscape ecological aspects as well as the
water balance and substance balances. Editing virtual environments makes it possible to elaborate future
planning and management scenarios based on interdisciplinary data and knowledge platform in accordance
with the water frame directive (WFD). Possible alternatives and effects of various planning scenarios become
transparent, can be discussed and experienced in a participatory process. Furthermore the integration of GIS
services, micro- and meso-scale simulation models and the derivation of ontology based measures support the
decision finding. The ontologies are developed in co-operation of experts in the domains limnology, landscape ecology, hydraulic engineering, hydrology, geoinformatics and socio-economy. The effects caused by
the implementation of proposed measures can be estimated with the help of simulation models. Standards and
methodologies are used to enable interoperability of software components.
Keywords: planning support, water framework directive, environmental modeling, ecological assessment,
scale changing
1.

INTRODUCTION

Upcoming environmental planning philosophies in
juridical frameworks of the EU require better integration of those, who are affected by planning
measures. As a consequence more and interdisciplinary information must be offered to citizens. For
this reason, the role of planners will change from a
technical engineering side towards a more process
oriented moderator, coordinating planning steps
and contributions of different involved institutions.
In consequence, this coordination role requires
quick and comprehensive data and information
availability, supported by spatial planning and
decision support systems.
The FLUMAGIS-project aims at the interdisciplinary development of methods and data processing
tools for measure planning and effect assessment in
river basin management. This includes the integration of techniques from visualisation, scale-specific
modeling, knowledge processing and methods for
ecological and socio-economical assessment and
prediction of planning measures. It comprises the
representation of current inshore water and landscape ecological aspects as well as the modelling
of aspects of water balance and substance balances.
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The basis for the landscape editing process of
‘virtual’ measures builds the (3D) visualisation of
river basin environments in a virtual environment.
Therefore some special requirements for the 3D
environment had to be combined in FLUMAGIS:
the use of suitable Virtual Reality (VR) environments, the organisation as real time capable component, the creation of suitable interaction tools
and the direct reference to geo-objects. The interaction enables the actual editing process, which
means to alter conditions of geo-objects. In that
manner users can ‘plan’ measures and management
scenarios (in accordance with the EC water framework directive) and continue with an investigation
of their ecological and socio-economic effects. The
prediction module enables the simulation and representation of measures effects. Therefore it interacts with ontology based knowledge processing
techniques and simulation models.
The paper presents the implementation concept of
FLUMAGIS for the integration of multidisciplinary models (hydrological, biological,
socio-economical), knowledge-processing modules, GIS and (3D) visualisation techniques and
defines planning support functions. All implemented software modules are prototypes. Their
data bases and content (e.g. of knowledge base)

relate to spatial (the river Ems) and thematical use
cases from the WFD. In principle all functions and
modules can be applied to user river basins. Therefore adjustments and extensions to the specific
geographical conditions are necessary.

could help to promote the acceptance of planning
scenarios. Even the role of planners is not reduced
to the preparation and presentation of planning
alternatives anymore. Their function changes more
and more towards a moderator role.

2.
EXPECTATION
ON
SUPPORT FOR THE WFD

One vision of the FLUMAGIS project is the enhancement of transparent and participatory planning. In order to support planning, assessment,
evaluation, simulation and prognosis, we want to
couple various existing techniques and methodologies from visualisation, knowledge engineering and
processing, modelling and simulation. The resulting software and information services are prototypical tools for river basin management. By adapting the models of FLUMAGIS to other river basins
these tools can also be used in other regions.

PLANNING

For effective support within complex spatial decision processes tools for the generation and evaluation of alternative planning scenarios are needed
beside support in problem analysis. This aspect is
not considered adequately by spatial decision support systems (SDSS) that designed in order to
assist decision makers to address ill-defined spatial
planning tasks (Densham 1991). Decision support
is already given once decision makers possess tools
that enable a systematic and informative data processing (eg. tables, graphics, etc.) For spatial analysis geographic information systems (GIS) are implemented (Armstrong and Densham 1990). Based
on various approaches from artificial intelligence
expert knowledge is implemented in order to diagnose environmental stages and to evaluate planning
scenarios.
The major task for planning disciplines is the development of acceptable planning solutions. Spatial planning processes include:
•

problem definition

•

definition of planning objectives

•

elaboration of planning alternatives

•

selection/rejection of planning alternatives,

• realisation of measures.
This aspect is neglected in many SDSS. When the
actual planning of scenarios (beside decision support) is the central part of a SDSS, we consider it
as a planning support system (PSS). However,
there is much equality between SDSS and PSS
(Klostermann 2001). PSS supports collective planning, social interaction, communication, and discussion. The expansion of functionality should lead
to an enlargement of the user group (Hopkins
1999).
Almost all steps of a planning process can be supported by PSS. However, in order to serve as a tool
for the development of planning processes und
coordination platform, PSS require access to relevant spatial conditions and their relations to multidisciplinary information.
The European water frame directive requires transparent and participatory planning processes. The
time and effort for information retrieval increase
with the growing need of transparency. But the
enabling of more actors (all actors affected by
planning measures) to explore planning scenarios
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In order to meet real practical requirements on
such a tool, a task and requirement analysis is
necessary. In the FLUMAGIS project this has been
done in a close liaison with the German planning
administration. Essential specifications resulted
from interviews, questionnaires, best planning
practise rules, etc. The following summary of
‘overall goals’ set up the basis for the
FLUMAGIS-PSS to support the implementation of
the WFD:
•

tools for analysis and assessment (referring to defined ecological goals of WFD),

•

tools for deficit detection in the riverecosystem,

•

participation support and tools that support measure and scenario planning,

•

and prognosis and analysis of effects of
planning measures.
From that we derived technical requirements to be
fulfilled that are presented in the following paragraphs.
3.

VIRTUAL ENVIRONMENT

The early information and participation of affected
actors is essential for the quality of planning. Visualisation and interaction within the context of spatial planning represents an appropriate tool for
information transfer and data processing. Since
interdisciplinary projects like FLUMAGIS demand
the integration of different technical aspects for
communication of persons from various domains,
the way of information transfer plays an important
role. Particularly the 3D visualisation of landscapes and flooding situations enables the user to
imagine how the environment look like. Furthermore the information should be coded in a suitable
way so it can be easily and intuitively decoded and
understood by recipients. Therefore it is necessary
to combine the more abstract 2D and close-toreality 3D visualisation for river basin management
in a suitable way.

Some specific demands for the 3D environment
have been combined in FLUMAGIS:

Figure 2. Workbench environment with clipped
3D-river landscape

•

the use of suitable VR environments,

•

the organisation as real time capable component,

4.

•

the creation of suitable interaction tools

•

and the direct reference to geo-objects.

Tasks like determination of ecological deficits,
suggestion of measures and prognosis of effects by
measures on the landscape claim high demands for
the software architecture and its components. Particularly because of the interdisciplinary functions
it’s necessary to combine different expert components. To avoid the development of a monolithic
system and to ensure interoperability the single
components of FLUMAGIS are extensively
encapsulated connected to the system.

FLUMAGIS ARCHITECTURE

4.1
Overview
The prototypical FLUMAGIS software implements
a server-client-structure so the visualisation (clients) and analysis components (server) are separated (see figure 3).
Figure 1. Prototypical part of the 2D user interface
The process of scenario or measure planning in
virtual landscape editing is enabled by the interaction tools. Within the virtual river landscape the
user (planners or planning affected people) can
alter the objects of the virtual landscape (add,
change geometry, change attributes, delete). For
typical spatial and non-spatial interaction types for
various entity classes see Möltgen et al. (1999).
The virtual environment is real time capable and is
able to display the results of analysis directly. As
environments of visualisation a desktop PC and a
semi-immersive workbench environment have been
chosen. The different characters and technical
possibilities of both environments cause the implementation of different interaction tools.
Figure 1 shows the FLUMAGIS desktop PC userinterface. Figure 2 shows the workbench environment. One actor uses a data glove to interact in the
virtual world.
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Functionalities like visualisation, exploration and
manipulation of data are located on the client. The
user can initialise the processes on the server
through the user interface.
Data and knowledge management, more GISfunctionalities and simulation models are part of
the server. Geodata and semantic data are kept
strictly separated by connecting both a geodata
base and a knowledge base.

•

A Bayesian Belief Network as the underlying concept of the causal net. It deals
with causal relationships and probabilities
of discrete states.

•

Actions and processes are described by
Coloured Petri Nets, a well known model
to visualise and prove proceedings and
events.

The ontology component delivers the basic node
and net concepts to the causal network. It introduces the fundamental relationships “is cause of”
and “is effect of” between nodes. For special tasks
several subtypes of the basic node concept are
created. Fig. 4 shows the concept of the causal net.
The inference machine of our knowledge base can
take any status node as starting node in order to
analyse object attributes in the database. Deficits
for example can be detected and also their potential causes. In case of incomplete or uncertain data
probabilities are invoked if possible.
The knowledge bases enable analysis like:

Figure 3. FLUMAGIS system architecture.
The purpose of the knowledge base is not limited
to the providence of semantic data. Primarily it
serves as a causal network that allows deduction of
knowledge for analyse functions like deficit and
causal analysis as well as assessment.
Geodata selection, spatial analysis and generation
of data for visualisation are typical functions of the
GIS components on the server. Science analysis
are made by integrated calculation and simulation
models that are initialised by the controller. The
controller plays a main role due to the fact that he
organises and coordinates the components and
processes. The communication between the components is supported by XML-based interfaces that
are significant important for the interoperability of
the system.
The following passages describe some selected
components.
4.2

Knowledge base

Causal analysis as well as prognosis and prediction
of planning effects are the most important tasks of
the knowledge base. Thus we have developed a
causal net that includes three basic components
(Borchert 2004):
•

Ontologies represent taxonomies and
categorizations of certain domains,

1297

•

Causal analysis checks object attributes to
identify objects fitting the state described
by a starting node, and it uses the “is
cause of” relation of status nodes to find
causing nodes.

•

Prognosis goes the opposite direction: it
estimates the effects of states and actions
using the “is effect of” relation. It can also
calculate probabilities if the database does
not provide certainty (what is the normal
case).

made in the XML-schema whereby the adaptation
of the parser is automated.
4.4

Simulation models – scales and modeling

Different simulation models will be integrated in
FLUMAGIS to deduce measures for river basin
management and to give prognosis of the effects of
those measures to the water quality, habitat conditions in rivers and vegetation changes. Furthermore
cost of measures can be estimated by socioeconomical models (e.g. BEMO). According to the
specific measure types for river management and
the interdisciplinary relevance, particular scale
levels have been defined comprising the micro-,
meso- and macro scale. Thus, for the description of
the water balance and matter fluxes within the
landscape the models NASIM (micro- and meso
scale), ArcEGMO (micro- to macro scale), SWAT
(meso to macro scale) and ABIMO (macro scale)
will be applied.

Figure 4. Concept of the causal net
The knowledge base platform Protégé has been
integrated to FLUMAGIS due to its extensive
functionality and expandability as an Open Source
Project. Basically it serves as a frame logic based
knowledge editor for domain ontologies [Noy et
al., 2000]. By developing extensions (plug-ins) we
can apply special evaluation methods and manage
the communication with other system components
[Borchert, 2003].
4.3

Interfaces

The communication between the internal components of the system is implemented by employing
XML-syntax (Extensible Markup Language). It’s
specified by XML-schemes so the technical implementation of an interface is extensively automated. The only exception is the request of the
geodatabase because the appropriate interfaces are
not open to the public and a new implementation of
their complex functionalities would cause to much
effort. Therefore a proprietary API (Application
Programming Interface) is used.
The communication concept that is implemented in
FLUMAGIS offers some advantages compared to
conventional implementation of interfaces. Due to
the open XML-standards by the World Wide Web
Consortium (W3C) the usage is not restricted by
the producer. XML supports all established text
encodings and can be used on different platforms.
The hierarchical file structure provides the possibility to interleave requests so that they are more
than just usual “attribute-attribute value-requests”.
Extensions or changes to interfaces can easily be
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The integration of the models became quite complicated because e.g. the models are not based on
XML-interfaces and the simulation is usually initialised by input from the user interface and not
like in FLUMAGIS automatically by the controller
from the server.

5.

EXEMPLARY PROCESS SEQUENCE

FLUMAGIS offers three main functions: the state
visualisation, measure planning and prognosis (see
figure 5).
The user starts the program by the 2D- or 3Dvisualisation of a state and can choose between
various functions of exploration. For example
assessment data or background information about
typical landscape vegetation can be added. Furthermore manipulation and generation of data is
supported by different tools.
The subsequent measure planning consists of three
analysis steps: the deficit determination, causal
analyse and the measure suggestion. These steps
can either be automatically run by the system, be
managed manually by the user or be organised by a
combination of both. Completing the measure
planning, the sequence of measures that will be
delivered to the prognosis is suggested by the system. The sequence depends on the kind of measures that are selected whether they’re hydrological,
structural etc.

quence of the system is mainly coordinated by the
controller. The controller receives information of
other components and can determine the following
steps.
Beside these three main functions there are two
more ones: the effect analyse and the trendassessment. The effect analyse provides the relative values of the measure effects. The assessments
of the final forecasted state of e.g. hydrology,
vegetation, water quality are realised as trend indications. These trend indications point out how far
the conditions of the aimed ecological state could
be prepared and initialised by the measures.

6.

CONCLUSION

The presented approaches for planning and decision support are ongoing work. In a final implementation user are able to analyse the status quo, to
perform diverse ecological assessment, to detect
concrete deficits according to the goals of the
WFD, to ‘edit’ measures in a virtual world and
finally to investigate the effects of these edited
measures. This editing and assessment approaches
can improve the opportunities of participatory
planning enormously. Core applications are the
interactive visualisation, ecological and socioeconomic models and the knowledge-processor.
Most indicators and methods are already included
in the knowledge base. Modelling measures and
processes by Petri Nets and refinement of the
causal network will be the next step.
7.

Figure 5. Process sequence and relating software
components (dark boxes).
Every measure can cause diverse effects and can
influence other measures and their effects. Therefore the measures are sequentional processed by
the prognosis expect measure packets which must
be processed in once. The states which are generated during the prognosis and the final forecasted
state can be visualised.
The measure planning is mainly based on the interactions of the knowledge base and the GISfunctions. E.g. the knowledge base identifies possible deficits, so geoobjects can be search by GIScomponents. The prognosis utilises different simulation models additionally. The operational se-

1299

REFERENCES

Armstrong, M. P. and P. J. Densham (1990). "Database Organization Strategies for Spatial
Decision Support Systems." In: International Journal of Geographical Information
Systems 4/1990 (1): 3-20.
Borchert, R. (2003): How can a knowledge base
run executables on the frame level?, Sixth
International Protégé Workshop, Manchester, England, July, 2003.
Borchert, R. (2004): Das Kausalnetz als Kern eines
DSS. In: Möltgen J. und D. Petry (Hrsg.)
Interdisziplinäre Methoden des Flussgebietsmanagements. Tagungsband Münster
15. u. 16. März 2004.
Densham, P. J. (1991). Spatial Decision Support
Systems. In: D. W. Rhind (Hrsg.): Geographical Information Systems: Principles
and Applications. Essex. Longman Scientific & Technical. 1: 403-4l2.
Geertman, S. & Stillwell, J. (editor) (2003): Planning Support Systems in Practice. Springer
Verlag, Berlin.

Hopkins, L. D. (1999). Structure of a Planning
Support System for Urban Development. In:
Environment and Planning B: Planning and
Design, 26: 321-331.
Klostermann, R. (2001). Planning Support Systems: A New Perspective on ComputerAided Planning. In: R. Klostermann
(Hrsg.): Planning Support Systems. Integrating Gis, Models, and Visualizations
Tools. Redlands. ESRI Press: 1-24.
Kuhn, W., and M. Raubal, Implementing Semantic
Reference Systems, AGILE 2003, Lyon,
2003.
Marcot, B. G., R. S. Holthausen, et al. (2001).
Using Bayesian belief networks to evaluate
fish and wildlife population viability under
land management alternatives from an environmental impact statement. Forest Ecology
and Management 153(1-3): 29-42.
Möltgen, J., B. Schmidt & W. Kuhn (1999): Landscape Editing with Knowledge-Based
Measure Deductions for Ecological Planning. In P. Agouris & A. Stefanidis, eds.:
ISD'99 - Integrated Spatial Databases. Lecture Notes in Computer Science 1737, Berlin: Springer.
Noy, N.F, R.W. Fergerson, et al., The knowledge
model of Protégé-2000: combining interoperability and flexibility, 2th International
Conference on Knowledge Engineering and
Knowledge Management (EKAW'2000),
Juan-les-Pins,
France,
http://protege.stanford.edu/, 2000.
Sowa, J.F., Knowledge representation: logical,
philosophical, and computational foundation, Brooks/Cole, Pacific Grove, CA,
2000.
ACKNOWLEDGEMENTS
The FLUMAGIS research project is funded by the
Ministry of Education and Science (BMBF) in
Germany in its research program ‘Flusseinzugsgebietsmanagement’. The project will be conducted
by the following partners in close co-operation:
Institute for Geoinformatics, Institute of Landscape
Ecology, Department of Limnology (all University
of Münster), Labor of water resources management
(University of Applied Science Münster), Institute
for Ecological Economy Research (Berlin) and
Centre for environmental research, Leipzig.
The authors wish to thank all project partners for
their kind collaboration and providing us with
current project results.

1300

Fuzzy modelling of basin saturation state and neural
networks for flood forecasting
G. Corani a , G. Guarisoa
a

Dipartimento di Elettronica ed Informazione
Politecnico di Milano
e-mail:corani(guariso)@elet.polimi.it

Abstract: Over the last decade, neural networks-based flood forecast systems have been increasingly used
in hydrological studies. Usually, input data of the network are composed by past measurements of flows and
rainfalls, without providing a description of the saturation state of the basin, which in contrast plays a key role
in the rainfall-runoff process. Here, we adopt a fuzzy approach in order to provide a description of the basin
saturation state; the basin state is classified as belonging with different degrees of membership to different
saturation classes, starting from the analysis of the cumulated rainfall information. A different neural predictor
is specialized to mimick the rainfall-runoff relationship which pertains to each different saturation class. The
forecast is obtained weighting the outputs of the specialized neural predictors, the weights being given by the
current memberships of the basin state to the different saturation classes. The framework has been tested on an
Italian catchment where it overperforms a classical neural networks.
Keywords: feedforward neural networks, fuzzy sets, flood forecasting

1

I NTRODUCTION

ing on the saturation state of the basin. Piecewise
approaches (Kachroo and Natale [1992]) have been
proposed to represent the effects of basin saturation on the rainfall runoff relationship and usually
antecedent precipitations are used as a proxy for
the saturation state. A great drawback of piecewise
approaches is however the abrupt model switching
which occurs across the fixed thresholds.

An efficient flood alarm system may significantly
improve public safety, and mitigate economical
damages caused by inundations. Flood forecasting
is undoubtedly a challenging field of operational hydrology, and a huge literature has been developed in
years; in particular, the rainfall-runoff relationship
has been recognized to be non linear. Although conceptual models allow a deep understanding of the
hydrological processes, their calibration requires to
collect a great amount of information regarding the
physical properties of the watershed under study,
which may be expensive and very time consuming.
Since flood warning systems do not aim at providing
an explicit knowledge of the rainfall-runoff process,
black box models are largely used besides the traditional physically-based ones. Over the last decade,
artificial neural networks (ANN) have been increasingly used in hydrological forecasting (see, for instances Maier and Dandy [2000], where tens of paper on the topic are quoted). Furthermore, their
computational speed in simulating and forecasting
is very welcomed in real time operations.
A well known issue is that the catchment response
to rainfall impulses may strongly change depend-

In this work, we adopt a proxy constituted by the
cumulated rainfall measured in the days preceding
the prediction time. Starting from such an information, the basin state is evaluated in a fuzzy manner,
i.e. generating a set of memberships (having unitary sum) with reference to the different saturation
classes.
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Assuming that each saturation class results in a
different non linear rainfall-runoff relationship, a
different neural network is trained to mimick the
rainfall-runoff dynamic which takes place on a specific saturation class. In order to be specialized to
a certain state of the basin, the neural network is
trained minimizing a weighted least squares objective function, thus taking into greater consideration
the rainfall-runoff observations taken in correspondence of a basin state of interest. Using a Takagi
Sugeno approach (Takagi and Sugeno [1985]), the

returned forecast is obtained weighting the outputs
of the different neural networks, the weights being
given by the current memberships of the basin state.
Therefore, a smoothly increasing higher confidence
is given to a certain model on the final prediction as
the basin conditions becomes closer to that used for
its calibration.

on the land surface.
The proposed modelling framework uses h different
neural networks, each targeted to a different basin
saturation class.
BASIN

The paper is organized as follows: we first describe
the methodological framework, i.e. the neural network model of the rainfall runoff relationship, the
fuzzy representation of the basin state, and the calibration procedure adopted. Then, we compare the
forecast accuracy of the system with a classical neuPSfrag
ral network approach for a river basin located
in thereplacements
Northern Italy.
2
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The proposed forecast system is based, according to
a typical hydrological approach, on the availability
of rain gauges distributed within or near the watershed. The forecasts are issued after the arrival of the
rainfall events; since rainfall-runoff response times
are of the order of few hours for small and medium
sized basins (i.e. under or about 1000 km2), this is a
natural bound on the forecast lead times. In a recent
work Kim and Barros [2001], lead times have been
successfully increased up to 24 hours even on small
basins, acquiring data from radar, radiosondes and
satellite, thus monitoring on a wide area the synoptic evolution of the atmospheric conditions. However, such an advanced and expensive instrumentation is rarely available: in fact, most catchments are
simply gauged with much cheaper hydrometers and
rain-gauges, as is in the case study presented in the
paper.
The basic modelling unit of our framework is a
feed forward neural network with one hidden layer,
having the water level y(t + k) as target variable
to be predicted, k being the forecast horizon. We
train the networks as direct predictors, i.e. to return the k-steps ahead prediction avoiding the intermediate steps which characterize recursive forecast
approaches; in fact, under mild assumptions, direct
predictors can be demonstrated to provide higher
performances than recursive (Atiya et al. [1999]).
The variables input set comprises some autoregressive terms (i.e., past water level measurements), and
several rainfall variables, associated with the available rain gauges. Rainfall inputs are delayed by
time lags in order to take into account the travel
times took by the rainfall to join the river running

Figure 1: Sample of membership functions used to
fuzzify the basin saturation state. Here three saturation classes are considered.

Let us denote as R(Ψ, t) the rainfall cumulated
on the whole basin area over the time window
[t − Ψ, t]; it can be estimated via an interpolation
method, such as Thiessen polygons, starting from
the measures taken at the individual gauges. The information is obtained elaborating rainfall measures
which are already available, and does not involve
any significant computational overload.
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We first identify a set of centroids [C1 , C2 , . . . Ch ]
on the time series of R(Ψ, t) by means of the Cmeans fuzzy clustering algorithm (Bezdek [1981]).
C1 , indicator of a low cumulated rainfall condition,
is thought to represent a dry basin condition, while
on the other hand C2 ,. . . Ch correspond to increasing levels of the basin saturation; a basin saturation class is therefore associated to each centroid
of cumulated rainfall. At this point, fuzzy logic is
used to map each point of the cumulated rainfall
Pj=h
domain to a set of scalar values µj ([ j=1 µj ] =
1), called memberships. Depending on the memberships, a cumulated rainfall value corresponds to
several basin saturation classes at different extents.
Memberships are obtained as output of the so-called
membership functions; in particular, we use triangular (intermediate classes) and trapezoidal (first and
last class) functions. A sample is provided in Figure
1.

4

DATA

the objective function of the j-th predictor. A regularization term (weight decay) proportional to the
norm of the weights is also added to the objective
function to improve the generalization capability of
the model. The function to be minimized on the
training data is finally defined as:

PRE - PROCESSING

According to the split sample approach (Bishop
[1995]), we divide the available data into three different subsets, ensuring as far as possible the similarity of statistical properties between them:
• a training set T , with cardinality N , used in
the parameters identification;

Φj (θ) = φj (θ) + D kθk

• a validation set V, with cardinality M , used to
implement early stopping (Bishop [1995]): at
each iteration the training objective function
is evaluated on both training and validation
set, and the training is stopped once the objective function on the validation set begins to increase. The union of T and V corresponds to
the whole calibration set, in that the two sets
are jointly exploited in the predictor choice;

where θ is the parameters vector, and D is the
weight decay coefficient. We implemented the
weighted least squares Levemberg Marquardt algorithm (Press et al. [1988]) starting from the standard
least squares implementation provided in the Neural
Network Based System Identification Toolbox for
Matlab (Norgaard et al. [2000])1.
For each basin saturation class, the network architecture showing the best generalization (i.e., the
lowest value of the unregularized criterion φj (θ)
on the validation set) is selected via trial and error.
Each network architecture is trained 20 times in order to avoid local minima estimates.

• a testing set S, used to assess the model performances on previously unused data, and to
get an estimate of its generalization capabilities.
Data have been standardized in order to ensure the
robustness of the training algorithm and to have a
faster convergence.
5

S PECIALIZED

5.1 Forecast computation
In order to compute the forecast, all the h neural
networks are simulated; their outputs are then combined in a fuzzy manner in order to obtain the final
prediction. In particular, their outputs are linearly
weighted, the weights being given from the current
memberships of the fuzzified basin state:

NEURAL NETWORKS IDENTI -

FICATION

Neural networks are usually trained according to a
least squares criterion, and thus the parameter estimate tends to represent the average situation in the
dataset. However, we are interested here in specializing the neural network on data which correspond to a certain basin saturation condition, and
this can be accomplished exploiting a weighted least
squares criterion during the training. In particular,
the weighted least squares objective function for the
network specialized on the basin saturation class j
can be written as:

φj (θ) =

"

X

µj (t)[y(t + k) − ŷj (t + k, θ)]

2

(2)

ŷ(t + k) =

h
X

µj (t)ŷj (t + k)

(3)

j=1

Such an approach allows to smoothly give higher
confidence to a certain model on the final prediction
as the basin conditions become closer to the corresponding saturation class.

#

6

(1)

R ESULTS

t∈T

where ŷj (t + k) denotes the k-step ahead forecast
computed by neural network j. We remark that the
network will not consider those hydrological situations which are too far from its own saturation class,
since if µj (t) = 0, the error at time t does not affect

Several indicators of forecast effectiveness have
been proposed besides the classical measures
of pthe
P root 2mean square error (RM SE =
1
[y − ŷ] ) and correlation ρ between preN
1 Available
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dicted and real flows. For instance, the model efficiency R2 , defined as:
R2 =

F0 − F
F0

bardia, Northern Italy. Its average flow is about
2.5 m3 /sec, while the maximum expected flow over
a time period of 10 years is about 100 m3/sec. The
area at the considered closing section (Castellanza)
sizes about 200 km2 , and the basin is divided into
two parts: the upper one, mountainous and weakly
anthropized, and the lower one, flat and strongly
urbanized. Besides Castellanza hydrometer, which
measures water levels, three rain gauges are available on the basin. They are located in:

(4)

where
F0 is the variance of water levels
1 P
2
[y
N P − y]  and F is the mean square error
1
2
[y − ŷ] , is widely used. The “prediction”
N
of the average value, which can be considered as the
prediction available even in the worst case, has then
an efficiency of 0. An efficiency value of 90% indicates a very satisfactory model performance while a
value in the range 80 − 90% indicates a fairly good
model (Shamseldin et al. [1997]).

• Arcisate, in the mountainous part of the basin;
• Varese, at the beginning of the urbanized area;
• Vedano, in the urbanized area.

Besides these indicators, which assess the mean
performances on the whole dataset, the application
claims for a specialized investigation of high flows
situations. We define a “high flows error rate” hf ,
which gives an idea of the relative error on the flows
data exceeding the average value y plus twice the
square deviation σy :

hf =

1
K

X
y>(y+2σy )

y − ŷ
y

Data refer to 13 events (with an overall length of
about 1100 hourly steps) occurred within the period
1999-2001; training, validation and testing sets contain respectively about 540, 400, 140 patterns. Due
to the lack of the water level/flow relationship, we
adopted the Castellanza water level as variable to be
predicted. We will evaluate the model performances
on a three hours forecast horizon, judged as suitable
by Civil Protection technicians. Two experiments
have been performed, using as saturation proxy the
cumulated rainfall computed on 2 and 5 days.

(5)

where K is the number of flows data exceeding y +
2σy (about 2 − 5% of the time series in our case
study).

In order to provide a term of comparison for the
performances of the fuzzy framework, we identified
also a traditional feed forward neural network predictor, having hyperbolic tangent activation function in the hidden layer neurons and linear activation function in the output layer. The optimal network architecture has been found via trial and error,
training 20 times, by using early stopping, each candidate architecture.
6.1 Forecast performances

Figure 2: Map of the Olona catchment

We present the resuts obtained using two saturation
classes, since using three or more classes does not
lead in our experiments to a performances improvement. Similar findings are reported also in (Xiong
et al. [2001]), where a fuzzy combination of hydrological models has been tested. Centroids have been
identified at 25 and 100 mm on the 2-days cumulated rainfall, and at 31 and 114 mm on the 5-days
cumulated rainfall.

We applied the approach presented above to the
case of the river Olona (Figure 2), located in Lom-

In Table 1 we show the optimal number of neurons
in the hidden layer found for each neural network.
It is worth noticing that the networks trained on
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hidden nodes
3

0

Water levels
(normalized)

4

3
9
3
9

2

20

0

30

−2

Fuzzy
memberships

Table 1: Models architectures found via trial and
error

10

Rainfall
(mm/h)

Model
ann
fuzzy (Ψ = 5days)
network 1 (“dry basin“)
network 2 (“wet basin“)
fuzzy (Ψ = 2days)
network 1 (“dry basin“)
network 2 (“wet basin“)

1

340

350

380
370
360
t
(hourly
simulation steps)

40

390

µ2 (t)

0.5

Model
ann
fuzzy (Ψ = 5days)
fuzzy (Ψ = 2days)

R2
.853
.879
.857

testing
µ1 (t)
ρ
RMSE
hf
PSfrag replacements
0
390
380
370
360
350
340
.933
.030
.294
t
(hourly
simulation steps)
.948
.027
.286
.941
.029
.319
(a) Upper plot: instant flows and rainfall on the basin (reversed y axis). Lower figure: fuzzy memberships

Table 2: 3-hours ahead forecast performances.

the second saturation class contain much more hidden nodes than those trained on dryer conditions.
It appears thus that the rainfall runoff relationship
requires an higher degree of model complexity as
the basin tends towards saturation. For the classical
ANN however, a low number of neurons has been
found; an explanation of such results may be perhaps the significant prevalence of memberships pertaining to the first saturation class in the time series.

Table 2 shows the models performances
overreplacements
the
PSfrag
testing set, where models run against previously un- µ (t)
1
seen data. Remarkably, the framework based on the µ2 (t)
5-days cumulated rainfall allows the highest performances on all the indicators. Advantages are more
evident on average indicators, rather than on the
peaks indicator.
Figure 3 presents a simulation sample taken from
the testing set, using the 5-days cumulated rainfall
information.
7

Figure 3: 3-hours prediction samples (testing set).
As µ2 increases because of rainfall, the prediction
becomes closer to that of the second predictor.

C ONCLUSIONS

The proposed frameworks fuzzifies the cumulated
rainfall information in order to evaluate the basin
saturation state. Specialized neural networks predictors are set up, in order to mimick the rainfallrunoff relationship which holds over the different
basin saturation classes. To this end, a weighted
least squares variant of the Levember Marquardt

(b) Upper plot: fuzzy simulation. The bold line represents
the observed values, the dotted lines the predictions of the
specialized models, and the light solid line the final fuzzy
forecasts. Lower plot: observed values (bold), classical ann
predictions (dashed) and fuzzy predictions (solid, light).

1305

training algorithm has been implemented. The forecast is obtained combining the output of the different specialized neural predictors, according to the
current basin state. Prediction performances improve in our case study by a 1-10% depending on
the indicator considered, with reference to a classi-

cal neural network approach.
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The complexity added in the model is not negligible, since the proposed framework is significantly
more parametrized than a unique neural network.
However, such a complexity appears to effectively
increase the generalization of the model. With reference to the computational overload, we note that
it involves in practice just the model identification
step, which is however performed only once. During the operational use of the forecasting system,
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the cumulated rainfall additional input comes at no
cost and does not require the installation of any new
equipment. Finally, the case study considered here
may be considered unfavorable since a large portion of the catchment is anthropized and therefore
almost impervious, i.e. not sensitive to saturation
issues. One can realistically expect larger improvements when dealing with less anthropized basins.
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Abstract: Letting S (i ) be the i-th largest city in a country, it is often observed that log S ( i ) ≈ α 0 + α 1 log i

for some α 0 > 0 and α 1 < 0 . It is called rank size rule when α1 = −1 . This relationship has been examined
by means of ordinary least squares estimation and t test in the literature. However, since S ( i ) is

heteroskedastic and autocorrelated, t statistics do not have standard distribution. Indeed we show t → p ∞
as the sample size increases. The purpose of this paper is to obtain statistical properties of OLS estimator of
the rank size rule regression and distribution of t statistics under Pareto distribution, and further to propose
more efficient estimation procedures in two ways. Firstly, we improve efficiency by adjusting the
heteroskedasticity and autocorrelation by GLS method. Another source of efficiency gain is to exclude some
large variance observations. It seems GLS attains the Cramer-Rao lower bound for α1 .
Keywords: Rank size rule; Zipf law; Pareto distribution; City size

1.

INTRODUCTION

After pioneering work on city size distribution by
Auerbach [1913] and Zipf [1949], many
researchers have investigated a wide range of
settlement systems. Zipf's main result called Zipf
law is the following. Let S denote a random
variable representing city size measured by its
population, then for large x,

P( S ≥ x) = A / x
for some A>0 or Pareto distribution with unit
exponent. This is closely related to so-called rank
size rule of city size data. Let S i , i = 1,..., n be
population of cities in a country, and S ( i ) be its
order statistics satisfying S (1) ≥ ... ≥ S ( n ) then we
often observe that
log S (i ) ≈ α 0 + α 1 log i , i = 1, 2,..., n ,

(1.1)

where α 0 > 0 and α1 < 0 . This relationship is
called rank size rule when α1 = −1 . When Zipf
law holds, rank size rule follows approximately.
Regarding (1.1) as a regression model, many
researchers have estimated α 0 and α 1 by ordinary
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least squares (OLS) method and implemented t
test for α1 = −1 .
One of the most important papers in this field is
Rosen and Resnick [1980]. They examined city
size distribution of the 50 largest administrative
urban areas in 44 countries and they concluded
validity of the urban rank-size rule appears to be
an open question. Soo [2002] also made an
international comparison using updated data of 73
countries.
Many researchers, including the above mentioned
ones, have studied (1.1) based on the OLS
estimation and t test. But since the dependent
variable there does not satisfy the standard
conditions of OLS regression, we cannot evaluate
the results. The purpose of this paper is to derive
the exact and approximate properties of the OLS
estimator and t test statistics for the rank size rule
null, or α1 = −1 . We obtain the bias and variance
of the estimator assuming S i are independently and
identically distributed (iid). Further we show t
statistic does not have t distribution unlike
standard classical linear regression theory because
S (i ) are in fact autocorrelated and heteroskedastic

under the iid assumption. Since Zipf suggested, it
is often assumed that S i have Pareto distribution.

n

E (αˆ 1 ) =



log i − (
2

n n j
(

does not strictly hold for ∀α 0 , α 1 in small samples,
but it does approximately only for large n and i.
shows exact and
for E[log S ( i ) ] and

V [log S ( i ) ] then derive the bias and variance of

the OLS estimator for (1.1). Then we present
Monte Carlo results on the distribution of t value
for the estimator which is far away from t
distribution. We further show t explodes
asymptotically, indicating t test is never applicable
to test the null of α1 = −1 . Section 3 proposes
more efficient estimators, while Section 4 gives
empirical results from Japanese city size data of
Metropolitan Employment Area (MEA). Section 5
is conclusions.

2.

log i( n −1 + ... + i −1 ) − n

β {n

Under this assumption, we can show
E[log S ( i ) ] = α 0 + α 1 log i

The following section
approximate expressions



OLS ESTIMATION OF THE RANK
SIZE RULE REGRESSION

j =1

V (αˆ 1 ) =

β 2 {n

j



log k −

k =1

log 2 i − (









log i

.

2

log i ) }
log i) 2
.

log i ) 2 } 2

We suppress the expressions for those of α̂ 0 or the
OLS estimate for α 0 because it is of less
importance and interest. From this proposition, we
derive the asymptotic expressions of bias and
variance:
C
log n
log n ,
1
+ o(
)
E (αˆ 1 ) − (− ) = n , C n = −
4n
β
β
n
D
log 2 n .
2 log 3 n
+
(
)
V (αˆ 1 ) = n2 , Dn = +
O
n
3n 2
β
n2

Letting Bn = E (αˆ 1 ) − (− 1 ) , Figure 1 draws

β

Bn × β = C n . The bias decays as the sample size
increases. Figure 2 shows V (αˆ 1 ) × β 2 = D n which
also decreases with n.

2. 1 Bias and Variance of the OLS Estimator

We state some results on the properties of the
estimator without proofs in the sequel. Assume
S i , i = 1,..., n are iid from a Pareto distribution
function FS ( x) = 1 − x − β ( β > 0, x ≥ 1) . Then the
following lemma holds.
LEMMA 1

Letting {S (1) ,..., S ( n ) } be the order

statistics of S i , i = 1,..., n satisfying S (1) ≥ ... ≥ S ( n ) ,
(a) E[log S ( i ) ] = β −1

n −i +1

(n − k + 1) −1

k =1
n − i +1

(b) V [log S ( i ) ] = β − 2  (n − k + 1) − 2
k =1

(c) Cov[log S (i ) , log S ( j ) ] = Var [log S ( j ) ], (i < j ) .
This lemma straightforwardly yields the following
proposition.
PROPOSITION 1
log n log i
1 1
−
+ O( + )
E[log S (i ) ] =
β
β
n i
as n → ∞, i → ∞ .
Proposition 1 implies that approximation of (1.1)
is justified when n and i are large. Based on
Proposition 1 and Lemma 1, we can obtain the
exact expectation and variance of the OLS
estimator α̂ 1 for α 1 as follows.
PROPOSITION 2
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Table 1 tabulates these values for some n. The
above results directly suggest a simple bias
correction of the following form:

n

α1 = 
n



log 2 i − (



log i) 2

log i(n −1 + ... + i −1 − 1)

αˆ 1 .

We have two remarks regarding this estimator.
Firstly the multiplicative constant on the right
depends only on n, free from any unknown
quantities, and thus it is easy and feasible.
Secondly, this method not only eliminates the bias
but also reduces the variance because the
multiplicative constant is smaller than unity.

Table 1. Values of C n and Dn .

n

Cn

Dn

50

-0.0822

0.0410

100

-0.0534

0.0201

200

-0.0341

0.0099

300

-0.0183

0.0040

2.2 The distribution of t statistics
In testing the significance of coefficients of linear
regression models, we implement t test. In the
present case, because log S (i ) , the dependent

variables, are not only normally distributed but
also heteroskedastic and autocorrelated. We
obtained the distribution of t statistics for α1 in
the regression (1.1) under the null of α1 = −1 by
Monte Carlo simulation. Figure 3 and 4 show the
histogram from 100,000 replications when n=100,
200 respectively. The mean, variance, skewness

and kurtosis are respectively -2.512, 171.0, 0.423,
1.012 when n=200. Therefore they are obviously
far from t distribution. Table 2 shows empirical
critical regions of two-sided t test when n=100 for
different sizes calculated from the simulation,
which should be used in testing α1 = −1 instead of
quantiles of t distribution. We immediately know
we face severe size distortion if we blindly apply t
test for α1 = −1 , because its critical region is set to
be around ( - , -2],[2, ) in the case of test with
5% size.
Table 2. Empirical critical regions of two-sided
t test by simulation
Size

10%

5%

1%

Critical region (n=100)

(- ,-17.03], [16.14,

(- ,-20.17], [20.68,

(- ,-27.09], [31.08,

Moreover, we found in a simulation not reported
here that t tends to become larger in magnitude as
the sample size increases. This phenomenon is
caused by the fact that standard error of the
regression tends to zero as n  , which is proved
in the following proposition.
PROPOSITION 3

Letting s 2 =

1 
{log S (i ) − αˆ 0 − αˆ 1 log i) 2 ,
n−2

we have
(a) E ( s 2 ) = O( log n ) .
n

(b) s 2 → p 0 as n → ∞.

Rewriting the estimator by Reyni representation
(Reyni [1953]), straightforward application of
Lindeberg-Feller central limit theorem and
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Cramer device yield the following limiting
distribution of (αˆ 0 , αˆ 1 ) .

PROPOSITION 4


n
log n
0



0

view of Proposition 1, we can expect to improve
the statistical properties of the estimator by
dropping some observations with smaller i, or
larger observations.



αˆ 0 −

log n



β







1

n αˆ 1 − ( − β )




→d N





 



0

2

1 −1

,
0 β 2 −1


 

1

3.1 GLS estimation

Putting
y' = [log S (1) , log S ( 2 ) ,





Proposition 3 and 4 give the following result on t
statistics for α̂1 .

X '=



log 1, log 2,



, 1



, log n

,



and





t → ∞ as n → ∞ , where
p

n
2
log i − (

log i) 2

=



α~0
= ( X ' Ω −1 X ) −1 X ' Ω −1 y
α~1


and its variance is

1
1
+ o( )
n
n

&

α~
V ~0
α1



is the (2,2)-element of ( X ' X ) −1 .
This proposition indicates t value for this
regression explodes asymptotically under the null
of true parameter value. Therefore, when we
would like to test a null hypothesis such
as α 1 = −1 , we know we should never use standard
t test especially when the sample size is large, but
we should apply an asymptotic normality based
test using

αˆ 1 − ( − β −1 )
2αˆ 12 / n

(3.1)



→ d N (0,1)

as recommended in e.g. Gabaix and Ioannides
(2003). 2 / β 2 involved in the asymptotic variance
is replaced by a consistent estimator 2αˆ 12 under
the null. In many application work, such as Rosen
and Resnick (1980), Alperovich (1984) and Soo
(2002), mechanical application of t test provides
very large t values, leading to wrong conclusions.

MORE EFFICIENT ESTIMATION

We propose two methods of efficiency
improvement in the estimation of (1.1). One is
generalized least squares (GLS) method adjusting
nonspherical disturbances, while the other is a
trimmed least squares regression. The idea is that
observing Var [log S (i ) ] is larger for smaller i, and
also approximation (1.1) is worse for smaller i in
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# !


$

 %

3.

1,

GLS estimator for α 0 , α 1 is simply

−1
For t = αˆ 1 − (− β ) , we have
s 2 ( X ' X ) −221

n



1,

Ω = V ( y) ,

PROPOSITION 5

( X ' X ) −221 =



, log S ( n ) ],


" 

= ( X ' Ω −1 X ) −1 .

Expressions for the elements of
(b), (c).

'

are in Lemma 1

An interesting feature in (3.1) is that it is free
from nuisance parameters unlike usual GLS
estimation. Normally
involves some nuisance
parameters and thus GLS estimation is infeasible,
so that we need to estimate
in the first step in
practice. In
'

'

log n − log i and it is larger for smaller i. Then we
conjecture the bias can be reduced by excluding
observations with smaller i. Also Lemma 2(b)
imply that variance of least squares estimators
could become smaller if we trim observations with
smaller i, though there should no doubt be tradeoff between efficiency gain by exclusion of larger
variance data points and efficiency loss due to the
reduced sample size. Letting (αˆ 0, k , αˆ 1,k ) and
(α~ , α~ ) be respectively OLS and GLS
0, k

1, k

estimators
from
the
subsample
of
,
where
the
larger
k
[log S ( k +1) ,  , log S ( n ) ]

view of Lemma 1 (b), (c),
itself involves an
unknown parameter  but it appears only as a
multiplicative constant. Then, due to the form of
(3.1), it cancels, so that (3.1) turns to be feasible.
Similarly to the OLS estimator, we can obtain the
exact bias and variance of GLS estimator
analogous to Proposition 2, which are in Figure 5
and 6. We do not present them explicitly because
of their long and tedious expressions. Table 3
provides them for the same sample size with Table
1 to compare with those for the OLS.
'

observations are excluded, we have similarly to
Proposition 2,

E (αˆ1,k ) − (−

=

50

-0.03681

0.0220

100

-0.02128

0.0105

200

-0.01217

0.0051

300

-0.0058

0.0020

)


(n − k )

n



=

C n, k

β

n

log 2 i − (



+ i − 1)

+1 

log i) 2
−1

log i (n +

i = k +1
n

β 
(n − k )

−1

i = k +1

,

and

variance × β 2

bias 

β

i = k +1

Table 3. Bias and variance of GLS estimator
for α 1 .
n

1

1


 −1
n



   n − k
log i 
  αˆ
 
0 ,k

i = k +1

V  
 =
n
αˆ1,k   n
log i
log 2 i 

i = k +1

We give the following two remarks regarding this
result comparing two tables. Firstly, GLS
procedure reduces not only the variance but also
the bias, which we did not expect because GLS is
primarily developed in order to improve the
efficiency, not bias reduction. Secondly, we see
the variance of GLS is about a half of that of OLS,
and further it approximately equals to 1 /( β 2 n ) ,
which coincides with Cramer-Rao lower bound for
1/ in fact. Therefore, we anticipate GLS gives an
efficient estimate, comparable with the maximum
likelihood estimator (MLE).

3.2 Trimmed OLS and GLS

Proposition 1 and Lemma 1(a) imply that source
of the bias of least squares estimators is the
approximation error of n −1 +  + i −1 by
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i = k +1

& '
 #
 −1
'n
$ n
 !

$
log S (i )
log i 
 ! n − k
$ = k +1
 !
 .
i = k +1
×V $  i'
'n
! 'n
n

$
!
log i log S ( i )  " 
log i
log 2 i 
%
i = k +1

i = k +1

i = k +1

Let its (2,2)-element be Dn , k / β 2 . They are

constants determined only by n and k independent
of unknown quantities. We can similarly obtain
the corresponding formulae for the GLS estimator,
but suppress them. We tabulate the bias, variance
and mean squared error (MSE) for both trimmed
OLS and GLS estimators in Table 4 for n=100
and k=0,…,15. We find larger k yields smaller
bias in magnitude for both OLS and GLS, while
variance of OLS estimator attains the minimum
when k=8 as a result of the trade-off mentioned
above. GLS variance, on the other hand, increases
with k, thus there is no efficiency gain but only
efficiency loss by decreased sample size. Based on
the above findings, we can propose an optimal
trimming rule by the minimum MSE principle.

When n=100, k=9 gives the optimal trimming in
OLS estimation, while in GLS estimation, k=1 is
the best choice. In OLS estimation, we attain
about 33% MSE improvement. In GLS estimation,
variance of y is stabilized by Ω −1 (see (3.1)) so
that we need to exclude much less observations
than the OLS. We note the best trimming points
depend
only
on
n
because
MSE= β 2 (Cn2, k + Dn ,k ) where C n ,k and Dn , k depend
only on n and k. Table 5 gives the best trimming
points for some n. As easily expected, we should
exclude more observations for larger sample size.

4. CONCLUSIONS

We examined statistical properties of least squares
estimators for rank size rule regression of city size
under Pareto distribution. Standard method in
empirical study of regional science has been OLS
estimation and t test based on it. We obtained
exact bias and variance of OLS estimator for the
coefficient. By Monte Carlo simulation, we
obtained distribution of t statistics, where we
found t statistic does not have t distribution, and
we will face a severe size distortion if we
implement t test. Moreover we proved t value
asymptotically explodes in fact.

Table 4. Bias and variance of trimmed OLS and GLS estimators (n=100)

k

bias(OLS)

var(OLS)

MSE(OLS)

bias(GLS)

var(GLS)

MSE(GLS)

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

-0.05342
-0.03525
-0.02838
-0.02449
-0.02190
-0.02001
-0.01855
-0.01738
-0.01641
-0.01559
-0.01488
-0.01426
-0.01372
-0.01323
-0.01280
-0.01240

0.02006
0.01723
0.01628
0.01578
0.01549
0.01531
0.01520
0.01514
0.01511
0.01511
0.01514
0.01518
0.01524
0.01532
0.01540
0.01550

0.02292
0.01847
0.01708
0.01638
0.01597
0.01571
0.01554
0.01544
0.01538
0.01535
0.01536
0.01539
0.01543
0.01549
0.01557
0.01566

-0.02128
-0.01913
-0.01763
-0.01650
-0.01560
-0.01486
-0.01423
-0.01369
-0.01321
-0.01279
-0.01240
-0.01206
-0.01174
-0.01145
-0.01119
-0.01094

0.01055
0.01061
0.01068
0.01077
0.01086
0.01096
0.01106
0.01117
0.01128
0.01140
0.01152
0.01164
0.01177
0.01190
0.01203
0.01217

0.01101
0.01097
0.01099
0.01104
0.01110
0.01118
0.01126
0.01136
0.01146
0.01156
0.01167
0.01179
0.01190
0.01203
0.01216
0.01229

but not so clearly effective for GLS. Obviously
when we are sure of the Pareto assumption, GLS
or MLE is the best, but when we are not so sure,
OLS may have an advantage from robustness
point of view, and we believe, trimmed OLS may
have a good performance because log S (i ) should

Table 5. Optimal trimming points

n

OLS

GLS

50

6

1

100

9

1

200

17

1

500

39

2

still have larger variance for smaller i even if the
underlying distribution is not Pareto. Research
toward this direction is currently under way.

We propose to apply GLS procedure because the
explained variable is heteroskedastic and
autocorrelated. Both of the bias and variance are
significantly reduced and we believe the variance
attains Cramer-Rao lower bound. As another tool
of efficiency improvement, we propose a trimmed
least squares method, which works well for OLS,
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Estimation of Air Quality at Trier, Germany
- a Case Study with STREET 5.
Jürgen Junk and Alfred Helbig

University of Trier, Fac. of Geography, Dept. of Climatology, Germany. E-mail: junk5101@uni-trier.de

Abstract: In the course of the European Council Directive on permissible air pollutant limit values, valid
starting from 2005 there is an urgent call for action, particularly for fine dust (PM10). Current investigations
(Junk & Helbig 2003, Reuter & building Mueller 2003) show that the limit values in certain places in
congested areas are exceeded. Only if it is possible to located these Hot Spots purposeful measures to reduce
the ambient air pollution can be conducted. For an efficient identification of these Hot Spots complex
computer models or establishing special measurements networks are to expensive. Using the statistical model
STREET 5,0 (KTT 2003) a cost-effective screening of the air pollution situation caused by the traffic can be
done. STREET is based on the 3-dimensional micro-scale non-hydrostatic flow- and dispersion model
MISCAM (Eichhorn 1989). The results of over 100.000 different calculations with MISCAM are stored in a
Database und these result are used to calculate the emissions with STREET. In collaboration with the city
council more than 100 streets were investigated, mapped, and calculated. A special urban climate measuring
network supplies the necessary meteorological input data about the wind filed and precipitation events in the
valley of the Moselle. Information about road width and road orientation as well as building density were
derived from aerial photographs. Traffic censuses and mobile air pollutants measurements with our
instrument van supplied the remaining input data. We calculated the mean annual air pollutant concentrations
for NO2, NO, CO, SO2, O3, benzene as well as PM10. A comparison of the model results with the values
obtained from the stations of the central emission measuring network of Rhineland-Palatinate (ZIMEN
annual report 2002) show very good agreements. The model was not only used to calculate the annual air
pollutant but also for urban planning and management. The absolute level of the air pollutant is mainly
dependent on the amount of traffic in the street canyons. Therefore different case-scenarios with varying
quantity of traffic were calculated for each street. Furthermore the model can be used to find the maximum
tolerable numbers of cars for a street without exceeding the air pollutant thresholds.
Keywords: modelling; PM10; traffic emissions; urban air pollution

1. INTRODUCTION
The current environmental situation is the product
of a long historical process. The increasing and
rapid growth of cities and the corresponding rise in
industrial and traffic density, are making it ever
more important to ensure that air quality is
adequate. In Germany the level of motorisation,
i.e. the number of vehicles per 1.000 inhabitants,
has been rising for years. The traffic sector is one
of those areas which place a strain on the
environment resulting from road construction,
consumption of raw materials and the emission of
air pollutant substances. Of all means of transport
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the private car is responsible for the largest amount
of environmental pollution by far. The direct
effects of this are felt most by those who live in
cities. For decades air pollution, in particular in
conurbations, has been the subject of many studies.
Thanks to successful emission reduction measures
and strategies implemented in recent years the
classic air pollutants NOx, SO2, CO and O3 are
showing stagnating (O3) or even negative trends
(SO2). The pollution of the air by general dust
(TSP) has fallen considerably in the last few years.
New studies are showing, however, that the
element of fine particulate matter (PM10,
particulate matter with an aerodynamic diameter <

10 µm) is constantly increasing in importance. The
reduction in particulate pollution is due above all
to the reduction in the proportion of coarse
particles. The proportion of fine particulate matter
remains constant or is even on the increase. To
what extent particles can penetrate the various
areas of the lungs and be deposited there depends
on the one hand on their physical characteristics
and on the other on breathing patterns and the
anatomy of the lung, which is subject to change as
the result of growth, ageing or illness. A detailed
presentation of the medical effects, including the
increased frequency of mutations, appears in
Heinrich (2000). As early as 1997 Wordley et al.
referred to a significant increase in hospital
admissions at times of intensified emissions of fine
particulate matter. Direct connections between
higher daily mortality rates and fine particulate
matter concentrations have been analysed and
documented in the USA by Lipfert et al. (2000),
Klemm et al. (2000) and Samet et al (2000).
Comparable results are presented by Hoek et al.
(2000) for the Netherlands. Because of the
immediate relevance to health of fine particulate
matter which can enter the lungs and act as a
carrier for substances which are detrimental to
health such as polycyclic aromatic hydrocarbons
(PAK) or heavy metals, new limits for fine
particulate matter have been imposed by the EU.
These will come into effect in 2005. Since 1
January 2001 continuous PM10 measurements have
been taken in the air-quality monitoring networks
of the individual federal states of Germany. In
Rhineland-Palatinate air pollution is measured by
the central emission monitoring network (ZIMEN).
Statistical analyses of the ZIMEN data by Junk &
Helbig (2003) indicate values exceeding the future
limits at various locations close to traffic in
Ludwigshafen, Mainz and Trier.
With a surface area of approx. 117 km² and a total
of 100,234 inhabitants, the city of Trier has a
population density of 856 E/km². The city’s main
residential areas are on the lower slopes of the
Mosel valley (140 m above sea level), which runs
from NE/SW. In a direct comparison with other
conurbations in Rhineland-Palatinate (Koblenz,
Kaiserslautern), Trier shows the highest PM10
pollution in spite of the fact that it has a low level
of industrialisation and population density (Helbig
& Junk 2003). It was these facts that indicated the
necessity of a general screening of PM10 pollution
in the city. If in future (from 2005) certain critical
limits are reached or exceeded, measures will have
to be taken at short notice to reduce air pollution.
In cooperation with the city of Trier and using the
STREET 5.0 statistical model, the mean annual
pollution of the air with NO2, PM10 and benzene
was calculated for all streets in the city, so that hot
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spots and critical points could be identified for
more detailed analysis later.
The model also offers the possibility of calculating
different scenarios. For example it enables the
calculation of the maximum daily traffic volumes
which are permissible before the limits are
exceeded. In the present study a number of
scenarios were calculated and their effects on
pollutant concentrations were examined:
- Scenario - “Zero case“
- Scenario - “Private transport“
- Scenario - “Public transport
- Scenario - “Optimised public transport“.

2. MODEL DESCRIPTION
STREET 5.0 is an efficient and inexpensive
instrument which provides a simple method of
evaluating air pollution caused by traffic emissions
in inner-city areas.
It is a static model which was originally developed
on behalf of the Baden-Württemberg department
of the environment and is today distributed by
KTT Umwelttechnik und Software GmbH, Dr.
Kunz Saarbrücken. The basis for the screening
model is 3-dimensional flow and dispersion
calculations using the MISKAM mesoscale model.
The model calculates quasi-stationary wind and
turbulence fields on the basis of pre-defined
approach-flow directions. More than 100,000
different configurations involving varying
meteorological ancillary conditions and street
geometries were calculated and then recorded to
form a data base in STREET. The computational
grid for calculating the simulation was fixed at 60
x 60 x 20 grid points. The horizontal and vertical
grid spacing was 2 m for all simulated street
categories. In order to minimise marginal effects,
the outer horizontal 7 to 10 grid points were not
arranged equidistantly. This produced, depending
on street category, an area for calculation of 280 m
– 320 m, with only the core area of the
computational grid, where the grid points are
equidistant, being used for evaluation purposes.
The atmospheric stability is described by means of
a vertical temperature gradient which can be
defined in advance. Depending on this stability the
emitted air pollutants are mixed with the ambient
air at different speeds. Where stability is high the
dilution takes place very slowly, while unstable
layering leads to rapid dilution. Assuming typical
configurations for streets and crossroads, mean
annual and 98 percentile values are calculated on
the basis of current emission factors. The emission
factors which are required for the calculations are
taken from the UBA handbook (1999 edition) and
permit calculations to be made up to the year 2020.

For more detailed information on the MISKAM
model cf. Eichhorn 1989.

3. INPUT DATA FOR THE CALCULATIONS

reason trend analyses were used to see if the TrierPetrisberg weather station had observed an
increase in the days with precipitation over the last
30 years. Although a slight increase in such days
with precipitation > 1 mm has been observed, this
linear trend is not statistically significant.

3.1 Meteorological data
The conditions which govern the spread of
pollutants depend primarily on the extent of the
stability, wind direction and wind speed, combined
with precipitation factors. In particular for cities
which are situated in a valley, of which Trier is an
example, air-flow conditions play a decisive part.
Studies by Helbig & Junk (2003) show that during
autochthonous weather situations, low wind speeds
can lead to rising contamination of the air with
pollutants in the Trier area. The necessary input
data for creating the models is supplied by the
special measuring network of the climatology
department of Trier University. Because of its
situation on the Petrisberg, a hill 100 m above the
Mosel valley, it was not possible to use the wind
0

315

45

270

Windspeed
[m/s]
>0.9 - 2
>2 - 4
>3 - 5
>4 - 6
>6

90
0%

225

4%

8%

12%

135

3.2 Topographical information and traffic data
In addition to the meteorological data, detailed
information about street geometry, street
orientation, number of lanes and the type of
surrounding buildings is required. In addition
details about the road surfaces have to be provided.
The required information in relation to road
surface and height of the surrounding buildings
was obtained by surveying and mapping.
Information about the number of lanes, road types
and surrounding buildings was derived from
digital aerial photographs of the city of Trier. The
sections of road which were to be modelled were
digitalised on the basis of topographical maps with
a scale of 1:5000. All the necessary data sets were
stored as attribute datasets in ARCGIS. The
validity of the calculations depends to a large
extent on the accuracy of the data about daily
traffic volumes (DTV), the proportion of lorries,
the proportion of traffic jams and the mode of
driving. The driving mode describes the time
sequence of different speeds and engine conditions
(idling, acceleration, constant speed). Eight
different driving modes can be selected in the
model.. In addition the percentage of traffic jams
can be indicated. A traffic jam proportion of 25%
represents 6 hours of traffic jams within 24 hours.

N = 13104
Calmen: 14.5%

9%

180

8%

Figure 1: Rel. Frequency of 1h values of the
windvector at Niederkircher Str., 2002-2003

7%

1316

DTV in %

6%

measurements of the German weather service’s
climatic station at Trier-Petrisberg. The wind
direction and wind speed were measured at an
exposed wind mast 10 m above ground in the
Mosel valley to the west of the town. Figure1
shows the mean wind vectors for the years 2002
and 2003. As a further meteorological parameter,
the number of days with precipitation > 1 mm are
required as input for the model. Wet deposition, in
other words the deposit of atmospheric microelements by precipitation (rain, fog, hail or snow),
marks the whole process from cloud formation to
precipitation (GUDERINA, 2000). For the present
calculations the data of the German weather
service’s climatic station at Trier-Petrisberg was
used. The higher the number of days with
precipitation, the greater is the purification
potential resulting from wet deposition. For this
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Figure 2: standardised distribution patterns of
daily traffic volumes in percent

The average daily traffic volumes were established
by means of traffic surveys (Fig. 2). Traffic
surveys can either be carried out by automatic
equipment, or the daily traffic volume can also be
calculated on the basis of relatively short survey
times by means of standardised distribution
patterns (VERTEC GmbH, consulting engineers
for traffic planning and technology, Koblenz).

4. RESULTS OF THE MODELLING
As an example the results and evaluations for 13
streets where detailed traffic surveys were carried
out in the summer of 2003 are discussed here. The
concentrations which were calculated are shown in
Table 3. The pollutant SO2 is not included in the
evaluation, because for all 175 streets which were
analysed the values were significantly below the
limit value of 20µg/m³.
For all pollutants Lindenstraße shows the highest
concentrations, which lead to classification in the
category ‘limits clearly exceeded’. The reasons for
these increased values are to be found in the

Zero case prognosis:
For the zero case prognosis no changes are
assumed to the existing traffic network or public
transport. The data for this scenario are used as
reference data.
Private transport scenario:
The private transport scenario assumes the
implementation of measures regarding the road
network which are under discussion for long-term
implementation. The inner-city parking space
requirement will be met for the most part. As for
the zero case prognosis, the pedestrian and cyclepath network as well as the local public transport
system remain without any significant change.

Table 1: Calculated anual means of Benzenel-, NO-2 und PM10- -for selected streets, 2003
DTV
Benzene
NO2
Street Name
[Kfz/24h]
[µg/m³]
[µg/m³]
58
7,7
Saarstr.
13.000
Hindenburgstr.
9.500
4,1
42
Im Avelertal
17.100
3,0
30
Olewigerstr.
23.000
3,9
40
Hohenzollernstr.
6.400
4,4
37
Kaiserstr.
13.300
5,1
41
53
Luxemburgerstr.
32.500
4,8
6,5
Ostallee
17.500
49
Schellenmauer
14.200
4,2
42
Pacelliufer
38.700
5,7
47
57
7,2
Matthiasstr.
12.000
Zurmaiener Str.
36.100
3,5
37
59
7,9
Lindenstr.
17.900

PM10
[µg/m³]
48
37
29
34
34
37
38
44
35
44
47
33
53

grey:
Range of values below the limit
bold:
Range of uncertainty
normal: Range of values below the limit

building structure which encloses the street, and
the presence of traffic lights.
Classification in the category ‘clear range below
limits’ was only achieved for the benzene
concentrations calculated for the Neue Zurmainer
Str. and Im Avelertal. Although both street
sections show considerably different DTV values,
the better air-flow situation resulting from the fact
that only one side is built up and fewer hold-ups
with a proportion of traffic jams of only 5% and
3% respectively have a positive effect on emission
concentrations.
As part of earlier studies, plans were made on
behalf of Trier city council covering the whole
traffic network (road and local public transport
network). These plans incorporated all the
planning measures which were under discussion
for short, medium and long-term implementation.
On the basis of these measures it has been possible
to calculate various scenarios for the planning year
2010 and to derive from this future traffic
volumes.
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Public transport:
With the public transport scenario the assumption
is that there will be short or medium-term
measures implemented in the road network,
extension and improvement of the public transport
infrastructure and changes to the pedestrian and
cycle-path network. In addition there will be an
increase in Park & Ride (P+R) facilities and the
conversion of long-term parking in the old town to
short-term and residential parking.
Optimised public transport:
The last scenario describes the case of optimised
promotion of local public transport. There will
only be few additions and extensions to the road
network - on the contrary, there will be increased
restrictions. The rail network will play an
increased role as the backbone of local transport
operations.
As with the public transport scenario, the planning
will include measures for improving the pedestrian
and cycle-path network. The existing P+R
facilities will be expanded and both in the old town

The mean annual limit for NO2 emission
concentrations as defined by the council of
ministers on 22 April 1999 in EU Guideline
1999/30/EG concerning limits on sulphur dioxide,
nitrogen dioxide, nitrogen oxide, particles and lead
in the air is 40 µg/m³. In addition a mean hourly
limit of 200 µg/m³ must not be exceeded more
often than 18 times per year.
In the case of NO2 concentrations, approx. 80% of
the roads are within the range of uncertainty. Here
action must be taken to ensure that the limits
imposed by the EU can be observed.
The most serious aspect is the way in which limits
are exceeded in the case of PM10 concentrations.

and its outer areas there will be restrictions on the
space available for long-term parking. By means of
such
so-called
‘soft’
measures
(PR
work/advertising, improved information flow,
image, service, convenience...) the transport
facilities offered by the environment department
will be reinforced. There will be nine more P+R
sites. With this scenario the biggest changes will
be in the form of extensions to the public transport
services.
The ‘Zero case prognosis’ was taken as the
reference point for the comparative changes in
emission concentrations to be expected for the
‘Private transport’, ‘Public transport’ and

Table 2: Results of the calculation of pollutants for the various scenarios in relation to the planning year
2010
Benzene
NO2
PM10

Zero case

Private
transport
Public
transport
Optimised
public
transport

Range of values
below the limit
(< 3.7µg/m³)

Range of
uncertainty
(3.8 – 6.1 µg/m³)

Range of values
below the limits
(< 28µg/m³)

Range of
uncertainty
(29-50µg/m³)

Range of
uncertainty
(15-25 µg/m³)

Range of
values over
the limits
(> 26µg/m³)

78%

22%

20%

80%

2%

98%

78%

22%

22%

78%

2%

98%

83%

17%

20%

80%

2%

98%

83%

17%

21%

79%

2%

98%

‘Optimised public transport’ scenarios. For
purposes of calculation with STREET 5 a total of
175 streets were selected because data was
available for these covering all four scenarios.
In the analysis of the emission concentrations
calculated for the year 2010, only the pollutants
benzene, PM10 and NO2 were included.
The calculation of the pollutants was based on the
background pollution data contained in the
handbook ‘Emission factors in road transport’
(1999 edition) published by the Federal
Department for the Environment in Berlin. This
leads to a potential weak point in the calculations.
In an ideal case, regionally specific values were to
be established in individual situations for the
various background pollution levels caused by
individual pollutants. Table 4 contains the results
for the individual scenarios.
The mean annual limit (reference year 2010) as
defined by the council of ministers on 16.11.2000
in EU Guideline 2000/69/EG concerning limits on
benzene is 5µg/m³ benzene. Altogether it can be
seen that the forecast benzene pollution for the
majority (78% - 83%) of the roads tested lies
within the clear range below the limits. In addition,
the values for those roads which fall within the
range of uncertainty almost all lie below the limit
of 5µg/m³ at 3.8 µg/m³ to 5.1 µg/m³.
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However, this is caused in particular by the high
levels of background pollution. It also becomes
clear that the various scenarios do not effect any
great changes in the concentration of pollutants.
For purposes of reducing benzene pollution the
best solution seems to be the measures which are
planned to strengthen local public transport. No
statistically significant effect could be indicated for
the planned measures on PM10 concentrations.

5. DISCUSSION
The results of the calculation show that on the
basis of the mean values for both NO2 and
benzene, it is not to be expected that the limits will
be exceeded significantly. In the case of NO2
hourly limits it must be expected that the limits
will be exceeded on some roads where there is
heavy traffic. Here the main advantage of the
screening model becomes apparent. Closer studies
involving greater time and cost will only have to
be carried out at these few selected points.
The situation with regard to fine particulate matter
pollution is very different. On all roads it is highly
probable that the limits will be exceeded.
Established reduction strategies will have to be
tested for their application to the Trier area and
their potential for reducing levels. In addition, to

create an effective improvement in air quality,
further non-traffic sources must be identified in the
region and their contribution to the overall
pollution level needs to be quantified. The results
of the various scenarios, (private traffic, public
transport and optimised public transport) show that
the targeted promotion and expansion of local
public transport, with the resultant reduction in
overall traffic volumes, can make a contribution to
ensuring that the limits can be met
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Abstract: This paper introduces a simple new measure of innovation, the patent success ratio (PSR),
namely the ratio of successful patent applications to total patent applications. It has been argued in the
extensive literature on innovation and technology policy that patents can serve as an accurate proxy for
innovative activity. This paper suggests that PSR is a more accurate measure of how innovative activity
changes over time than are transformations of total patent applications and successful patent applications
separately. A sensitivity analysis is conducted to assess the usefulness of the new PSR measure of
innovation using annual US data for the period 1915-2001.
Key Words: Innovation, patent activity, patent success ratio, successful patent applications, total patent
applications.

a variable is to serve as an accurate proxy for
innovation in the US economy, it should be the
case that the proxy will be correlated with
fundamental economic variables such as real GDP
growth. A sensitivity analysis is performed to
examine how the new measure compares with
two other indicators of innovation, namely
successful patent applications and total patent
applications, that are commonly used in the
literature.

1. Introduction
This paper introduces a simple new measure of
innovation, the patent success ratio (PSR), namely
the ratio of successful patent applications to total
patent applications. Gallini (2002) provided a
survey of the literature of patents as instruments
of innovation. McAleer, Chan and Marinova
(2002) were the first to explore the time series
properties of patent activity for the leading
inventive countries by modelling the volatility
inherent in monthly US patent shares. The
concept of inventiveness primarily involves
information content. A key issue is whether the
PSR conveys more meaningful information, and
hence yields greater explanatory power of a key
economic fundamental, by combining the two
patent activity variables, namely successful patent
applications and total patent applications, than
either conveys individually.

Data on patent applications and patents granted
(equivalently, successful patent applications) have
been collected by the United States Patent and
Trademark Office (USPTO) for an extended
period, with some series dating back to 1790.
The USPTO decomposes patent activity into
domestic and foreign companies and individuals,
among other categories. As such disaggregated
patent data are available, we will examine
transformations of total patent applications and
successful patent applications separately, before
combining them into PSR in the empirical
analysis.

It is argued in this paper that the information
content in PSR regarding innovation is greater
than in its two separate components. In order to
assess the usefulness of PSR, we compare it with
transformations of the other two patent activity
variables in their respective abilities to serve as
leading indicators of the real GDP growth rate. If

The plan of the paper is as follows. Section 2
discusses the sources of data and their time series
properties.
Section 3 presents a sensitivity

1320

analysis using annual US data for the period
1915-2001 to compare the usefulness of the new
PSR measure of innovation relative to
transformations of total patent applications and
successful patent applications separately. Section
4 concludes the paper.

The volatility in the growth rate in total patent
applications has generally decreased over time,
whereas the volatility in the growth rate in
successful patent applications fell appreciably
until the end of World War II and then increased
for the next three decades.

2. Data
Figure 2
Successful Patent Applications
1840 - 2001

In this paper, the simple new measure of
innovation to be defined and examined is the
patent success ratio (PSR), namely the ratio of
successful patent applications to total patent
applications. The new measure is analysed using
annual US data from the USPTO for the period
1915-2001, and a sensitivity analysis is conducted
to assess the usefulness of the new PSR measure
of innovation. USPTO data are available for total
patent applications, as well as successful patents
(namely, granted patents) to domestic companies
and individuals, from 1840 (for further details
regarding the data sources, definitions and
availability,
see
http://www.gov/web/offices/ac/ido/oeip/taf/h_cou
nts.htm).

160000

120000

80000

40000

0

1850

1875

1900

1925

1950

1975

2000

1975

2000

PATGRANTS

Figure 3
Patent Success Ratio
1840 - 2001
.9

Fig ure 1
Total P aten t A p plications
1 84 0-20 01

.8

35 00 0 0

.7

30 00 0 0

.6
25 00 0 0

.5
20 00 0 0

.4
15 00 0 0

.3

10 00 0 0

.2

5 00 00

1850

0
1 85 0

1 87 5

19 0 0

19 25

19 50

19 75

1875

1900

1925

1950

PSR

20 00

TOTP A T

Table 1 reports the corresponding summary
statistics for total US patent applications,
successful patent applications, PSR and the
growth rate in real GDP. It is clear that the real
GDP growth rate has the highest standard
deviation (SD) relative to its mean, whereas PSR
has the lowest SD relative to its mean. As can
readily be seen, the two patent activity variables
have an increasing trend overall, with a
significant reduction during 1930-50, which
coincides with the depression and the immediate
post-war period. There is also a noticeable fall in
successful patent applications after 1975
following the first oil price shock. The PSR

Figures 1-4 present the time series plots of total
patent applications, successful patent applications
(or patents granted) and PSR for the period 18402001, and the growth in real US GDP for 19152001. Data for the growth in real GDP start in
1915 because the CPI (consumer price index) data
used to deflate nominal US GDP starts in 1915.
Figures A.1 and A.2 present the time series plots
of the growth rates for total patent applications
and successful patent applications. These two
series are clearly stationary, or I(0) processes.

1321

exhibits significantly greater volatility, ranging
between a low of around 0.25 to a high of around
0.85. Growth in real US GDP does not appear to
have a clear trend, but the volatility has declined
consistently over time.

extracted from transformations of either total
patent applications or successful patent
applications as proxies for innovative activity.
This issue is examined in greater detail in the
following section.

Figure A.1
Total Patent Applications
Growth Rate
1840 - 2001

Table 1: Summary Statistics of Patent Activity
Variables, 1840-2001
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3. Empirical Results

Figures 1-4 indicate that PSR exhibits quite
different behaviour from the trending behaviour
seen in both total patent applications and
successful patent applications, as well as from the
real GDP growth rate. In addition, the simple
correlation coefficients were calculated for the
real GDP growth rate, PSR and the growth rates
in total patent applications and successful patent
applications, and are presented in Table A.1. The
simple correlation coefficients indicate little
correlation between the real GDP growth rate and
the growth in the other patent activity variables,
and a positive, but moderate, correlation with
PSR. These results suggest that PSR may yield
different information than might traditionally be

A simple check of the effectiveness of PSR as a
measure of innovation is to examine the
correlation between PSR and economic growth.
One way of analysing any correlation is to
perform Granger (1969) (non-) causality tests.
Calculating such Granger causality tests can be
informative for at least two reasons: (1) as will be
shown below, these tests give an indication of the
relationship between PSR and the growth rate in
real US GDP; (2) these tests allow an examination
of the relative benefits of PSR as a proxy for
innovation compared with other patent activity
variables, namely transformations of total patent
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with respect to the rate of growth in real US GDP.
However, the regression equations will not be
balanced in all cases. An examination of the time
series properties of PSR and the rate of growth in
real GDP indicate that both are integrated of order
zero, I(0), such that they are stationary in levels.
Total patent applications and successful patent
applications are integrated of order 1, I(1), so that
regressions of these variables against the growth
rate in real US GDP would not be balanced.1
Therefore, a direct comparison of the relative
performance of the three innovation proxies
against the growth rate in real GDP is not
available. Nevertheless, the growth rates of total
patent applications and successful patent
applications are stationary, so transformations of
these two patent activity variables can be tested
for Granger-causality with respect to the rate of
growth in real GDP.

applications and successful patent applications
separately. Thus, if it is found that PSR Grangercauses economic growth, while the two other
proxies for innovation do not, this is informative
as an assessment of the relative value of PSR as
an innovation proxy and predictor of real
economic growth.
Table 2 presents the results of some Grangercausality tests to examine the level of association
between the new innovation measure and growth
in real GDP. A brief discussion of the Grangercausality test is given, for example, in Slottje
(2004). Granger (1969) proposed a simple and
effective test of whether x “causes” y, such that y
is said to be “Granger-caused” by x if lagged
values of x are significant in the prediction of y.
Thus, if the addition of lagged values of x
improves the prediction of y, x is said to
“Granger-cause” y. These tests are, in effect, a
measure of association and should not be
construed as a measure of (logical) causation. In
order to implement the Granger-causality test, the
estimating equations take the following form:

Table 2. Granger Causality: PSR and RGDP
Lags: 2

yt = α0 + α1 yt-1 + … αk yt-k +
β l xt-1 + … + β k xt-k + εt

(1a)

xt = λ 0 + λ1 xt-1 + … λk xt-k +
δl yt-1 + … + δk yt-k + µt

(1b)

(2a)

δ1 = δ2 = … = δk = 0

(2b)

Obs

F-Statistic

Probability

85

3.154

0.048

0.804

0.451

Table 2 shows that a Granger-causality test of
PSR against the growth rate in real US GDP
indicates a Granger-causal relationship in the
expected direction at the 5% level of significance.
As the results in Table 2 indicate that the new
innovation variable, PSR, Granger-causes the rate
of growth in real GDP, but not the reverse, this
suggests that PSR is a useful new indicator of
innovative activity.

The test of Granger-causation between x and y is
an F-test of the joint hypothesis that
β1 = β 2 = … = β k = 0

Null Hypothesis

PSR does not Granger-cause
RGDPGRO
RGDPGRO does not
Granger-cause PSR

Given the presence of unit roots in the patent
activity variables discussed above, it is not
possible to provide a direct comparison with the
total patent applications or successful patent
applications.
However, when the other

The null hypothesis in (2a) is that x does not
Granger-cause y, while the null in (2b) is that y
does not Granger-cause x. If the null is rejected
in (2a) but is not rejected in (2b), the Grangercausation is said to be unidirectional from x to y.

1

See Dickey and Fuller (1979) for further details.
The augmented Dickey-Fuller (ADF) test
statistics for the four variables, with probability
values in parentheses, are -5.11 (0) for PSR, -6.65
(0) for the growth in real US GDP, 1.92 (0.923)
for successful patent applications, and 6.6 (1.0)
for total patent applications, respectively.

In order to implement this approach, we perform
Granger-causality tests on PSR, total patent
applications and successful patent applications,
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innovation proxies are log-differenced, we
achieve stationary series for both successful
patent applications and total patent applications. 2
The Granger-causality tests for the rates of
growth in total patent applications and in
successful patent applications are given in Table 3
and 4. These results are not informative about the
Granger-causality with the rate of growth in real
GDP, but are reported for completeness.

Table A.1. Simple Correlation Coefficients
Variable
RGDPGRO
PSR
TOTPATGR
PATGRTGR

Table 3. Granger Causality: Total Patent Growth
and RGDP

Obs

FStatistic

Probability

TOTPATGRO does not
Granger-cause RGDPGRO

85

6.097

0.003

2.921

0.060

RGDPGRO does not Grangercause TOTPATGRO

Table 4. Granger Causality: Successful Patent
Growth and RGDP

Obs

F-Statistic

Probability

85

1.259

0.290

0.054

0.948

PATGRTGR
-0.11
0.13
-0.06
1.00
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Lags: 2
Null Hypothesis

TOTPATGR
-0.23
-0.45
1.00
-0.06

This paper introduced a simple new measure of
innovation, the patent success ratio (PSR), namely
the ratio of successful patent applications to total
patent applications. The simple new measure is
useful as it gauges the relative efficiency of patent
applications over time. There have been clear
upward trends in both patent applications and
successful patent applications since 1840.
However, as shown in the paper, the ratio of
successful patent applications to total patent
applications has fluctuated significantly over
time. A sensitivity analysis was conducted using
annual US data for the period 1915-2001 to
examine the usefulness of the new PSR measure
of innovation compared with transformations of
total patent applications and successful patent
applications separately. The growth in the simple
new measure of innovation had a stronger
association with the growth in real GDP than did
growth in total patent applications or the growth
in successful patent applications. Future research
will show how the measure is correlated with
other
macroeconomic
fundamentals
in
determining the relationship between innovative
activity and economic growth.

As can be seen in Table 3, we cannot reject the
hypothesis that either variable Granger-causes the
other at the 10% level of significance. Table 4
suggests that neither growth rate is significant at
any conventional levels in explaining the other.
However, since these two tables refer to the
growth rates for the two innovation proxies, a
direct comparison of these growth rates with PSR
is not strictly possible. Overall, it is clear that
PSR yields useful information and significant
predictive power in its correlation with the growth
rate in real GDP for the USA over the period
1915-2001.

RGDPGRO does not
Granger-cause GRANTGRO
GRANTGRO does not
Granger-cause
RGDPGRO

PSR
0.34
1.00
-0.45
0.13

4. Concluding Remarks

Lags: 2
Null Hypothesis

RGDPGRO
1.00
0.34
-0.23
-0.11

2

The augmented Dickey-Fuller statistics, with
probability values in parentheses, are -8.83 (0)
and -5.73 (0), respectively.
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Abstract: Energy consumption in China has attracted considerable research interest since the middle
1990s. This is largely prompted by the environmental ramifications of the extensive use of fossil fuels in
the country to propel two decades of high economic growth. Since the late 1980s, there has been an
increasing awareness on the part of the Chinese government of the imperative for the balance of economic
growth and environmental protection. The government has since taken various measures ranging from
encouraging energy-saving practice, controlling waste discharges to financing R & D programs on
improving energy efficiency. Against this backdrop has seen a constant decline of the energy intensity of
the economy, measured as the ratio of total energy consumed in standard coal equivalent to the real GDP
since 1989. Using the 1987 and 1997 input-output tables for China, the present study examines the impact
of technical and structural changes in the economy on industry fuel consumption over the 10-year period.
Technical changes are reflected in changes in direct input-output coefficients, which capture the technical
evolvement of intermediate production processes. Structural changes refer to shifts in the pattern of final
demand for energy, including the import and export composition of various fuels. Six fuels are included in
the study, namely, coal, oil, natural gas, electricity, petroleum and coke and gas, which cover all of the
energy types available in the input-output tables. It is found that the predominant force of falling energy
intensity was changes in direct energy input requirements in various industries. Such changes were
responsible for a reduction in the consumption of four of the six fuels per unit of total output. Structural
changes were not conducive for improving energy efficiency. These findings are consistent with previous
studies, which used shorter timeframes of data. However, unlike the previous studies, technical changes
are differentiated between direct and total input requirements. This allows the separation of the impacts on
energy use of energy-saving technologies in the production process and of the externalities of such
technologies due to input-output linkages.
Keywords: energy intensity; input-output tables; technical changes; structural changes.
technical and structural changes in the economy
on industry fuel consumption over the 10-year
period. Technical changes are reflected in
changes in direct input-output coefficients,
which capture the technical evolvement of
intermediate production processes. Structural
changes refer to shifts in the pattern of final
demand for energy, including the import and
export composition of various fuels. Six fuels
are included in the study, namely, coal, oil,
natural gas, electricity, petroleum and coke and
gas (CG), which cover all of the energy types
available in the input-output tables. It is found
that the predominant force of falling energy
intensity was changes in direct energy input
requirements in various industries.
Such
changes were responsible for a reduction in the
consumption of four of the six fuels per unit of
total output.
Structural changes were not
conducive for improving energy efficiency.
These findings are consistent with previous
studies, which used shorter timeframes of data.

1. INTRODUCTION
Energy consumption in China has attracted
considerable research interest since the middle
1990s.
This is largely prompted by the
environmental ramifications of the extensive use
of fossil fuels in the country to propel two
decades of high economic growth. Since the late
1980s, there has been an increasing awareness on
the part of the Chinese government of the
imperative for the balance of economic growth
and environmental protection. The government
has since taken various measures ranging from
encouraging energy-saving practice, controlling
waste discharges to financing R & D programs
on improving energy efficiency. Against this
backdrop has seen a constant decline of the
energy intensity of the economy, measured as the
ratio of total energy consumed in standard coal
equivalent to the real GDP since 1989. Using
the 1987 and 1997 input-output tables for China,
the present study examines the impact of
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and Section 4 discusses the data and empirical
results. Finally, some concluding remarks are
contained in Section 5.

However, unlike the previous studies, technical
changes are differentiated between direct and
total input requirements.
This allows the
separation of the impacts on energy use of
energy-saving technologies in the production
process and of the externalities of such
technologies due to input-output linkages.

2. A
SNAPSHOT
CONSUMPTION
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Figure1. Total energy and energy intensity
Table 1. China's Energy Balance by Major Fuel
Type:
Total Domestic Production-Total Domestic
Consumption
Natural HydroYear Total
Coal
Oil
Gas
power

1985 8,864.0 4,152.5 4,766.5

23.9

-78.9

1986 7,274.0 2,517.5 4,776.1
1987 4,634.0 245.5 4,438.4

-8.9
6.0

-10.6
-56.0

1988 2,804.0 -833.2 3,733.9

-36.9

-59.8

1989 4,705.0 1,644.7 3,040.6
1990 5,219.0 1,898.4 3,360.5

94.1
5.7

-74.4
-45.6

1991 1,061.0 -1,289.5 2,383.2

21.2

-53.9

1992 -1,914.0 -2,950.5 1,166.6
1993 -4,934.0 -4,463.1 -342.7

70.9
17.3

-201.0
-145.5

1994 -4,008.0 -3,480.9 -459.9

-76.2

9.0

1995 -2,142.0 -694.7 -1,536.2 90.5
1996 -6,332.0 -4,066.9 -2,465.9 151.3

-1.6
49.6

1997 -5,763.0 -3,176.5 -2,660.8

68.7

5.6

ENERGY

Energy consumption in China has predominantly
comprised of uses of fossil fuels, particularly,
coal. However, the share of coal consumption in
China’s total energy consumption over the 10
years to 1997 had declined by about 3 per cent.
This compares with an increase of nearly 6 per
cent over the preceding 10-year period. The time
series paths of total energy consumption and
energy intensity are depicted in Figure 1. While
total energy consumption has risen continuously,
energy intensity has been falling since 1978
except for 1988 and 1989 when a slight rise was
recorded. Energy intensity rose sharply during
the late 1950s when Great Leap Forward
movement took place. Although the energy
intensity of the economy was improving over the
20 years or so to 1997, the continuous rise of
total energy consumption had implications on
both domestic energy production and
international energy markets. Table 1 presents
domestic production and consumption of four
primary fuels, namely, coal, oil, natural gas and
hydro-power. Electricity generated by coalfiring is included in coal. These four types of
fuel comprise total energy use in the country. As
shown in the table, China’s energy consumption
started to exceed domestic energy production in
the early 1990s when the economy entered an
accelerated growth period.

Figure 1. Total energy and energy intensity
1600

OF

As energy consumption increasingly exceeds
domestic energy production, China has turned
from an energy-exporting country to an energyimporting country. As Table 1 shows, the 1992
total energy consumption was in “deficit” by
about 19 million tons of SCE. This grew to 58
million tons of SCE in 1997. Although coal
consumption exceeded coal production by 20
million tons of SCE over the period 1991 to
1997, the gap was not responsible for surging
energy imports as it was filled by coal stocks.
The predominant contributing factor was the
import of crude oil and petroleum products.
Over the 7 years, a net import of 5.1 million tons
of crude oil and petroleum products was
recorded.

Unit: 10,000 ton of SCE (Standard Coal Equivalent)

The plan of the paper is as follows. A snapshot
of China’s energy consumption is included in
Section 2, whereby the growth rate of energy use
and the balance of domestic production and
consumption of energy are presented. Section 3
depicts the input-output analytical framework,

Of the six broad sectors, namely, Agriculture,
Industry, Construction, Transportation, Post and
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Telecommunications, Commerce, Household
and Others, the industry and household sectors
accounted for 84 per cent of total energy
consumed in 1997, with 72 per cent attributable
to the former. The industry sector consists of
mining, manufacturing and production of
electricity, gas and water, with the
manufacturing sub-sector contributing 78 per
cent of its total energy consumption. The
chemical and metal products industries were the
largest consumers of energy and responsible for
over 40 per cent of total manufacturing energy
consumption.

jth category of the final demand for the ith
industry; and i is the unit vector.
Suppose m of the n industries belong to the
energy sector. The rows (output by industry)
and the columns (input by industry) in equation
(1) can swap positions so that the energy
industries and non-energy industries can be
grouped in blocks, that is,
QE
Q=

n×1

n×k

n×k

(2)

(3)

Qt − Qs = ( At − As ) * Rt * Ft * i
E

E

E

E

+ As * ( Rt − Rs ) * Ft * i
E

(4)

+ Bs * ( Ft − Fs ) * i
The three items on the right-hand side of
equation (4) measure the change of energy
consumption due to changes in technologies
governing intermediate energy requirements
(direct energy input requirements), changes in
total input requirements, and changes in final
demand, respectively.

Q = ( I − A ) −1 ∗ F ∗ i = R ∗ F ∗ i
n×n

*Q + F *i

Adding time subscripts to the above equation,
one can decompose the change of energy
consumption between two time periods, t and s ,
as below.

or,

n×1

A NE

( n −m )×n

where J = [I m 0 m×( n−m ) ] .

(1)

k ×1

E
A
m×n

Q E = ( A E * R + J) * F * i = B * F * i

The input-output model for an economy with n
industries can be written as,
n×n

=

In equation (2), A E characterises the production
technology governing intermediate energy
requirements by both the energy and non-energy
sectors. Therefore, the total energy consumption
(output) can be expressed in terms of the inputoutput coefficients and final demand as the
following:

The input-output modelling technique has been
extensively used in decomposition analyses of
sectoral energy consumption. This is mainly
because an input-output table conveniently
presents an exact quantitative relationship
between the energy sector and its users. Some
recent studies in this regard include
Mukhopadhyay and Chakraborty (2002),
Kagawa and Inamura (2001), Garbaccio et al
(1999), Hudson and Jorgenson (1998), Rose
(1999), Chen and Rose (1990), and Lin and
Polenske (1995). The Garbaccio et al and Lin
and Polenske studies focus on China’s energy
consumption in general and energy intensity in
particular. Both studies used latest available
SNA input-output tables from China, with the
1995 one for the Garbaccio study and the 1987
one for the Lin and Polenske study. All of them
found technical changes to be the major source
of energy intensity decline.

n×1

Q NE

( n− m )×1

3. ANALYTICAL FRAMEWORK

Q = A ∗Q + F ∗ i

m×1

k ×1

4. Data and Empirical Results
where the element in the ith row in Q , q i ,
represents the total output of industry i ; the
element in the ith row and jth column in A ,

The data for the present study are China’s 1987
and 1997 input-output tables. The 1987 one is
China’s first input-output table compiled based
on the SNA system, which has been adopted for
compiling subsequent input-output tables. The
1997 one is the latest available input-output table.

aij , represents the amount of q j required to
produce a unit of qi ; and the element in the ith
row and jth column in F , f ij , represents the
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Since the total output of the economy has
increased more than 15 times from 1987 to 1997
(calculated based on the two input-output tables),
it is not surprising that the 10-year period has
seen the gigantic leaps of fuel consumption for
all the 6 fuels.

The industries in the input-output tables are
aggregated into 6 energy sectors/products,
namely, coal, crude oil, natural gas, electricity,
petroleum, and CG, and 18 non-energy sectors.
The sectors and their shares of energy
consumption are listed in Table 2. It is clear that
the relativity of the shares of sectoral energy
consumption has barely changed over the 10
years; Metal Products, Chemical, Residential,
and Building Materials remain the top four
energy consumers. This suggests that the decline
of energy intensity of the economy could not be
caused by industry structural change. The fact
that the residential sector accounts for a
prominent share of total energy consumption
gives rise to the importance of final demand in
driving the energy demand of the economy.

The changes in direct energy input requirements,
E
E
( A1997 − A1987 ) , have resulted in energy savings
for all the fuels except Natural Gas and CG. The
most significant saving has occurred for crude oil
and petroleum products, followed by coal. This
outcome is attributable to recent practice in
China. Since the early 1990s, China has been
alarmed by the shortage of oil to fuel its
economy and by the deterioration of its
environment. Various measures have since been
implemented, which amount to increasing the
efficiency of using oil products and curbing coal
consumption.

The data in the 1987 input-output table are rebased on 1997 prices using ex-factory price
indices of industrial products for the 1988-1997
period (source: China Statistical Yearbook 1998,
China Statistical Yearbook 1994).

Since the changes in direct energy input
requirements were conducive to bringing down
total energy consumption, they must also reduce
energy intensity. This is because the elements in
A E are measured as the energy cost per unit of
total output, and their changes that have led to a
reduction in total energy consumption have
necessarily resulted in a reduction in energy
intensity for a given level of total output.

Table 2. Shares of Total Energy Consumption
% of Total SCE
Sector
1987
1997
Coal
3.96
4.19
Crude Oil
1.78
2.55
Natural Gas
0.12
0.03
Electricity
3.43
7.29
Petroleum
1.42
3.21
Coking and Gas
1.05
2.45
Agriculture
5.16
4.27
Mining
1.68
1.16
Foodstuff
3.35
2.78
Textile
3.07
2.55
Timber and Paper
1.08
1.95
Other manufacturing
2.97
1.36
Chemical
12.57
13.95
Building Materials
10.68
8.91
Metal Products
15.67
16.28
Machinery
5.05
3.76
Construction
1.45
0.85
Transport. and Telecom.
4.76
5.46
Commerce
1.05
1.73
Residential
16.53
11.85
Other Services
3.18
3.40

Compared with direct energy input requirements,
total input requirements include both energy and
non-energy inputs for intermediate production as
well as final consumption. Hence, changes in
total input requirements reflect changes in the
inter-industry relationships or the structure of the
economy. Over the period under study, such
changes, ( R1997 − R1987 ) , have generally increased
fuel consumption, with a fuel reduction only
recorded for crude oil.
In contrast, changes in total input requirements
will generally cause changes in not only energy
consumption,
as
described
by
E
As * ( Rt − Rs ) * Ft * i , but also total output, as
described by ( Rt − Rs ) * Ft * i . Such changes can
either increase or decrease energy intensity,
depending on if

The increases of the consumption of the six fuels
over the period 1987-1997 is analysed in Table 3.
In particular, the increases are decomposed into
the three parts described in equation (4).

W E * As * ( Rt − Rs ) * Ft * i W E * As * Rs * Fs * i
>
i ′ * ( Rt − Rs ) * Ft * i
i ′ * Rs * Fs * i
E
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E

or otherwise. The W E in the above inequality
contains fuel conversion factors and is
conformably dimensioned so that the numerator
equals total energy consumed. In the present
study, the left-hand-side of the inequality is the
impact on the energy intensity in 1997 of
changing total input requirements, whereas the
right-hand-side of the inequality represents the
energy intensity in 1987.
Evaluating the
inequality using the two input-output tables (in
1997 prices) gives 0.36 and 1.01 tons of SCE per
ten-thousand Yuan of output for the two
quantities, respectively. This implies that the
newly increased output consumed less energy
than the same amount of output would have
consumed had the total input requirements
remained unchanged. The net outcome is the
abatement of energy intensity in 1997.

compositional and level changes in final demand
are then represented by [ F1997 − ( I + G ) * F1987 ]
and
,
[( I + G ) * F1987 − F1987 ] = G * F1987
respectively, with the sum of the two equal to the
overall changes in final demand.

The third source of change for energy
consumption is final demand. Unlike the other
two factors, increases in final demand amount to
augmenting the scale of an economy, which
ought to lead to increases in energy consumption
ceteris paribus. The increases in final demand,
( F1997 − F1987 ) , have led to increases in energy
consumption across the board. Crude oil has
been affected most; the increment of its
consumption has largely outweighed the savings
accrued by the other two factors.

The effects of the two types of change on energy
consumption are presented on the two rows
labelled
and
B1987 * [ F1997 − ( I + G ) * F1987 ] * i
B1987 * [( I + G ) * F1987 − F1987 ] * i in Table 3,
respectively. The compositional changes in final
demand have resulted in savings in coal and CG
consumption, whereas the level changes have
dampened electricity consumption. However,
none of the changes have reduced the
consumption of crude oil and petroleum products,
the two largest components in China’s imports of
energy.

( I + G ) * F1987 assumes that every component of
final demand for a particular product or industry
grew constantly between 1987 and 1997. Taking
into account the overall growth of final demand,
[ F1997 − ( I + G ) * F1987 ] shows changes in final
demand merely caused by varied growth of the
components, namely, compositional changes.
Similarly, [( I + G ) * F1987 − F1987 ] reflects only
level changes as the composition of final demand
is assumed unchanged over the course 19871997.

However, final demand changes entail changes
in the level as well as in the composition, which
may have different effects on energy
consumption. To distinguish these two types of
effects, ( F1997 − F1987 ) , is to be further
decomposed.

Similarly, changes in final demand cause
changes in total output which, in turn, consumes
more energy. Therefore, final demand changes
will raise energy intensity if the inequality below
holds,

In the present study, four components of final
demand are considered, namely, total final
consumption, total investment, the balance of
trade and Other. The Other category was created
by China’s State Statistical Bureau to
accommodate residuals in order to make inputoutput tables balanced.

W E * As * Rs * ( Ft − Fs ) * i W E * As * Rs * Fs * i
>
i ′ * Rs * ( Ft − Fs ) * i
i ′ * Rs * Fs * i
E

E

Evaluating the left-hand side of the expression
gives 2.3 tons of SCE per ten-thousand Yuan of
output, which points to a worsening in energy
intensity.

To quantify the effects of compositional changes
in final demand on energy consumption, the
growth rate of each final demand component is
calculated first. Then, the individual growth
rates are averaged for each industry.

5. CONCLUDING REMARKS
Using the 1987 and 1997 input-output tables
from China, the present study has analysed the
source of energy use changes over the period
1987-1997. In particular, three such sources
have been investigated, namely, direct energy
input requirements, total input requirements and

Let G be a diagonal n × n matrix containing the
average growth rates of various final demand
components for all n industries.
The
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final demand. It is found that the changes in
direct energy input requirements are the most
significant source of energy consumption decline
and hence energy intensity decline. The changes
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in both total output and energy consumption, but
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energy intensity. Finally, final demand changes
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and increased energy intensity.
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Table 3. Decomposition of Energy Consumption: 1987-1997 unit: million Yuan
Coal
Crude Oil Natural Gas
Electricity

Q1997

E

Q1987

E

Q1997 − Q1987
Subdivided into
E
− A1987 ) * R1997 * F1997 * i
E

( A1997

E

E

2,227,479.1 1,075,013.5

556,381.0

110,206.2

146,241.1

9,980.4

2,117,272.9

928,772.4

546,400.6

-530,947.0

-432,256.2

308,080.8

A1987 * ( R1997 − R1987 ) * F1997 * i
E

103,270.9
420,379.0 -681,886.1
B1987 * ( F1997 − F1987 ) * i
135,048.9
2,227,840.8 2,042,914.8
Subdivided into
B1987 * [ F1997 − ( I + G ) * F1987 ] * i -2,153,179.7 1,278,989.2
13,196.6
B1987 * [( I + G ) * F1987 − F1987 ] * i 4,381,020.5 763,925.6
121,852.3
Proportions of increase (%)

( A1997 − A1987 ) * R1997 * F1997 * i
E

E

-25.1

Petroleum

CG

3,908,709.3 2,183,769.5 1,053,919.4

155,268.3

214,619.4

30,032.0

3,753,441.0 1,969,150.1 1,023,887.4

-434,822.1 -2,435,089.5

280,362.8

518,882.6

21,230.7

3,520,977.1 3,885,357.0

722,293.9

4,872,921.3 2,247,232.8

-115,565.1

-1,351,944.2 1,638,124.3

837,859.1

667,286.0

-46.5

56.4

-11.6

-123.7

27.4

A1987 * ( R1997 − R1987 ) * F1997 * i

19.9

-73.4

18.9

17.8

26.4

2.1

B1987 * ( F1997 − F1987 ) * i

105.2

220.0

24.7

93.8

197.3

70.5

E
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Abstract: Tamborine Mountain is a 25 square kilometre plateau located within the urban-rural fringe of the
Gold Coast, Queensland, Australia. Renowned for its superb climate, spectacular views, lush farmland and
subtropical rainforest, Tamborine Mountain offers a wide variety of nature-based tourism activities such as
bushwalking, rainforest appreciation and wine tasting. This phenomenon requires the harmonious
development of tourism and the environment. This paper examines site planning at Tamborine Mountain,
with a focus on two of its main tourist attractions, namely the Winery and National Parks. A strategic
approach is used to evaluate some of the strengths and weaknesses of their existing site planning against
opportunities for tourism development. Documentations of local government laws and regional planning are
collected from local authorities and libraries, and communications during field trips are analysed to evaluate
site planning in these attractions. Some broad recommendations are made for future strategic site planning
and development.
Keywords: Site planning; wine tourism; national parks; ecotourism

1. INTRODUCTION
Tamborine Mountain is a 25 km square volcanic
plateau located within the urban- rural fringe of the
Gold Coast in Queensland, Australia (see Figure
1). According to Davis et al. (1994), urban-rural
fringe arises as a result of urbanisation, and the
community (namely businesses and individuals)
becomes attracted, and attempts to compromise the
relative benefits of living in urban and rural
locations.
Tourism has existed on Tamborine Mountain as far
back as the late nineteenth century when the first
guest house was built in 1898. Well known for its
Gallery Walk, award winning wineries and
National Parks, Tamborine Mountain is popular
with day excursion visitors from Brisbane and the
Gold Coast. Approximately 500,000 visitors are
attracted to Tamborine Mountain each year
[Weaver and Lawton, 2001].
Hence, sound
development planning in Tamborine Mountain is
paramount to environmental and tourism
sustainability.
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The purpose of this paper is to examine critically
some tourism site planning issues of the Mount
Tamborine Vineyard and Winery (or MT Winery
in short) and the National Parks, namely the
facilities, opportunities and residents’ general
concerns of Tamborine Mountain.
Local government regional planning documents,
and communications with local authorities and
winery management on field trips, are analysed to
evaluate site planning in these attractions. Finally,
some broad recommendations are made for future
strategic site planning and development.

2. MT WINERY PLANNING
MT Winery has a friendly and cosy atmosphere
because of its architectural design and landscaping,
blending with its physical and local environment.
It is situated in close proximity to Gallery Walk
where an array of craft shops, art galleries,
markets, accommodation and dining facilities are
available.

In terms of location, MT Winery has a
comparative advantage over the other wineries in
the same region (namely at Canungra and
Beaudesert), which provides an added incentive
for visitors to combine their day trip to the national
parks and/or rainforests.
The guidelines and requirements for implementing
tourism projects are based on the Beaudesert Shire
Council [1997] Development Control Plan (DCP)
No. 1 and DCP Planning Study. However, no
specific control measures were imposed on, and no
environmental impact assessment (EIA) were
required from, winery owners as these procedure
were not enforced in the early 1990s. It seems that
the guidelines for the site development and design
of MT Winery followed the General Requirements
for Commercial Developments.
In site development, minimum landscaping is
usually required and encouraged by the local
government to relate the site to the local
environment [Tonge and Myott, 1989] and should
preferably include native plants and previous
existing features of conservation value as per the
Visual Landscape Protection requirements [DCP
Planning Study, 1997].
Adequate and safe public access to the premises
should be provided for the handicapped, sensoryimpaired and elderly visitors.
For instance,
features such as footpaths, rails, and ramps for
wheelchairs, low-positioned fountains and
interpretative devices should be incorporated in the
overall structural design of the attraction [Inskeep,
1998].
Wheelchair access has been provided at MT
Winery from the parking area to the premises.
However, this does not extend to the sloping
recreational grass area.
Moreover, water
fountains, interpretative devices and rails are not
installed in the amenities.
All signage should be displayed attractively and
appropriately to allow traffic to flow smoothly in,
out and around the site. Signage for parking and
other facilities such as toilet amenities, is either
non-existent, inadequate or not well positioned.
Most standards for site design are stipulated by
local authorities for conservation purposes or to
minimise environmental impacts.
Standards
usually include architectural style, local building
materials, drainage, sewage disposal, water and
power supply.
The architectural design of the main building
should convey the image of the tourist attraction
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on display to give visitors a “distinct sense of
place” [Inskeep, 1998]. MT Winery has a wine
cellar with low ceilings, typical of wine storage
areas. The timber frame blends with the local and
natural environment.
The relationship between the physical environment
and the site design is very important and should be
attractive. The MT Winery land configuration of
sloping landscapes conforms to the semi-rural
character of Tamborine Mountain.
The use of building materials, such as timber and
brick, should relate to the architectural style of the
buildings. Furthermore, the materials should be
sourced locally to blend in with the environment.
As per the local government requirements, the
materials used for the external structure of MT
Winery main building is made from cedar, with
sloping corrugated metal roof. The adjacent
building is built with bricks and has a timber
verandar. Supplies of the building materials are
obtained locally and from the Gold Coast.
To minimise impact on the environment in relation
to irrigation, drainage, water supply, waste
disposal and landscaping, MT Winery uses solar
energy, insulation, natural ventilation, automatic
shut-off lights, environmentally friendly sprays
and compost wine waste.
The absence of inter-industry integration often
leads to the lack of cohesion and market research
by wine makers, as evident in New Zealand and
the Canberra District in Australia [Macionis and
Cambourne, 2000]. Unlike the adjacent wineries,
MT Winery does not operate a restaurant or hold
special events like jazz festivals and wedding
receptions.
By establishing accommodation and conference
facilities in MT Winery, they could enhance its
competitive position in the provision of an
integrative wine experience. The latter includes
wine, food, accommodation, festivals and other
special features, which are implemented in the
Leeuwine Estate (Margeret River, Western
Australia) and Seppeltsfield (Barrossa Valley,
South Australia).
The hosting of special events can raise awareness
and visitations to wine regions, as in the case of
Waikato or the Bay of Plenty in New Zealand
[Hall and Johnson, 1998]. Hence the organisation
of events and festivals through rigorous marketing
and promotional campaigns can draw visitors to
the MT Winery. The former could also serve as a
drawcard for international tourists to Tamborine
Mountain, particularly the Japanese market which

accounted for about 20% of all arrivals to
Australia.
Education and interpretive centres are also absent
at MT Winery. Organised tours around the winery
for visitors are only conducted by appointment.
An education centre could be established to
educate visitors in all aspects of the winery’s
operations. MT Winery could also develop a
theme to distinguish itself from its competitors.
There is a need to undertake market research to
establish the profile of the winery’s visitors and
demand, for future strategic site planning of the
attraction.

3. NATIONAL PARKS PLANNING
The functions of national parks include the
protection and conservation of nature, provision of
nature related recreational activities, research and
education, and tourism development. National
parks are important for protecting natural reserves.
They conserve habitat areas and biodiversity,
maintain ecosystem functions, protect geological
and geomorphologic features, and preserve natural
landscapes.
Tamborine Mountain has nine national parks with
tropical rainforest and sanctuaries where
distinctive fauna, flora and a multitude of wildlife
exist.
The national parks offer a range of
recreational activities such as bushing walking,
bird watching, photographing, back camping and
barbecue. Each national park presents a natural
recreation offering with different types of park
setting and theme.
Ecotourism is another function of national parks.
They provide opportunities for public appreciation
and sustainable visitor use of environmental
resources. Disturbance of national parks may come
from both natural and human factors, including
among others, fire, storm, littering, back camping,
introduced plants and animals.
Proper planning, management and monitoring are
required to minimise disturbance to national parks
so as to conserve natural habitats and host
environment. Weaver and Oppermann [2000]
argue that the planning of national parks should be
based on the principles of ecotourism. First,
tourism should not endanger environment. Second,
tourists should acquire knowledge about nature
and finally, tourists should be educated to be ecosensitive. Tourism without any of these three
aspects is not ecotourism.
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National Park needs to be developed in a
sustainable manner. Moscardo [1998] summaries
the three core principles of sustainable tourism,
which are quality (i.e. providing a quality
experience for visitors), continuity (i.e. ensuring
continuity of the natural resources), and balance
(i.e. balance the needs of hosts, guests and the
environment).
Balancing conservation and appropriate level of
recreational use is critical in the planning and
sustainable management of national parks [Noe et
al., 1997]. Many national parks in the UK and
USA have struggled to balance public interests in
outdoor recreation with protection of natural
environment, and most national parks in the two
countries lack proper site planning.
The following discussion refers specifically to site
planning in three national parks, namely the Knoll,
Joalah and Palm Grove National Parks. Some of
the strengths have been identified as follows:
• Location
Renowned for its superb climate, spectacular
views, lush farmland and subtropical rainforest, the
National Parks offer a wide variety of nature-based
tourism activities such as bushwalking and
rainforest appreciation. Therefore, the location
and offerings of these parks attract visitors from
South-East Queensland and ensure that tourism
development in the area has sufficient visitor
volume.
• Bush Walking Tracks and Settings for Lookout
View
The walking tracks and settings for lookout view
are well planned and established according to the
Queensland Ecotourism Plan. The communities,
environmentalists and professional developers
have been involved in the planning process.
The small paths and steep slopes are deliberately
constructed by the environmentalists and
developers to control tourist flows into the key
resource protection zone of the national parks.
• Educating the Local Communities and Next
Generation
A series of educational booklets for the public
have been produced by the local government. Field
study and classroom activities are also conducted
to assist the community to learn about the value of
national parks.
• Protection of Water Catchment from Erosion
Some waterways in Palm Grove National Park
have been developed into riparian zone model.
Such planning is beneficial to soil stability,

terrestrial

removal and treatment, and adequate disposal
facilities.

• Guidelines on Safety and Care in National
Parks
Guidelines on how visitors should behave in
national parks have been developed by the relevant
authorities. The guidelines also contain educational
information on safety and care in the forest.

There are inadequate provision of waste collection
facilities in the national parks. For instance, only 1
to 2 bins are provided at the entrance of each park.
The instructions for visitors to bring their leftovers
out of the parks are carved on a very small wooden
board near the entrance. Not surprisingly, garbage
has been left along the walking tracks and some
visitors have picnic in restricted areas.

ecology of both aquatic and
environments, and water quality.

The study has also identified several weaknesses
of the existing planning of the national parks,
which include:
• Lack of Planning on Zoning
Buffer zone is the land outside the core area in a
preserved region, intended to minimize human
impact in the region. There are indications of
improper zoning of the national parks. For instance,
Joalah National Park is the most affected region by
disturbance caused by major traffic flows from
Brisbane to Tamborine Mountain.
Traffic noise penetrates through Joalah’s forest
because the latter is too close to the major road.
Moreover, as Queensland State Forest argues, the
lack of town and road planning is adversely
affecting the preservation of habitats in Tamborine
Mountain.
• Absence of Planning on Education and
Interpretation for Visitors
Ecotourism without interpretation is not
ecotourism.
[Charters
and
Law,
2000].
Interpretation is defined as “an educational activity
which aims to reveal meanings and relationships
through the use of original objectives, by first hand
experience, and by illustration media, rather than
simply to communicate factual information”
[Tilden, 1977, cited in Moscardo, 1998, p.3]. The
aims of providing interpretation are to enhance
visitor experience, encourage appropriate tourist
behaviors, and attain sustainable tourism
development. Unfortunately, the interpretative
materials for visitor education can only be found in
the local library, with no interpretation available
on site.
There are no signage to inform the public that
smoking and feeding of animals/birds are not
allowed in the Joalah National Park. Such
behaviors can cause danger to the preserved areas
such as fire threat and aggressive animal behavior.
• Inadequate Garbage Bin and Disposal Facilities
Waste management is important in developing
ecotourism facilities. National Parks should
provide environmentally sound methods of waste
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The weaknesses of existing planning need to be
addressed in the future development of the national
parks. Some suggestions include:
• A proper ecotourism plan that involves
environmentalists and the community needs to
be developed regarding the provision of
interpretation and educational information on
the national parks.
• Developers and rangers need to reconsider the
zoning of the parks. Dangerous human
activities should be prohibited in the parks so
that the natural habitats are not endangered.
• Various facilities such as rubbish collection
and signage need to be improved.

4. CONCLUSION
The focus of the research is directed at analysing
the strengths and weaknesses of existing planning
of three national parks (the Knoll, Joalah and Palm
Grove National Parks) and a winery on Tamborine
Mountain, which are in close proximity to Gallery
Walk. The weaknesses have to be addressed in
future development of the two attractions.
Some aspects of site development and design of
MT Winery have been examined. They generally
comply with the local authorities’ standards and
regulations. The wine and tourism industries need
to improve cooperation to monitor and sustain
wine tourism in the region. Collaborative planning
can maximise customers’ satisfaction and
encourage repeat visitation.
Ecotourism and national parks are closely linked.
Developing
tourism
without
endangering
ecosystem is the problem that most national parks
are facing, and harmonious planning of tourism
and national parks is the responsibility of all
relevant planners.
Accessibility to Tamborine Mountain is facilitated
by bus and mountain shuttle services for visitors.

But traffic congestion especially on weekends, and
near scenic lookouts and hand gliding areas, pose a
problem to visitors accessibility and a major
concern to local residents.
The detailed study by Weaver and Lawton (2001)
on resident attitudes towards tourism on
Tamborine Mountain, shows some dissension
within the local community.
Based on
questionnaire survey, the results show that the
majority of the 462 household participants either
support or have neutral attitude towards tourism.
Those who opposed tourism tend to be long-term
residents who have minimal contacts with tourists.
According
to
Inskeep
[1991],
adequate
infrastructure such as roads and transport, is very
crucial in the development of tourism.
Furthermore, proper infrastructure management
not only serves the needs of tourists and the local
community, but it also reduces the negative
environmental impacts on the surrounding area.
Planning is a dynamic process. Improvement on
planning will surely enhance both tourism and
environmental protection in the Tamborine
Mountain region.
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Figure 1
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Abstract: International tourism demand, or tourist arrivals, to Australia has recently experienced dramatic
fluctuations due to changes in the economic, financial and political environment. However, variations in tourism
demand, specifically the conditional variance, or volatility, have not previously been investigated. An analysis of
such volatility is essential for investigating the effects of shocks in tourism demand models. This paper models
the conditional mean and conditional variance of the logarithm of the monthly tourist arrival rate from the four
leading tourism source countries to Australia, namely Japan, New Zealand, UK and USA, using three
multivariate static or constant conditional correlation (CCC) volatility models, specifically the symmetric CCCMGARCH model of Bollerslev (1990), symmetric VARMA-GARCH model of Ling and McAleer (2003), and
asymmetric VARMA-AGARCH model of Chan, Hoti and McAleer (2002). Monthly data from July 1975 to July
2000 are used in the empirical analysis. The results suggest the presence of interdependent effects in the
conditional variances between the four leading countries, and asymmetric effects of shocks in two of the four
countries. This is important as it emphasizes interdependencies between major tourism source countries, as well
as the asymmetric effects of positive and negative shocks in tourism demand. The estimated CCC matrices for
the three models are not substantially different from each other, which confirms the robustness of the estimates
to alternative specifications of the multivariate conditional variance.
Keywords: International tourism demand, arrival rate, volatility, conditional variance, multivariate GARCH
models, symmetries, asymmetries, constant conditional correlation.

of Asia, particularly East Asia, dominating the
market share.

1. INTRODUCTION
According to the World Tourism Organization
(WTO), international tourism encompasses the
activities of visitors who make temporary visits
across international borders, outside their usual place
of work and residence, and remain for more than 24
hours. The primary purposes of travel can be
leisure, visiting friends and relatives, business,
convention or meetings, health, education, religion
or sport.

Although Australia’s share of international tourism
receipts is relatively small, accounting for 1.8% in
2000, its share has increased steadily, thereby
positioning the country among the world’s leading
twenty tourism earners. Australia was ranked
number 27 in 1985, 14 in 1990, and 11 in 2000,
according to the World Tourism Organization
(World Bank, 2001). In regional terms, as a tourist
destination in East Asia and the Pacific, Australia
moved from number 9 to 8 from 1990 to 2000. The
emergence of travel and tourism as a significant
force on the credit side of the balance of payments
has not only reduced Australia’s reliance on exports
of primary (rural and mining) products, but also
contributed to Australia’s export earnings.

During the late 1980s, while the principal focus of
macroeconomic policy was on a persistent and
substantial current account deficit and rapid
accumulation of foreign debt, the demand for
international tourism to Australia grew rapidly.
While Australia’s share of total international tourism
arrivals remains small in absolute terms, inbound
tourism to Australia was increasing rapidly prior to
the Asian currency and economic crises in late-1997,
due primarily to the rapid rise in inbound tourism
from East Asia. Australia’s inbound tourism market
is diverse, with arrivals from Japan and other parts

In the 1990s, there was strong growth in
international tourist arrivals to Australia. The main
factors that generally affect inbound travel are the
confidence of tourists, the global economy and
exchange rates. The share of short-term arrivals
from Asia has also increased dramatically, from
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15% in 1976 to 51% in 1996 and 42% in 2000.
Between 1990 and 1996, Australia experienced the
largest average annual percentage growth of 23% in
tourist arrivals from Asia, which far exceeded the
average annual percentage growth rate (10.5%) of
all tourist arrivals to Australia (Australian Bureau of
Statistics, 1997). Due to the Asian economic and
financial crises, inbound tourist flows decreased in
1998, but growth returned in 1999. Strong growth
was experienced in 2000 and the tourism industry
benefited substantially from the Sydney Olympics.
During 1999-2000, international tourism generated
export earnings of $17.8 billion, or approximately
16% of Australia’s aggregate export earnings and
63% of international trade in services, and created
more than 550,000 jobs, comprising 6% of total
employment in the country (Australian Bureau of
Statistics, 2002). As the fluctuations, or volatility, in
tourist arrivals can have a substantial impact on
management decision making in both the private and
public sectors, it is important to examine how
volatility changes over time.

closest neighbour, New Zealand is expected to be a
prominent source market, especially given a similar
cultural heritage and immigration procedures. In
return, Australia is New Zealand’s leading tourist
destination, and attracts more than 50% of New
Zealand’s total outbound tourists. The high market
share is due to Australia’s geographical proximity,
frequent air services between the two countries, and
affordability for New Zealand tourists. Over 80% of
New Zealand tourists to Australia are repeat visitors.
With a 12% share of total short-term arrivals from
the UK, the latter has been Australia’s third main
tourism source country since 1989, followed by the
USA in fourth place.
Besides the extensive
historical ties, Australia also has strong visiting
friends/relatives (VFR) links with the UK. The UK
accounted for about 53% of total European arrivals
to Australia in 1999-2000, and is the largest source
of backpackers and working holidaymakers from
Europe to Australia. Although VFR has been the
main purpose of visit indicated by UK tourists, there
has been a gradual shift since 1998 for holidays to
be the main reason for travelling to Australia. The
largest group of visitors by age group is the 55 years
and over cohort.

This paper models the time series behaviour of the
logarithm of the monthly arrival rate and its
conditional variance from the four leading tourism
source countries to Australia, namely New Zealand,
Japan, UK and USA. These four countries comprise
over 58% of total tourist arrivals to Australia from
foreign countries.

North America, particularly the USA, is Australia’s
biggest competitor for UK tourists on long-haul
travel. Tourist arrivals from the USA to Australia
grew strongly in the late 1980s. This was due
largely to the invaluable media exposure Australia
received as a result of the popular Crocodile Dundee
movies in 1986 and 1988, the America’s Cup yacht
race in Fremantle, Western Australia in 1987, and
Australia’s Bicentennial Celebrations and the World
Expo in 1988. International travel by US residents
continued to grow between 1990 and 2000, in spite
of the Gulf War, political conflicts in Europe and the
Middle East, and the Asian economic and financial
crises. The USA was ranked second in international
travel debits in 1996, but its share of the world travel
debit decreased from 15% in 1990 to 13% in 1996
(International Monetary Fund, 1997). Although
only 1% of US residents travel to Australia, about
10% of total tourist arrivals in Australia were from
the USA in the 1990s.

The plan of the paper is as follows. Section 2
discusses inbound tourism to Australia, and provides
some qualitative descriptions regarding the changes
in tourist arrivals from the four leading tourism
source countries to Australia. Section 3 describes the
data used in the paper. Section 4 discusses
alternative specifications of three static or constant
conditional correlation multivariate GARCH
models. Section 5 provides some concluding
remarks.
2. INBOUND TOURISM TO AUSTRALIA
International tourist arrivals to Australia have more
than doubled in the ten years from 2.1 million
visitors in 1989-1990 to 4.6 million in 1999-2000.
Over this ten-year period, growth was strongest from
Asia (excluding Japan), with an average annual
increase of almost 14%. In 1999, tourist arrivals
from Japan and New Zealand, each representing a
16% share of the inbound market, were Australia’s
major source markets for overseas arrivals. Although
ranked fourth in the 1970s and 1980s, Japan was
Australia’s most important tourist-source country for
much of the 1990s. After growing rapidly in the
early 1990s, tourist arrivals from Japan rose
moderately, resulting in a decrease in market share
from 22% in 1993 to 18% in 1998.

3. DATA
The primary aim of the empirical component of the
paper is to model the logarithm of the monthly
arrival rate and the conditional volatility of the
logarithm of the monthly arrival rate to Australia
(hereafter, the log arrival rate) from the leading four
tourism source countries, namely Japan, New
Zealand, UK and USA. International tourism
demand, or tourism arrivals, to Australia has
experienced dramatic changes in recent years due to
changes in the economic, financial and political
environment.

New Zealand was Australia’s largest inbound
market until 1990, and has returned to this leading
position in 1999 until the present. As Australia’s
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All four countries exhibit upward trends in the log
arrival rate, with clear cyclical and seasonal patterns.
Interestingly, while Japan and UK show a steady
growth in the log monthly arrival rate, New Zealand
and USA show some interesting patterns during the
early and late 80s, respectively. For New Zealand,
the log monthly arrival rate has decreased during the
early 80’s, but retains a similar seasonal pattern, and
increases again towards the late 80s. However, there
seems to be a structural change in the log arrival rate
for the USA, where the time trend seems to have
shifted downwards in the late 80s.

Three different multivariate GARCH models of
volatility will be estimated in Section 4 in order to
examine the conditional volatility of the log arrival
rate for each country, and to investigate their
interdependent relationships.
4.

MULTIVARIATE
MODELS
CONDITIONAL VOLATILITY

OF

Consider the constant conditional correlation
multivariate GARCH model of Bollerslev (1990):

Yt = E (Yt | Ft −1 ) + ε t ,

Volatility is calculated as the square of the estimated
residuals from a ARMA(1,1) process with a
deterministic time trend. If y t denotes the log
arrival rate for a given country and L denotes the lag
operator, that is, Ly t = y t−1 , then

ε t = Dtη t

(1)

Var (ε t | Ft −1 ) = Dt ΓDt
where Ft is the past information available up to time
t, Dt = diag (hit1/ 2 ) , i = 1,..., m , for which m is the total

Volt = εt2 ,

number of assets or markets, and
ρ ij = ρ ji
η t = (η1t ,...,η mt )' .

(1− φL)y t = (1− θL)εt .

which

The volatilities have similar patterns for all four
countries, with volatility clusters but no outliers.
Interestingly, there seems to be a structural change
in the volatility in Japan. There is a larger variability
in the log arrival rate before the 1990s, but this has
been reduced considerably from 1990-2000, which
seems to be a unique feature in the log arrival rate
for Japan. Furthermore, the stylised features that
often appear in financial time series data, such as
clustering and excessive kurtosis, are common in the
log arrival rate for each of the four countries.

Γ = {ρij }, in

i, j = 1,..., m ,

for

and

As Γ = E (η tη t′ ) , the constant conditional correlation
matrix of the unconditional shocks, ε t , is
definitionally equivalent to the constant conditional
correlation matrix of the conditional shocks, ηt .
Bollerslev (1990) proposed the above framework
with

hit = ω i +

A primary reason for modelling the logarithm of the
monthly arrival rate rather than its level is the
presence of unit roots in some of the series. The
Phillips-Perron (1990) (PP) test for stationarity, with
truncated lags of order 5, was conducted using
EViews 4.0 for each of the countries. The PP test
has been conducted in both levels and logarithms of
the series. The test suggests the presence of a unit
root in the monthly arrival rate from Japan and USA
in levels, but shows strong evidence against unit
roots for each of the countries in logarithms. Hence,
all series are stationary after transformation by
logarithms. The tests have also been conducted
using several different lags, but the results were
robust to such changes. Choosing the PP test over
the conventional augmented Dickey-Fuller (ADF)
test is due mainly to the presence of GARCH errors.
While the ADF test accommodates serial correlation
by explicitly modelling the structure of serial
correlation, but not heteroscedasticity, the PP test
accommodates both serial correlation and
heteroscedasticity using non-parametric techniques.
The PP test has also been shown to have higher
power than the ADF test in a wide range of
circumstances (Phillips and Perron (1990)).

r
l =1

α iε it2−l +

s
l =1

β i hit −l

(2)

where i = 1,.., m . Equation (2) is a standard
GARCH(r,s) model of Bollerslev (1986) for asset i
(see Bollerslev, Chou and Kroner (1992), Bollerslev,
Engle and Nelson (1994) and Li, Ling and McAleer
(2002) for comprehensive surveys), in which

r

i =1

α i denotes the short run persistence (or ARCH
s

r

effects of shocks) and  α i +  βi denotes the long
i =1

i=1

s

run persistence (in which  β i are the GARCH
i =1

effects). Although the conditional correlation is
modelled, and hence can be estimated in practice,
the CCC model does not allow any
interdependencies of volatilities across different
assets and/or markets, and does not accommodate
asymmetric behaviour.
In order to allow for interdependencies of volatilities
across different assets and/or markets, Ling and
McAleer (2003) proposed the following VARMAGARCH model:
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Φ ( L )( Yt − µ ) = Ψ ( L ) ε t

(3)

ε t = Dtη t
Ht =W +

r
l =1



Al ε t − l +

s
l =1

(4)

Bl H t −l

where Dt = diag (hit1 / 2 ) , Al and Bl are m × m matrices
with typical elements α ij and β ij , respectively, for
and
i , j = 1,..., m ,
Φ(L) = Im − Φ1L −...− ΦpLp
Ψ(L) = Im − Ψ1L −...− ΨqLq


ε t = (ε 12t ,..., ε mt2 )' .

are polynomials in L, and

If Al and Bl are diagonal matrices, equation (4)
reduces to equation (2), so that the VARMA-GARCH
model has CCC as a special case.
Chan et al. (2002) extended the VARMA-GARCH
model to accommodate the asymmetric impacts of the
unconditional shocks on the conditional variances.
They proposed the VARMA-AGARCH model as
follows:

Φ ( L )( Yt − µ ) = Ψ ( L ) ε t
ε t = Dtηt

(5)

Ht = W +  Alε t −l +  Cl I (ηt −l )ε t −l +  Bl Ht −l
r

r

s

l =1

l =1

l =1

(6)

where Cl is an m × m matrix with typical element

γ ij , and I (ηit )

is an indicator function, given as:


 1, ε it ≤ 0
I (η it ) = 

(7)

0, ε it > 0 .

If m = 1 , equation (6) reduces to the asymmetric
GARCH, or GJR, model of Glosten et al. (1992). If
C l = 0 , equations (5) and (6) collapse to the
VARMA-GARCH model.
The parameters of (3)-(4) are typically obtained by
maximum likelihood estimation (MLE) with a joint
normal density, namely,
θˆ = max −
θ

1 T
log H t + ε t′ H t−1 ε t
2 t =1

(

)

Wooldridge’s (1988) Diagonal model, Engle and
Kroner’s (1995) BEKK model, and the Dynamic
Conditional Correlation (DCC) model of Engle
(2002), which is a special case of the Varying
Constant Correlation (VCC) model of Tse and Tsui
(2002). The BEKK model is concerned with
conditional covariances, but the primary purpose of
multivariate models is to analyse conditional
correlations.
In the next section, the CCC, VARMA-GARCH and
VARMA-AGARCH models will be estimated using
the log arrival rate from the leading four countries.
Tests of asymmetric and interdependent effects will
be conducted, and the stability of the constant
conditional correlation matrices over time will be
examined through the use of rolling windows.
5. EMPIRICAL RESULTS
This section models the conditional volatility of the
log arrival rate from the leading four countries,
namely New Zealand, Japan, UK and USA, using
CCC, VARMA-GARCH and VARMA-AGARCH.
The sample period is from July 1975 to July 2000,
which gives 312 observations for each country.
Estimates of the three models are available on
request. Corresponding to each of the parameters are
the calculated estimate, asymptotic t-ratio and the
Bollerslev-Wooldridge (1992) robust t-ratio. The
time-varying nature of the conditional correlations is
analysed through rolling regressions for the three
models. In order to strike a balance between
efficiency in estimation and a sensible number of
rolling regressions, the rolling window size was set
at 240 observations. The robustness of the
conditional correlation estimates can be examined
through their respective dynamic paths.
All models in this paper are estimated using EViews
4.0, and the Berndt-Hall-Hall-Hausman (1974)
(BHHH) algorithm. Furthermore, p = q = r = s = 1,
with a deterministic time trend in the case of
VARMA-GARCH and VARMA-AGARCH, while
the conditional mean for CCC follows an
ARMA(1,1) process with a time trend.
4.1

(8)

where A denotes the determinant of a matrix A .

When ηt does not follow a joint normal distribution,
equation (8) is defined as the Quasi-MLE (QMLE).
As in the case of VARMA-GARCH, VARMAAGARCH is also typically estimated by QMLE, as
defined in equation (8).
A concise summary and comparison of various
multivariate GARCH models were provided by Chan
et al. (2002), including Engle and Kroner’s (1995)
Vech (or VAR) model, Bollerslev, Engle and
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Multivariate Constant Conditional Correlation
Models

For the estimates of CCC, it is worth noting that all
countries satisfy the second moment condition,
namely α + β < 1 , and hence also the log-moment
condition, which is a sufficient condition for the
QMLE to be consistent and asymptotically normal
(see McAleer, Chan and Marinova (2003)).
Therefore, QMLE is consistent and asymptotically
normal in all cases. Apart from New Zealand, for the
which the GARCH estimate is negative, both the
ARCH and GARCH estimates for the other three
countries resemble those estimated from typical

financial time series. Thus, the α (or ARCH )
estimates are generally small (less than 0.l), and the
β (or GARCH) estimates are generally high and
close to one. Therefore, the long run persistence, (or
α + β ), is generally close to one, which indicates a
near long memory process.

As with the findings in Chan et al. (2002) and Chan
and McAleer (2003) for country risk and financial
market data, respectively, the conditional correlation
matrices for the three models are not significantly
different from each other. UK and USA seem to
have the highest conditional correlation, followed
closely by Japan and UK. The conditional
correlation between Japan and USA is ranked third,
followed by Japan and New Zealand. New Zealand
and UK and New Zealand and Japan are the only
pairs with negative conditional correlations.

It is interesting that CCC does not contain any
information regarding cross-country or asymmetric
effects. In order to examine the interdependent and
dependent effects of volatility from one country to
another, and to capture the asymmetric behaviour of
the unconditional shocks on the conditional
volatility, the VARMA-GARCH and VARMAAGARCH models are also estimated.

In order to examine the time-varying nature of the
correlations of the conditional shocks, rolling
regressions with window size 240 has been
estimated for each of the three models. The dynamic
paths of the conditional correlations for CCC,
VARMA-GARCH and VARMA-AGARCH are
available on request.

Both VARMA-GARCH and VARMA-AGARCH
suggest strong cross-country effects for the log
arrival rate of the four leading countries. In addition,
VARMA-AGARCH detects the presence of
asymmetric behaviour in Japan and New Zealand. In
the case of Japan, the asymmetric effect is 0.360 and
is statistically significant, which implies that a
negative shock in the log arrival rate from Japan has
a greater impact on the conditional variance than a
positive shock. On the contrary, the asymmetric
effect for New Zealand is –0.218 and statistically
significant, which implies that a negative shock in
the log arrival rate from New Zealand will have a
lower impact on the conditional volatility than a
positive shock. However, the γ estimates for both
UK and USA are insignificant, so that VARMAGARCH is preferred to the VARMA-AGARCH
model for these two countries.

It is interesting to note that the dynamic paths for
each model are not substantially different from each
other. For each of the three models, the conditional
correlations between New Zealand and the other
three
countries
exhibited
upward
trends.
Furthermore, the conditional correlations were
negative in the early rolling samples, but gradually
became positive. Moreover, the conditional
correlations between Japan and UK and Japan and
USA exhibited downward trends, but remained
positive throughout the rolling samples.
The changes in conditional correlations throughout
the rolling samples suggest the relationships
between the conditional shocks of the four countries
may not be constant over time. Therefore, the
constant
conditional
correlation
assumption
underlying the three models may be a little
restrictive. Multivariate models that allow timevarying conditional correlations, such as the DCC
model of Engle (2002) and VCC model of Tse and
Tsui (2002), may provide greater insight into the
dynamic structure of the conditional correlations.

The conditional variance of the log arrival rate from
Japan is affected by its own previous short run
shock, as well as the previous short and long run
shocks from New Zealand, UK and USA. New
Zealand is affected by its own previous short and
long run shocks, as well as the short and long run
shocks from UK and the short run shocks from the
USA. In the absence of asymmetric effects, the
cross-country effects for UK and USA are based on
the estimates of VARMA-GARCH. The UK is
affected by the previous short run shocks from Japan
and UK, and the previous long run shocks from
Japan and the USA. USA is affected by the short run
shocks from Japan and UK, as well as the long run
shocks from Japan, New Zealand and UK.

6. CONCLUDING REMARKS
This paper modelled the time-varying means and
conditional variances, and constant conditional
correlations, of the logarithm of the monthly arrival
rate from the four leading tourism source countries
to Australia, namely Japan, New Zealand, UK and
USA, using the CCC, VARMA-GARCH and
VARMA-AGARCH models, with a sample size of
312 observations from July 1975 - July 2000. The
modelling and analysis of volatility in tourist arrivals
in Australia’s major tourism inbound markets can
provide a useful tool for tourism organizations and
government agencies concerned with travel and
tourism. This will assist in evaluating the impact of
tourism demand fluctuations and in working
together closely for the successful management of
the tourism industry.

In summarizing cross-country interdependence and
dependence detected by the VARMA-GARCH and
VARMA-AGARCH
models,
there
are
interdependent effects between Japan and UK, Japan
and USA, New Zealand and USA. Moreover, New
Zealand is affected by Japan, but not the reverse,
while the USA is affected by both New Zealand and
UK, but not the reverse.
4.2 Conditional Correlations
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The empirical results provided evidence of crosscountry interdependent and dependent effects in the
conditional variances between the different
countries. Furthermore, asymmetric effects were
detected in two countries, namely Japan and New
Zealand. Interestingly, a negative shock had a larger
impact on the conditional variance of Japan than a
positive shock. On the contrary, a negative shock
had a smaller impact on the conditional variance of
New Zealand than a positive shock. This is an
important result as it emphasizes interdependencies
between major tourism source countries, as well as
the asymmetric effects of positive and negative
shocks in tourism demand.
As with the findings in Chan et al. (2002) and Chan
and McAleer (2003), the conditional correlation
matrices arising from the three constant conditional
correlation multivariate GARCH models were not
substantially different from one another. However,
the dynamic paths of the conditional correlations
based on the rolling regressions provided some
evidence against the assumption of constant
conditional correlations in the three models. In fact,
three of the six possible conditional correlations
exhibited upward trends for all three models, namely
the conditional correlations between New Zealand
and Japan, New Zealand and UK, and New Zealand
and USA. Thus, models that allow time-varying
conditional correlation, such as the DCC model of
Engle (2002) and VCC model of Tse and Tsui
(2002), may provide greater insight into the dynamic
structure of the underlying process of international
tourism demand to Australia.
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Abstract: International tourism is an important source of service exports to Spain and its regions, particularly the
Canary Islands. Tourism is the major industry in the Canary Islands, accounting for about 22% of GDP. This
paper examines time series of international tourism demand to the Canary Islands collected by the National
Airport Administration (AENA) at airports from information regarding the number of tourist arrivals from abroad.
The data set comprises monthly figures for the Canary Islands from 14 leading tourist source countries, as well as
total tourist arrivals, from 1990(1)-2003(12). Tourist arrivals and associated volatilities for the monthly tourism
data are estimated for the 14 source countries, as well as total tourist arrivals, using univariate and multivariate
volatility models for the 15 data series. The univariate estimates suggest that the GARCH(1,1) model provides an
accurate measure of conditional volatility in international monthly tourist arrivals for the 14 leading source
countries, and total monthly tourist arrivals. The estimated conditional correlation coefficients provide useful
information as to whether tourist source markets are similar in terms of shocks to international tourism demand.
At the multivariate level, the conditional correlations in the shocks to monthly tourist arrivals are generally
positive, varying from small negative to large positive correlations.
Keywords: International tourist arrivals, volatility, conditional correlation, seasonality, asymmetry, GARCH.

1.

tourism demand, thereby reducing the forecasting
performance of the models.

INTRODUCTION

Domestic and international tourism is a fast growing
industry, attracting investment and scarce economic
resources in different countries and destinations.
This process is driven by a growing market which
accommodates new destinations and transformations
in the products offered by established destinations,
both nationally and internationally. In this context,
an understanding of tourism demand plays an
important role in decisions regarding the
management of tourist products and investment
decisions that are necessary to accommodate the
growing numbers of tourists.

Changes in the variance of shocks to tourism
demand over time are often called conditional or
stochastic volatility. As a result of many factors that
can affect the tourism market, it is clear that shocks
to demand may not have the same variability over
time. In the case of tourism, volatility may be
present due to various unexpected factors which can
affect consumer decisions, such as changes in
disposable income, advertising campaigns, wealth
effects, and random events. Moreover, the variability
could also be different across markets and products.
Thus, for a single destination, changes in demand
could show different volatilities according to the
various origin markets of tourists, whereas a given
market may be able to vary its volatile performance
across different products or destinations.

Tourism demand has traditionally been modelled
using a variety of approaches, including structural
equations and time series techniques. These have
been able to forecast changes in the number of
tourists over time. These models usually consider a
random term which incorporates all the unknown
effects on tourism demand over time. Until recently,
the variability in the random component of tourism
demand had not been of major concern to tourism
researchers, apart from the standard approaches for
modelling
heteroscedasticity
and/or
serial
correlation.
Heteroscedastic
and/or
serially
correlated errors could lead to imprecise estimates of

In this paper we estimate univariate and multivariate
volatility models of international tourist arrivals and
volatility among a set of markets for a particular
tourist destination, the Canary Islands, Spain.
Annual international tourist arrivals to the Canary
Islands range from a minimum of 3.5 million to a
maximum of 12.4 million over the sample period,
namely January 1990 to December 2003. Tourism is

1345

during the period from May through to September,
which includes the European summer.

the major industry in the Canary Islands, accounting
for about 22% of GDP. The tourism industry has
grown rapidly over the last thirty years, with an
average growth rate of 5.24% between 1990 and
2002. However, in the last few years, the rate of
tourism growth has declined slightly as a result of
saturation effects and the economic slowdown in the
world economy.

Seasonality for the total number of tourists is
inverted with respect to tourism demand in the rest
of Spain, with the strong season for the Canary
Islands being mid-November to mid-March. During
this time of the year, the Canary Islands still enjoys
pleasant weather. Moreover, the travel time to the
Canary Islands from virtually any European tourism
source country is relatively short. During the
summer season, the Canary Islands compete in
similar conditions with other tourist destinations,
such as those in the Mediterranean.

The estimated correlation coefficients from the
multivariate volatility model provide useful
information as to whether particular tourist markets
can be seen as substitutes or complements in
demand, which is also reflected in the cross-market
impacts of volatility. The fact that the degree of
volatility can vary across different tourist source
markets should be appreciated in order to reach
management and marketing decisions regarding
particular markets. In addition, multivariate
volatility models permit a distinction to be made
between the short and long run persistence of shocks
to tourism demand, which provide useful
information regarding the effects of the shocks.
Shocks in one market can also affect tourism
demand in other markets differently, depending on
the degree of correlation between volatilities across
markets. The inter-relationship of the short and long
run effects of shocks to volatility, and the correlation
coefficients across different source markets, permit a
classification of markets according to volatility.
Tourist source countries with a high positive or
negative correlation in the volatility of shocks to
tourist arrivals should be treated differently in terms
of marketing decisions from those tourist sources
that have lower correlations.

This paper examines time series of international
tourism demand to the Canary Islands collected by
the National Airport Administration (AENA) at
airports from information regarding the number of
tourist arrivals from abroad. The data set comprises
monthly figures for different islands in the Canary
Islands from 14 leading international tourist source
countries, as well as total tourist arrivals, for the
period 1990(1)-2003(12), thereby giving 15 data
series.
3.

The purpose of this section is to model the volatility
in monthly international tourist arrivals from the 14
leading source countries, as well as total monthly
international tourist arrivals, to the Canary Islands.
The specification and properties of the Constant
Conditional Correlation (CCC) Multivariate
GARCH model of Bollerslev (1990) will be
discussed briefly in this section.

The plan of the paper is as follows. Section 2
describes the data sources for the empirical analysis,
and discusses the salient features of the monthly
international tourist arrivals data for the Canary
Islands from 14 leading tourist source countries, as
well as total tourist arrivals. Seasonality in the
tourist arrivals data from the various country
sources, as well as total tourist arrivals, is also
discussed. Univariate and multivariate models of
conditional volatility for monthly tourist arrivals are
presented in Section 3. The empirical results for the
univariate and multivariate models are analysed in
Section 4.
2.

CONDITIONAL VOLATILITY MODELS
FOR TOURIST ARRIVALS

Consider the following specification:
yt = E ( yt | Ft −1 ) + ε t

(1)

ε t = Dtηt ,

′
where
yt = ( y1t ,..., ymt ) , η t = (η1t ,...,η mt )′ is a
sequence of independently and identically
distributed (iid) random vectors, Ft is the past
information
available
to
time
t,
1/ 2
1/ 2
Dt = diag (h1t ,..., hm1t ) , m (=15) is the number of
tourism source countries, including total tourist
arrivals, and t = 1,…,168 monthly observations for
the period 1990(1) to 2003(12). The CCC model
assumes that the conditional variance for tourist
arrivals from source i , hit , i = 1,..., m , follows a
univariate GARCH process, that is,

DATA SOURCE AND DESCRIPTION

The Canary Islands account for about 20% of total
tourism in Spain, with a larger proportion in the
winter season as compared with the summer season.
The effect of seasonality varies significantly across
the tourism source countries, showing the largest
patterns for the Scandinavian countries. In
particular, tourist arrivals from the Scandinavian
countries to the Canary Islands drop dramatically

hit = ωt +

r

∑α ε
ij

j =1
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2
it − j

+

p

∑β h
ij

j =1

it − j

(2)

where α ij represents the ARCH effects, or the short-

r

run persistence of shocks to tourist source i, and β ij

j =1

represents the GARCH effects, or the contribution
of shocks to tourist source i to long-run persistence,
namely

∑α + ∑ β
ij

j =1

ij

Although the CCC specification in (2) has a
computational advantage over other multivariate
GARCH models with constant conditional
correlations, such as the Vector Autoregressive
Moving Average GARCH (VARMA-GARCH)
model of Ling and McAleer (2003) and VARMA
Asymmetric GARCH (VARMA-AGARCH) model
of Chan, Hoti and McAleer (2002), it assumes
independence of the conditional variances across
tourism sources and does not accommodate the
asymmetric effects of shocks.

assumption that the conditional shocks, η t , follow a
symmetric distribution, the average short-run
persistence of shocks is α 1 + γ 1 / 2 , and the
contribution of shocks to average long-run
persistence is α 1 + γ 1 / 2 + β1 . Ling and McAleer
(2002a) showed that the necessary and sufficient
condition for E (ε t2 ) < ∞ is α 1 + γ 1 / 2 + β1 < 1 .
The parameters in equations (1), (3) and (4) are
typically obtained by Maximum Likelihood
Estimation (MLE) using a joint normal density for
the standardized shocks. When η t does not follow a
joint multivariate normal distribution, the parameters
are estimated by Quasi-MLE (QMLE), which is less
efficient than MLE. The conditional log-likelihood
function is given as follows:

It is important to note that the conditional
correlation for the CCC model is assumed to be
constant. As
Γ = E (η tη t' | Ft −1 ) = E (η tη t' ) , the
(constant) conditional correlation matrix of the
unconditional shocks, ε t , is equivalent to the
(constant) conditional correlation matrix of the
standardized shocks, η t , where Γ = {ρ ij } for i, j =
1,…,m.

n

∑l
t =1

When the number of tourism source countries is set
to m = 1, such that a univariate model is specified
rather than the multivariate model, equations (1)-(2)
become:

j =1

j =1

t

=−

ε2
1 n
log ht + t .
∑
ht
2 t =1

Ling and McAleer (2003) showed that the QMLE
for GARCH(r,s) is consistent if the second moment
is finite, that is E (ε t2 ) < ∞ . Jeantheau (1998)
showed that the log-moment condition given by

ε t = ηt ht
s

(4)

j =1

conditional variance
ht > 0 . The short-run
persistence of positive (negative) shocks to monthly
tourist arrivals is given by α 1 ( α 1 + γ 1 ). Under the

j =1

r

s

β1 > 0 are sufficient conditions to ensure that the

.

ht = ω + ∑ α jε t2− j + ∑ β j ht − j ,

)

When r = s = 1, ω > 0, α 1 > 0 , α 1 + γ 1 > 0 and

p

r

(

ht = ω + ∑ α j + γ j I (ε t − j ) ε t2− j + ∑ β j ht − j

(

)

E log (α1ηt2 + β1 ) < 0

(3)

and ω > 0, α j > 0 for j = 1,…,r and β j > 0 for j =

(5)

is sufficient for the QMLE to be consistent for
GARCH(1,1), while Boussama (2000) showed that
the QMLE is asymptotically normal for
GARCH(1,1) under the same condition. It is
important to note that (5) is a weaker condition than
the second moment condition, namely α 1 + β1 < 1 .
However, the log-moment condition is more difficult
to compute in practice as it is the expected value of a
function of an unknown random variable and
unknown parameters.

1,…,s are sufficient conditions to ensure that the
conditional variance ht > 0 . Using results from
Nelson (1990), Ling and Li (1997) and Ling and
McAleer (2002a, 2002b), the necessary and
sufficient condition for the existence of the second
moment of ε t , that is E (ε t2 ) < ∞ , for the case r = s

= 1 is α 1 + β1 < 1 .
Equation (3) assumes that a positive shock ( ε t > 0 )
to monthly tourist arrivals has the same impact on
the conditional variance, ht, as a negative shock
( ε t < 0 ), but this assumption is likely to be violated
in practice. In order to accommodate the possible
differential impact on the conditional variance
between positive and negative shocks, Glosten,
Jagannathan and Runkle (1992) proposed the
following specification for ht:

McAleer, Chan and Marinova (2002) established the
log-moment condition for GJR(1,1), namely

( (

E log (α1 + γ I (ηt ) )ηt2 + β1

)) < 0 ,

(6)

and showed that it is sufficient for the consistency
and asymptotic normality of the QMLE for
GJR(1,1). Moreover, the second moment condition,
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namely α 1 + γ 1 / 2 + β1 < 1 , is also sufficient for
consistency and asymptotic normality of the QMLE
for GJR(1,1). In empirical examples, the parameters
in (5) and (6) are replaced by their respective
QMLE, η t is replaced by the estimated standardized
residuals from the GARCH and GJR models,
respectively, for t = 1,…,n, and the expected values
in (5) and (6) are replaced by their respective sample
means.

4.

do not lead to substantial differences in the
estimates.
4.1 Univariate Models

Estimates of the parameters of the conditional mean
are available on request, while the estimates of the
conditional variance for the univariate GARCH(1,1)
model are presented in Table 1. The conditional
mean estimates vary across the 15 tourism source
countries, including total tourist arrivals. There is
highly significant seasonality in tourist arrivals for
each country and each month, except for Finland for
the months of May-September inclusive.

EMPIRICAL RESULTS

Using the monthly data on international tourist
arrivals, univariate and multivariate conditional
volatility models are estimated for 15 tourism source
countries, including total tourist arrivals, for the
period 1990(1)-2003(12). As there is a distinct
seasonal pattern for each series, twelve seasonal
dummy variables are included in the respective
conditional mean specifications. The conditional
mean of monthly international tourist arrivals, TAt ,
is given as:

TAt =

12

∑φ D
i

it

+ εt

Although not reported here, the univariate estimates
of the conditional volatility generally suggest that
there is little asymmetry, such that positive and
negative shocks to monthly international tourist
arrivals have similar effects on the volatility in
tourism arrivals. Table 1 reports the GARCH(1,1)
estimates for tourist arrivals by 15 tourism source
countries, including total tourist arrivals. Both the
asymptotic and the Bollerslev-Wooldridge (1992)
robust t-ratios are reported. In general, the robust tratios are smaller in absolute value than their
asymptotic counterparts.

(7)

i =1

The persistence of shocks to the volatility in
monthly tourist arrivals is an important aspect of
modelling volatility. Total tourist arrivals, as well as
tourist arrivals from UK, Ireland and Sweden, have
only short run persistence of shocks of about one
month. On the other hand, Germany has only long
run persistence of shocks, such that shocks to tourist
arrivals from Germany do not have an immediate
impact but accumulate over several months.

where Dit = 1 in month i = 1,..,12, and Dit = 0
elsewhere.
In addition to estimating the tourist arrivals for each
source country, the univariate ARCH(1), ARCH(2),
GARCH(1,1) and GJR(1,1) models are used to
provide estimates of the volatilities associated with
the 14 leading tourism source countries and total
tourist arrivals. As the estimated GARCH(1,1)
model was always found to be preferable to the
ARCH(1) and ARCH(2) models, and also generally
superior to the GJR(1,1) model, in what follows the
empirical results will be discussed for only the
GARCH(1,1) model.

Regarding the regularity conditions of the
GARCH(1,1) model, both the log-moment and
second moment conditions are satisfied for Austria,
Belgium, France, Germany, Italy and Switzerland.
Although the log-moment condition could not be
calculated for Finland, Norway and Sweden, the
second moment condition is satisfied, so that the
QMLE are consistent and asymptotically normal.
Three interesting results are found for Holland,
Ireland and Total, in which the second moment
condition is not satisfied, but the log-moment
condition is satisfied, so that the QMLE are
consistent and asymptotically normal. Only three
sets of regularity conditions are not satisfied, namely
Denmark, Other and UK, in which the log-moment
condition could not be calculated and the second
moment condition was not satisfied.

On the basis of the univariate estimates of the
standardized residuals, the CCC model is used to
estimate the conditional correlation coefficients of
the standardized shocks to monthly international
tourist arrivals between pairs of tourism source
countries. This can provide useful information as to
whether particular tourist markets are similar in
terms of the shocks to international tourism demand.
All the estimates in this paper are obtained using the
Berndt, Hall, Hall and Hausman (BHHH) (1974)
algorithm in EViews 4. Virtually identical estimates
are obtained from using RATS 6. Several different
sets of initial values have been used in each case, but

These univariate results suggest that, in general, the
GARCH(1,1) model provides an accurate measure
of the conditional volatility in international monthly
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tourist arrivals for the 14 leading source countries,
and total tourist arrivals, to the Canary Islands.
4.2 Multivariate Models

Estimates of the constant conditional correlation
coefficients for monthly international tourist arrivals
by source country, and total tourist arrivals, are
given in Table 2. These conditional correlations are
calculated using the estimated standardized residuals
from the univariate models based on the 15 data
sources.
In Table 2, there are a number of high conditional
correlations in the standardized shocks, especially
between total monthly tourist arrivals and some
leading source countries. Of the 14 conditional
correlations with total tourist arrivals, of which two
are negative, the range is from -0.119 to 0.859, and
the highest conditional correlations are with UK,
Norway, Ireland, Sweden, Belgium, Denmark,
Holland and Germany. With the exception of
Finland, the Scandinavian countries have high
conditional correlations in standardized shocks with
total tourist arrivals. It is surprising that Germany,
which is the second most important source of tourist
arrivals to the Canary Islands, has the eighth highest
conditional correlation in the standardized shocks
with total tourist arrivals at 0.696.
Of the 91 possible pairs of conditional correlations
between the 14 leading tourist source countries, of
which 71 are positive, the ten highest conditional
correlations in the standardized shocks hold for the
following pairs of countries: (Norway, Sweden),
(Denmark, Sweden), (Denmark, Norway), (Norway,
UK), (Belgium, UK), (Ireland, UK), (Sweden, UK),
(Belgium, Germany), (Ireland, Norway) and
(Belgium, Norway), with the highest being 0.782
and the lowest 0.648. The conditional correlations
vary from a low -0.277 to a high 0.782. The UK and
three of the four Scandinavian countries have high
conditional correlations in the standardized shocks
to tourist arrivals, with Belgium, Ireland and
Germany also having some high conditional
correlations. On the other hand, Italy and Finland
have very low conditional correlations in the
standardized shocks with all countries.
5.
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Table 1: GARCH(1,1) Estimates
Country

ω

α

β

Austria

69277
0.76
1.48

0.30
2.12
3.89

0.69
6.71
10.50

-0.06

0.99

Belgium

564564
1.40
2.13

0.06
0.80
1.57

0.84
7.28
1.36

-0.11

0.90

Denmark

2119905
1.73
5.24

1.34
4.70
41.12

-0.03
-0.71
-9.80

N.C.

1.30

Finland

11673741
4.72
3.86

0.93
5.32
2.70

-0.06
-21.87
-0.85

N.C.

0.87

France

688185
1.34
2.85

0.35
2.78
5.96

0.61
4.86
13.15

-0.13

0.96

17930932
0.87
0.93

0.16
1.76
1.17

0.78
5.29
5.35

-0.08

0.94

Holland

1864
0.38
1.83

1.21
4.09
9.81

0.22
2.03
14.80

-0.03

1.43

Ireland

2674
0.29
1.26

1.02
3.67
3.82

0.32
2.28
2.38

-0.01

1.33

269723
1.92
2.04

0.08
1.58
2.59

0.87
18.15
64.76

-0.06

0.95

Norway

14201937
2.50
3.26

0.94
5.24
2.49

-0.14
-1.01
-1.74

N.C.

0.80

Other

1733949
3.12
5.35

1.23
4.24
25.07

-0.03
-7.60
-1.18

N.C.

1.20

Sweden

18004013
3.33
3.85

1.04
3.09
3.84

-0.16
-2.11
-3.02

N.C.

0.88

381806
1.27
0.46

0.38
2.02
7.26

0.61
4.04
19.75

-0.09

0.99

UK

47863434
1.60
1.59

1.12
2.88
2.58

-0.08
-0.73
-0.47

N.C.

1.03

Total

187968694
2.17
1.13

1.10
2.47
3.04

0.06
2.95
0.38

-0.17

1.16

Germany

Italy

Switzerland

Log-Moment 2nd Moment

Table 2: Constant Conditional Correlations
Country

Austria Belgium Denmark Finland France Germany Holland Ireland Italy Norway Other Sweden Switzerland

Austria
1.000
Belgium
Denmark
Finland
France
Germany
Holland
Ireland
Italy
Norway
Other
Sweden
Switzerland
UK
Total

0.335
1.000

0.252
0.634
1.000

0.146
0.231
0.372
1.000

0.606
-0.041
-0.120
-0.084
1.000

0.506
0.656
0.576
0.259
0.166
1.000

0.364 0.280 0.180
0.589 0.577 -0.031
0.559 0.623 -0.214
0.165 0.241 -0.248
0.051 -0.075 0.238
0.475 0.537 0.023
1.000 0.627 -0.060
1.000 -0.277
1.000
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0.279
0.648
0.773
0.241
-0.092
0.515
0.627
0.654
-0.250
1.000

0.337 0.217
0.328 0.642
0.335 0.779
-0.036 0.318
0.155 -0.103
0.454 0.578
0.346 0.544
0.393 0.558
-0.059 -0.196
0.295 0.782
1.000 0.281
1.000

0.463
0.059
0.039
0.111
0.469
0.237
0.175
0.135
0.139
-0.046
0.204
-0.053
1.000

UK

Total

0.233
0.679
0.646
0.227
-0.171
0.552
0.613
0.667
-0.187
0.755
0.410
0.661
-0.001
1.000

0.327
0.727
0.722
0.337
-0.086
0.696
0.708
0.757
-0.199
0.789
0.462
0.735
0.106
0.859
1.000
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Abstract: Ecotourism is a viable alternative for the development of regions and countries with a strong
natural resource base. Sustainable development involves the compatibility of the growth in the number of
tourists and the preservation of ecologically valuable natural resources. This paper focuses on the
relationships between environmental degradation and physical capital in the management of natural resource
based tourist products. An ecotourist product is defined as a destination whose basic resource is nature and
attracts an inflow of tourists as the main source of income. In particular, we introduce a simple predator-prey
model which allows us to derive a general pattern for natural capital with a final phase of declining. This
particular pattern is due to the negative influence of the implementation of physical infrastructure on natural
resources which are also major sources of consumer attraction. According to this, in a classical welfare
optimization framework, we have obtained optimal trajectories for the local consumption and the use of
natural capital. In the steady state case, the optimal rate of consumption is strongly dependent on the
relationship between the impacts of physical capital in both demand and environmental degradation. The
results have general implications for consumer goods with negative externalities which are appreciated by the
status of their environmental attributes.
Keywords: Economic welfare, predator-prey model, Life cycle, Natural capital, Ecotourist product.
that tourism development could lead to a lower
welfare for the local residents because of the
competition between tourists and residents for the
consumption of non-tradable goods.
The possibility of market failure in tourism makes
useful to evaluate the optimal paths of economic
welfare as natural capital is impacted by the
development of physical infrastructure. Previous
research by Mananyi (1998) proposed a dynamic
model for the optimal management of the number
of tourists in ecotourism as wildlife amenities are
impacted by human presence. This model assumes
that the natural environment is negatively affected
only by the numbers of tourists.
The objective of this paper is to study the
relationships between physical and natural capital
in the evolution of an economic activity which
depends on the amount and quality of the natural
environment, such as nature based tourism. We
propose a predator-prey model which takes into
account the fact that both types of capital are
necessary for the development of tourism. The
natural capital is transformed by the
implementation of physical capital, and can be
also used in the production of tourist services. On
the other hand, the physical capital requires

1. Introduction
Tourism is an industry which in many cases
involves the utilization of valuable land and other
natural resources. The intensive utilization of
natural resources is particularly relevant in nature
based tourism products, or ecotourism, where the
main attracting factors are related with the
enjoyment
of
highly
preserved
natural
environments. However, the development of
tourism requires the implementation of physical
infrastructure for the variety of services that the
industry has to provide to potential tourists. For
instance, accommodation, transportation, and
complementary services all require large
quantities of investment in physical capital.
The relationships between tourism and the
environment have been reported by Green et al.
(1990) and Green and Hunter (1992) among
others. A central aspect of these relationships is
that the development of physical capital can have
impacts on the state of natural capital and
environmental resources. Clarke and Ng (1993)
argued that the presence of non-priced external
effects in tourism could lead to a failure of the
market mechanism to maximize social welfare. In
a similar line, Harari and Sgro (1995) suggested
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Y = bK α (aX )1−α ,
(1)
where α is the share of physical capital and b
indicates the profitability of the tourist activity.
Parameter a stands for the use of the natural
capital and represents the exploitation of the
environment as a tourist attraction. For instance,
in a beach area it would include all attractions that
can be offered on the beach, such as sea motorbykes, pedal-boats, aquatic sky, etc.; in a natural
protected area, it represents the excursions or
visits allowed in the area or the tracks designed to
be used by the users, etc.

natural capital for its development, and both types
of capital are driving the production of tourist
services.
2. A model for physical and natural capital
Nature based destinations utilize natural resources
and physical capital in the production of tourist
services. The objective is to maximize welfare to
the local community from the production of
tourist services. This involves determining the
optimal trajectories of consumption in the local
area and the use of the environmental resource.
Initially, we consider that the production of tourist
services Y=Y(q), depends on the number of
tourists q attended by the local economy. The
tourists are attracted by the stock of physical
capital offered K (hotels, transport infrastructure
and services) and the stock of natural resource X
in the area. Assuming a constant return to scale
Cobb-Douglas production function, the expression
for the gross income is

Let us consider that all non consumed rent in the
economy is invested in physical capital. Thus, we
obtain the neoclassical growth equation,
K& = s b K α (aX )1−α − δ K ,
(2)
K

where s is the saving rate and δK is capital
depreciation.

K

K& = 0

II

X& = 0

I

X
Figure 1. Phase portrait (X,K) of tourism activity dynamic model. Blue curves show
the different realistic trajectories.
resource as in the tourist demand. Thus,
proportional increments in the use of the natural
capital can injure the natural resource more than
the benefit produced in the gross rent. This is the
case of the use of some motor-bykes in a protected

On the other hand, natural capital is negatively
influenced both by the implementation of physical
capital in the area and by the use of the natural
resource. However, these factors do not have to be
equally shared in the degradation of the natural
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seaside area, which provoke serious damage to the
local fauna and not necessary attract a significant
amount of tourists. On the other hand, some
physical capital, as the rural cabins, more
respectful with the environment, plays a very
significant role in the total rent. Thus, considering
again a constant return to scale of both effects, the
natural resource evolves according to the
following equation,
X& = −dK β (aX )1− β + δ X ,
(3)

or convergence to an equilibrium point depending
on the specific relation between predator and prey.
In order to analyze the dynamic patterns in our
case, we present in Figure 1 the phase diagram (X,
K) for the system above. The diagram allows us to
infer the potential trajectories which should follow
the variables by considering the isoclines
K& = 0, X& = 0 (Hirsch and Smale 1974).
As it can be observed in Figure 1, both isoclines
are straight lines crossing in the origin, that is the
only equilibrium point. We assume the slope of
isocline K& = 0 steeper than the one of X& = 0,
since the latter is proportional to the regeneration
rate δX, that use to adopt very low values in
reality. The isoclines divide the phase portrait in
three regions. The initial conditions of an
attractive and non exploited area fall on the two
first regions, where low levels of physical capital
are combined with high natural values. The
trajectories followed by both capitals for realistic
parameters are also illustrated in Figure 1. There
is a first stage where the physical capital is
increasing due to the reinvestment of the tourist
revenues in the local economy, followed by a
second stage of destruction of this investment,
started when the trajectory enters in region III, and
the low levels of natural capital makes the tourist
industry unprofitable.

X

where β is now the share of physical capital in the
degradation of the natural resource. We assume
(4)
β < α,
so the physical capital effect over the attraction of
visitors is higher than its negative effects over the
environment. Parameter d>0 indicates the
multiplicative effect over the variation in natural
capital of proportional increments in physical
capital and use of natural resource. We include
also a regeneration rate δX.
Initially, all parameters in the model are assumed
to be fixed. Thus, the model above shows a well
known predator-prey scheme between the physical
and the natural capital in tourism development.
The physical capital (predator) needs the natural
capital (prey) to grow through the joint generated
rent, but this natural capital is degraded by the
existence of the former one. This kind of systems
uses to exhibit a convergence to stable oscillations

Figure 2. Intertemporal trajectories for rent (left) and natural capital (right) in the
dynamic model. Parameter values and initial conditions are: a=1, b=0.01, d=0.5,
α=0.7, β=0.4, δK=0.05, δX=0.0001, K(0)=0.0001, X(0)=107.
We can more specifically describe the evolution
of the variables by showing their intertemporal
trajectory. In particular, Figure 2 illustrates the
trajectory of the rent for some concrete values of
the parameters, although the same pattern is
exhibited for a very large range of them. We
observe in Figure 2 a logistic growing phase of the
rent, where a first period of tourist boom is
followed by a lower growth and stagnation period,
emulating them typical cycle of the tourist

product. However, we expect from this model a
second phase of continuous declining in the tourist
revenues after the stagnation period due to the
extreme deterioration of the natural attraction of
the area.

3. Optimal consumption of natural capital
The model above presents a pessimistic horizon of
the long term evolution of the nature based
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∂H
= 0 ⇔ λ1 = u c > 0.
(7)
∂c
From this equation, it follows that the growth rate
of consumption path is proportional to the growth
rate of Lagrange multiplier λ1, with the constant
elasticity of substitution as the proportion rate,
that is,
λ&1
c&
= −ε .
(8)
λ1
c
Moreover, the optimal use of natural capital leads
to a specific relation between both multipliers,

tourism. Note that we have assumed that agents
act myopically not reacting to economic
significant variations or other exogenous stimulus
along the activity lifetime. However, policy
makers could transform the patterns of tourist
consumption by implementing adequate policies
influencing economic agents. In particular, they
can adopt some environmental protection policies
which could have an effect on the relative
composition of the natural and physical capital in
tourism.
We can include these preventive measures in our
model considering the use of natural resource as a
control variable. The objective of the social
planner will be to optimize the social welfare
deriving of the tourism activity. Therefore, we
restate the model in a consumer optimization
framework where both the use of natural resources
a and local consumption c are now controlled.
That is,
+∞

max
c,a

∫ u (c )e

− rt

α −β

∂H
b(1 − α ) K
= 0 ⇔ λ2 =
λ1 > 0, (9)
∂a
d (1 − β ) aX
that depends on the evolution of the ratio between
the physical capital and the total use of the natural
capital K aX , that we denote as the physical
capital per unit of use of the environment.
Concavity of the Hamiltonian function in (a,c) is
guaranteed by the assumption α > β , hence a
greater share of physical capital in the production
function with respect to its share in the
degradation function is essential to fulfill the
sufficient condition for the optimal trajectory.
According to the Pontryagin’s maximum
principle, both multipliers verify the following
equations:

dt

0

1−α
s.a. K& = bK α ( aX ) − c − δ K K ,
1− β
X& = − dK β ( aX ) + δ X X ,

(5)

K (0) = K 0 ,
X (0) = X 0 ,

λ&1 = λ1r −

( K (t ), X (t ), c(t ), a (t )) ≥ 0,
where u(c) is the society’s utility function which
depends on private consumption in the local area,
discounted with rate r. We assume, as usual in
endogenous growth models, a constant
intertemporal elasticity of substitution in the
utility function. Thus, marginal utility adopts the
expression u ′(c) = c −ε , where ε is the inverse of
the intertemporal elasticity of substitution.

(

1−α

)

(

α −1

,
(10)

∂H
= λ 2 (r − δ X ). (11)
∂X
Equation (11) indicates that the current value
multiplier increases exponentially at a rate lower
than the discount rate. Therefore, in the optimal
path the marginal valuation of the natural capital,
discounted back to initial time, decreases with rate
δX, that is, the regeneration rate. This announces a
progressive devaluation of the natural resource
until reaching null values in the very long-term.
Using equations (8) and (10), we can obtain the
optimal growth rate of the local consumption,

λ&2 = λ 2 r −

For the sake of simplicity, we initially assume that
both the state and the control variables in the
optimal path do not satiate the frontier conditions.
Therefore, the optimal trajectory for consumption
and use of natural capital has to maximize the
present value Hamiltonian,

Η = u (c) + λ1 bK α ( aX )

∂H
b(α − β ) K
= λ1 r + δ K −
∂K
1− β
aX

− c − δ K K − λ2 −dK β ( aX )

1− β

c& 1 b(α − β ) K
=
aX
1− β
+ δ XcX ,ε

)

α −1

− (r + δ K ) .

(12)

Therefore, the evolution of the optimal
consumption in the local area depends inversely
on the physical capital per unit of use of the
environment. Higher levels of this physical capital
per unit of use produces lower growth rates of
consumption. Eventually the consumption growth
may be negative for high discount or depreciation
rates.

(6)
where λ1 and λ2 are the Lagrange multipliers
related with physical and natural capital
respectively. Applying the first order conditions,
the optimal path has to preserve equality between
the marginal utility of consumption and the
marginal contribution of physical capital to social
welfare in present values,
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of physical capital. Figure 3 presents the trajectory
that the capital per unit has to follow. We expect
low levels of this variable at the beginning of the
tourism activity, which increases in a logistic type
shape until converging to a stable equilibrium
point, that is,

The physical capital per unit is an essential
variable to determine the optimal growth in the
local economy. Deriving equation (9) we obtain
the dynamic evolution of this variable,

α
δ +δX K
b K
K
. (13)
=
− K
aX
aX
aX
α −γ
1− β

(

)

(

(

)

)

(

We observe that ( K aX ) has a growth dynamic

K

)

*

aX

=

⌈

b (α − β )

⌉

⌊ ( δ K + δ X )(1 − β ) ⌋

1
1−α

.

(14)

in the optimal path similar to Solow-Swan capital
per capita growth, depending only on the
depreciation and regeneration rates and the shares

( K aX )


( K aX )

*

0

( K aX )

Figure 3. Dynamic evolution of the capital per unit of use of the environment

( K aX ). There is an asymptotically stable equilibrium point in ( K aX ) .
*

So, we have a negative influence of the discount
rates for a permanent growth. A positive growth in
consumption is assured only if the regeneration
rate is higher than the discount rate. This is not
very expectable as the natural area use to take
very long time to be naturally regenerated.
However, this parameter can be artificially
increased through investment in protection,
cleaning or foresting.
Nevertheless, if we
consider δX<r, the growth rate of consumption in
the optimal path is necessarily negative, so we can
not maintain a long term welfare growth in a
tourist activity.

Thus, the optimal capital per unit of use of the
environment in equilibrium is positively
dependent on the difference between the share of
physical capital in the production and degradation
function. The larger this difference, the higher the
capital per unit permitted in the area. This
conclusion fulfilled the intuitive conception of the
system, that is, very profitable physical capital
with no large impact into the environment, as rural
cabins close to the natural area, are more
acceptable than other kind of less environment
respectful buildings.
The convergence to an equilibrium in the capital
per unit determines the growth rate of
consumption in the local area at the long term.
Substituting equation (14) in (12) we obtain,
c& 1
(15)
= (δ X − r ) .
c ε

4. Conclusions
Nature tourism and many tourist products are
strongly based on the use of natural resources for
its development. These resources act as attracting
factors for demand and are exploited with the aim
of generating income for the local communities.
However, the implementation of tourism
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infrastructure can have an impact on these natural
resources, degrading their values and reducing
their potential to attract demand. This paper has
proposed a predator-prey type model to
accommodate the particular relationships between
natural and physical capital, assuming that both
types of capital are essential for the development
of the tourist product. These types of relationships
are common to many market products where
natural and physical aspects are combined either
in production or in consumption.
The dynamic system of the motions for both types
of capital shows that as physical capital is
implemented there could be a corresponding
reduction of natural capital, and eventually the
latter is completely degraded. The extinction of
natural capital leads to a declining rate of physical
capital, with the final collapse of the product.
These patterns are possible for the tourist product,
because natural capital is needed to attract
tourists, and as these attracting factors die out, this
would be followed by disinvestment of tourist
facilities.
The management of the product requires optimal
decisions about consumption in the local economy
driven by tourism growth and the consumption of
the natural capital. These are crucial decisions
which can counteract the tendency of the natural
capital to die out as the physical capital and
infrastructure develops in the local economy. The
results for the optimal control paths show that
non-declining optimal consumption would require
that the rate of regeneration of the natural capital
to be larger than the interest rate. Thus, long term
growth in welfare is not possible if the natural
capital is not managed properly with the aim of
maintaining its characteristics.
The amount of physical capital per unit of
consumption of natural capital is also a variable
which influences the rate of growth of local
consumption. As this ratio increases, the optimal
rate of growth of consumption becomes smaller.
The ratio reaches an equilibrium point which
depends on the relationship between the
respective shares of natural capital in production
and environmental deterioration. The optimal
physical capital will be larger when its impact on
environmental deterioration is small, but this
would be coupled by a lower rate of consumption
growth.
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Abstract: This paper presents the development of ecotourism in the Brazilian Amazon from a legal
perspective. Firstly, it provides an overview of the Brazilian Amazon and highlights the growing importance
of ecotourism in that region. Secondly, it examines the legal principles and rules on ecotourism at the
international, regional and national levels. The regulation of ecotourism is crucial. Unregulated ecotourism is
likely to cause environmental and social harm, particularly to local and indigenous communities. The legal
framework regulating ecotourism activities is still incipient. This activity is generally regulated in an indirect
manner, but it is in any case subject to the general environmental law rules and principles. Because
ecotourism encompasses specific concerns when compared to traditional tourism, associated for example to
the interactions with nature, local and indigenous communities, specific regulation is required. It is found that
ecotourism has been perceived as an alternative for the promotion of sustainable development in the
Brazilian Amazon. The increased importance of such activity might lead to the creation of legal definitions,
principles and rules specifically regulating ecotourism and its impacts.
Keywords: Ecotourism; Brazilian Amazon; environment, indigenous people, legal regulation.

1.

INTRODUCTION

The reason for looking at ecotourism through a
legal point of view relates to the fact that legal
regulation is central for the sustainable
development of this type of activity. The
regulation of ecotourism would basically involve
the setting up of criteria defining what makes such
activity "sustainable" and principles governing the
interactions
with
local
and
indigenous
communities. Regulation is required, for instance,
to define a maximum number of visitors allowed
to transit in fragile ecosystems or to set up
parameters for building up infrastructure in
ecotourism sites in such way as to avoid altering
their landscape, topography and hydrological
systems.
Ecotourism is defined by its objectives to conserve
nature and to benefit the local people whilst
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allowing profitable enterprises.1 In practice,
however, unregulated ecotourism may contribute
to the lowering of genetic capital, for example
biopiracy, environmental harm, and bring social
negative
impacts
such
as
prostitution,
commercialization of culture, and changing of
social norms and values.
Tourism may be viewed as an environmental and
cultural intrusion in local and native peoples' way
1

Wood, Megan Epler, "Ecotourism: Principles, Practices and
Policies for Sustainability", United Nations Environment
Programme, Division on Technology Industry and Economics,
2002, p. 19. The Brazilian Ministry of Environment has
formulate the following concept of ecotourism as "part of the
tourism trade which uses the natural and cultural heritage
sustainably, promotes its conservation, and seeks to cultivate an
environmental awareness through the interpretation of the
environment and well being of the populations involved. It is a
viable alternative to reconcile economic growth, strengthening
regional and local economies, with the conservation of the
natural and cultural heritage", Brazilian First National Report
for the Convention of Biological Diversity, 2002, pp. 181-182,
www.mma.gov.br.

of life. It has been argued that “promoters of
tourism have come to view third world
destinations not as sovereign countries striving to
make a place in the world, but rather as socially
uninhibited places where metropolitan visitors can
unwind amid abundance of sun, sand, sex and
servility” (Matthews, 1979).
The negative impacts associated to tourism are,
however, likely to decrease with the emergence of
new forms and practices of tourism, such as
ecotourism, with concerns for the protection of
nature, local traditions and culture. In any case,
ecotourism results to a great extent from planned
and conscious efforts involving multiple
stakeholders (governments, NGOs, private sector,
civil society among others). The existence of new
tourists more environmentally and socially
conscious, however, is not sufficient to ensure
more sustainable forms of tourism. The success of
ecotourism depends on adequate services,
appropriate infrastructure and essentially on the
exisistence of conserved and protected natural
areas with high ecological, aesthetical and cultural
values.
The challenges to new forms of tourism are mainly
to (i) promote conservation of the natural
environment parallel to economic development,
(ii) guarantee the development of this industry in
such a way that the local communities benefit, and
(iii) limit social impacts and harm to local
traditions and culture. This involves, among other
elements, the establishment of nationally and
internationally accepted ecotourism standards
aimed at reconciling economic growth with the
conservation of the natural and cultural heritage in
rich biodiversity areas such as the Amazon.

2.

BRAZILIAN AMAZON

2.1 An Overview
The Amazon is one of the regions in the world that
attracts most interest because of its incomparable
biodiversity, untapped nature and beauty. The
region thus has enormous potential for economic
exploitation, particularly to ecotourism.
The Amazon region comprises nine South
American countries, including Bolivia, Brazil,
Colombia, Ecuador, Guyana, French Guyana,
Peru, Venezuela and Suriname, over an area of
approximately 7.5 million km², which corresponds
to 44 per cent of the South American territory. It is
the largest tropical rainforest on the planet, which
shelters 200 mammal species, 950 bird species,
2,500 fish species and 300 reptile species offering
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the greatest genetic diversity in the planet and is
the world's largest surface freshwater reserve in
liquid form in a hydrographic basin (de Freitas,
2000).

Figure 1: The Brazilian Amazon
The Amazon, as a vast and complex ecosystem,
remained almost intact for centuries, but should no
longer be seen as a green and untouched sanctuary.
The region underwent a process of economic
growth, investments in infrastructure, and
modernization of urban centers, which are most
visible in Brazil.
The economic production in the Brazilian Amazon
of US$1 billion in 1970, rose to US$25 billion in
1996, reaching almost 3.2% of Brazil’s gross
domestic product. There has been also a notable
increase in the number of companies and workers
in the Amazon. The annual increase in the number
of companies operating in the Brazilian Amazon in
various sectors from 1994 to 2001 was 20.8%,
while the rate for Brazil as a whole was 15.82%. In
the same period, the annual increase in the number
of workers was 4% in the Amazon and just 1.95%
in the country as a whole.2
This apparently intense economic growth has not
been translated into human and social
development. In the Amazon region as a whole
there are high levels of illiteracy; precarious access
to basic sanitation; high rates of deforestation and
a predominantly predatory exploitation of natural
resources. In the year 2003, an area over 21
thousand Km2 has been deforested (Folha de Sao
Paulo, 7 April 2004). The great challenge in the
Amazon is to strive appropriately a balance

2
Brazilian Ministry of Labour and Employment, Annual
Register of Social Information, www.mtb.gov.br.

between the exploitation of the region's natural
resources the creation of opportunities to improve
the living conditions of over 22 million persons
that inhabit this region, guaranteeing the area's
sustainable development.3

10.3% of the national GDP. The participation of
“ecotourism” in this amount is not specified.

2.2 Ecotourism in the Brazilian Amazon

3.1. The International Legal Framework

The ecotourism is a growing economic activity in
the Brazilian Amazon for the propitious conditions
of the region and due to the fact that it generally
aims at a wealthier public (particularly foreigners)
when compared to traditional tourists.

The process of defining national and international
principles and rules for ecotourism activities is
underway. The International Ecotourism Society
has developed a set of principles, which are being
embraced by a growing constituency of NGOs,
private sector businesses, governments, academia
and local communities. They include among others
the need to minimize negative impacts on nature
and culture that can damage a destination, stress
the importance of responsible business to meet
local needs and deliver conservation benefits,
direct revenues to the conservation and
management of natural and protected areas.
General environmental law principles such as the
responsibility not to cause environmental damage
and the environmental impact assessment
principles are, in any case, applicable to
ecotourism (Rio Declaration, Principles 2 and 17).

The Brazilian Tourism Institute (EMBRATUR) is
the organization that coordinates at national level
the activities and policies related to tourism. Other
private institutions play an important role in this
domain such as the Brazilian Association for
Ecotourism. The main ecotourism centres in the
Amazon include the following:
Amazonian
States
ACRE
AMAPÁ

Ecotourism Centers

Xapuri
Água Branca, Cutias, Ferreira Gomes,
Itaubal, Macapá, Porto Grande,
Piracuuba, Santana, Serra do Navio,
Tartarugalzinho.
AMAZONAS
Autazes, Barcelos, Careiro, Careiro da
Várzea, Iranduba, Itacoatiara, Manaus,
Novo Airão, Pres. Figueiredo, Rio
Preto da Eva, Silvas.
MARANHÃO
Bacuri, Cedral, Cururupu, Mirinzal,
Pinheiro.
MATO
Alto Araguaia, Guaratã do Norte,
GROSSO
Juara, Juina, Paranalta, Peixoto de
Azevedo.
PARÁ
Alenquer, Belterra, Monte Alegre,
Óbidos, Oriniminá, Santarém.
RORAIMA
Amajar,
Boa
Vista,
Pacaraíma,
Normandia, Uiramutã.
RONDÔNIA
Costa Marques, Guajará-Mirim
TOCANTINS
Caseara, Pium
Source: Secretarias de Planejamento das Unidades
Federadas da Amazônia Legal.

Additionally, there are two national parks in the
Brazilian Amazon, which are ecotourism
destinations: the National Park “Tapajos”
(1,000,000 ha) and the National Park “Pico da
Neblina” (2,200,000 million ha).
The participation of ecotourism in the Brazilian
National Budget is not specified. The Brazilian
GDP is composed by the following sectors: cattle,
agriculture, industry and services, which
participations, in 2003, were respectively 10.2%,
38.7% and 56.7%. The tourism parcel is under an
item denominated “other services” that represents
3

Sergio Sanchez, Amazon Cooperation Treaty Organization,
ex-Secretary-General, www.tratadoamazonico.org.
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3.

REGULATING ECOTOURISM

The legal framework regulating ecotourism is still
incipient despite the efforts undertaken by
concerned actors. At the international level, the
1992 Convention on Biological Diversity (CBD)
only indirectly deals with ecotourism as its
objectives are the conservation of biological
diversity, the sustainable use of its components
and the fair and equitable sharing of the benefits
arising out of the utilization of genetic resources.
The CBD calls the member countries to undertake
general measures for the conservation and
sustainable use of their biological diversity. For
this purpose, countries shall create national
strategies, plans or programmes for the
conservation and sustainable use of biological
diversity and integrate the conservation and
sustainable use into relevant sectoral or crosssectoral plans, programmes and policies (CBD,
Article 6). Ecotourism activities are generally part
of the countries national strategies.

3.2 The Legal Regional Framework in the
Amazon
The legal international instrument that joins the
Amazonian countries to the common objective of
fostering the
development
and rational
management of its trans-boundary resources is the
Amazon Cooperation Treaty (ACT). The Treaty
was adopted in 1978 by Bolivia, Brazil, Colombia,

Ecuador, Guyana, Peru, Suriname and Venezuela
to “promote the harmonious development of their
respective Amazonian territories in such a way as
these joint actions produce equitable and mutually
beneficial results and achieve also the preservation
of the environment and the conservation of the
natural resources of those territories” (ACT, article
1).
Tourism is included in the ACT as one of the
means for fostering cooperation among the
Amazonian countries (Article 13), as follows:
Article 13: “The contracting Parties shall cooperate
to increase the flow of tourists, both national and
from third countries, in their respective Amazonian
territories, without prejudice to national
regulations for the protection of indigenous
cultures and natural resources”.
For that purpose, the ACT has established a
Special Commission for Tourism in 1990. It was
created to encourage ecological tourism in
Amazon, identify the effects of tourism related
activities upon natural resources and native
communities, promote research, exchange of
experience on different areas of tourism,
encourage co-operation between national, public
and private institutions engaged in tourism related
activities, in accordance with the general goals of
the Treaty, promote capacity-building and carry
out market surveys on aspects related to tourism.
Among the activities envisaged by this
commission was the formulation of an Ecotourism
Development Plan to guide the development and
investments in tourism in the Amazon with the
support and active participation of public and
private sectors engaged in tourism, environmental
and native affairs. Near future plans for ecotourism
include the realization of a seminar on “Regional
Ecotourism in the Amazon” to be held in Brazil in
May 2004.

4.
THE BRAZILIAN NATIONAL
LEGISLATION
Ecotourism is perceived as a key instrument in the
promotion of sustainable development in the
Brazilian Amazon. It is listed among the most
relevant economic sectors in the country (Decree
3,683, of 6 December 2000). This is also reflected
in the “Positive Agenda for the Amazon”, which
includes the implementation of the ecotourism
programme “Proecotur” among its goals. The
Amazonian Agenda was formulated at the
initiative of the Ministry of the Environment
(MMA) through the Secretariat for Coordination
of the Amazon (SCA) at the beginning of 1999. It
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aims to achieve a comprehensive solution to
deforestation and to predatory development
practices and proposes concrete alternatives for the
practical construction of new models of
development, which clearly favour sustainability.
The Brazilian government has claimed that
ecotourism is a disordered activity due to the lack
of regulation and guiding criteria. Brazilian
ecotourism is oriented almost exclusively by
market considerations without bringing the desired
social and environmental benefits.4 This led the
Ministry of Industry, Commerce and Tourism and
Ministry of Environment to institute a work group
(Interministerial Act n. 1, 20 April 1994),
composed by representatives of such ministries to
propose a national policy and ecotourism
programme. This document provides guidance to
the development of ecotourism in Brazil, by
indicating some strategic actions to be targeted by
a national ecotourism plan, such as human
resources
capacity
building,
the
active
participation of local communities and notably the
regulation of ecotourism.
The Brazilian national legislation up until now
regulates only in an indirect manner ecotourism,
although there is an increased interest for
developing such activity. The national Law no.
6938 of 31 August 1981,5 which established the
National Policy for the Environment, includes
among the instruments for implementing that
policy, the definition of environmental standards
and the creation of natural reserves and ecological
stations. The utilization of such instruments will
impact ecotourism activities as these latter will be
subject to nationally established environmental
standards and will benefit from the creation of
national reserves and ecological stations as areas
of interest to tourism.
The Decree n. 55, of 18 November 1966
establishes the national tourism policy and defines
the
organizations
responsible
for
its
implementation and supervision. Law n. 6513, of
20 December 1977, particularly, identifies the sites
considered to be of interest to tourism, which are
declared as such by the competent authorities. This
latter law includes natural reserves and ecological
stations; cultural and ethnological manifestations
and the sites where they take place; landscapes
with notable aesthetical value; places propitious
for resting, practice of sports and general
entertainment, and also sites with special climatic
conditions. The mentioned national rules,
4

Brazilian Ministry of Industry Commerce and Tourism and
Ministry of Environment “Diretrizes para uma politica nacional
de ecoturismo”, www.mma.gov.br.
5
www.senado.gov.br

however, do not set the criteria for the exploitation
of such natural sites.
In any event, ecotourism activities must be in
compliance with general environmental protection
rules and principles. The alteration of natural sites
protected by law for its aesthetical value, likely to
occur in case of unsustainable ecotourism
activities, constitute environmental crime under
Article 63 of the Brazilian Law n. 9.605, of 12
February 1998.

5.

LEGAL DEFICIENCIES

Ecotourism differs from traditional tourism as the
former involves the interaction with nature,
indigenous communities and cultures. These
elements are at the same time a source of
economic exploitation and conservationist
concerns: it is the existence of protected natural
sites and a rich cultural heritage that attracts
interest and allows income generation trough
tourism. Ecotourism is by definition an activity
that attempts to achieve a balance between the
economic exploitation of natural resources and
native communities’ cultural heritage without
threatening their existence. In practice, this
requires criteria defining what makes this activity
“sustainable” enabling the balance between
profitable economic exploitation and conservation
of the natural and cultural environment. Because
ecotourism encompasses specific concerns when
compared to traditional tourism, specific means
and legal regulation may be considered to address
them.
Ecotourism will often take place in areas of
ecological importance containing rich and/or
fragile ecosystems as well as endangered species
of fauna and flora. It may also occur in sites that
are at the same time natural reserves and
indigenous lands or may happen in a manner that
is harmful to those communities. Tourism,
therefore, can be threatening to the conservation of
nature and to local traditions and indigenous
cultures. It can also lead to the commercialization
of culture, change of traditional social norms and
values. This occurs for example when locals begin
to stage religious ceremonies out of time, place
and time just to put on a show to tourists (Poon,
1993).
Additionally, ecotourism unlike other traditional
forms of tourism will raise the question of how to
provide the sharing of benefits derived from
ecotourism activities with local and indigenous
communities, considering that the respect to local
culture and populations and their participation is
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one of its pillars. The general principles and rules
of environmental protection and rules dealing with
tourism in general may not suffice to address the
referred concerns.
Sustainability criteria in ecotourism activities,
which are instrumental for containing its potential
adverse impacts, are not clearly defined at national
and international levels. Because such criteria are
not legally established, it may be more difficulty to
(i) guarantee the optimal conservation of the
natural environment, which is a precondition for
the development of ecotourism, and to (ii) assess
the liability of ecotourism operators in cases of
environmental and social damages.
Besides the lack of specific legal regulation on
ecotourism, other factors may impair the adequate
development of this activity. In Brazil,
particularly, many ecologically important areas are
not delimitated and legally protected as such (in
the form of national, state and municipal parks,
national forests, environmental protected areas).
This may threaten the existence of rich ecosystems
and their value as potential ecotourism sites. The
greatest challenge is to create legally protected
areas and ensure proper supervision of the existing
ones to guarantee that the limits and specific uses
of such areas are respected. The lack of qualified
and sufficient personnel, the precarious
governmental supervision infrastructure and means
are obstacles for the adequate supervision and
management of natural areas where ecotourism can
ideally operate. The areas not properly supervised
or under any form of legal protection are likely to
be negatively impacted by activities such as
agriculture, cattle, logging and mining.
Specific regulation dealing with the diverse
economic aspects of ecotourism must be clearly
established, at regional and national levels. This is
especially true in terms of defining parameters for
economic exploitation through ecotourism and the
role of indigenous and local population.
Ecotourism may generate wealth, prevent
deforestation and loss of biodiversity and
contribute to the protection of native cultures,
provided that it complies with guiding criteria.

6.

CONCLUSION

Ecotourism is by definition an activity that
attempts to achieve a balance between the
economic exploitation of natural resources and
native communities’ cultural heritage without
threatening their existence. In practice, this
requires criteria defining what makes this activity
“sustainable”, enabling the balance between

profitable economic exploitation and conservation
of natural and cultural environments. Unregulated
ecotourism may contribute to the lowering of
genetic
capital,
for
example
biopiracy,
environmental harm, and bring social negative
impacts, such as prostitution, commercialization of
culture, and changing of social norms and values.
The Amazon is one of the regions in the world
with most potential for ecotourism due to its
enormous biodiversity and natural beauty. This
potential must be exploited in order to attract
investments, create jobs and, at the same time,
preserve the environment. Ecotourism in the
Brazilian Amazon is a growing economic activity.
The economic exploitation in the Amazon,
however, is still predominantly predatory and the
region faces a number of environmental social
problems such as high levels of illiteracy,
precarious access to basic sanitation and high rates
of deforestation.
The legal framework regulating ecotourism
activities despite the efforts undertaken by
concerned actors is still incipient. The relevant
legal means are at the international, regional and
national levels respectively the 1992 Convention
on Biological Diversity, the 1978 Amazon
Cooperation Treaty, and national rules dealing
with environmental protection and tourism in
general. Because ecotourism encompasses specific
concerns when compared to traditional tourism,
such as the preservation of the natural
environment, interactions with local communities
and cultures, it will require specific means and
legal regulation to address such concerns. In any
case, general principles of environmental law
apply to ecotourism such as the responsibility not
to cause environmental damage and the
environmental the impact assessment principles.
The lack of regulation at the national (for Brazil)
and the international levels must still be overcome
to allow clearer parameters defining the
interactions with the natural environment and with
local and indigenous populations. The increased
importance of ecotourism might lead to more
specific legal regulation on ecotourism and its
impacts. The establishment of nationally and
internationally legal standards for ecotourism
would help achieving the goal of reconciling
economic growth with the conservation of the
natural and cultural heritage in rich biodiversity
areas such as the Amazon.
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Abstract: Tourism is a major redistributor of resources within the domestic sector with substantial multiplier
effects. The majority of tourism businesses in Australia are small and medium enterprises (SMEs). As
tourism is a labour-intensive industry, the promotion of tourism SMEs blends well with models of community
and regional development, as small firms provide the underpinning for local entrepreneurship and job
generation. Farm tourism encompasses a set of economic activities with a tremendous potential for future
domestic earnings and regional development, drawing on services provided by local governments and
regional communities. The paper analyses whether there are significant differences between the expectations
and perceptions of participants of a guided tour in an organic farm. The results of the research may be useful
in developing an interpretive and tour management model which will help to sustain rural communities in
farm environments through tourism, and engage the support of local and regional government.
Keywords: Farm tourism; servicescape; expectations; perceptions; interpretation

undertaking some activity other than agricultural
production [ABS, 2003].

INTRODUCTION
Pigram and Jenkins [1994] argue that the
fluctuating and politically sensitive nature of the
rural sector and the contribution of tourism to
Gross Domestic Product, employment and
incomes have given rural tourism an opportunity
to gain greater prominence. With the increasing
susceptibility of farm produce to global prices,
regional restructuring has brought changes to
traditional farming activities and lifestyles. The
decline in traditional farming activities and the
resulting loss of agricultural income in Australia,
is a serious problem facing, and in sustaining,
rural communities. But tourism has created a
renewed awareness of, and demand for, rural
values and environments.

Tourism is a major redistributor of resources within
the domestic sector with substantial multiplier
effects. The majority of tourism businesses in
Australia are small and medium enterprises (SMEs).
As tourism is a labour-intensive industry, the
promotion of tourism SMEs blends well with
models of community and regional development, as
small firms provide the underpinning for local
entrepreneurship and job generation. Farm tourism
encompasses a set of economic activities with a
tremendous potential for future domestic earnings
and regional development, drawing on services
provided by local governments and regional
communities. Thus, tourism in regional Australia is
playing an important role in regeneration and
diversification.

Government agencies have increased their interest
in farm tourism as a strategy for creating regional
jobs, selling local products, supporting small-scale
business and retaining farming lifestyles The
Regional Tourism Programme is a Federal
Government commitment to regional tourism
[Australian Government: Department of Industry,
Tourism and Resources, 2003, Online]. In 19992000, about 2 percent of Australia’s farms were

The paper analyses different aspects of visitors’
satisfaction, and whether there are significant
differences between the expectations and
perceptions of participants of a guided tour in an
organic farm. Kiwi Down Under, a small farmtourism enterprise, is located sixteen kilometres
from the city of Coffs Harbour in New South
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Wales. The owner conducts traditional style
walking tours for visitors. Refreshments, food
and organic produce are available for sale at the
tea-house. Guided tours on farms which provide
education about the farm environment, and
interaction with the host, are the important aspects
of the farm experience. The results of the research
may be useful in developing an interpretive and
tour management model which will help to sustain
rural communities in farm environments through
tourism, and engage the support of local and
regional government.

♦
♦
♦
♦
♦
♦

FARM TOURISM

Considerable attention has been given to food
tourism and wine tourism in recent years. When
visits to farms, and farm tours are part of the
experience, these forms of tourism are best
categorised as sub-sectors of farm tourism. The
tangible and intangible elements of the farm
landscape attract visitors and influence their level of
satisfaction. Hall et al [2003] use the terms
‘winescape’
and
‘foodscape’.
Similarly,
‘servicescape’ can justifiably be used to examine
farm tourism.

♦

Accommodation
Farm visitor centres, galleries and museums
Farm shops for produce and crafts
Guided walks and farm trails
Educational visits
Farm activities, such as mustering, fruit
picking, horse riding and fishing
Food and beverage outlets

A common feature relevant to all of the above is
management by the owner/farmer with help from
the family household. Tourism is usually secondary
to the farm activities.

Rural and farm tourism, as a category of
alternative tourism, is a growing sector of tourism.
The growing number of tourists venturing into
rural regions, and the limited and spasmodic
research in the farm tourism sector, suggests that
empirical research in this area is needed. There
has been limited research in farm tourism because
the latter lacks a comprehensive body of
knowledge and theoretical framework, which is
largely due to problems with definition
[Oppermann, 1995].

SERVICESCAPE,
PERCEPTIONS

Farm tourism is a sub-sector of rural tourism.
According to Roberts and Hall [2001], farm
tourism is one of the five categories of rural
tourism, the others being ecotourism, cultural,
adventure and activity tourism. The broader
sector of rural tourism can be defined as tourism
activity in rural areas and has different meanings
in different countries. The European community
uses rural tourism to refer to all tourism activity in
rural areas, but ignores large-scale mass recreation
complexes in otherwise rural areas.

EXPECTATIONS

AND

The supply of farm tourism is about the countryside
as a site of consumption. Hall et al [2003] argue
that there appears to be an increasing need for some
consumers to reconnect with the countryside as a
source of recreation and relaxation, offering peace,
solitude, fresh air and wide open spaces.
The servicescape becomes relevant in the delivery
of the product. In this study, service delivery is
largely facilitated by the guide’s interpretation.
Features of the servicescape include noise, odour,
temperature, layout, signage, access, convenience
and so on. These ambient conditions affect the five
senses and make the participant feel comfortable or
uncomfortable. They serve as cues impacting on
behaviour and emotional response, influencing the
level of satisfaction with the tour.

Hill et al [1996] define rural tourism as ‘the
natural life tourism, through which the customer
may access the natural environment as opposed to
commercially developed tourist activities and
locations’ (p. 50). Rural tourism has been initiated
to satisfy tourists who are seeking healthy, active,
relaxing and culturally valid experiences to escape
urban crowds and stressful workplaces.

Expectations and perceptions, together with
motivation, are the factors often used to measure
satisfaction and hence tour quality. Lovelock et al
[1998] define expectations as ‘pre-purchase beliefs
about service provision that act as a standard or
reference point for judging post-purchase
performance’ (p.121).

The term ‘farm tourism’ is used in some regions
or countries with agrotourism or agritourism.
Whatever the label, most often it refers to ‘rural
tourism conducted on working farms where the
working environment forms part of the product
from the perspective of the consumer’ [Roberts
and Hall, 2001].
Farm tourism can include:
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activity. Three additional questions in the survey
also provided information about the respondents,
namely:

Perceptions are defined by Greenberg and Baron
[1997] as the process through which people select,
organise and interpret information gathered by the
senses in order to understand the world.

•
The provider and user are in close proximity
implying that satisfaction is influenced by
consumers’ perceptions of service and the
attention they receive. Satisfaction is dependent
on performance. Lovelock et al [1998] define
satisfaction as meeting expected needs and desires
and is the consumer’s post-purchase evaluation.

•
•

67% has not previously participated in a farm
tour
53% do not have any connection with tourism
in their work or career goals
75% are under the age of 25

Table 1 provides the mean scores of the pre- and
post-tour responses to various activities on the farm,
and the estimated t-statistic to test whether they are
statistically significant at the 5% level (the critical
value for the two-tailed test of paired differences is
2.03).
Differences between expectations and
perceptions which impact on satisfaction and
quality, have implications for management and
marketing of farm tourism. All pre-tour means are
statistically different from post-tour means, which
reject the null hypotheses that there are no
differences between participants’ expectations and
perceptions of farm activities at the 5% level of
significance.

Interpretation uses themes, perspectives and
linkages. It develops an appreciation of sense of
place. It creates for the visitor an understanding
of the history and significance of events, people
and objects with which the site is associated.
Many urban people lack understanding of rural
life and there is a growing recognition of the need
for education.

DISCUSSION
The participants from the education segment of
the market responded to a pre-tour and post-tour
survey that examined attitudes to twelve elements
of the farm servicescape. These elements are
related to behavioural and physical dimensions. In
this pilot study, a small purposive convenience
sample of thirty-six tertiary students is used.

Participants expected more walking in the farm than
they actually engaged in. While they found it easy
to move around on the uneven and sloping terrain, it
was not what they had expected. Another important
element of guided tours is related to time spent
standing at the one site, often listening to
commentary. Contrary to the participants’
expectation, they were not standing around at any
one site for too long.

A conventional approach to measuring satisfaction
using before-and-after tour questionnaires is
reasonably easy to administer and it is cost
effective. Post-tour
questionnaires are most
important in reflecting on the experience, while a
pre-tour questionnaire is acceptable as the
respondents would have enough knowledge or
access to information (for example, advertising) to
answer the questions accurately. It is recognised
that this instrument could restrict respondents
from expressing their feelings adequately,
especially in the complex dimensions of
servicescape and inter-relationships. Hence,
follow-up research using observation and
interview techniques would be useful.

Individuals respond to farm noises and smells
differently. Responses in relation to these questions
are very subjective. Nonetheless, participants have
found the farm noise and smell to be more pleasant
than expected. The guide could have modified their
behaviour when he perceived fear, anxiety or
discomfort, to generate a positive response.
Respondents felt comfortable with the farm
environment then expected. This may appear a little
surprising since 67% of the respondents have
indicated that they have not previously participated
in a farm tour. Comfort relates to a number of other
elements and may help explain this response.

Twelve close-ended questions on a five-point
Likert-type scale are used to measure respondent
attitude to a range of elements in the servicescape.
Given that most criticism of SERVQUAL lies in
its generic nature [Yoon and Ekinci, 2003], this
study has chosen dimensions and elements
relevant to the farm landscape environment to
measure customer satisfaction. The elements of
the servicescape used are embedded in the tour

It would seem that the guide has provided clear and
meaningful commentary, and has engendered a
positive mood in the participants, as there is a
significant difference between expected and
perceived responses in relation to understanding
farm activities. Most farm tours are conducted in
winter because kiwi fruit growing, which is the
main activity and attraction, is in a dormant state.
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In making other farm features the focus of the
tour, it is imperative that the guide presents the
information effectively.

REFERENCES
Australian Bureau of Statistics, Year Book.
Australia, 2003.
Australian Government: department of Industry,
Tourism and Resources, Regional Touirsm
Program,
2003.
Available:
www.industry.gov.au [Accessed January
23, 2004].
Greenberg, J., and R. Baron, Behaviour in
Organisations, In Fluker, M and Turner, L.
(2000).
Needs,
Motivations,
and
Expectations of a Commercial Whitewater
Rafting Experience, Journal of Travel
Research, 38, May, 380-389, 1997.
Hall, C.M., L. Sharples, R. Mitchell, N. Macionis,
and B. Cambourne, Food Tourism Around
the World, Butterworth Heinemann,
Oxford, 2003.
Hill, D., E. Sunderland, C. O’Cathain, and G. Daly,
Rural Tourism Development in Ireland. In
Tourism and Hospitality Research:
Australia and International Perspectives.
Proceedings of Australian Tourism and
Hospitality Research Conference, Coffs
Harbour. BTR, Canberra, 1996.
Lovelock, C., P. Patterson, and R. Walker, Services
Marketing, Prentice Hall Australia Pty Ltd,
Sydney, 1998.
Oppermann, M., Holidays on the farm: a case study
of German hosts and guests, Journal of
Travel Research, 34(1), 63-72, 1995.
Pearce, P.L., The ulysses Factor: Evaluating
Visitors in Tourist Settings, SpringerVerlag, USA, 1988.
Pigram, J., and J. Jenkins, Rural recreation and
tourism policy and planning, In Mercer, D
(ed). New Viewpoints in Australian
outdoor
Education
Research
and
Planning, Hopper Marriott and Associates,
Melbourne, 1994.
Roberts, L., and D. Hall, Rural Tourism and
Recreation: Principles to Practice, CABI
Publishing, Wallingford, UK, 2001.
Yoon, T., and Y. Ekinci, An examination of the
AERVQUAL dimensions using the
Guttman Scaling Procedure, Journal of
Hospitality and Tourism Research, 27(1),
February, 3-23, 2003.

It seems that the guide has made the farm
experience an enjoyable one even though the
participants interacted less extensively with him
than expected.
Finally, the respondents did not expect and did not
find the availability of food and drink for sale to
be important. Sales from the food and organic
produce outlet of the enterprise could supplement
the small business income. Given that the tour
was conducted on a pleasant ‘sunny’ winter day
and/or the participants were students, their
responses to this aspect of the farm tour were not
surprising.

CONCLUSION
Overall, the participants have found the farm
experience to be enjoyable and have felt
comfortable with the farm environment. The study
also shows that the guide has provided the tourists
a good understanding of farm activities through
effective interpretative tours. Owners of small
farm tourism businesses are often not aware of
performance strategies to encourage interaction
and involvement of participants. Evaluation is
important in aiding adaptation of techniques to
different groups within the same market segment.
This research has been conducted in a ‘real’ farm
setting as opposed to a theme park or agrodome,
and is particularly applicable to smaller tour
groups seeking a less formal and staged
experience. It is necessary to identify how
customers define the standards and parameters for
their evaluation. Farmers are hosts, but they are
also interpreters and guides to a different way of
life [Pearce, 1988]. Satisfying customers
expectations will go some way towards reimaging, or creating a positive image of rural
landscapes. It will also facilitate an understanding
of farming people who have contributed greatly to
regional economies in Australia through their
activity and lifestyle.
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Table 1: Means for questionnaires and t-statistic showing significance of differences between the
mean.

Item No.

Pre-tour
means

Post-tour
means

Estimated tstatistic

1. Ease of finding
the tour guide on
arrival

2.19

1.61

6.45

1 = extremely easy
5 = very difficult

2. Interaction with
the guide

2.28

2.44

6.33

1 = extensively
5 = not at all

3. Understanding
farm activities

2.39

1.89

7.66

1 = extremely well
5 = not at all

4. Expected amount
of walking

2.39

3.14

8.38

1 = extensive amount
5 = very small
amount

5.Ease of moving
around the farm

2.44

2.06

4.79

1 = extremely easy
5 = very difficult

6. Time spent
standing at the one
site

2.83

2.94

3.67

1 = far too much
5 = far too little

7 Attitude to farm
noises

2.03

1.75

4.38

1 = very pleasant
5 = very unpleasant

8. Attitude to farm
smells

2.97

2.14

7.25

1 = very pleasant
5 = very unpleasant

9. Comfort with the
farm environment

1.92

1.64

3.89

1 = very comfortable
5 = very
uncomfortable

10. Exploring
features of personal
interest

2.53

2.39

5.30

1 = extensively
5 = not at all

11. Importance of
access to
food/drink

2.97

2.94

5.38

1 = extremely
important
5 = not important

12. Overall
enjoyment of farm
experience

2.44

2.0

5.11

1 = extremely
enjoyable
5 = not at all
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Abstract:
Volatility in monthly international tourist arrivals is defined as the squared deviation from
mean monthly international tourist arrivals. Consequently, volatility is directly related to the standard
deviation, which is a common measure of financial risk. Fluctuating variations, or conditional volatility, in
international monthly tourist arrivals are typically associated with unanticipated events. There are timevarying effects related to SITEs, such as natural disasters, ethnic conflicts, crime, the threat of terrorism, and
business cycles in tourist source countries, among others, which cause variations in monthly international
tourist arrivals. In this paper, we show how the generalised autoregressive conditional heteroscedasticity
(GARCH) model can be used to measure the conditional volatility in monthly international tourist arrivals to
six SITEs, namely Barbados, Cyprus, Dominica, Fiji, Maldives and Seychelles, and to appraise the
implications of conditional volatility of SITEs for modelling tourist arrivals.
Keywords: Island economies, tourist arrivals, conditional volatility, GARCH, GJR, regularity conditions.

1.

countries, among many others, which cause
variations in monthly international tourist arrivals.
Owing to the nature of these events, recovery
from variations in tourist arrivals from
unanticipated events may take longer for some
countries than for others.

INTRODUCTION

Volatility in monthly international tourist arrivals
is defined as the squared deviation from mean
monthly
international
tourist
arrivals.
Consequently, volatility is directly related to the
standard deviation, which is a common measure
of financial risk. Monthly international tourist
arrivals to each of the six Small Island Tourism
Economies (SITEs) analysed in this paper,
namely Barbados, Cyprus, Dominica, Fiji,
Maldives and Seychelles, exhibit distinct patterns
and positive trends. However, monthly
international tourist arrivals for some SITEs have
increased rapidly for extended periods, and
stabilised thereafter. Most importantly, there have
been
increasing
variations
in
monthly
international tourist arrivals in SITEs for extended
periods, with subsequently dampened variations.
Such fluctuating variations in monthly
international tourist arrivals, which vary over
time, are regarded as the conditional volatility in
tourist arrivals, and can be modelled using
econometric time series techniques.

In this paper, we show how the generalised
autoregressive conditional heteroscedasticity
(GARCH) model of Engle (1982) can be used to
measure the conditional volatility in monthly
international tourist arrivals to six SITEs. An
awareness of the conditional volatility inherent in
monthly international tourist arrivals and
techniques for modelling such volatility are vital
for a critical analysis of SITEs, which depend
heavily on tourism for their macroeconomic
stability. The information that can be ascertained
from these models about the volatility in monthly
international tourist arrivals is crucial for policymakers, as such information would enable them to
instigate policies regarding income, bilateral
exchange rates, employment, government
revenue, and so forth. Such information is also
crucial for decision makers in the private sector,
as it would enable them to alter their operations
according to fluctuations in volatility.

Fluctuating variations, or conditional volatility, in
international monthly tourist arrivals are typically
associated with unanticipated events. There are
time-varying effects related to SITEs, such as
natural disasters, ethnic conflicts, crime, the threat
of terrorism, and business cycles in tourist source

The GARCH model is well established in the
financial economics and econometrics literature.
Extensive theoretical developments regarding the
structural and statistical properties of the model
1368

have evolved (for derivations of the regularity
conditions and asymptotic properties of a wide
variety of GARCH models, see Ling and McAleer
(2002a, 2002b, 2003)).

Size is a relative rather than absolute concept. In
the literature, size deals with quantifiable
variables, where population, GDP and land area
are most widely used. Some notable examples in
emphasising size are Kuznets (1960), where a
country with a population of 10 million or less is
regarded as small. By this measure, the World
Bank’s (2002) World Development Indicators
(WDI) data show there are 130 small economies.
In Robinson (1960), a population threshold of 10
to 15 million is used. Armstrong and Read (2002)
argue that population is often used because it is
convenient and provides information about the
size of the domestic market and labour force.

In this paper we model monthly international
tourist arrivals data. GARCH is applied to model
monthly international tourist arrivals in SITEs,
which rely overwhelmingly on tourism as a
primary source of export revenue. Such research
would be expected to make a significant
contribution to the existing tourism research
literature. The GARCH model is appealing
because both the conditional mean, which is used
to capture the trends and growth rates in
international tourism arrivals, and the conditional
variance, which is used to capture deviations from
the mean monthly international tourist arrivals,
are estimated simultaneously. Consequently, the
parameter estimates of both the conditional mean
and the conditional variance can be obtained
jointly for purposes of statistical inference.This
paper models the conditional volatility of the
logarithm of international tourist arrivals and the
growth rate of monthly international tourist
arrivals for six SITEs.

Clearly, there is debate as to the definition of
what constitutes a ‘small’ country.
There are six SITEs examined in this paper, these
being the only SITEs for which monthly
international tourist arrivals data are available.
Viewing the populations of these 6 SITEs in
Table 1, they are home to over two million
people. Their populations range in size from
micro-economies like Dominica and Seychelles,
with populations between 50,000 and 100,000, to
mini-economies like Barbados and Maldives,
which have populations between 100,000 and
500,000, and Cyprus and Fiji, which have
populations between 500,000 and 1 million. All of
the economies reported in this paper are former
British colonies, which gained independence
during the latter half of the last century. All of
these SITEs have relatively large per capita GDP
figures. SITEs in this paper are in four geographic
regions of the world, with 2 of them in the
Caribbean, 1 in the Pacific Ocean, 2 in the Indian
Ocean, and 1 in the Mediterranean.

As the effects of positive and negative shocks in
international tourism arrivals may have different
effects on tourism volatility, it is useful to
examine an asymmetric model of conditional
volatility. For this reason, two popular univariate
models of conditional volatility, namely GARCH
and the asymmetric GJR model of Glosten,
Jagannathan and Runkle (1992), are estimated and
discussed.
2.

SMALL ISLAND TOURISM
ECONOMIES

In the literature on small economies, several
attempts have been made to conceptualise the size
of an economy, yet there has been little agreement
to date. The issue of size first emerged in
economics of international trade, where the small
country is the price taker; the large country is the
price maker with respect to imports, and export
prices in world markets.
Mean
(1980-2000)

SITE

Pop.
(mills)

GDP per capita
(‘000 US$)

Barbados
Cyprus
Dominica
Fiji
Maldives
Seychelles
Mean

0.26
0.69
0.07
0.73
0.21
0.07
0.34

7.1
10.0
3.4
2.3
1.3
5.9
5.0

Mean 2000
Pop. GDP per capita Surface Area
(‘000 US$)
(mills)
(km2)

0.27
0.76
0.07
0.81
0.28
0.08
0.38

8.3
14.1
3.4
2.4
1.9
7.0
6.2

Tourism plays a dominant role in the economic
well being of SITEs, and tourism earnings
account for a significant proportion of the value
added in their national product. The fundamental
aim of tourism development in SITEs is to
increase foreign exchange earnings to finance
imports. These SITEs have an overwhelming
reliance on service industries, of which tourism
accounts for the highest proportion in export
earnings. In economic planning, tourism has a
predominant emphasis in SITEs where the climate
is well suited for tourism development and the
islands are strategically located.
The square of the deviation from the mean of a
GDP growth rate is known as the volatility of
GDP growth. In SITEs, the volatility of GDP
growth rate tends to be very high. Shareef (2003)
calculated the real GDP growth rate and its
volatility for 20 SITEs. Malta in the
Mediterranean recorded the lowest mean volatility
for the period 1980-2002, while St. Lucia in the
Caribbean Sea recorded the highest mean
volatility of 56.9 for the same period.

430
9,240
750
18,270
300
450
4,907

Source: WDIs 2002, The World Bank

Table 1. Common Size Measures of SITEs
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SITEs need a consistent inflow of foreign capital
to smooth out consumption over the long run,
while compensating for any adverse shocks to
domestic production. A common feature of SITEs
is that they depend heavily on foreign aid to
finance development (see Commonwealth
Secretariat/World Bank Joint Task Force on
Small States (2000). Aid flows have dropped
sharply during the last decade of the 20th Century,
due to the collapse of communism in Europe. Aid
from donor countries has been diverted towards
former Soviet allies. SITEs have experienced a
dramatic decline in per capita aid of around
US$145 in 1990 to less than US$ 100 per capita
in 2000. They have very limited access to
commercial borrowings because these are
perceived to suffer from frequent natural disasters
or for other reasons considered to be high risk.

feature, besides US tourists dominating the visitor
profile, accounting for just below one-fifth.
During the same period, in Barbados, Cyprus and
Dominica, international tourist arrivals account
for six of the eleven source markets. While Fiji
welcomed tourists from seven of these eleven
sources, Maldives and Seychelles received
tourists from the most number of source markets.
The USA, UK and Germany are the dominant
markets for tourists to these SITEs. Moreover,
these three markets also correspond to quite
substantial mean percentages across most of the
SITEs. Although the USA is the world’s largest
and richest economy, their prominence in
international tourist arrivals is notable only in the
two Caribbean SITEs, namely Barbados and
Dominica, followed by Fiji. In the Indian Ocean
SITEs, US tourists feature with very low mean
percentages. However, UK tourists are spread
more evenly among the six economies compared
with US tourists. UK tourists are the most widely
travelled among the eleven tourism markets,
arguably because of the British colonial heritage
attached to these SITEs. Generally, European
tourists seem to travel to island destinations
compared with US and Canadian tourists. German
tourists have smaller magnitudes than their UK
counterparts. The Germans are followed by
French and Italian tourists who travel more to the
Indian Ocean SITEs as compared with their
Mediterranean and Caribbean counterparts.
Canadian, Swiss, Swedish and Japanese tourist
arrivals appear among three SITEs, with varying
visitor profiles. Canadians tend to travel to the
Caribbean and the Pacific, Swiss and Swedish
tourists are present among all the regions except
the Pacific, while Japanese tourists appear in the
Indian Ocean and Pacific Ocean SITEs.
Australian and New Zealand tourists travel
substantially to SITEs in the Pacific region, but
their arrivals are relatively small among the other
SITEs.

Although SITEs have achieved high average per
capita GDP relative to the larger developing
countries, poverty continues to be an unabated
challenge. Generally, with the increase in per
capita GDP, there has been a decline in poverty
(Commonwealth Secretariat/World Bank Joint
Task Force on Small States (2000)). However,
there are a number of small economies that have
higher poverty rates than reflected in their per
capita incomes, primarily because SITEs are
island archipelagos. In such archipelagos, a large
proportion of economic activity is confined to the
capital, while the dispersed communities remain
poor. Poverty prevalence becomes high with the
uneven distribution of income. The high volatility
of GDP, together with the population’s inability
to absorb negative shocks to their incomes, means
that inequality is further aggravated and hardship
is intensified.
3.

COMPOSTION OF TOURIST
ARRIVALS IN SITES

Tourism arrivals from eleven major markets
represent a significant proportion of the total
international tourist arrivals to SITEs. Among
these eleven markets are the world’s richest seven
countries, the Group of 7. The other 4 countries,
namely Switzerland, Sweden, Australia and New
Zealand, are among the highest per capita income
countries of the world.

4.

DATA

This paper models the conditional volatility of the
logarithm and the growth rate of international
tourist arrivals in six SITEs. For these SITEs, the
frequency of the data is monthly, and the samples
are as follows: The sample periods for these six
SITEs are as follows: Barbados, January 1973 to
December 2002 (Barbados Tourism Authority);
Cyprus, January 1976 to December 2002 (Cyprus
Tourism Organization and Statistics Service of
Cyprus); Dominica, January 1990 to December
2001 (Central Statistical Office); Fiji, January
1968 to December 2002 (Fiji Islands Bureau of
Statistics); Maldives, January 1986 to June 2003
(Ministry of Tourism); and Seychelles, January
1971 to May 2003 (Ministry of Information
Technology and Communication). In the case of
Cyprus, monthly tourist arrivals data were not

The eleven countries are geographically located
with varying measures of distance relative to the
six SITEs. These countries are diverse in their
social and economic cultures, but explain more
than two-thirds of the composition of
international tourist arrivals in all the SITEs,
except for Dominica. The capacity of the
Dominican tourism industry is relatively small
compared with the rest of the six SITEs.
Moreover, the relatively small magnitudes of
mean percentages of tourists from a wide variety
of nationalities to Dominica is the dominant
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available for 1995, so the mean monthly tourist
arrivals for 1993, 1994, 1996 and 1997 were used
to construct the data for 1995 in estimating the
trends and volatilities in international tourist
arrivals.

Fiji, Maldives and Seychelles, respectively. For
Barbados, there is clear evidence of volatility
clustering during the early 1970s and in the mid1980s, after which there is little evidence of
volatility clustering. Volatility clustering is visible
for Cyprus in the mid-1970s. In Dominica, in late
1999 and early 2000, there is volatility clustering.
The volatility structure of Fiji resembles that of a
financial time series, with volatility clustering not
so profound, except for outliers, which signify the
coups d'état of 1987 and 2000. In Seychelles,
volatility clustering is noticeable in the early
1970s, whereas in the Maldives, there are few
extreme observations and little volatility
clustering.

The logarithm of international tourist arrivals to
each of these SITEs exhibits distinct seasonal
patterns and positive trends. For Barbados, there
are some cyclical effects, which coincide with the
business cycles in the US economy. These
business cycles are the boom period in the latter
half of the 1970s, the slump due to the second oil
price shock of 1979, and the recession in the early
1990s. In Cyprus, the only visible change in
monthly international tourist arrivals is the outlier
of the 1991 Gulf War. In Dominica and the
Maldives, there are no apparent changes during
the respective sample periods. However, in Fiji,
the coups of 1987 and 2000 are quite noticeable.
Until the second oil shock of 1979, tourism was
rapidly increasing in Seychelles, after which the
growth rate of international tourist arrivals has
stabilised.

5.

UNIVARIATE MODELS OF TOURISM
DEMAND

This section discusses alternative models of the
volatility of the logarithm of international tourist
arrivals using the Autoregressive Conditional
Heteroscedasticity (ARCH) model proposed by
Engle (1982), as well as subsequent developments
in Bollersllev (1986). The most widely used
variation for symmetric shocks is the GARCH
model. In the presence of asymmetric behaviour
between positive and negative shocks, the GJR
model of Glosten et al. (1992) is also widely used.
Ling and McAleer (2002a, 2002b, 2003) have
made further theoretical advances in both the
univariate and multivariate frameworks.

The volatility of the logarithm of the
deseasonalised and detrended monthly tourist
arrivals were calculated from the square of the
estimated residuals using non-linear least squares.
The most visible cases of volatility clusterings of
monthly international tourism demand are
Barbados, Cyprus and Seychelles. In Barbados, in
the first third of the sample, monthly international
tourism arrivals have been highly volatile owing
to the economic cycles in the US economy. For
Cyprus and Seychelles, there is volatility
clustering in the late-1970s to mid-1980s due to
the second oil price shock. For Fiji, volatility
clusterings are virtually non-existent, whereas for
Dominica and Maldives, volatility seems to be
accompanied by seasonality in tourist arrivals.

5.1.

Symmetric GARCH(1,1)

The uncertainty ( ht ) in the ARMA(1,1)GARCH(1,1) model for the logarithm of monthly
international tourist arrivals, log TAt is given in
Table 2, and the unconditional shocks for monthly
international tourist arrivals are given by ε t2 ,
where ω > 0 , α ≥ 0 and β ≥ 0 are sufficient
conditions to ensure that the conditional variance
ht > 0 . The ARCH (or α ) effect captures the
short-run persistence of shocks, while the
GARCH (or β ) effect measures the contribution
of shocks to long-run persistence, α + β . The
parameters are typically estimated by maximum
likelihood to obtain Quasi-Maximum Likelihood
Estimators (QMLE) in the absence of normality
of η t .

The growth rate of monthly international tourist
arrivals is defined as the log-difference of
monthly international tourist arrivals. Viewing the
growth rates for the six SITEs, except for Fiji,
there are dramatic changes in the magnitudes of
the growth rates of monthly international tourist
arrivals. Cyprus, Maldives and Dominica show a
very high degree of variation in the growth rates,
in their respective samples. Barbados and
Seychelles share similar growth rates, while Fiji
shows the lowest variations.
The volatility of the growth rate of deseasonalised
monthly international tourist arrivals is calculated
from the square of the estimated residuals using
non-linear least squares. In this case, the
dependent variable is the log-difference of TAt.
The volatility among the six SITEs show slightly
different patterns over the respective sample
periods, with the simple correlation coefficients
for the volatilities being 0.86, 0.93, 0.91, 0.98,
0.92 and 0.60 for Barbados, Cyprus, Dominica,

It has been shown by Ling and McAleer (2003)
that QMLE of GARCH (p,q) is consistent if the
second moment is finite. The well known
necessary and sufficient condition for the
existence of the second moment of ε t for
GARCH(1,1) is α + β <1, which is also sufficient
for consistency of the QMLE. Jeantheau (1998)
showed that the weaker log-moment condition is
sufficient for consistency of the QMLE for the
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asymmetric effects are captured by γ , with
γ > 0. In the GJR model, the asymmetric effect,
γ , measures the contribution of shocks to both
short run persistence, α + γ / 2 , and long run

univariate GARCH (p,q) model. Hence, a
sufficient condition for the QMLE of
GARCH(1,1) to be consistent and asymptotically
normal is given by the log-moment condition (see
Table 2).
5.2.

persistence, α + β + γ / 2 . The necessary and
sufficient condition for the existence of the
second moment of GJR(1,1) under symmetry of
η t is given in Table 2 (see Ling and McAleer
(2002b)). The weaker sufficient log-moment
condition for GJR(1,1) is also given in Table 2.
McAleer et al. (2002) demonstrated that the
QMLE of the parameters are consistent and
asymptotically normal if the log-normal condition
is satisfied.

Asymmetric GJR(1,1)

The effects of positive shocks on the conditional
variance ht are assumed to be the same as
negative shocks in the symmetric GARCH model.
Asymmetric behaviour is captured in the GJR
model, as defined in Table 2, where ω > 0 ,
α + γ ≥ 0 and β ≥ 0 are sufficient conditions for
ht > 0 , and I (ηt ) is an indicator variable (see
Table 2). The indicator variable distinguishes
between positive and negative shocks such that
Model Specification

Sufficient Conditions
for ht > 0

ARMA-GARCH (1,1):

ε t = η t ht ,

η t ∼ iid (0,1)

.

ht = ω + αε 2 + βht −1
t −1

ω >0

Log-moment:

α ≥0

E[log(αη t2 + β )] < 0

β ≥0

Second Moment:

α + β <1

ARMA-GJR(1,1):

ε t = η t ht ,

Regularity Conditions

Log-moment:

η t ∼ iid (0,1)

ht = ω + (α + γI (η t −1 ))ε 2 + βht −1
t −1

ω >0

E [(log((α + γI (η t ))ηt2 + β )] < 0

α +γ / 2 ≥ 0



β ≥0

Second Moment:

α + β +γ /2 <1

1, ηt < 0
I (ηt ) =
0, ηt ≥ 0


Table 2. Symmetric GARCH (1,1) and Asymmetric GJR(1,1) Models of Conditional Volatilities

6.

EViews 4.1 is used to obtain the estimates of the
parameters, with both asymptotic t-ratios and the
Bollerslev-Wooldridge (1992) robust t-ratios.

EMPIRICAL RESULTS

The GARCH(1,1) and GJR(1,1) models are used
for six SITEs to estimate the volatility of the
logarithm and the growth rate of monthly
international tourist arrivals. The empirical
models used take account of seasonal effects and
deterministic time trends. Uncertainty in tourist
arrivals is estimated from the unconditional
shocks in the conditional mean. In this paper, an
ARMA(1,1) specification is estimated with
monthly seasonal dummies and deterministic time
trends. Estimates of the parameters of the
conditional mean and conditional variance for the
GARCH(1,1) and GJR(1,1) models for 6 SITEs
are available on request. The Brendt-Hall-HallHausman (Berndt et al. (1974)) algorithm in

The estimates for the logarithm of tourist arrivals
are somewhat different in the 6 SITEs. The AR(1)
estimates are highly significant for all SITEs,
showing a high degree of persistence of tourist
arrivals to these destinations.
A large majority of the 12 seasonal dummies for
the logarithm of tourist arrivals are significant,
indicating strong monthly seasonality (the results
are available on request). As these SITEs are in
tropical and subtropical regions, while the tourist
source markets are in the temperate zones,
seasonality is generally observed during
November and December. This feature of
seasonality can be generalised across all SITEs.
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For Fiji, the same principle applies, but since their
main tourist sources are in the southern
hemisphere, the months change to July and
August. Cyprus has the longest tourist season,
which is from February to August.
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asymmetric effect is negative for Dominica,
Maldives and Seychelles. This outcome implies
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shock in the growth rate of monthly international
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Abstract: There are obvious gaps between long-term change of economic structure and its principle driving
force – technological progress. History has shown the influence of technological progress on economy and
current insights in technological development can almost foresee the coming technological waves in next 50
years, but their possible impacts on economy are not yet assessed. In this paper, we define that R&D
investment drives the development of biotechnology, capacity building brings new bio-technical processes
into sectoral production, new or old technical processes within a sector exchange their relative positions as
phasing in and out, and sectors evolve or transform along time. An exercise on US economy will be done to
assess potential influence of biotechnological progress in next 50 years.
Keywords: Evolution, economic structure, biotechnological change

1

INTRODUCTION

Two big issues currently challenging human
society are sustainable development and global
change. Both of these issues have a long-term
dimension, which demands consideration over the
next 50-100 years. The current policy regime
aimed to support sustainable development and
deal with global change will have profound
implication for future society, thus the present
assessment of the policy regime demands for at
least understanding, even if it is impossible to
predict, the future. Combating global warming
will transform the present fossil-fuel society into a
non-carbon world, what could be the vision of the
future world influenced by today’s environmental
policy therefore draws policy maker’s top
attention. Historical perspective tells us that
technological revolution is the fundamental
driving force of long-term change in human
society. Although oncoming technological change
is to some extent foreseeable, human society is
still incapable of assessing the potential influence
of new technologies on the society. In the past, we
have always identified technological influences ex
post; even today, at current stage of development
of new technologies, we are not yet clear what
will be brought about by the technologies to the
society.
The socio-economic system is so complex that its
structural change remains intractable. Mainstream
economics regards economic change to be a
process of static or dynamic equilibrium, based on
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the ideas of Newtonian’s mechanicas. It views the
economic system as deterministic, controllable,
homogenous, reversible, and moving toward
equilibrium (Janssen, 1998). It avoids the problem
of structural change by assuming a constant
structure in the short and medium terms, but fails to
prove itself in long-term projection. Its mechanical
extrapolation, often based on capital stock, into the
future receives most criticisms from nonmainstream economists including historical and
evolutionary economists, who have been
theoretically challenging mainstream economics’
ideas on economic change by arguing that
economic system is undeterministic, uncontrollable,
heterogeneous, irreversible, and a system in
disequilibrium. They recommend an evolutionary
perspective to link changes in production inputs
including intermediate and primary inputs, in
consumption patterns, and in investment structure
with technological progress (Van den Bergh and
Gowdy, 2000).
What could be the implications for economic
structural change of the development in
biotechnology? This question deserves effort in
exploration for several reasons. First, better
understanding of the direction of structural change
will shed great light on current sustainable
development and global change problems. Ernst &
Young’s report (2001) analyses that biotechnology
will bring hope to the hungry people, nearly onethird of world population, by significantly
improving agricultural production. But, when, to
what extent, and how cannot be answered in the

absence of structural change context. Second, the
new analysis of structural change under
biotechnology will add important new policy
implications to the existing policy research on
sustainable development and global change issues,
e.g. climate change. It is now well known that if
technological progress can lower the costs of
complying with climate change imperatives, the
resulted gross costs could be much lower than is
naively expected with exogenous technological
progress.
The
question
is
whether
biotechnological
development
will
drive
economic structure in a direction favourable to
climate change and lower resource use. The
difficulty of simulating structural change under
endogenous technological progress has been a
bottleneck for the advancement of modelling work
on socio-economic, environmental, and natural
resource issues. Finally, structural change through
biotechnology is critical for the clarification of the
implications on other economic variables of
biotechnological development. The structural
change will alter industrial position and
production relations, influence future labour
markets, reflect changes of consumers’
preferences, and guide investment behaviour. On
all these aspects, biotechnology will have great
implications.
In this research we aim to simulate the evolution
of economic structure under biotechnological
development1. The basic unit that we study is
technical or production processes, which are
regarded to constitute a sector’s production and to
represent specific layers of technology, old or
new. The phasing out or in of the old or new
technical processes changes a sector’s production
form, which in turn induces structural change of
economy. The relative position of a technical
process in a sector is determined by the installed
capacity or capital stock required by the process
and that the capacity is investment-driven. We
distinguish between two types of investment in
technology: namely investment in R&D and
investment in application of the R&D
achievement to production processes. The former
depends on both the public and private sectors’
investment behaviour and policy regime. The
latter follows the descriptive theory of the
technology life cycle, which in turn depends on
the investment in R&D. Driven by these two sorts
of investment, technologies develop, production
processes change their position, and economic
structure evolves along the trajectory of
1

The “evolution” here means the change of economic
structure in accordance with technological progress.
It may differ from the evolution proposed in typical
evolutionary economics, which adopts the
Darwinian evolution in biology.
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technological development. Thus, the method in
this research entails an endogenous Input-output
structural change, which likes an evolution
mechanism or Schumpeterian creative destruction.
Section 2 will briefly review previous studies on
structural change and technological change. Section
3 will introduce the method in this research. Second
4 will apply the method to US economy. Finally,
Section 5 concludes this research.
2

REVIEW

The central position of Input-output analysis in the
description of economic structure is reckoned by
modern economic modelling exercises, which
employ the explicit presentation of inter-industry
relations from Input-output tables.
Input-output table essentially presents technologies
at sector level, with an assumption of fixed input
coefficients. However, many studies find a paradox
that the change Input-output coefficients is not
corresponding to technological change, in particular
in short and medium term (e.g. Carter, 1970),
probably because the Input-output coefficients
result from the effects of various factors, which
offset each other in most cases. On other hand,
looking back longer term of history economic
structure did change in accordance with
technological progress. In order to capture
influence of technological progress on economic
structure, economists have devoted a lot of effort to
adjust the fixed Input-output coefficients.
Traditional methods mechanically adjust Inputoutput coefficients, generally regard technology as
a name of a factor explaining the changes over time
without explicit treatment of different technologies,
and lack an analysis of new technologies and their
role in influencing the economy. The traditional
methods, isolating the change of Input-output
technical coefficients from economic behaviour,
say investment in innovation and diffusion, seem
incapable of long-term projection. Carter (1970)
explicitly incorporated the new technology into
Input-output coefficient change but with an
assumption that future coefficients are known.
Leontief and Duchin (1986) were the first who
explicitly explored the influence on Input-output
technical coefficients of information technology in
the US economy. They designed both qualitatively
and quantitatively four scenarios tracing the
possible paths of influence of information
technology for the period 1980-2000. While their
research did capture the evolution of information
technology to some extent, it did not relate the
information technological change with R&D
investment
and
consider
other
potential
technologies. In other words, technological change
is exogenous in their research. Los (2001)
attempted to model the change of Input-output

coefficients with endogenous growth theory, but
his treatment on technology, a pure labour-saving
process, is oversimplified and not suitable for
specific technologies.
It is widely noted that neoclassical approaches,
both exogenous and endogenous, on technological
change
are
over-simplistic,
ignoring
a
comprehensive
analysis
of
technological
characteristics. This is reflected in a number of
applied economic models based on such theories.
The exogenous growth economic models
commonly assume that technological change is a
deterministic time trend with exponential or
whatever form of exogenous factor growth. As an
updating version to endogenous growth theory,
some formerly exogenous growth models use
cumulative knowledge or capacity to represent
technological progress to claim itself as an
endogenous growth model.
There has been a movement including historical
and evolutionary economics and some new
thinkers to criticise neoclassical economic theory
on economic growth in relation to technological
change (e.g. Freeman and Soete, 1997; Janssen,
1998; Freeman and Louçã , 2001). They propose
to economy an undeterministic, uncontrollable,
heterogeneous, irreversible, evolutionary, and a
disequilibrium, process.
Long-term technological change has not been
properly modeled so far with either neoclassic or
evolutionary approach, recently emerges a
renewed interest in long wave theory, a subject
that describes economic change with long-term
Kondratiev waves driven by Schumpeterian
radical technological change (Freeman and Soete,
1997). This is a good descriptive theory on the life
cycle of a technology. Freeman and Louçã (2001)
elaborate the life cycle of a technology by six
phases as shown below.
•

The laboratory-invention phase, with early
prototypes,
patents,
small
scale
demonstrations and early applications;*

•

decisive demonstrations of technical and
commercial feasibility, with widespread
potential applications;

•

explosive take-off and turbulent growth,
characterized by heavy investment and many
business startups and failures;

•

Continued high growth, as the new
technology system becomes the defining
characteristic of the economy; *

•

slowdown, as the technology is challenged by
new technologies, leading to the next crisis of
structural adjustment;

1377

•

Maturity, leading to a (smaller) continuing role
of the technology in the economy or slow
disappearance.

Köhler (2003) fits the six phases into a S shape.
Grübler (1998) points out that the analyses on the
development of many technologies confirm the S
shape description, a logistic curve that has been
widely used without definite reason.
3

THE METHOD

The method in this research bases on Pan (2004),
where specific technologies can be modelled to
induce the change of Input-output analysis. The
method regards a sector as a cluster of production
processes, each of which represents a sort of
technological layer. The structure of intermediate
and primary inputs of a production or technical
process is the technical structure of the process,
which is assumed fixed throughout time by its
nature. The dynamics of a sectoral input structure
depends on the phasing in and out of its new and
old technical processes. The method further defines
that the relative position of a technical process in a
sector is determined by the installed capacity
required by the process and that the capacity is
investment-driven.
The method specifies two types of investment in
technology: namely investment in R&D and
investment in application of the R&D achievement
to production processes. The former depends on
both the public and private sectors’ investment
behaviour and policy regime. The latter follows the
descriptive theory of the technology life cycle,
which in turn depends on the investment in R&D.
Driven by these two sorts of investment,
technologies develop, production processes change
their position, and economic structure evolves
along the trajectory of technological development.
Thus, the method in this research entails an
endogenous Input-output structural change, which
likes an evolution mechanism or Schumpeterian
creative destruction.
Figure 1 shows the evolutionary process of sectoral
production process. In period 1 the sector consists
of ten old technical processes (the hexagons), but in
period 2 a new technical process (the pentagon)
emerges. The new process, driven by investment,
will gradually expand its share in the sector
production and kick out the old processes. In period
8, a newest process (the diamond) appears and will
increase its share in the sector during following
periods. It is clear that in the last period in Figure 2
the old technical processes will be eliminated out of
the sector, the new technical process will dominate
the sector production, and the newest technical
process will compete with the dominator. As a
result, the sector will completely transform its
production techniques.

ordinary and new technical processes, weighted by
the share of the product of each process in total
product.

Figure 1. The evolution of sectoral production
process
Sectoral
productivity

Denote

k jN as

the coefficient of new-technology-

specific capacity use in sector j, we have

k =
N
j

r jN K Nj
(4)

PjN X jN

Where capital

K Nj

indicates new-technology-

specific capacity or capital stock built in sector j
Time

and

Denote intermediate input coefficient matrix as A,

aij , which we assume

the elements of which are

consists of an ordinary technical process with
technical coefficient

aijO

and a new technical

process with technical coefficient

aijN .

Let

xijO

indicate the input of sector i’s product in sector j’s
ordinary process and

xijN

technical process, and

X Oj

in sector j’s new

X jN

and

are sector

j’s total output from ordinary and new technical
process respectively. Let
sector i’s product,

Pi

Pi O and Pi N

are the prices of

Pi O xijO
(1)

PjO X Oj

For the new technical process

aijN =

(2)

PjN X jN

+ aijN ⋅

Assuming the capacity in each sector is fully
utilised, the output from new and old technical
process can be derived (4) and (5) respectively,
substituting them into (3), the combined coefficient
of intermediate use becomes dependent to capacity

aij = aijO ⋅
+a ⋅
N
ij

k jN K Oj
k jN K Oj + k Oj K Nj
k Oj K Nj

k Nj K Oj + k Oj K jN

(6)

.

(7)

which says that the capacity at period 1 is the
investment in the period plus the capacity net of
depreciation in period 0.

PjO X Oj
PjO X Oj + PjN X jN
PjN X jN

(5)

P jO X Oj

K j ,1 = (1 − δ ) K j , 0 + I j ,1

The coefficient from Input-output table is

aij = a ⋅

=

r jO K Oj

Denote2 δ
as depreciation rate and I as
investment; the capacity is accumulated in a
classical way

Pi N xijN

O
ij

k

O
j

The formula (6) shows that a combined Inputoutput coefficient is dependent to the input
structure and capacity of each process. If each
process’s input structure is fixed, the combined
Input-output coefficient changes with capacity
change in each process. We further discuss
investment and capacity accumulation below.

For the ordinary technical process,

a =

rental rate of the capacity or capital

stock. Similarly, the coefficient of ordinary
capacity use in sector j is

indicate the price of

ordinary
and
new
production
process,
respectively. We have the following coefficients,

O
ij

γ Nj the

(3)

PjO X Oj + PjN X Nj

Above says that the combined Input-output
coefficient is the average of coefficients of

1378

We further define the investment in technological
deployment dependent on technology development,
which will go along its life cycle - a logistic-like
2

Thereafter, for simplicity, we do not distinguish
between new and old processes.

curve. In this research, the logistic curve is not
fixed; how fast a new technology will go through
the cycle depends both on the nature of the
technology and on the R&D investment in the
technology. As Figure 2 shows, if a technology
will go through a life of 60 years with a normal
level of investment, additional investment to the
level will accelerate the development of the
technology and shorten its life span to, e.g. 30
year. This perspective is for example particularly
important in assessing induced technological
change. Heavy investment in environmental
technology will rapidly develop the technology,
which in turn will assist in solving environmental
problems.
Figure 2. The dependence on R&D investment
of the life span of a technology

90 years - light investm ent

Define

Where

θj
θj

is parameter vector,

(7)

β

I tR & D as

index of R&D investment in new technology R&D
sector; we assume a linear relationship between the
index and α

α t = τ ⋅ I tR& D

(8)

Again, parameter τ can be empirically determined.
In a multinational context, the R&D investment
includes both domestic and foreign investment and
therefore reflects spillover effect across nations. We
will approach the R&D investment behaviour in an
integrated macroeconomic system, which currently
is beyond the scope of this paper.
A STUDY ON US ECONOMY

According to the method described above, this
study specifically projects US Input-output
coefficients for next 50 years (attempting to cover
the entire course of biotechnological development)
purely from the perspective of biotechnological
change. The projection is then incorporated into a
macroeconomic model, E3MG, to assess the
influence of biotechnology on US economy.

60 years - m oderate investm ent

1 + e −α t + β

therefore shorten its life cycle. Denote

4

30 years - heavy investm ent

It =

will accelerate a technology’s development and

determines the

lower tail span. In terms of technology
development, it describes the process of phase 1
and 2 and defines their spans. We empirically
specify its value. Here α is a variable, which
defines the logistic curve’s span from very low to
top. In terms of technology development, it
describes how fast a technology will reach its
peak of life. We relate this variable to R&D
investment, assuming that additional investment
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Biotechnology is further considered with respect to
three
sub-layers,
namely
agricultural
biotechnology, environmental biotechnology and
life science biotechnology as commonly defined in
the area (Senker, 2000; Ernst & Young, various
years).
Currently, the different types of
biotechnology
show different
pattern
of
development and investment. They may have
different implications on economic system in
future. Within Input-output framework this study
accounts for biotechnological products separately.
For example, universities and research institutes
produce biotechnology patents, while food,
chemical or pharmaceutical giants provide
dedicated biotechnology firms (DBFs) with key
inputs. The method allows substitution among
primary and intermediate inputs as biotechnology
phases in to the economic system, and therefore
generates a mechanism of evolution or
Schumpeterian creative destruction. This study also
specifies biotechnology-specific labour and
capacity. The new labour may be readily available
through training and education, but the capacity
building depends on biotechnology investment,
which entails the endogenity of biotechnology. It is
important to notice that this method addresses the
productivity growth enhanced by biotechnological
progress through the phasing in of biotechnological
processes where both labour and overall
intermediate input are made to decrease their shares
in total input in each sector. This feature implies the
factor productivity improvements.

To project the Input-output coefficients under
biotechnological progress, it is the best to have the
Input-output data in terms of each bio-technical
process, which in fact requires the establishment
of un-precedent biotechnological Input-output
tables. However, existing statistics has not yet
provided with such detailed and updated data. The
construction of such biotechnological Input-output
tables based on observation is beyond our ability
and resources, we thus adopt hypothetical tables
based on experts’ view, literature review, and
special surveys, wherever they are necessary.
5

CONCLUSION

This study critically relies on identification of the
new bio-technical process. It is ideal to use
biotechnological Input-output tables, but the data
unfortunately is unavailable at present or doesn’t
exist at all. The second best way is to use
engineering data to specify the input structures of
biotechnology in different sectors. In the exercise
with US economy, a hypothetical biotechnological
Input-output table will be used.
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Abstract: Canada has several of Earth's largest lakes and many small lakes. Heat storage and circulation are
greatly affected by lakes. Currently the Canadian Regional climate model does not incorporate a lake component.
Therefore, we are linking atmospheric and lake models for such applications as climate prediction and assessing
changes in the lake water quality and quantity. We investigate use of highly parallel arrays of clustered
processors, available through Canada's SHARCNET. The accuracy of lake, land and atmospheric models
depends on grid spacing. Coarser grids adversely affect accuracy. Regional climate model inputs are required
subhourly, placing a lower bound on the grid sizes that can be employed. We link a one-dimensional lake model
such as the Dynamic Reservoir Model (DYRESM) to a Regional Climate model (RCM) to incorporate the effects
of lake on the regional climate. The land model used is the Canadian Land Surface Scheme (CLASS). CLASS
and DYRESM are vertical models, with no interaction between horizontally neighboring nodes. CLASS
computes heat and moisture fluxes for bare ground (fractional coverage by ground, FG), snow-covered ground
(fractional coverage by snow, FSN), ground with canopy (fractional coverage by ground, FC), and ground with
both snow and canopy. These fractions are combined to calculate node characteristics. Lake flux values are
provided by DYRESM, which are combined with land values according to the fractional lake coverage. Hybrid
model is designed and implemented using a mix of both serial farm and task parallel approaches on Guelph
SHARCNET high performance computing cluster.
Keywords: CLASS;DYRESM; RCM; Parallel computing.
1.

INTRODUCTION

Canada’s lakes can have a significant impact on its
climate. Also, climate modification will affect lake
thermal properties. Canada has several of Earth's
largest lakes. There are several million "smaller"
lakes, and their overall impact on climate is not well
understood.
Regional climate models (RCM) are used in climate
change studies. The current Canadian Regional
Climate Model (CRCM) uses the Canadian Land

Surface Scheme (CLASS) model for computation of
heat and moisture fluxes associated with a land mass
but is missing a lake component. To enhance the
accuracy of the RCM there is definite need of
incorporating a lake component in the system
(Goyette et al. [2000], Swayne et al. [2003]). These
models tend to be computationally intensive. The
computational needs grow rapidly with finer grids.
Finer grids are highly desired as it leads to increased
accuracy of climate change models. The
computational needs can be so high that
computations may not be reasonably done using
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serial computers. Here arises the need for parallel
computing. Parallel computing can be used to
harness the collective computational power of many
computer clusters available for the same problem.
Depending on the size of the grid and number of
processors available in the cluster, a group of nodes
in a grid can be represented by individual processors
that can be responsible for its computational needs.
In this study, a hybrid model to link land (CLASS)
and a lake component (DYRESM) with an
atmospheric model is developed using parallel
computing.

2.

BACKGROUND

The Canadian Land Surface Scheme (CLASS) was
first developed in the late 1980’s using Fortran77
(Verseghy [1991]). This model has been developed
and tested over considerable time (Verseghy [2000],
Comer et al. [2000]) The model is a vertical onedimensional model. CLASS involves computation of
heat and moisture fluxes for bare ground (fractional
coverage by ground, FG), ground covered with snow

(fractional coverage by snow, FSN), ground with
canopy (fractional coverage by ground, FC) and
ground with both snow and canopy, every time step
for each grid node (Fig. 1).
The node or grid square representative value is given
by weighted average for each iteration. All the
required inputs for the model are provided by the
regional climatic model (RCM) and CLASS feeds
back its results to the RCM for each node, every
iteration (Fig. 2).
The following are important facts about CLASS:
- Class defines 3 soil layers of fixed thickness
0.10 m, 0.25m and 3.75 m,
- Mean temperature, liquid water content and ice
content evolve in time for each layer,
- In soil, heat is transferred by conduction and
moisture flux follow Darcy’s law, and
- Infiltration of rainwater and phase changes are
also accounted.

Figure 1. Class structure
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Figure 2. Interaction of CLASS with RCM.

2.1. DYRESM Model
DYRESM (DYnamic REServoir Simulation Model)
is a one-dimensional lake thermal model for
predicting the vertical distribution of temperature,
salinity and density in lakes and reservoirs (Imberger
and Patterson [1981]).
DYRESM
provides
quantifiably
verifiable
predictions of the thermal characteristics in lakes and
reservoirs over time scales ranging from several
weeks to tens of years. The model thus provides a
means of predicting seasonal and inter- annual
variability of such systems as well as sensitivity
testing to long-term changes in environmental
factors.

into the existing system is being considered as a
solution. Meanwhile, a new feature, called ‘Lake
Proportion’, is introduced for every grid cell with
both lake and land. The value of this parameter is
between 0 and 1. A value of 0 indicates that the grid
node is 100% land while a value of 1 represents a
100% lake grid node. Any value between 0 and 1
represents the percentage of the grid surface covered
by lake. For instance, if the ‘Lake Proportion’ value
of a certain grid is 0.2 it means that the 20% of the
grid surface is covered by lake.

The following are the inputs for DYRESM:
•
•
•
•

Meteorological data,
Daily lake inflow and outflow data,
Inflow temperature and salinity, and
Average 6 hour wind speed.

In this study, an effort is being made to build a
hybrid model using CLASS and DYRESM models
(Fig. 3).

3.

THE MOTIVATION
Figure 3. Hybrid model

CLASS is recognized as being able to represent the
land grid modes, however, the current structure is
inappropriate to represent a grid partially or totally
covered by a lake. To combine the DYRESM model

1383

Figure 4. Hybrid model architecture

Based on this idea, we can combine the CLASS and
DYRESM models in a linear way to construct a new
hybrid model (Fig. 4).

to combine them, we have to synchronize them in a
reasonable way. This makes parallel computation an
ideal solution to the problem. Parallelism can
provide a very simple and efficient mechanism for
the purpose.

Assuming C, D, and H are the vectors of the output
data for a specific grid from CLASS, DYRESM, and
the new hybrid model respectively. If α is the grid’s
‘Lake Proportion’ value (scalar), then H = (1- α) C +
αD

Synchronization of the two models can be done at
the end of computations for each iteration of the two
models.

4.1. The design
4.

PARALLEL HYBRID MODEL

The rationale for running two models in parallel is
the time constraint that our design has to meet. All
the computations for every grid node for a single
iteration (land and lake components) have to be
completed much faster than wall clock time of 15
min (for 15 min simulation time steps) for practical
applications. As the number of grid cell grows any
sequential solution will not be fast enough to meet
this time constraint. In addition, there should be
minimum change to existing tested code developed
over the years. Therefore, solution as used by Soulis
et al. [2000], combining two models serially cannot
be used
CLASS and DYRESM are two independent models
therefore there is no need of communication between
the two models before we synchronize them. In order
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Figure 1, represents a simple representation of
CLASS’s structure. As previously mentioned we are
incorporating a lake component in this structure. As
a solution, instead of using only the CLASS model
in each grid’s computation, the new hybrid model is
employed to enclose the lake model (DYRESM) in
the system. This structure is shown in Fig. 4.
We have implemented a hybrid model on high
performance computing (HPC) Guelph cluster of
SHARCNET (The Shared Hierarchical Academic
Research Computing Network). The cluster contains
27 Compaq Alpha ES40 nodes with 4 GB memory
per node, running Red Hat Linux operating system.
Each node has 4, 833 MHz processors.

Figure 5. Flow diagram of the hybrid model.

Fig. 5 illustrates the design of the hybrid model.
Every grid node from RCM needs one single hybrid
model for its data computation. The design in this
study is a mix of serial farm and parallel task
approaches. In serial farm design, a copy of a
program, which is self-contained and does not have
any dependencies of communication with other grid
nodes, is run on as many processors available in the

cluster. Thus we are running concurrently as many
copies of the program as the number of processors
available.
Computation of lake (DYRESM) and land (CLASS)
components for a single grid node are done using
parallel task approach by running the two models
concurrently, so that their combined result is the
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output of grid node. These paired models are farmed
out to as many processors available on the cluster, as
there is no dependency of the pair on any other grid
node, thereby, using serial farm approach.
The two independent models, CLASS and
DYRESM, run in parallel on the cluster. To
accomplish this, two processors are needed, one
running copy of CLASS and the other copy of
DYRESM. The CLASS (land model) will run on the
even numbered processor and the DYRESM (lake
model) on the odd number processor.
A manager program acts as an interface to take
parameters from RCM and communicate to CLASS
and DYRESM. It distributes copies of CLASS to the
even number processors, the copies of DYRESM to
the odd number processors. CLASS and DYRESM
synchronize at end of each iteration by
communicating their output to the manager, which
computes the combined grid node output based on
the fractional coverage of the grid node. This
computed value is then available for RCM. This
process is continued till the desired time period.

5.

CONCLUSIONS

The current Canadian regional climate model does
not incorporate a lake component. The presence of
some of the largest lakes of the world and more than
a million small lakes in Canada makes it imperative
that a lake component be included to enhance the
accuracy of climate change simulations. In this
study, a lake model (DYRESM) is linked with
currently used land model (CLASS) using parallel
computing to form a hybrid model. This hybrid
models can help incorporate the effects of lake in the
climate change simulations.
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The Economics of Greenhouse Effect:
Dynamic General Equilibrium Approach

T. Fukiharu
Faculty of Economics, Hiroshima University, Japan (fukito@hiroshima-u.ac.jp)

Abstract: This paper uses a primitive general equilibrium (GE) model to examine variation in carbon dioxide
(CO2) produced by human activity. This model consists of two goods; food and energy. Food is produced
using labor and energy, while energy is produced using labor. It is assumed that food output decreases as CO2
increases. The representative household has a utility function with food and energy as variables. The
household maximizes utility given an income constraint. If production and utility functions are specified by
Cobb-Douglas type, it is easy to compute a short-run GE, given CO2 and population. The energy, produced
and consumed in this short-run GE enhances CO2, while CO2 itself decreases in the long run by the
sequestration of carbon in wood and the sea. The long-run variation of CO2 is expressed by a differential
equation. First, it is assumed that population is constant. Increases of CO2 are a linear function of produced
short-run energy, and decreases are constant. The long-run process has either stability in which CO2
converges to zero, or instability in which CO2 expands to infinity. In the case of instability, the policy of
taxing energy is effective in the sense that the policy can prevent the divergence. Second, it is assumed that
population increases at the fixed rate. Increases of CO2 are an increasing function of produced short-run
energy. Decreases are an increasing function of CO2. A variety of simulations are conducted, some of which
show the stability of CO2. Finally, following T.R.Malthus it is assumed that population growth decreases as
food output decreases, and vice versa. Simulation shows that the model has the final day in which population
decreases to zero, while CO2 does not necessarily diverge to infinity. The tax on energy is shown to be
effective, in the sense that the final day can be somewhat postponed.

Keywords: greenhouse effect, general equilibrium, Pigou, Malthus, simulation.

1.

cent during this period. If the present trend
continues, it will be double by the middle of the
21st century. Although CO2 allows the sun's rays
to warm the earth's surface, it absorbs infrared
radiation with longer wavelength which is
emitted from the earth, which is the greenhouse
effect. It is estimated that through the greenhouse
effect the mean air temperature of the earth will
rise 1.5 to 4.5 C above the present level by the
middle of the 21st century. (According to 3rd
IPCC Report, the estimate of temperature rise is
modified to 1.4 to 5.8 C.) In such a "global
warming", although the precipitation rises 7
through 11 per cent on the average, there are
areas where the humidity of the soil is reduced.
This is the case since the rise of precipitation

INTRODUCTION

According to Brown [1987], through the
combustion of fossil fuels through the human
activity, 185 billion tons of carbon in total have
been released into the atmosphere since the
1860's, when the first industrial revolution was
accomplished. In the year 1860, 93 million tons
of carbon are estimated to have been released,
while it has risen to 5 billion tons per year around
1985. (According to IPCC, Intergovernmental
Panel on Climate Change, more than 6 billion
tons of carbon was released per year around
2000.)
As a result, the density of the carbon dioxide
(CO2) in the atmosphere rose more than 30 per
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function.
Given CO2: Y, the short-run General Equilibrium
(G.E.) is obtained, which satisfies

activates evaporation. Thus, in such areas as
North America or Russia (C.I.S.) the droughts
during summer may well ruin the crops of wheat
or corn. (Note, however, that there are some
reports estimating the increased output of rice in
Japan and other Asian countries).
While carbon is released into the atmosphere
as mentioned above, there are two mechanisms
which can get rid of the carbon from the
atmosphere. One is the photosynthetic function
of the trees and the other is a function of the sea
as the greatest repository of carbon. Thus, CO2 as
a stock variable is subject to countervailing
factors: one is the enhancing factor exhibited by
the combustion of fossil fuels through the human
activity and the other is a reducing factor just
mentioned. This paper develops a primitive
economic model to explore the variation of CO2
through human activity and its effects on food
production and population. A Pigouvian tax on
energy is also examined.

Hf1d+Hhd= Hf2s=H, Zhd=Zfs, and L1d+L2d=N
(4)

where superscript d(s) implies "demand"
("supply").
As energy is produced, CO2 in the atmosphere
increases by the amount of
(H), while CO2
decreases by the amount of G(Y) thanks to the
activity of the sea and trees. Thus, we have a
dynamic system


dY(t)/dt= (H(t))-G(Y(t))

(5)



where t stands for time.
First of all, we construct an unstable case for (5).
In order to do so, we specify (1) through (5) by
the following Cobb-Douglas type.

2. GENERAL EQUILIBRIUM MODEL

g1(L1,Hf1,Y)=L1 1 Hf1 2 A(Y) 3,
1, A'(Y)<0
1+
2+
3
g2(L2)=L2: constant returns to scale,
u(Zh,Hh)= Zh Hh1- , 0< <1,
(H)= H: >0, constant,
G(Y)=G: G>0, constant,










A primitive general equilibrium (G.E.) model was
constructed, for the purpose of examining the
greenhouse effect. Suppose that there are two
firms. The first firm is a farm which produces
wheat; Zf. Whereas wheat is produced by labor :
L1, and energy: Hf1, the output depends on CO2:
Y, in the atmosphere. Thus, this farm has the
production function:



(6)
(7)
(8)
(9)
(10)















This specification guarantees the short-run G.E.
under (1) through (4): {Z*, L1*, L2*, H*, Hf*,
Hh*, (pH/p)*}. We have

Zf=g1(L1,Hf1,Y) where g11>0, g12>0,
and g13<0
(1)

(pH/p)*=(w/p)*={(1- (1- 1- 2))/
( N)}1- 1- 2 1 1 2 2{A(Y)} 3 (11)
(12)
L1*={ 1 /(1- (1- 1- 2))}N
(13)
Hf1*={ 2 /(1- (1- 1- 2))}N
(14)
Hh*={(1- )/(1- (1- 1- 2))}N






















and gij is the partial derivative of gi with respect
to the jth variable. The second firm is the energy
industry which produces energy: Hf2, using only
labor : L2. It has the production function
Hf2=g2(L2) where g21>0

























Indeed, we have

(2)

L1*+L2*=N,

There is only one household, which consumes
wheat: Zh, and energy: Hh. Household behavior is
stipulated by the optimal problem:
max u(Zh,Hh)
s.t. p Zh+pHHh=wN+





because from (13) and (14) it follows that
H*=Hh*+Hf1*=Hf2*=L2*={(1- (1(1- (1- 1- 2))}N.

2))/






1+

2

(3)

(15)





For this short-run G.E. the dynamic system (5) is

where u(Zh,Hh) is the utility function, p is the
wheat price, pH is the energy price, w is the wage
rate, N is the initial leisure hours (population),
and i is the profit from the ith firm (i=1,2). For
the sake of simplification, in this model, leisure
consumption is excluded from the utility

dY(t)/dt= H*-G
= {(1- (1







2))/

(1

(1

1

2))}N-G.

Note that as shown in (15), H* is independent of
Y, and
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{(1- (1- 2))/ (1- (1then Y(t) + ,
{(1- (1- 2))/(1- (1if
then Y(t) 0.

if









1-







1











(16)
-G<0,
))}N
2

4.

PIGOUVIAN TAX

Traditionally, a Pigouvian tax is introduced in
order to realize the static optimum when the
external diseconomy exists. In this section, it is
applied to a dynamic situation. Suppose that (16)
is satisfied. We examine whether it is possible to
remedy the unstable case into the stable case
through suitable taxation. For this purpose, we
levy a tax on energy; i.e. consumers of energy
must pay (1+ )pH for one unit of energy. It is
assumed that the tax revenue,
pH(Hh+ Hf1), is
distributed to households.
Under this modification, the first firm's behavior
is stipulated by the optimal problem:



max

(dN(t)/dt)/N(t)=n0>0, constant,
dY(t)/dt= H(t)-GY(t).

(20)
(21)



If n0=0.01, N(t)=N(0)e0.01t. Suppose that =1/2,
=1, G=1/10, and
1=
2=1/4, Y(0)=10,
N(0)=1.










1=pZ-wL1-(1+

POPULATION GROWTH

The assumption (10) may be unrealistic. If
G(Y)=GY: G is constant, is assumed instead of
(10), the dynamic system (5) becomes stable. The
assumption of constant population (leisure time),
however, is also unrealistic. In this section, these
assumptions are modified. Simulations are
conducted as follows.
First, it is assumed that

Thus, if parameters of the model satisfies (16),
we have an unstable case in which wheat
continues to decline.
3.



by a suitable tax rate, , we can modify the
dynamic system into dY(t)/dt= H[ ]*-G<0.

2))}N-G>0,


Y(t)
30000
25000



20000

)pHHf1,

15000
10000

and the second firm's behavior is stipulated by

5000

max

2=pHHf2-wL2,

t
200

400

600

800

1000

while the household's behavior is stipulated by

Figure 1: CO2 when Constant Population Growth



max u(Zh,Hh)
s.t. pZh+(1+ )pHHh=wN+
pH(Hh+ Hf1).



1+

Letting N=N(0)e0.01t in (15), the dynamic path of
Y(t) stipulated in (21) is shown in Figure 1. This
pattern remains the same even if G becomes large.
The dynamic path of Y(t) stipulated in (21)
essentially depends on N(t). Thus, if N(t) is
bounded above, such as ArcTan(t), Y(t) is also
bounded, as shown in Figure 2.

2+



In the same way as above, by the tedious
computation the short run G.E. is given as







(pH/p)[ ]*=(w/p) [ ]*=
{(1- (1- 1- 2)+
N)}1- 11)/(
1-1
1
2
3
(1+ )
1
2 {A(Y)}
L1[ ]*={ 1 (1+ )/(1- (1- 1- 2)
(17)
+
1)}N
Hf1[ ]*={ 2 /(1- (1- 1- 2)
(18)
+
1)}N
Hh[ ]*={(1- )/(1- (1- 1- 2)
(19)
+
1)}N







































2







































 







where 0< <+ .
, we have L1[
]*
N and
As
L2[ ]*=H[ ]*= Hf1[ ]*+ Hh[ ]* 0. Thus,



Y(t)
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Setting N(0)=10000, Y(0)=100, the dynamic path
of Y(t) is shown in Figure 3. Note that Y(t) is
bounded and decreasing after t=4. However, as
shown in Figure 4, N(t) converges to zero. In
other words, this society has the final day, in
which population is zero.
Even if B is modified from 1/1000 to 1/10 and A
is modified from 1000 to 10000, this society has
the final day, as shown by the solid line in Figure
5, while the dynamic path of CO2 in this society
is shown as the thick solid line in Figure 6.

13.1
13.095
13.09
13.085
13.08
t
100000

13.075
40000

20000

60000

80000

Figure 2: CO2 when Population is Bounded

Y(t)

5. MALTHUS AND GLOBAL WARMING

260

T.R.Malthus argued that poverty is not a social
phenomenon but a natural phenomenon,
criticizing W. Godwin's argument, in which
poverty is caused by social system: private
ownership. According to Malthus, population
growth is expressed as the geometry progression;
1, 22, 32, ... , n2, ..., while food production as the
natural progression; 1, 2, 3, ... , n, ... , since the
latter is under decreasing marginal productivity,
which causes poverty. It was asserted that in the
long run, a society's population growth is
restricted by food production. In this section, this
factor is examined. Thus, it is assumed that
population expands at n0% annually, while it is
reduced if the wheat production decreases due to
global warming.

240
220

200
t
7

6

5

4

3

2

1

Figure 3: CO2 in Simulation 1
N(t)
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5.1 Simulation 1

4000

In this section, simulations are conducted, so that
A(Y) in (6) is specified by
A(Y)=A/Y: A>0, constant

2000

(22)

t
1

Furthermore, following the Malthus model the
dynamic system is expressed as (21) and

2

3

4

5

7

6

Figure 4: Population in Simulation 1

(dN(t)/dt)/ N(t)=n0+ B dg1(L1(t),Hf1(t),Y(t))/dt,
(23)

N(t)

30000

where B>0 is constant, L1(t) and Hf1(t) are given
by setting N=N(t) in (12) and (13).
=1/100,
When =1/2,
1=
2=
3=1/4,
G=1/10, A=1000, and B=1/1000, the dynamic
system: (21) and (23), are expressed as






25000
20000





15000
10000

dN(t)/dt=-2 23/4 31/2 51/4
N(t)1/2Y(t)1/4-2N(t)(-N(t)/160+3Y(t)/40)/
(3Y(t))
dY(t)/dt=-(4/3) (-N(t)/160+3Y(t)/40)
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t
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Figure 5: Pigouvian Tax and Population (1)
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5.2 Simulation 2

Figure 8: Pigouvian Tax and Population (2)

What would happen if (22) is modified to the
following
A(Y)=A/ArcTan[Y]: A>0, constant.


In the same way as above, the effect of tax on
energy is examined. The dynamic system under
Pigouvian taxing of energy can be formulated
where L1(t) and Hf1(t) in (23) are given by setting
N=N(t) in (17) and (18). As increases from 0
to 1/2 to 3/2, the dynamic paths of N(t) are given
by the solid line, the dense dashed line, and the
sparse dashed line, respectively, in Figure 8.
Although the final days exist for these cases, the
final day is postponed further as the tax rate
increases. For example, the final day is
=0, it is t=388.491 when
t=365.373 when
=1/2, finally it is t=410.951 when
=3/2 in this
simulation.

(24)





Note that contrary to (22), 0 ArcTan[Y]
/2
holds in (24). In this specification: =1/2, 1=
=1/100, G=1/10, A=10000, and
2=
3=1/4,
B=1/10, the dynamic system: (21) and (23), are
expressed as






400

Figure 7: Pigouvian Tax and CO2 (2)

Finally, the effect of tax on energy is examined.
The dynamic system under Pigouvian taxing on
energy can be formulated where L1(t) and Hf1(t)
in (23) are given by setting N=N(t) in (17) and
(18). As increases from 0 to 1/2 to 3/2, the
dynamic path of N(t) is given by the solid line to
the dense dashed line, to the sparse dashed line in
Figure 5. Although the final days exist for all
cases, the final day is postponed further as the tax
rate increases. For example, when
=0 the final
day is t=137.346, when
=1/2 it is t=138,
finally when
=3/2 it is t=145.287 in this
simulation.



300

200

100

Figure 6: Pigouvian Tax and CO2 (1)







dN(t)/dt=-61/2N(t)1/2(ArcTan[Y(t)])1/4/5-2N(t)
(-N(t)/120+Y(t)/10)/
(2ArcTan[Y(t)](1+Y(t)2))
dY(t)/dt=N(t)/120-Y(t)/10





Remark 1: as for the Malthusian assumption on
the relation between population, N, and food, Z, a
remark is in order. As is seen presently in the
developed countries, as the society becomes rich
the population growth decreases due to
presumably educational and other considerations.
Note, however, this paper focuses its analysis on
low-level Z.

As above, setting N(0)=10000, Y(0)=100, the
dynamic path of Y(t) is shown as the thick solid
line in Figure 7. Note that Y(t) is bounded and
decreasing after t=40. However, as shown by the
solid line in Figure 8, N(t) converges to zero. In
other words, this society has the final day, in
which population is zero.

Remark 2: Compare this result for an externality
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model (stock version) with Fukiharu [2002,
Section 4], in which population (initial leisure
hours) decreases when pollution worsens due to
capital goods production. In the previous paper
(externality model, flow version), there exists a
possibility of stability; hence the conclusion of
no final day. Note, however, the stability depends
on the initial value of capital-labor ratio. In the
present paper the initial value of CO2-population
ratio; Y/N, is fixed.

by the pollution due to capital good sector, there
might not exist the final day, depending on the
initial position of capital and population. There
remains a study to examine if we have a range of
initial positions of population and CO2 stock for
which the dynamic path does not face the final
day. Such a study will be attempted in subsequent
papers.

Remark 3: Capital accumulation is not
considered in this paper, as in the traditional
two-sector growth model. Incorporation of
capital accumulation into the present model does
not seem to prevent the final day, since in the
traditional model the growth rate of capital
accumulation converges to the growth rate of
population. Thus, capital goods production
cannot influence the population growth except
for through the externality, as remarked above.

Brown, L.R. [1987], State of the World: W.W. Norton
& Company, New York.
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CONCLUSIONS

Malthus,T.R. [1798], An Essay on the Principle of
Population, as It affects the Future Improvement of
Society, with Remarks on the Speculation of Mr.
Godwin, M. Condorcet, and Other Writers: London.

In 1995 the IPCC concluded that global warming
is taking place due to greenhouse effect. The
main aim of the 1997 Kyoto Protocol was to
reach agreement for each country to reduce the
global warming gases, such as CO2. The aim of
this paper is to examine the economic
consequences of greenhouse effect, constructing
a primitive general equilibrium model. In this
model consumption of energy raises CO2 in the
atmosphere, which reduces food production. In
Section 2, assuming that absorption of CO2 by
sea and trees is constant, it was shown that, there
arises the possibility of divergence of CO2 level.
In Section 3, a Pigouvian tax on energy
consumption, adopted by each Kyoto Protocol
participant, was shown to be effective in
preventing the divergence. Until this section,
population is assumed to be constant. From
Section 4, population is allowed to change. In
Section 4, it was shown through simulations that
the variation of CO2 is determined by the
population growth when the latter is not affected
by the food production. In Section 5, following
Malthus the population growth is assumed to be
reduced if the food production declines due to
greenhouse effect, while population grows at a
fixed rate without food production effect.
Simulations revealed that the society in this
model has the final day in which population
becomes zero. Pigouvian tax on energy
consumption was shown to be effective in
postponing the final day. In the previous paper
it was shown that when the population is affected

Pigou, A.C. [1920], The Economics of Welfare, London,
Macmillan.
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Abstract: Parallel computing is a very useful tool for computing intensive and time constrained real time
problems. Depending on the size of the grid and processors available in the cluster, a group of nodes or processes
in the grid can be represented by an individual processor and it can be responsible for their computational needs.
This increases the accuracy of the model by allowing finer grid sizes, also leading to savings in time. Our study,
utilizes the Canadian Land Surface Scheme (CLASS), a well-tested serial general land/atmosphere interaction
model. CLASS is a vertical one-dimensional model and spatially adjacent nodes in the grid do not interact. This
model computes heat and moisture fluxes for bare ground (fractional coverage by ground), ground covered with
snow (fractional coverage by snow), ground with canopy (fractional coverage by ground), and ground with both
snow and canopy. Within each spatial grid cell, these fractions are combined. In this paper, we demonstrate the
need of parallelizing the serial CLASS model and discuss the designs to implement it. This will enable finer grid
sizes leading to higher accuracy of the model and a corresponding decrease in individual processor computing
time, when compared to the serial CLASS model. It was observed that a serial farm kind of design suits our
design constraints and has been successfully implemented.
Keywords: CLASS; GCM; Parallel computing.

1.

INTRODUCTION

The Laurentian Great Lakes have a significant
impact on the weather and climate of the Great
Lakes Basin.
Alternatively the meteorological
conditions can also affect the lake temperature and
thermal characteristics. There are many lakes in
Canada, both large and small, in which the lakeatmosphere interaction is not well understood.
Understanding this relationship is important for
addressing the increasing concerns on regional
climate change. With regard to climate modeling,
there is a critical need to link atmospheric and lake
models to achieve better accuracy of prediction of
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climate impacts on such issues as lake water quantity
and quality.
Climate models, like numerical weather prediction
models, are computationally intensive. The
computational power required increases manifold
with finer grid sizes for the models implemented
over large lakes and areas. As the grid gets coarser,
however, the accuracy of the models tends to suffer.
Parallel computing can be a good tool for this kind of
problem. Parallel computing can be used to harness
the collective computational power of many

computer clusters available for same problem.
Depending on the size of the grid and number of
processors available in the cluster, a group of nodes
in a grid can be represented by individual processors
that can be responsible for its computational needs.
Accuracy increases by allowing finer grid sizes, with
a potential saving in time.

where,

G ( zi−1 , t ) and G ( z i , t ) are the downward

heat fluxes at the top and bottom of the layer,
respectively, Ci is the volumetric heat capacity of the

Our research group is focused on linking a lake
component (Swayne et al. [2003]) to the existing
serial land model, which needs to be parallelized to
harness maximum usage of a parallel system. The
first logical step in this scenario is to parallelize the
existing land model. We require models to iterate
with 15-30 min time step. The time interval does not
seem very computationally intensive but when the
model is run on a grid comprising of half of Canada
with each node running copy of this model, the
utility of parallel processing becomes evident.
In this study, the commonly used General
Circulation Model (GCM), the Canadian Land
Surface Scheme’s (CLASS) (Verseghy [1991],
Verseghy et al. [1993]) parallel version was designed
and implemented.

2.

BACKGROUND
Figure 1. Class layout

The study objective is to parallelize the CLASS
model which is coded in FORTRAN. This model has
been developed and tested over considerable time
(Verseghy [2000], Comer et al. [2000]). The model
is a vertical one-dimensional model. It does not have
any computational dependencies on its neighboring
nodes on the grid. CLASS involves computation of
heat and moisture fluxes for bare ground (fractional
coverage by ground, FG), ground covered with snow
(fractional coverage by snow, FSN), ground with
canopy (fractional coverage by ground, FC) and
ground with both snow and canopy, every time step
for each grid node. The finite-difference onedimensional heat conservation equation applied to
each layer for obtaining the change in average layer
−

temperature

Ti over a time step ∆t is given by

(Verseghy [1991]):
−

Ti (t + 1) =
−

Ti (t ) + [G ( zi−1 , t ) − G ( zi , t )]

∆t
± Si
Ci ∆zi

(1)

soil,

∆zi is the layer depth, and Si is a correction

term applied in case of freezing or thawing, or the
percolation of ground water. The change in average
−

volumetric liquid moisture content
step is given by (Verseghy [1991]):
−

−

Θ1,i over a time

Θ1,i (t + 1) = Θ1,i (t ) + [ F ( z i −1 , t ) − F ( z i , t )]
where,

∆t
∆z i

(2)

F ( z i−1 , t ) and F ( zi , t ) represent the liquid

water flow rates at the top and bottom of the layer
respectively.
The node or grid square representative value is given
by weighted average for each iteration (Fig 1). All
the required inputs for the model are provided by the
regional climatic model (RCM) and CLASS feeds
back its results to the RCM for each node, every
iteration. The model iterates at a time interval of 30
minutes for the total time period of one year for the
benchmark dataset.
The following are important facts about CLASS:
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-

Class defines 3 soil layers of fixed thickness
0.10 m, 0.25m and 3.75 m,
Mean temperature, liquid water content and ice
content evolve in time for each layer,
In soil, heat is transferred by conduction and
moisture flux follow Darcy’s law, and
Infiltration of rainwater and phase changes are
also accounted.

The following are inputs to CLASS:
-

Wind components at top of surface layer,
temperature at top of surface layer,
specific humidity at top of surface layer,
downward global solar radiation,
downward
long
wave
radiation,
and
precipitation rate.

3.

DESIGN CONSTRAINTS

The computation of all the nodes should be
completed much faster in wall clock time than 15
min (900 sec) for 15 min simulation time intervals.
Actually, the number of grid nodes is far greater than
the number of processors available. Linkage to a lake
component at a later stage had to be kept in mind for
the present design. There should be minimum change
to existing tested code developed over the years. The
design should not replace any of the routines already
implemented in CLASS but call in components
(other independent models) to supplement routines
that have not been implemented e.g. lake component.
Therefore merging CLASS and other models in to
one program file are not possible as done by Soulis
et al. [2000].

4.

DESIGN AND RESULTS

In light of the background in previous section, the
following two scenarios arose in design of parallel
CLASS:
1.
2.

Task parallel implementation
Serial Farm

The design of parallel CLASS has been implemented
on high performance computing (HPC) Guelph
cluster of SHARCNET (The Shared Hierarchical
Academic Research Computing Network). The
cluster contains 27 Compaq Alpha ES40 nodes with
4 GB memory per node, running Red Hat Linux
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operating system. Each node has 4, 833 MHz
processors.
4.1. Task parallel design
The structure of CLASS (Fig 1) at glance showed
that there is good potential for computing of snow,
vegetation and bare ground components in parallel.
A closer look at the code shows that the
implementation of CLASS has many COMMON
blocks (global variables in FORTRAN) that need to
be communicated to all these components. In other
words, all the needed global variables have to be
broadcast every iteration, to each processor and once
computation is complete for each component, all the
updated global variables need to be broadcast again.
In addition, in case there is any dependency on any
common updating variable between the components,
critical sections have to be defined and the results
communicated among the components.
Thus,
additional significant communication overhead is
added. As a consequence, a different design
approach should be explored to implement parallel
CLASS.

4.2. Serial farm design and implementation
CLASS, being a vertical model needing no
communication with its neighboring nodes, is an
ideal
candidate
for
serial
farm
design
implementation. In serial farm design, a copy of a
program, which is self-contained and does not have
any dependencies of communication with other grid
nodes, is run on as many processors available in the
cluster. Thereby, concurrently running as many
copies of the program as the number of processors
available. As previously mentioned in the design
constraints that there are many more grid nodes than
processors available for computation. Therefore,
there is a need of multithreading with
multiprocessing of computation. In this study, a
manager program has been coded in C to create and
manage the threads for each processor. This manager
computes the number of threads needed per
processor running CLASS. In the case of an odd
number of grid nodes, the last processor computes
the extra nodes too. The manager creates all the
threads and runs a copy of CLASS for each node in
each thread. In this design we only allow (unlock)
one thread at a time to complete all its computation
for a single iteration. Consequently, there is no time
wasted in thread swapping midway and imposing
additional overhead. As soon as a thread completes
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Figure 2. Result of 3 runs for 50 grid nodes with variation of number of processors.
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Figure 3. Mean of 2 representative runs for 50 grid nodes with variation of number of processors.

its computation for the iteration, it signals to the
manager program that it has completed its
computation. Then the manager locks this thread and
allows (unlocks) the next thread to start computation
for the next node. In this manner all the threads (each
representing one node on the grid) completes
computation for a single iteration. The process is
repeated again for the next iteration. This design is
replicated on all the available processors.

The maximum number of threads that can be created
are limited by operating system constraints of 2GB
memory per user. Each thread is given 2 MB of
memory by the system; 1024 is the maximum
number of threads that can be created and used per
processor. We cannot terminate any thread because
there is a need to maintain the profile by the model,
so with this constraint there can be at most 1024
nodes processed on single processor. The design was
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successfully implemented. The following
timings were recorded to test the design:

two

1.

multiple runs of 1 thread on 1 processor to
estimate the time taken to run CLASS.

2.

multiple runs of the design for 50 grid
nodes with varying number of processors
(1-14)

It was found that after 5 runs of our design that time
taken to run 1 thread on 1 processor ranged between
0.86 –3 sec on SHARCNET. The time included the
initial setup time taken by CLASS. The difference in
timing can be attributed to the queuing of jobs for
execution on Guelph SHARNET cluster.
Three runs (with number of processors varying
between 1 and 14) for 50 grid nodes were executed
to test if our design significantly shortened the
amount of time required for computation.
Fig. 2 presents the results from 3 runs done. These
runs were done at different time of the day to
account for queuing system on the SHARCNET
cluster at Guelph. Run 1 and 3 overlap each other
and seem to be better representation of timing of our
design. The trend observed on Run 2 can be
attributed to queuing system of the SHARCNET
cluster.
Fig 3 shows the mean of run 1 and 3 timing. It is
seen for 50 grid nodes using 14 processors the
computation from all the nodes was completed in
85.19% less time as compared to when using 1
processor.

5.

CONCLUSIONS

From the above results it can be seen that if we run
900 threads (approximating that it takes 1 sec per
processor to run CLASS) with 100 processors we
can model about 90,000 grid nodes in 15 minutes.
This means if each node represents 25 km2 area,
with our design we can model roughly 2,250,000
km2 area. It can be concluded that a successful
implementation of parallel CLASS using serial farm
design the above-mentioned constraints has been
achieved.
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Abstract: Although countries experiences on environmental taxation differ, discussions in New Zealand
coincide with the recent announcement by the government of a new carbon tax and a new energy tax to
be introduced before the first phase of the Kyoto protocol. This paper provides preliminary simulation
results that may help answer some policy-related questions including the relative micro- and macrolevel impacts of energy taxes or carbon taxes and the likely impacts of the carbon taxes on the
competitiveness of energy intensive industries.
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1.

economic and social instruments that may be
used to pursue those policies. Introducing a
carbon tax may result in welfare losses. Does
this imply that a policy committed to their
introduction means that the macro and microeconomic impacts of an energy tax or fuel tax are
more acceptable to New Zealanders? Are all
sectors in the New Zealand economy likely to
bear, equally, the adjustment costs as New
Zealand ratifies the KP? What is the likely
impact on economic growth, employment,
investment and other macro-economic variables?
What are the likely impacts on firms? This paper
attempts to answer some of these questions using
a CGE model of the New Zealand economy.
The model is specifically designed to focus on
the energy sector and can simulate the effects of,
in particular, three types of GHG taxes: an
energy tax on all fossil fuels, a carbon tax and
finally a fuel tax on petroleum products.
The paper is constructed as follows.
Section 2 discusses the economics of carbon
taxes and some international experiences.
Section 3 briefly outlines the structure of the
CGE model used and Section 4 discusses the
simulation results. The final section concludes
and summarizes the findings.

Introduction

Recent debates in the literature (Parry, 1995,
Parry et.al., 1999; Bovenberg and Goulder, 1996)
on the likely economic and social impacts of
alternative types of environmental taxation have
highlighted the importance of issues including
externalities, environmental concerns, double
dividend, revenue neutrality and equity. The
recent Kyoto Protocol (henceforth, KP), has
further reinforced the importance of these issues.
The issues also raise the need for empirical-based
analysis to guide policy makers. Indeed, it is
partly this need that has generated a vast amount
of literature studying some of the environmental
and economic issues relating to international
agreements such as the Kyoto Protocol. A
challenge for many of the studies is to find
options that ‘maximize society welfare’ and at the
same time reduce greenhouse gas emissions
(henceforth, GHG) and its likely costs.
In the New Zealand context, some of the
recent discussion has focused on conceptual
issues relating to for example, revenue recycling,
double dividends. Furthermore, there has been
discussion of the likely impact of the KP on the
environment, economic performance (eg.
economic growth, competitiveness, employment,
investment etc.) and income distribution. To date
the New Zealand government seems to favour a
combination of energy taxes, fuel taxes and
carbon taxes. Additionally, there is on-going
discussion related to the alignment of the
government’s favoured policies with their
implementation and governance, and the

2. The economics of carbon taxes and
related issues
The
fundamental
theoretical
basis
of
environmental taxes have been well documented
(early discussions include Baumol, 1972;
Baumol and Oates, 1971, 1988) and will only be
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briefly discussed in this section. TheThTT This
early literature showed that society’s welfare
would be improved if there were a tax on a good
whose consumption or production resulted in a
negative externality. Baumol and Oates (1971)
further argue that an environmental tax would
minimize the costs to society and at the same time
achieve an ‘environmental greening’ objective
when a negative externality to society existed.
However, there is still no general consensus on
the effectiveness of alternative instruments
available to policy makers where they include,
energy taxes, carbon taxes, subsidies and
transfers.
The main issue here is ‘which
instrument or combination of instruments would
be optimal?’ A carbon tax may be regressive as it
may affect poorer households disproportionaly
(Ekins and Parker, 2001). With any regressive
tax, however, this may be resolved by reducing
other taxes or the introduction of transfers, which
may offset the negative impact of carbon taxes on
poor households. Poor households may have the
tendency to buy cheaper and perhaps less energyefficient appliances than richer households. A
carbon tax may also be advantageous to the
economy if it lowered other taxes that are
perceived to be more distortionary. This may
include labour income taxes see for example,
(Barker, 1995). On the other hand, Goulder
(1995) argues that a carbon tax is more
distortionary than labour tax because of too
narrow tax base, the possibility of double taxation
(i.e. on both intermediate input and final output)
and its non-uniform content in energy products.
Furthermore, Gaskins and Weyant (1993) have
argued that the introduction of a carbon tax may
create more distortions because of the extent to
which a carbon tax or environmental change
affects the prices faced by both consumers and
producers. Thus, the debate on the effectiveness
of a carbon tax remains active and ongoing.
A recent survey by Ekins and Barker
(2001) on carbon tax and carbon emission trading
concluded that “market based instruments of
carbon control will achieve a given level of
emissions reduction at lower cost than
regulations.” (p.368). Studies on the effectiveness
of a carbon tax have generally concluded,
however, that it generally achieves its objective of
reducing GHG emissions.
2.1. Carbon Taxes
Experience

and

some stage to reduce GHG emissions. The
literature on this is extensive see Ekins and
Barker (2001) for a review and will not be
discussed in detail here.
The experiences of European countries,
however, may have important lessons for New
Zealand where special importance may be
attached to the so called “eco-leaders,”
Denmark, Netherlands, Norway and Sweden.
Other countries for example, Austria, Belgium,
Finland, Germany and Switzerland have made
small, but continuing steps towards a greater role
to be played by CO2 taxes in their economy.
These countries may also offer important
lessons, but currently they are typically less
important than those from the “eco-leaders” on
which we will now concentrate.
The introduction of the carbon taxes by
the “eco-leaders” generally involves three
components. First, subsidies and taxes that may
be distortionary are either modified or removed.
Secondly, taxes are restructured including
legislation to align them with environmental
objectives. Thirdly, the new green taxes are
introduced (Ekins and Barker, 2001). With these
three main aspects identifies, a few observations
and lessons may bee drawn from the literature.
Bruce et. al. (1996) and Barker and
Kohler (1998) have shown that eco-taxes can be
regressive using data for OECD countries.
Especially vulnerable are poorer households who
may be hard hit by eco-taxes. However, the
experience of the eco-leaders is that it is possible
for the regressive tendency of eco-taxes to be
moderated. In addition, eco-taxes may have
trade-offs that are absent in other forms of
taxation. In some European countries (eg.
Norway, Finland, Austria and Denmark) for
example, there is no leaded gasoline as high
taxes have eliminated it from their respective
markets (Ekins and Parker, 2001). This results
in a change in consumption patterns where
consumers substitute leaded gasoline for high
GHG products, but at the same time keeping a
large tax base (i.e. unleaded gasoline).
From the literature discussed above, one
can perhaps conclude that the experiences of the
European eco-leaders seem to show that
countries like New Zealand should not expect the
eco-taxes to yield significant revenues, but
should be encouraged by the fact that eco-taxes
are likely to achieve environmental goals rather
than fiscal objectives. However, one can argue
that environmental taxes to reduce GHG can be
used to reduce labour costs and, with revenues
recycled back to industries and households, this
is possible to cut energy consumption, create
jobs and at the same time remain competitive.

International

Although a carbon tax is a relatively new option
for to New Zealand, many other countries for
example, The Netherlands, Norway, Sweden,
Denmark, Finland and Switzerland introduced
such taxes in the early 1990s. In fact, the majority
of EU member states have used carbon taxes at
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2.2

affected by exogenous shocks. The change in
the size of the capital stock at the end of a
simulated period causes changes in the growth
rate of the capital stock. This treatment of
investment follows closely with the suggestions
by Horridge (1985).
The main sectors in the model are the
government, households and industries. The
government sector is modelled as a collector of
taxes, which are partially transferred to
households.
There is a constraint in the
government such that its expenditure, including
transfers, is equated with tax revenue. This is
achieved by using two variables to model the
government’s
budget
balance
following
McDougall (1999). The introduction of these
two variables constrain the government’s
expenditure to not only equal tax revenue but
also, constrain the choice of tax rate should to
achieve a certain tax revenue to balance the
government’s account.
The household sector is modelled such
that it is the sole owner of all the factors
including land and capital which means the
sector has several sources of income. In addition
to the standard household disposable income,
households also receive income from other
factors and non-labour income. The net wealth
of the household is therefore determined by the
value of income from labour, land and capital as
well as their savings rate at the end of a
simulation period. The values of the land and
capital are given (exogenous) in the model. The
balance between these three items represents the
household’s net debt.
This formulation
determines how domestic physical capital is
financed where it can either be financed
internally by household’s net wealth or financed
externally. In the second case, household’s net
debt might increase.
The household sector also has a
consumption function, which is simply the value
of the product of the household’s total labour
income and the household’s propensity to
consume. The household labour income is
assumed to be net disposable income where
income tax is deducted from the household’s
gross disposable income. Household’s total
income, however, is the sum of the income from
land, capital and labour and transfers from
government.
The other main sector in the model is
the industry sector. Here we follow closely the
structure of production presented in McDougall
(1999) and Abayasirisilva and Horridge (1996).
Industries are modelled so that they can use the
given factors to produce either a single or multi
products. As each industry can either produce
multi- or a single product with a number of
different inputs, the modelling task is to allow

New Zealand Government’s Preferred
Policy

The New Zealand government seems to prefer a
combination of energy taxes, fuel taxes, carbon
taxes and other measures. Other measures may
include the new waste strategy announced in
March 2002 introduced specifically to reduce the
GHG emissions from the waste sector. In
addition, other measures may also include an
announcement that the government intends to
fund measures to save electricity in the public
sector by about 15%. Current policies as outlined
in the government’s Energy Efficiency and
Conservation Strategy, are estimated to cut GHG
emissions by 25 million tonnes.
The target for New Zealand, however, is
to reduce emissions by about 365 million tonnes
of CO2 equivalent in the first phase. This may be
achieved by a range of measures including sink
credits and environmental taxation.
The
government seems to support carbon taxes as in
May 2002 they announced a new carbon tax to be
introduced by 2007. The revenue from the carbon
tax is expected to be recycled back through the tax
system. The government does not plan to use the
revenue to improve its own fiscal position. The
introduction of the new carbon tax may result in
an increase in the price for fuels. For example, if
the price of carbon dioxide is NZ$25 a tonne tax,
then this would raise retail petrol prices by around
six percent, diesel by around 12 percent,
electricity by around nine percent, gas by around
eight percent and coal by around 19 percent.In
addition to the new carbon tax, the government is
also planning to introduce a new energy tax,
which might be introduced by 2007.
3

The Model

The model used here follows Dixon et.al. (1982)
with the extensions by McDougall (1999), Truong
(1999) and Hamasaki and Truong (1999) where
there is an emphasis on modelling an energy
sector which allows inter-fuel and capital-energy
substitution possibilities. Furthermore, the model
has structures that support both long-run and
short-run analysis following McDougall (1999).
The model also has various enhancements that
enable it to be more detailed than the standard
CGE model.
We will concentrate on the
comparative static side of the model to shed light
on some of the issues raised above. The model
represents an energy version of ORANI (Dixon
et.al. 1982; McDougall, 1999), where investment
is modelled in a way such that its initial value is
proportional to the size of investments at the end
of the simulation period. In turn, the size of the
capital stock at the end of the period may be
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for the separation of these products and inputs
(Abayasirisilva and Horridge, 1996).
The
separability assumption allows flexibility in the
production sector and also makes it easier to
estimate the parameters as it reduces the number
of parameters to be estimated. In this model, the
separable function of the output is derived from a
constant elasticity of transformation aggregation
function. The input separable function is divided
into a number of nests. At the top of the nests for
the input function, there is a composite
commodity, which is a combination of the
primary factor and ‘other’ costs. The composite
commodities are combined using a Leontief
production function. This implies that all inputs
are used in proportion to Y, an index of the
activity in that industry. Like many other CGE
models, the Armington (1969) assumption is used.
This means that the composite commodity
produced is a constant elasticity of substitution
function of either a domestic good or its imported
equivalent.
The composite input of the primary
factor is a constant elasticity of substitution
combination of land, capital and composite
labour. The composite labour is a constant
elasticity of substitution of skilled and unskilled
labour. This combination of composite primary
input is the same across all the industries, (in our
case 22). However, this does not imply the same
composite input and labour combination for every
product produced because the input combination
and the behavioural parameters are not the same
across the 22 industries.
Production and consumption in the
household and industrial sector are affected by
‘bad commodities’, which are oil, gas, coal and
electricity through the environmental taxes
imposed on these ‘bad commodities.’ This is
achieved by the introduction of three
environmental taxes: carbon taxation, energy
taxation and petroleum taxation. These taxes
form part of the ad valorem commodity tax.
The impact of these ‘bad’ taxes depends
on the value of the intensity coefficients. The
intensity coefficients for each of the taxes are the
proportion of the ‘bad contents’ to the market
value of the commodities. The ‘bad content’ is
the energy content of the three types of taxes
discussed. It is possible that the ‘bad content’ can
be disaggregated into different types of fuels. For
example, electricity can be disaggregated into
steam turbine, hydroelectricity, gas turbine, coal
generators and so forth. Coal, a fossil fuel, can
also be disaggregated into lignite (brown coal)
and briquettes.
In this model, however,
disaggregation of fossil fuels is left to a later study
and not discussed further here.
4

The simulations undertaken included the
introduction of an energy tax, a carbon tax and a
petroleum tax and measure the impact of each on
the economy when the rate of taxation is set so
that each type tax collects revenue equivalent to
0.6 percent of GDP in the base-case. Table 1
presents the tax rate set for each of the taxes. As
the table shows, the tax rates for both the energy
and carbon tax are not very different.
The tax rate is highest for the energy
commodity with the high energy intensity as
well as high emission coefficients. The highest
ad valorem tax rates are for coal while the lowest
tax rates are for petroleum, oil and gas products.
The simulation results were constructed to
consider, in particular, the existence of likely
significant differences in the micro and macro
impacts of an energy tax, a carbon tax and a
petroleum tax. The emphasis was particularly on
understanding both the greenhouse impact and
the non-greenhouse impact of the various
environmental taxes.
Table 1: Ad valorem tax rates on fossil fuels
(%)
Energy
Petroleum
tax
Carbon tax products tax
Coal
131
123
0
Gas
56
51
0
Oil
14
18
0

Petroleum
products

8

9

15

The results of the impact of each of the
environmental taxes on the carbon emissions and
fossil fuel consumption shows that both the
volume of carbon emissions and fossil fuel
consumed declined (Table 2). The carbon tax,
for example, leads to a reduction in energy
consumption and carbon emission of about 14
and 18 percent respectively. The impact of the
energy tax and carbon tax in reducing energy
consumption and carbon emission are almost the
same.
An energy tax reduces energy
consumption by 13 percent compared to 14
percent for the carbon tax. It also reduces carbon
emissions by approximately 16 percent
compared with 18 percent for the carbon tax. On
the other hand, a petroleum tax is less effective
in reducing energy consumption and carbon
emissions as it reduces carbon emission and
energy consumption by approximately 0.9 and
1.9 percent, respectively.
Table 2: Estimated effects of each of the
three taxes on fossil fuel energy
consumption and carbon emissions

Simulation and Results
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For example, for mining there is a
reduction of 4.1 and 4.5 percent with the energy
and carbon tax respectively. The impact of the
petroleum tax on mining is slightly less at
approximately 2 percent. The impact on the
metals’ sector and the electricity, gas and water
sectors is also a decline of, an average, 3.8
percent for the metal sector and an average
reduction of about 2.7 for the electricity, gas and
water sector. The slightly less than average
impact on the electricity, gas and water sector is
due to the 1.2 percent increase in electricity, gas
and water sector usage with a corresponding
reduction in usage for the energy and carbon
taxes. The other sectors are slightly less energy
intensive than the previous three sectors
discussed so the impacts of the three taxes are
less than those of the energy intensive sectors.
Generally, the impact of the energy taxes and the
carbon taxes are greater than the petroleum
taxes.

Energy Carbon Petroleum
tax
tax
products tax
Carbon
Dioxide
Emissions
Fossil fuel
energy use

-14

-18

-0.9

-13

-16

-1.9

Turning to the macro effects of the three types of
taxes, the impact of both the carbon and the
energy taxes on some macro variables are similar,
as shown by Table 4.
Real household
consumption falls by 0.1 percent for the carbon
tax and 0.09 percent of the energy tax. However,
for the petroleum tax, consumption falls by 0.2
percent. Additional tax will incur a high penalty
for the economy, with little effect on the
environment.
Table 3: Estimated effects of energy,
carbon and petroleum products taxes
on selected macro variables
Petroleum Energy
product tax tax
Carbon tax
Income tax rate
-0.82
-0.62
-0.68
Household
consumption
-0.2
-0.09
-0.1
Capital
(working)
-0.82
-1.12
-1.26
Volume of
exports
-1.62
-1.54
-1.7

Table 4: Estimated effects of energy, carbon and
petroleum products on activity of selected sectors

Capital (fixed)

-0.75

-1.58

-1.62

Investment
GDP
Volume of
imports

-0.32
-0.29

-0.51
-0.38

-0.54
-0.39

-0.91

-0.78

-0.89

Petroleum
product tax

Services

-0.26

0

0

Petroleum prod.

-1.62

-1.52

-1.34

Construction

-0.62

-0.93

-0.8

-2

-4.12

-4.51

Transport

-0.71

-0.55

-0.5

Wood products

-0.41

-0.43

-0.52

Transport equip.

-0.64

-0.52

-0.43

Electricity

1.27

-3.21

-3.62

Textiles
Non-metal products

0
-0.81

0
-0.72

0
-0.91

Agriculture

-0.4

-0.31

-0.42

Metal products

-3.12

-3.66

-3.92

Food Products

-0.11

0

0

Mining

Like many CGE models that model the impact of
energy and carbon
emission reduction
programmes, the impact of both the energy tax
and the carbon tax is to reduce GDP by
approximately 0.385 percent. The impact of the
petroleum tax is slightly less, at 0.29 percent. The
fall in GDP is associated with the fall in capital
stock. As the capital stock is reduced investment
also falls. The impact of the energy tax and the
carbon tax on investment is approximately 0.51
and 0.54 respectively with the carbon tax having a
slightly higher effect than the carbon tax.
In addition, we can consider the impact
in selected sectors, as shown in Table 4. The
sectoral effects presented here relate to the energy
intensive industries, mining, metal products,
electricity and gas sectors. The impact on these
energy intensive sectors exceeds, on average, 2
percent.

Energy
tax
Carbon tax

In addition to the output impacts on the above
selected sectors, there are also employment
effects. Table 5 shows the impact of the three
taxes on employment broadly divided into
skilled an unskilled. The impact of the taxes if
felt most heavily on the unskilled workers with a
reduction of 0.23 percent for the energy tax and
0.28 for carbon tax.
Table 5: Estimated effects of energy, carbon
and petroleum products on employment
Energy Carbon Petroleum
tax
tax
product tax
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Skilled Workers
Unskilled Workers
Overall
Employment

0.15
-0.23

0.16
-0.28

0.02
-0.06

0.00

0.00

0.00
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Second Assessment Report of the
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Change (IPCC). Cambridge: Cambridge
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Ekins, P. and T. Barker (2001). Carbon taxes
and carbon emissions trading. Journal of
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emissions, American Economic Review
83, 2, 318-323.
Goulder, L.H. (1995) Effects of carbon taxes in
an economy with prior tax distortions: an
intertemporal
general
equilibrium
analysis. Journal of Environmental
Economics and Management. 29, 271297.
Hamasaki, H. and Truong, T.P. (1999) The cost
of green house gas emission reductions in
the Japanese economy – an investigation
using the GTAP-E model, Working
Paper, GTAP Resource #599 , GTAP
Centre, Purdue University.
Horridge, M. (1985) Long-run Closure of
ORANI: First Implementation, University
of Melbourne, Impact Project Preliminary
Working Paper No. OP-50.
McDougall, R.A. (1999)
Energy taxes and
greenhouse gas emissions in Australia,
General Paper No. G-104. December
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On the other hand, there is an increase in the level
of employment of skilled workers. This may
signal a change in the structure of the economy
where firms prefer to substitute labour for less
energy intensive capital.
5

Conclusions

This paper attempts to assess the relative
effectiveness of an energy tax, a carbon tax and a
petroleum tax on the New Zealand economy.
From the European experience we have learned
that targeting carbon dioxide can be an efficient
way to achieve environmental goals although
efforts should be made to reduce the emissions of
other harmful GHG such as sulphur dioxide,
nitrogen oxide and methane as they are more
effective in trapping heat in the earth’s
atmosphere.
This exercise has demonstrated that an
energy tax based on the energy content of fossil
fuel might be an effective instrument to reduce
carbon emissions although the energy tax is not as
effective as a carbon tax. Policy instruments such
as a carbon tax might reduce the stock of both
fixed and working capital. The reduction in the
economy’s stock of capital might lead to
reductions in GDP, household consumption (an
indicator of welfare change) exports and
investment. Therefore, some important trade-offs
exist and require consideration.
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Abstract: This paper considers the causal relationship between employment, energy consumption and
economic growth using a range of different approaches. The study finds long-run neutrality in energy
consumption, except for electricity and oil consumption where there is evidence of uni-directional
linkages from electricity consumption to employment and from oil consumption to employment. We
also found that there is uni-directional link from real GDP growth to employment. These conclusions
are robust across the different methodologies and have implications of environmental and energy issues
including the Kyoto Protocol.
Keywords: Employment, Energy, Kyoto Protocol
1.

(EECA, 2001). Reducing energy consumption
may or may not affect the level of employment
in New Zealand. It would be helpful, therefore,
for policy makers, to scrutinise empirical
studies to determine the causal relationships
between energy consumption and employment
in an industrialized country other than the
United States and the few Asian countries
where most of the recent studies have been
focused.
This study contributes to the
international literature by using, among others,
a relatively recent method (AutoRegressive
Distributed Lag or ARDL), to infer causality.
The study is divided into seven
sections. The second section briefly discusses
the conflicting results of studies examining the
causality between energy consumption and
employment. The third and fourth sections
describe and discuss the data and methodology
used in this paper. The fifth section presents
the empirical results followed by a brief
discussion of the results in section six. The
final section comprises a summary and brief
conclusion to the study.

Introduction

The literature on the causal relationship
between
employment
and
other
macroeconomic variables has increased
dramatically recently given the advances in
available methodologies. One area that is still
interesting to study because of controversies it
creates is the causal relationship between
employment
and
energy
residential
consumption (disaggregated into coal, oil,
electricity and gas), employment and industrial
energy consumption, employment and total
final energy consumption, and employment and
real GDP growth.
Although there have been several
studies in the general area of causal links
between energy consumption and employment,
(Akarca and Long, 1979; Yu, Chow and Choi,
1988; Yu and Jin, 1992; Murray and Nan,
1992), there remain real controversies. Some
commentators arguing for the neutrality
hypothesis (Yu, Chow and Choi, 1988), while
others argue for a unilateral or bilateral
relationship (Murray and Nan, 1992; Stern,
2000).
This present study is important for
New Zealand because of the recent policy
framework prepared by the Ministry for the
Environment and the Ministry of Economic
Development on government strategies towards
energy conservation and the Kyoto protocol

2

Other Literature: Brief Overview

While there have been several studies on the
causal linkages between employment and
energy consumption conducted on the US,
where the results conflict. Akarca and Long
(1979) found, using US data, that energy
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indicators in Statistic New Zealand’s PC-Infos.
The real GDP and energy data were both taken
from the International Energy Agency’s (IEA)
energy and economic indicator database. The
energy data were disaggregated into coal, gas,
electricity and oil for 1960-1999. The energy
data are measured in millions of tons oil
equivalent (Mtoe). All data were transformed
into natural logarithms.

consumption
unidirectionally
causes
employment. In a later study, Yu, Chow and
Choi (1988) found evidence in support of the
neutrality hypothesis that there is no causal
relationship using Sim’s (1972) technique,
again using data for the US. Murray and Nan
(1992), however, use Sim’s approach and argue
that there is evidence to support reverse
causality from employment to energy
consumption in the United States. Yu and Jin
(1992), find no relationship between
employment and energy consumption and an
index of industrial production. Murray and
Nan (1992), also found no relationship between
employment and energy consumption for the
US using both Granger (1969) and Sim’s
(1972) technique. Thus, for the US, studies
remain largely inconclusive.
The bivariate model used in the
Murray and Nan’s study, using both Granger
and Sim’s approach, was of the behavioural
form: EMP=F(EMPt-i); EMP=F(EMPt-i,EECt-i);
EEC=F(EECt-i); EEC=F(EECt-i, EMPt-i), where
EMP is US employment and EEC is US total
final energy consumption. The Stern (2000)
study, however, used a multivariate, VAR,
model to estimate causal relationship between
employment and real GDP in the US, arguing
that a multivariate model would solve possible
problems caused by omitted variables.
Moreover, long-run dynamics can be estimated
in a VAR setting. The model that Stern used
was of the form:
f(x 1 t ) = f(x

rt

)'



+ ut

4.
Methodology
4.1
Causality Tests
One of the methods used includes the standard
Granger version of a causality test. Because of
the relatively small sample size used, the
standard Granger version of causality test has
an advantage, as a simulation study by Guilkey
and Salemi (1982) showed favourable results
for the Granger causality method even in small
samples. In addition, we used two other
methods: the AutoRegressive Distributed Lag
(ARDL) regression model of Pesaran et.al.
(1996), and the Toda and Yamamoto (1995)
method. The advantage of the ARDL method
is that it does not require information on the
variables’ order of integration.
4.1.1. Engle and Granger (1987) type test
Engle and Granger (1987) proved that if two
variables, individually, are integrated of order
one, I(1) and cointegrate, then a causal
relationship exists between the two variables.
The “Granger Representation Theorem” is
useful for modeling series that are I(1) as a
VAR model provided the series are
cointegrated. However, if the null of no
cointegration is accepted, the series must be
transformed to induce stationarity.
Following the original Granger

(1 )

f(x1t ) = [1, t , r past GDP, k past capital input,
s past labour input, m past energy input ]

t = time trend to capture impacts of exogenous
technical change; r = r past lags of GDP; k = k
past lags of capital input; s = s past lags of
labour input; m = m past lags of energy input;
= matrix of regression coefficients; ut = random
error vector. The r, k, s and m past lags were
chosen using the Hannan-Quinn Information
Criterion (HQC).
While there have been a number of
studies of the causal link between energy
consumption and employment in the US,
surprisingly only a few studies have been
conducted for other countries. Cheng (1998)
used a multivariate model to study the energy
consumption-employment nexus in Japan. He
used Hsiao’s (1981) version of the Granger
causality test.

k

l

i =1

j =1

X t = α +  ζ i X t - i +  ϕ j Yt - j + ε t
Yt = ψ +

r

i =1

χ i Yt -i +

s

γ j X t- j + ν t

(2)
(3)

j =1

approach, there are three alternative routes,
depending on the order of integration of the
variables, by which causality can be tested.
The first two approaches are valid when the
variable are I(1) and cointegrated. The third is
valid where the variables are not cointegrated
and must be I(0) either directly or via
transformation. Via approach 1., presented in
the bivariate case by equations (2) and (3)
above, if the variables are I(1) and
cointegrated, the disturbance term will be I(0)
and with the assumption of zero mean, the
disturbance will drift up and down near the
zero line. This implies that the variables are
superconsistent.

3.
Data
The data for employment (1960-1999) were
taken from the OECD database of main
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k 

If the original variables are I(1)
causality can also be tested using the variables
k

∆X t = α + 

i =1

i =1
r

i =1

(5)

j =1

transformed to I(0) adding an error correction
term to capture the short-run dynamics: where
ERRt-1 represents the one period lagged error
term from the regression of the variables that
cointegrate. The third approach is where the
variables are I(1), but not cointegrated. In this
case, the data need to be transformed to induce
stationarity. However, because they are not
cointegrated, no error correction mechanism
binds the non-cointegrated variables and hence
no one period lagged error term is needed in (4)
and (5). Non-causality is inferred on the basis
of joint tests of the null Ho: 1 = 2 = 3 = … =
n or Ho:  1 =  2 =  3 = … =  n; and/or  = 0;
φ=0, depending on the model under test.

5.

4.1.2.

Toda and Yamamoto (1995) test
In addition to the Engle and Granger
approach, the Toda and Yamamoto (1995)
method is also used to consider robustness across
approaches. The Toda and Yamamoto approach
involves using levels of the variables as in (6) and
(7) even if the variables may be individually nonstationary.

Yt = a +

i =1

q

i =1

j=1

using tables presented in Pesaran et al. (1996)
to test for the existence of a long-run
relationship between X and Y. If the null
hypothesis of no long-run relationship is
rejected, the ARDL model can be established
and either a long-run or ECM version of the
model constructed. Causality can be inferred
when a long-run relationship exists between at
least two variables and that the lags of the two
variables, as in (8), are jointly not equal to zero
when one of them is the dependent variable.
The lags of the variables, however, are jointly
equal to zero when the other variable is the
dependent variable.

j =1

s

∆Yt = ψ +  χi ∆Yt -i +  γ j ∆Xt - j + φERRt -1 +νt

m

∆X t-i +  ϕ j ∆Yt- j + βYt −1 + γX t −1 +  t (8)

l

∆Xt = α +  ζ i ∆Xt- i +  ϕ j ∆Yt- j + ξERRt-1 + εt (4)

Xt = α +

l

i

βi X t − i +

biYt −i +

r

j =1

n

γ jYt − j + ut

(6 )

j =1

c j X t − j + vt .

(7 )

The initial lag lengths m, n, q and r are chosen
using the AIC criterion. The initial lag lengths
are then augmented with an extra lag depending
on the likely order of integration of the series Xt
and Yt. If Xt and Yt are assumed I(1), then one
extra lag is added to (6) and (7). Wald/LM tests
are then used to test causal direction excluding
the extra lag added to capture maximum order of
integration.
4.1.3. ARDL approach
The main advantage of this approach for
cointegration testing and estimation is that it
can be applied whether the regressors are I(0)
or I(1).
It therefore avoids the pre-test
problems
associated
with
standard
cointegration analysis. The first stage of the
process involves establishing the existence of a
long-run relationship between the variables and
is tested by considering the joint significance of
the coefficients of the lagged levels variables
Y-1 and X-1 in an equation like (8) below:

Empirical Results

The first stage involves tests of the order of
integration of the variables. This is essential
for some of the tests considered. The
augmented Dickey-Fuller test (1981) is used
and the results presented as Table 1. With the
exception of gas, which was found to be I(2)
all the other variables of interest were I(1).
Given all, except gas consumption, are
I(1), we then test for bivariate cointegration as
the second stage using the Johansen (1991) ML
method.
Table 1. Unit Root Tests
(intercept and linear trend).
Variable Levels First
Critical
DifferenceValues
lcoal
-2.2
-4.56
-3.54
lgas
-2.79 -3.13
-3.54
lelec
-1.64 -4.25
-3.54
loil
-2.54 -5.64
-3.54
ltfc
-3.24 -3.66
-3.54
lind
-2.98 -4.77
-3.54
lemp
-2.34 -3.59
-3.54
lgdp
-2.9
-4.01
-3.54
a

Lagsa

1
2
1
1
2
1
0
1

Number of lags in the VAR.

The cointegration test results are presented as
Table 2.
For coal (local), industrial energy
consumption (lind.), and total final energy
consumption (ltfc), the null hypothesis of no
bivariate cointegration was not rejected. Thus,
although the variables were found to be I(1), they
do not cointegrate with employment.
Table 2. Testing for bivariate cointegration
between energy disaggregated variables,
real GDP and employment, 1960-1999.
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Variable Max.
Eigen.
lcoal
10.5
9.1
lelec
29.6**
2.9
loil
26.1**
6.9
ltfca
13.7
6.6
lindb
14.4
6.9
lgdp
17.59*
8.25

Trace H0

19.6
9.1
32.4**
2.86
33.1**
6.9
20.3
6.6
21.3
6.9
25.8**
8.25

H1

electricity consumption, real GDP and
employment supporting the neutrality hypothesis.

VAR

r=0 r=1
r <= 2 r = 2
r=0 r=1
r <= 2 r = 2
r=0 r=1
r <= 2 r = 2
r=0 r=1
r <= 2 r = 2
r=0 r=1
r <= 2 r = 2
r=0 r=1
r <= 2 r = 2

1

2
1
1
1
1

Note: Max. eigen denotes maximum eigenvalue statistic;
Trace is trace statistic, VAR denotes order of the VAR. **
denotes significance at the 5% level. * denotes significant at
the 10% level. a ltfc is the total final energy consumption level
. b lind denotes industrial energy consumption. All the
variables were transformed by taking their logarithms. CV
(eigen) and CV (trace) are critical values for the eigenvalues
and trace of the stochastic matrix at the 95% significance
level.

However, there is a significant cointegrating
relationship
between
electricity
(lelec)
consumption and employment, real GDP (lgdp)
and employment, and oil (loil) consumption and
employment.
Because all the variables, except
electricity, oil and real GDP are I(1), but not
cointegrated, in the next stage we transform the
variables to induce stationarity and test for
Granger causality.
Table 3. Test of bivariate causality, differenced
data, not cointegrated, 1960-1999
Dep. ∆lemp ∆lcoal ∆lind ∆lemp ∆lemp ∆ltfc
Ind. ∆lcoal ∆lemp ∆lemp ∆lind ∆ltfc ∆lemp
k,l
1,2
1,1
1,2
r,s
1,2
3,1
2,2
LM test 11.05 5.61
4.23 4.76 6.22 7.20
Prob. (0.05) (0.35) (0.38) (0.09) (0.29) (0.21)
LR* 13.28 6.12 4.50 5.10 6.85 8.06
Prob. (0.021) (0.30) (0.34) (0.08) (0.23) (0.15)
F-stat 2.31 0.95 0.93 2.29 1.08 1.30
Prob. (0.07) (0.46) (0.46) (0.12) (0.39) (0.30)
Conc. ∆lcoal ∆lemp ∆lind ∆lemp ∆ltfc ∆ltfc












Table 4: Causality test using levels of the
I(1) variables, 1960-1999.
Dep. lemp lelec loil lemp lemp lgdp
Ind. lelec lemp lemp loil
lgdp lemp
k, l 1,1
1,2
2,2
2,2
r,s
2,2
2,2
LM test 3.75 8.72 14.32 5.82
8.49 0.48
Prob. (0.59)(0.03)(0.01) (0.32) (0.01) (0.78)
LR* 3.96 9.97 18.27 6.36 9.68 0.49
Prob. (0.55)(0.01)(0.00) (0.27) (0.00) (0.79)
F-stat 0.61 2.98 3.43 1.00 4.78 0.23
Prob. (0.70)(0.04)(0.01) (0.44) (0.01) (0.81)
Conc. lemp lelec loil lemp lgdp lemp








lelec lemp lemp loil



lemp

lgdp

Because electricity, oil consumption and real
GDP cointegrate with employment, the causality
test can be constructed either in levels or first
differences (with an additional one period lag
error correction term). Table 4 presents the
results when the variables are in levels, while
Table 5 presents the results using an error
correction model. The results in Table 4 and
Table 5 show that there is uni-directional link
from electricity, oil consumption and real GDP to
employment.
Table 5: Causality test using an ECM term
in a first-differenced model.
Dep. ∆lelec.∆lemp ∆loil ∆lemp ∆lemp ∆lgdp
Ind. ∆lemp ∆lelec ∆lemp ∆loil ∆lgdp ∆lemp
k, l
1,1
2,2
1,1
r, s
3,2
2,1
1,1
ECM -0.20 -0.02 0.50 0.52 -1.62 0.24
LM test 5.22 0.32 10.15 6.18 9.37 0.09
Prob. (0.02) (0.85) (0.01) (0.19) (0.00) (0.95)
LR* 5.62 0.33 11.82 6.77 10.75 0.09
Prob. (0.02) (0.85) (0.00) (0.15) (0.00) (0.95)
F-stat 5.42 0.14 4.01 1.51 5.56 0.04
Prob. (0.03) (0.87) (0.01) (0.23) (0.00) (0.96)
Conc. ∆lelec ∆lemp. ∆loil ∆lemp ∆lgdp ∆lemp








∆lemp ∆lelec ∆lemp ∆loil

∆lemp ∆lcoal ∆lemp ∆lind ∆lemp ∆lemp







∆lemp ∆lgdp

To consider the robustness of these results across
methodologies, we also use the Toda and
Yamamoto (1995) approach. The results are
presented as Table 6. The causality results there
are qualitatively the same.

Note: k, l, r and s are the lags (see section 6). ∆ denotes a first

difference,
denotes ‘not-causal’,  denotes ‘causal’. Dep.
= dependent variable.Ind. = independent variable. LM is
Langrange Multiplier test. Prob. = probability. *Likelihood
ratio test. F-stat is standard F-statistics.

Table 3 presents results showing statistical
independence between gas, coal, industrial
energy consumption, total final energy
consumption and employment, oil consumption,
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Table 6. Test of bivariate causality,
Toda and Yamamoto approach, 1960-1999
Dep lcoal lemp loil lemp lgdp lemp
Ind. lemp lcoal lemp lgdp lemp loil
m,n 1,1
1,1 1,2
1,1

cointegration at the 90% level when using the
trace statistics of the stochastic matrix.

q,r

2,1
2,2
0.81 1.43 3.04 12.83 0.54 1.42
Prob. (0.37) (0.23)(0.008)**(0.000)*(0.46) (0.49)
Conc. lcoal lemp loil lgdp lemp lemp

LM test







lemp lcoal lemp lemp lgdp
Table 6. cont.
Dep lind lemp ltfc lemp lelec
Ind. lemp lind lemp ltfc lemp
m,n
1,1
1,1
q,r
1,1
1,2
1,2
LM test 0.67 0.079 1.55 1.61 0.51
Prob. (0.41) (0.99) (0.46) (0.20) (0.77)
Conc. lind lemp ltfc lemp lemp






lemp lind



6.

Electricity and oil are the two major energy
sources for production in New Zealand. They
also have the largest share of fuel used by
consumers, making up more than half of
consumers total energy use (47% for oil and
27% for electricity). The results presented here
show that electricity and oil consumption are
both linked to employment uni-directionally.
There is also a causal relationship between
energy consumption and real GDP. The unidirectional causal relationship between
employment and real GDP is consistent with
the result for British Columbia (Debenedictis
1997). Debenedictis showed that real GDP in
British Columbia and Canada, both unidirectionally Granger causes employment in
British Columbia. The results in Debenedictis,
however, are for regional economies in British
Colombia. These results showed that more
labour is demanded following a period of
expansion, while less labour is demanded
following a period of recession. The results
presented here for the causal relation between
oil, electricity consumption and employment
show that, in a period of expansion,
consumption of oil and electricity expand as
demand for inputs increase.

loil

lemp
lelec
1,2

2.92
(0.08)**

lelec



lemp ltfc

lelec lemp

Note : m, n, q and r are the number of lags without the
extra lag added to each variable. ** denote significant at
the 10% level. * denotes significant at the 5% level.

The third method used is the ARDL of
Pesaran et.al. (1996), which can be used to
infer causality. The results are presented as
Table 7. As for the previous tests, the results
show that
oil consumption
causes
employment and that there is no causality
relationship between coal consumption and
employment.
Table 7: Inferring directions of causality
using ARDL method with ARDL(2,2).
Dep lemp loil
Ind. loil lemp
F-test 20.48 1.05
Lower 4.9 4.9
(Upper)(5.7) (5.7)
Conc loil lemp




lemp lelec lcoal lemp lemp lgdp
lelec lemp lemp lcoal lgdp lemp

1.82
4.9
(5.7)
lelec


6.00
4.9
(5.7)
lemp


2.62
4.9
(5.7)
lemp


2.43
4.9
(5.7)
lcoal


Discussion



4.90
4.0
(4.8)
lgdp


0.77
4.9
(5.7)
lemp

7.

Conclusions

This paper considers the issue of whether there
are causal relationships between energy
disaggregated into coal, oil, electricity and gas
and employment. In addition, it also analyzes
the causal relationship between industrial
electricity consumption and total final energy
consumption and employment as well as the
relationship
between
real
GDP
and
employment. The results presented in the
paper show that both oil consumption and
electricity
consumption
uni-directionally
causes employment. Also, it argues that there
is a uni-directional relationship between real
GDP and employment.
The findings in our study demonstrate
that real GDP affects employment directly, as
real GDP Granger causes employment, and
indirectly through energy consumption, in
particular, the consumption of oil and
electricity. The consumption of these fuels was
found to Granger cause employment without
feedback. A policy implication of the findings
in this study therefore are that energy
conservation will not restrain output growth,
and finally a shock to the energy sector,



lemp loil lemp lelec lcoal lemp lemp lgdp
Note: a Denotes lower and upper bound for the critical
values in Pesaran (1996). Upper bounds critical values are
in brackets. Critical values are at 95% significant level for
all the ARDL tests except the critical values for the lemplgdp test where the critical value is at the 90% significant
level.

This latter result on coal may be expected as
the level of coal consumption in New Zealand
is very low compared to countries like
Australia. For electricity the results suggest
that there is a long run relationship between
electricity consumption and employment, and
that
employment
causes
electricity
consumption.
For the GDP-employment
relationship, the results suggest no causality
linkages between GDP and employment at the
95% level. However, at the 90% significant
level we found that there is causality running
from real GDP to employment. Note that when
we test for bivariate cointegration between real
GDP and employment, we only found bivariate
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especially if it affects the level of oil and
electricity
consumption,
will
affect
employment growth but not the reverse. There
are also other important factors that may need
further study including the impact of energy
price changes for example, a shock to oil and
electricity prices, on employment. There are of
course other factors that may affect
employment or unemployment such as real
wages, labour productivity etc. These factors
may also include monetary policy and the
duration of the economic cycles. The causal
relationships of these other factors and
employment is an interesting topic for further
research.
8.
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Abstract: Under the Kyoto Protocol to the United Nations Framework Convention on Climate Change,
targets have been set for various developed countries to reduce their carbon emissions. China’s share of
carbon emissions ranked the second highest in the world in 1996, only after the United States. Although
China was not formally required to achieve a reduction in its carbon emissions under the protocol,
pressures were mounting, especially from the United States, for China to address the issue seriously. Some
recent research on China’s carbon emissions has largely been carried out in the framework of computable
general equilibrium models. For example, Fisher-Vanden (2003) used such models to assess the impact of
market reforms on shaping the level and composition of carbon emissions; Garbaccio et al. (1999) and
Zhang (1998) studied macroeconomic and sectoral effects of policies and instruments, such as, a carbon tax,
on achieving predefined targets of carbon emissions. A common omission in these studies is the role of
fuel price changes in determining the amount of carbon emissions. This paper first shows China’s total
CO2 emissions from burning all types of fossil fuels over the 50 years or so to 2001, with those from
burning coal singled out for the purpose of illustrating coal as the major CO2 emitter. Then, using annual
data for the period 1985-2000, the study investigates whether changes in the relative prices of various fuels
reduce coal consumption. Four sectors in the Chinese economy are selected for the study, namely, the
chemical industry, the metal industry, the non-metal materials industry and the residential sector, which are
top energy as well as top coal consumers. Five fuels are considered, namely, coal, crude oil, electricity,
natural gas and petroleum products, which accounted for nearly all of the total energy consumption in each
of the four sectors. A translog demand system is estimated for each sector using the seemingly unrelated
regression method. The results suggest that significant substitutions away from coal to alternative fuels
take place in the residential as well as the metal sectors.
Keywords: carbon emissions; fossil fuel intensity; price elasticity.
sectoral effects of policies and instruments, such
as, a carbon tax, on achieving predefined targets
of carbon emissions. A common omission in
these studies is the role of fuel price changes in
determining the amount of carbon emissions.
This paper first shows China’s total CO2
emissions from burning all types of fossil fuels
over the 50 years or so to 2001, with those from
burning coal singled out for the purpose of
illustrating coal as the major CO2 emitter. Then,
using annual data for the period 1985-2000, the
study investigates whether changes in the
relative prices of various fuels reduce coal
consumption.
Four sectors in the Chinese
economy are selected for the study, namely, the
chemical industry, the metal industry, the nonmetal materials industry and the residential
sector, which are top energy as well as top coal
consumers. Five fuels are considered, namely,
coal, crude oil, electricity, natural gas and
petroleum products, which accounted for nearly
all of the total energy consumption in each of the

1. INTRODUCTION
Under the Kyoto Protocol to the United Nations
Framework Convention on Climate Change,
targets have been set for various developed
countries to reduce their carbon emissions.
China’s share of carbon emissions ranked the
second highest in the world in 1996, only after
the United States. Although China was not
formally required to achieve a reduction in its
carbon emissions under the protocol, pressures
were mounting, especially from the United
States, for China to address the issue seriously.
Some recent research on China’s carbon
emissions has largely been carried out in the
framework of computable general equilibrium
models. For example, Fisher-Vanden (2003)
used such models to assess the impact of market
reforms on shaping the level and composition of
carbon emissions; Garbaccio et al. (1999) and
Zhang (1998) studied macroeconomic and
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four sectors. A translog demand system is
estimated for each sector using the seemingly
unrelated regression method. The results suggest
that significant substitutions away from coal to
alternative fuels take place in the residential as
well as the metal sectors.

Figure 1.
CO2 Emission in China (million tons)
800
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400

The plan of the paper is as follows: A brief
account on China CO2 emissions is given in
Section 2. Section 3 discusses and constructs
data used in the present study, with Section 4
depicting the estimation procedure and
estimation results.
Section 5 discusses
implications of the estimation results, in
particular, fuel price elasticity estimates, on CO2
emissions. Finally, some concluding remarks are
contained in Section 6.
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Figure 1 shows the time paths of the total CO2
emissions as well as the CO2 emissions due to
coal-firing alone. It is clear that coal had been
responsible for almost all of the CO2 emissions
in China prior to the early 1970s, and has
remained as a predominant contributor
afterwards. The total CO2 emissions had risen
steadily since the early 1960s until 1996, when a
decline was recorded. Over the period 19781996, China’s CO2 emissions had increased by
about 480 million tons, compared with 306
million tons for the 30 years of the pre-reform
period.

2. CO2 EMISSIONS IN CHINA
Being the most populous country and fastest
growing economy over the past two decades in
the world, China is also increasingly insatiable
on energy demand. This has made it difficult for
China to dramatically cut back consumption of
coal, which China is rich of.

Demand for coal has been toned down since
1996 and remained negative growth ever since.
This can be attributable to various initiatives on
the part of the Chinese government to address
environmental issues. As noted in World Bank
(2001), “China’s long-held policy in energy
conservation has made a real and significant
contribution to reducing global CO2 loading
relative to growth in either GDP or energy
consumption.
Fuel diversification has also
reduced the carbon intensity of China’s energy
mix.”

With the successful controlling production and
consumption of ozone-depleting substance,
burning fossil fuels has been the major source of
CO2 emissions in China (World Bank 2001). Of
the four primary energy types used in China, coal,
oil, natural gas and hydro-power, the
consumption of coal still accounted for 66 per
cent of total energy consumption in 2001.
Emission factors, measured as tons of carbon
dioxide emission per ton of fuel in standard coal
equivalent, for the four types of fuel are 0.651,
0.543, 0.404 and 0, respectively (the Energy
Research Institute of the State Planning
Commission of China, 1991).

3 DATA
The purpose of this paper is to investigate the
role of fuel prices in achieving substitutions
away from coal to alternative fuels, that is, fuel
diversification. Therefore, the data requirements
are completely dominated by the availability of
fuel prices at industry level. It was found that
fuel prices by industry are not available from
published sources from both the Chinese
government
and
various
international
organisations.

Applying the emission factors to China’s energy
data, one is able to obtain total CO2 emissions
due to the consumption of the three fossil fuels.
As coal is the dominating source of energy, CO2
emissions from using oil and natural gas is small
enough to be neglected.

Although fuel prices are not directly available
from public sources, the State Statistical Bureau
of China does publish yearly the physical
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same price movement for the same fuel since the
same indices were applied to all them.

quantities of fuel consumption by industry and
fuel type. The corresponding expenditure on
such fuels by each industry, using China’s
published
input-output
tables,
can
be
approximated by the monetary input of the fuels
into the particular industry.
Due to the
infrequency of input-output tables, fuel prices
acquired in this way are only for the year when
the input-output table is available. To obtain a
time series of them needs to index the prices
using relevant price indices. Available relevant
price indices from China are ex-factory price
indices by industry, encompassing three
industries in the energy sector, namely,
electricity, coal and petroleum.

Table 1. CMNR’s Shares in Total Energy
Consumption by Fuel Type
Year Coal
Oil
Elec
NG
1985 45.9
13.3
38.9 42.5
1986 45.7
13.3
39.2 45.1
1987 45.2
13.7
39.8 47.7
1988 44.9
13.0
40.1 52.3
1989 43.4
13.4
40.3 52.0
1990 39.9
15.5
40.9 54.8
1991 41.2
15.4
40.5 56.4
1992 39.9
14.5
40.4 54.8
1993 39.8
13.0
42.7 55.5
1994 39.4
11.4
43.8 55.0
1995 40.0
10.9
43.9 53.2
1996 38.9
11.9
44.8 61.3
1997 36.7
11.9
43.9 55.6
1998 34.4
12.2
43.6 55.5
1999 33.6
11.6
43.7 53.4
2000 31.9
11.6
44.1 52.5

In the present study, the 1987 input-output table
is employed to obtain fuel expenditures by four
different sectors, namely, Chemical Industry
(CHEM), Metal Industry (META), Non-metal
Material Industry (NMMT) and Residential
(RSDN). The reason to select the four sectors
(CMNR) is because they consume more than
half of the total energy in the economy. The five
fuels included are coal, crude oil (Oil), electricity
(Elec), natural gas (NG) and petroleum products
(Petro), which accounted for nearly all of the
total energy consumption in each of the four
sectors. Table 1 shows their combined share in
the total energy consumption by fuel type. The
calculation of shares was based on physical
quantities, with Coal, Oil and Petro measured in
tons, Elec in kilowatt hours, and NG in cubic
meters. Elec includes both hydro-power, which
is CO2 emission free, and that generated by coalburning as data on the two components for the
sectors are unavailable. Thus, all of the five
fuels considered contribute to CO2 emissions.

Petro
24.4
25.7
24.7
22.3
23.1
23.7
23.2
20.5
20.4
21.0
19.0
19.2
16.5
16.5
15.3
15.1

Table 2. Sectoral Expenditures on Fuels for
Selected Years (% of total)
Year
CHEM
Coal
NG
Elec
Oil
Petro
1985
17.4
9.7
46.7
16.7
9.4
1990
19.3
8.4
44.8
19.9
7.6
1995
16.9
11.3
46.5
17.8
7.5
2000
7.5
14.5
44.6
26.4
7.0
META
1985
39.9
1.8
55.1
1.1
2.1
1990
40.2
2.5
54.8
0.3
2.2
1995
35.8
1.3
60.0
0.1
2.9
2000
22.1
0.8
74.3
0.2
2.6
NMMT
1985
45.1
1.0
52.6
0.4
0.9
1990
42.5
1.1
55.1
0.4
0.9
1995
32.2
1.0
64.4
1.3
1.1
2000
18.4
1.3
77.4
1.4
1.5
RSDN
1985
69.7
0.1
30.1
0.0
0.1
1990
51.9
0.3
47.7
0.0
0.1
1995
30.9
0.3
68.6
0.0
0.1
2000
11.0
0.5
88.3
0.0
0.2

For the number one CO2 emitter, Coal, as the
table shows, the four sectors together accounted
for 40 per cent or more of total consumption for
a half of the years under study. For NG and Elec,
they have been the major consumers for all of the
sample years.
Coal and Elec price series were obtained by
indexing the 1987 Coal and Elec prices with
Coal and Elec ex-factory price indices,
respectively. Because of lack of relevant price
indices, Oil, Petro and NG price series were
obtained by indexing their 1987 prices with
Petroleum ex-factory price indices, respectively,
assuming that Oil and NG followed Petro in
price movements. In addition, it was also
assumed that the four sectors experienced the

Table 2 shows that expenditure on Coal has been
declining over the years across all of the sectors.
Against this backdrop has been the steady rise of
Elec expenditure for all the sectors except
CHEM whereby NG and Oil rose considerably.
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4. ESTIMATION
RESULTS

AND

between the two fuels, it is seen that Coal has
been complementary to most of the other fuels in
all the sectors. Coal has been complementary to
Elec across the board and to all the other fuels in
both the non-metal material and residential
sectors.

EMPIRICAL

An energy demand system, in the form of the
homothetic translog expenditure shares function,
was estimated for each of the sectors.
Coefficient estimates of the translog demand
system allow the estimation of the partial AllenUzawa substitution elasticities, own and cross
price elasticities for the fuels (Magnus and
Woodland (1987), Hall (1983), Berndt and
Wood (1975)). Concretely, the demand system
is specified as follows,

Table 3. Estimates of σ l coal

σ l coal

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

k

s j = b j + ∑ blj ln pl + u j
i

i

i

i

(1)

l =1

where i denotes sector i (CHEM, META,
NMMT, RSDN), j and l denote fuel type
(Coal, Oil, Elec, NG, Petro), b s are coefficients
to be estimated, and s and p are fuel
expenditure share and fuel price, respectively.

σ lj =
i

{

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

1 + (b jj − s j ) /( s j s j ) when l = j
i

i

i

(2)

1 + blj /( sl s j ) when l ≠ j
i

i

i

and the corresponding price elasticity is
i
i
i
η lj = σ lj s j

Coal
-0.14
0.17
0.18
0.17
0.16
0.36
0.15
0.13
0.13
0.10
4.30

NG
0.20
0.37
0.11
0.23
0.51
0.32
0.99
1.98
2.47
5.43
-0.19

(3)

Because of the add-up condition, namely,
i
s j = 1 , equation (1) is estimated for all but

-0.03
0.06
0.02
0.04
0.08
0.06
0.15
0.26
0.31
0.56
1.08

0.04
0.03
0.04
0.05
0.05
0.05
0.04
0.02
0.01
-0.01
-0.01

and η l coal

CHEM

CHEM

l
Elec
-0.12
0.18
0.22
0.30
0.32
-0.23
0.27
0.14
0.05
-0.05
-1.88

η l coal

The Allen-Uzawa substitution elasticity for fuels
j and l for sector i is
i

CHEM

Oil
0.34
-0.26
-0.19
-0.23
-0.24
0.16
-0.32
-0.46
-0.46
-0.84
-0.28

Petro
-0.48
0.26
0.31
0.24
0.05
-0.72
0.03
0.01
-0.06
-0.18
-3.13

0.07
0.04
0.06
0.04
0.01
0.03
0.00
0.00
-0.01
-0.02
-0.02

-0.09
-0.11
-0.13
-0.11
-0.09
-0.12
-0.14
-0.20
-0.26
-0.25
-0.24

CHEM

-0.02
-0.04
-0.03
-0.04
-0.04
-0.04
-0.05
-0.06
-0.06
-0.09
-0.14

As Coal could not be substituted for the other
fuels in the chemical and metal sectors,
discussion of cross price elasticity became
meaningful only for the two sectors.

∑
j

one fuel for each sector. The coefficients of the
equation for the omitted fuel can be deduced
from estimated coefficients for the other fuels in
the light of the add-up condition as well as
parameter restrictions imposed by economic
theory.

NG and Petro were substitutes for Coal in the
chemical and metal sectors, respectively, for the
whole sample period. Oil remained a substitute
for Coal for the second half of the 1980s in the
chemical sector. However, the increases in the
consumption of NG and Oil were in general
smaller than 0.1 per cent when there was 1 per
cent increase in Coal prices. This compares with
about a 0.5 per cent increase in Petro
consumption in response to a 1 per cent increase
in Coal prices in the metal sector.

Due to space limitation, the estimates of the b s
will not be presented. Tables 3 to 6 present the
substitution and price elasticities in three
selected years for the four sectors, respectively.
Tables 3 to 6 present the substitution, own and
cross price elasticities for Coal across the four
sectors.
Since a negative Allen-Uzawa
substitution elasticity indicates complementarity

The own price elasticities of Coal were positive
for all the sectors except for RESD, indicating it
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Tables 3 to 6 suggest that the relative price
changes of the fuels have generally played a part
in reducing Coal consumption. Particularly,
substitution of Coal took place in CHEM by NG
and Oil, in META by Petro, and in RSDN by
Elec.

was a Giffen good for the three sectors.
Although the own price elasticity of Coal
became positive in RESD for the last two years
in the sample, this was largely caused by the
small share of Coal expenditure in the total fuel
expenditure. The large magnitudes of elasticity
estimates for NG were a result of the
combination of small NG expenditure shares and
RSDN
,
a relatively large coefficient estimate, bNG NG
(Magnus and Woodland (1987)).
Table 4. Estimates of σ l coal

META

σ l coal

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

Coal
0.55
0.74
0.66
0.65
0.92
0.78
0.80
1.03
1.61
2.14
3.22

NG
-2.49
-3.33
-7.85
-4.84
-9.40
-6.72
-7.24
-12.78
-14.32
-27.55
-18.04

and η l coal

Table 5. Estimates of σ l coal

META

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

Oil
Petro
-6.42 1.44
-11.71 1.46
-26.02 1.45
-3.15 1.41
0.18
1.42
-33.38 1.38
-17.12 1.46
-45.98 1.53
-25.71 1.68
-21.35 1.81
-16.12 1.67

0.22
0.27
0.25
0.25
0.31
0.28
0.28
0.34
0.45
0.55
0.71

-1.00
-1.21
-2.96
-1.84
-3.18
-2.41
-2.57
-4.17
-4.03
-7.03
-3.99

-0.18 -2.58
-0.17 -4.26
-0.16 -9.82
-0.17 -1.20
-0.19 0.06
-0.17 -11.96
-0.17 -6.07
-0.17 -15.00
-0.18 -7.23
-0.19 -5.45
-0.21 -3.56

Coal
0.31
0.43
0.45
0.47
0.87
0.78
0.73
1.01
1.77
2.41
4.42

NG
-12.24
-11.77
-17.04
-13.70
-20.53
-18.37
-14.24
-16.36
-19.27
-31.29
-25.69

NMMT

l
Elec
Oil
Petro
-0.21 -4.81 -1.80
-0.25 -6.23 -1.81
-0.25 -8.38 -2.20
-0.27 -2.95 -1.79
-0.36 -11.89 -2.41
-0.37 -1.49 -1.88
-0.35 -1.91 -2.07
-0.42 -2.06 -2.67
-0.57 -3.22 -3.33
-0.68 -3.76 -3.11
-0.99 -2.98 -2.69

η l coal
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

η l coal META
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

and η l coal

σ l coal NMMT

META

l
Elec
-0.44
-0.48
-0.43
-0.45
-0.57
-0.47
-0.47
-0.51
-0.64
-0.73
-0.93

NMMT

0.58
0.53
0.55
0.53
0.48
0.49
0.52
0.50
0.47
0.46
0.37

0.13
0.16
0.17
0.18
0.27
0.25
0.24
0.30
0.44
0.55
0.81

-5.20
-4.53
-6.46
-5.11
-6.40
-5.92
-4.68
-4.89
-4.84
-7.10
-4.73

NMMT

-0.09
-0.10
-0.09
-0.10
-0.11
-0.12
-0.12
-0.12
-0.14
-0.15
-0.18

-2.04
-2.39
-3.18
-1.10
-3.71
-0.48
-0.63
-0.62
-0.81
-0.85
-0.55

-0.76
-0.70
-0.83
-0.67
-0.75
-0.60
-0.68
-0.80
-0.84
-0.71
-0.50

However, the substitutability between Coal and
NG and Oil in CHEM was weak for the
corresponding cross price elasticities were
relatively small, compared with those between
Coal and Petro, and Coal and Elec in META and
RSDN, respectively. Although there was only
one Coal substitute in both META and RSDN,
Coal substitutions in the two sectors were much
more significant than that in CHEM. This was
because META and RSDN consumed more Coal
than CHEM and the substitutions were much
more elastic to Coal price rises.

5. IMPLICATIONS ON CO2 EMISSION

As Coal is the main CO2 emitter, a reduction in
Coal consumption will lead to abatement in CO2
emissions, ceteris paribus.
The elasticity
estimates relating to Coal demand in the various
sectors in Section 4 have provided information
on how the alternative fuels might have been
substituted for Coal. This bears implications on
the role of fuel prices in abating CO2 emission.

It is worthwhile noting that in the residential
sector Coal and Elec remained to be substitutes
until 1998 when the proportion of Coal
expenditure fell below 20 per cent for the first
time over the 16 years to 2000. Given the

As shown in Table 2, Coal consumption has
been diminishing over the sample period in all
the sectors. The elasticity estimates contained in
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well as coal-consuming sectors were selected to
study the substitution possibilities between Coal
and four other fuels, namely, natural gas,
electricity, crude oil and petroleum products. A
translog demand system was estimated for each
of the four sectors using annual data from 1985
to 2000. As fuel prices data are unavailable at
the sectoral level, they were estimated using fuel
expenditure data from the 1987 input-output
table and fuel physical quantity data from China
Statistical Yearbook. It is found that substitution
of Coal took place in three of the four sectors
over the sample period. The most significant
substitutions were in the metal and residential
sectors, with petroleum products being the coal
substitute for the former and electricity for the
latter. The findings suggest that changes in the
relative prices of the fuels led to substitution
away from Coal to less CO2-intensive fuels and
therefore an overall reduction of CO2 emission.

traditional use of Coal in Chinese energy
consumption, Coal expenditure shares for the
years preceding 1985 were expected much
higher than 20 per cent. This suggests that under
current technologies there were very limited
rooms for households to further replace Coal
with Elec.
Table 6. Estimates of σ l coal

RSDN

and η l coal

RSDN

σ l coal RSDN

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

Coal
-0.43
-0.45
-0.55
-0.65
-0.81
-0.84
-0.86
-0.85
-0.13
0.93
2.93

NG
-126.95
-144.97
-136.58
-152.31
-166.74
-185.93
-227.51
-287.95
-402.10
-456.38
-346.67

l
Elec
0.32
0.32
0.31
0.29
0.23
0.20
0.19
0.06
-0.25
-0.46
-0.75

Oil
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Petro
-3.73
-4.51
-5.15
-4.04
-4.98
-5.10
-5.29
-6.57
-9.99
-10.20
-9.16

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

-1.93
-2.29
-2.35
-1.65
-1.64
-1.57
-1.58
-1.55
-1.63
-1.37
-1.01
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η l coal RSDN
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

-0.22
-0.23
-0.25
-0.27
-0.27
-0.26
-0.26
-0.20
-0.02
0.13
0.32

-65.91
-73.55
-62.28
-62.00
-54.98
-57.46
-67.86
-68.06
-65.54
-61.19
-38.03

0.16
0.16
0.14
0.12
0.08
0.06
0.06
0.01
-0.04
-0.06
-0.08

Against the backdrop of a reduction of Coal
consumption was the trend of electrification in
fuel consumption for all of the sectors. This was
evidenced by the rising share of electricity
expenditure. However, the reduction of CO2
emission from such electrification is unknown
since there was no data on the consumption of
hydro-power in the total electricity consumption.
6. CONCLUDING REMARKS

Identifying Coal being the largest CO2 emission,
this paper investigated how Coal might have
been replaced by the alternative fuels.
Substitution away from Coal necessarily results
in less CO2 emission than if no substitution of
Coal takes place. Four top energy-consuming as
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Abstract: Numerous research projects are currently being conducted to establish a link between global
climate change and the risks to coastal and marine environments. As part of a wider European 5th Framework
Project, HIPOCAS, an attempt is being made to establish this link for the Irish and Celtic waters. To facilitate
this a wind hindcast was conducted for this region for subsequent integration with a wave model. This paper
outlines the experiences of using the computational models selected for this project and the necessity of
evaluating the reliability of the atmospheric model before integrating it into the wave model.
Keywords: Hindcast; Wind atlas; Global Reanalysis; Regional High-Resolution Area Model
1.

detailed in Devoy [1994] and Lozano et al [in
press].

INTRODUCTION

Consideration of wave climate is essential for longterm coastal planning and management. For
example, in order to design breakwaters or
seawalls it is essential to have data not only on
wave height and frequency but also, on storm
duration, severity, wave heights and frequency of
occurrence, amongst others. By evaluating the
effects of differing wave regimes and considering
the type of coastline that the waves will impact on
it is possible to identify areas at risk of erosion.
Warnings concerning climate warming in the 21st
Century tend to focus on coastal and marine
environments and outline the associated risk to
human and wildlife populations according to Gates
et al [1992]. This research is also concentrated on
coastal environments but it is expected that other
related fields may find a use for the results that are
generated. People living in coastal areas are now
demanding that local authorities provide detailed
information about the potential impacts of climate
change. Recent reports for European coastal
margins indicate increases in wind speeds, wave
heights and heights of storm surges in recent years
as pointed out by Gunther et al [1998]. For the
Irish region, storm impact will be significant for
coastal erosion and affect physical process as
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In assessing the predicted risks of climate change,
it is extremely valuable to be able to identify
coastal areas that are at potentially high risk and
environmentally sensitive to changes in wave
regime. This has been recognized at an
International level and the research detailed here
forms part of an ongoing EU 5th Framework
research project, Hindcast of Dynamic Processes
of the Ocean and Coastal Areas of Europe
(HIPOCAS). The background of this project is
provided in Soares et al [2002] and its objective is
to obtain a 40-year hindcast of wind, sea level and
wave climatology for European waters from 1997
to 1958.
To create the required wave statistics sea surface
winds need to be generated from numerical
models. These are usually initially generated from
General Circulation Models (GCMs) and
downscaled to increase resolution and to facilitate
the imbedding of regional and local conditions.
The downscaled output is then integrated with a
separate wave model to produce of localised wave
height, direction and frequency data.
This paper is concerned with the computational

modeling involved in generating the wind atlas for
the Irish and Celtic Seas. The paper describes the
models utilised and the validation procedures
employed prior to integration into the wave model.
In addition to this introductory section four
additional sections are included. Section 2
discusses the hindcast project and the models
employed. Section 3 describes the validation
methodology and verification data sources used to
determine the reliability of the produced wind
fields. Section 4 outlines the current status of the
project with reference to the generation of wave
conditions and discusses how requisite information
on coastal environment can be obtained. Finally,
Section 5 includes discussion and comments on the
conclusions drawn from the research to date.

2.

model for the North Atlantic REgional MOdel
(REMO) and details can be referred to in Jacob
and Podzun [1997]. This model has a spatial
resolution of 50km and wind data can be generated
at hourly time scales. For the Irish sector (Figure 1)
this data was further downscaled using the HighResolution Limited Area Model, (HIRLAM -Sass
et al [2000]), in order to increase the spatial
resolution to 10km. This output provides both the
wind fields for inclusion in the actual HIPOCAS
project and the input for the WAM wave model
(WAMDI Group [1988] and Gunther et al [1992]).

MODELLING: HIPOCAS PROJECT

The primary output from HIPOCAS is a Wave
Atlas for European coastal waters for the years
1958 to 1997. The potential of developing this type
of atlas from numerical modelling of wind-wave
dynamic processes has until recently been limited
due to inhomogeneities already indicated in Gates
et al [1992] and WASA Group [1998]. These
difficulties have now been overcome and this paper
sets out to describe the processes required to
generate a wave hindcast atlas for the Irish and
Celtic Seas and adjacent North Atlantic area
(Figure 1). The process initially requires wind
parameter data derived from large-scale models.
The output from these is subsequently used in a
downscaled localised atmospheric model to
produce wind fields at a higher resolution (hourly
output on 0.120 grid). It is this final output from
this localised model that is used by the separate
Wave Model (WAM) to produce wave parameters
such as height, direction and frequency.
The data that forms the basis of the HIPOCAS
project is derived from a 40-year global
atmospheric reanalyses dataset as described in
Kalnay et al [1996]. The reanalysis was carried out
by the National Center for Environmental
Prediction (NCEP), Washington, USA and the
National Center for Atmospheric Research
(NCAR), Boulder, Colorado, USA. The spatial
resolution of the GCM output is coarse spatially
200km and temporally every 6-hour intervals. The
coarse-scale of the GCM and associated regional
models is inadequate for wave studies in coastal
areas as discussed in Weisse and Gayer [2000].
Therefore the GCM output is used as a starting
point for a downscaling process to derive data at
the higher spatial and temporal resolution. The
initial downscaling is completed using a regional
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Figure 1. Geographical extent of the Irish
Sector
The 40-year dataset from 1958-1997 has been
generated over the last 18 months using a computer
cluster consisting of 4 personal computers. Of
these, one has 2 Pentium III 886 MHz processors
and the other 3 have Pentium IV 2.2 GHz
processors. As the HIRLAM code being used is
not a parallel version the executable was installed
in all machines in the cluster so that 4 model runs
could be performed simultaneously. However in
practice the primary PC was used to download the
REMO boundary conditions (from GKSS
Forschungszentrum Geesthacht GmbH-GKSS site
in Germany) whilst the other three completed
HIRLAM model runs for specific years in order to
generate annual wind fields. Generation of a single
year’s wind fields took approximately 5 days to
complete.
All the boundary conditions generated from
REMO for use the HIRLAM and the HIRLAM
output were in rotated GRIB format:
http://www.wmo.ch/web/www/WDM/Guides/Guid
e-binary-2.html.

The authors also intend to extend the project to
encompass 1998 – 2002 but unfortunately REMO
data for this period is not stored in the requisite
format, making it incompatible with HIRLAM.
Therefore a decoding methodology will have to be
devised prior to integration of this extended data

into the HIRLAM model.

H irla m v s S hip D a t a ( J a nua ry 9 2 )

25
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Hirlam

3.

20

VALIDATION

Once the HIRLAM wind fields were generated the
output was subjected to validation. This process
was essential in ensuring the reliability of the
model and the subsequent wind results prior to
their inclusion in the wave model. Ideally
validation of the HIRLAM model output would be
conducted using known (real) observations.
Unfortunately there is only very limited continuous
meteorological and wave information available for
the region (Vijaykumar et al [2003]). This is
mainly confined to data from 1990 onwards and
information prior to this date tends only to be
available from terrestrial sources. Any information
that is available also tends to be spatially disjunct.
Improvements have been made in recent years and
there are now numerous potential sources of
'continuously' recorded observations, particularly
through the deployment of weather buoys and in
satellite imagery (http://www.ecmwf.int). In spite
of these improvements model validation using real
data remains difficult and a range of procedural
options for validation have to be considered. The
validation process is essential to the integrity of
any conclusions derived from the output data.
Unfortunately the process is restricted by the
quality and duration of the available datasets.
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Figure 2. Comparison of HIRLAM generated
data and ship observations.
The other source of observational validation data
were UK Meteorological Office weather buoys
o
located at stations K2 (Latitude: 51.00 ; Longitude:
o
o
-13.30 ) and K4 (Latitude: 54.54 ; Longitude: o
12.3 ). These stations have observations of wind
fields from 1993 to date and provided an
overlapping period with the model of 5 years
(1993-1997) with frequency varying from 3 hours
in 1993 to every hour in subsequent years. The
wind comparison between HIRLAM and data from
the (K4) station are shown in Figure 3 and revealed
a correlation coefficient of 0.79 and rms 1.004.
H irla m v s K4 B uo y (1s t- 7 t h S e pt 9 6 )
12
K4 B uo y
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For the data under consideration here, the
validation indicators employed were correlation
coefficient and root mean square (rms). The data
sources used included time series observations
from ships and weather buoys for numerical
comparison and satellite imagery, as linked to
weather charts to visually assess wind patterns.
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A traditional source of 'real' data for the Irish Sea
region has been from ship-based observations and
for this project ship-based data covered for a single
month (January 1992) was utilised. This offered a
reasonably consistent ship
position and
observational time series. The comparison of wind
speeds from both sources is shown in Figure 2 and
demonstrates a reasonable visual match. In
addition, the correlation coefficient for the wind
speed obtained was 0.68 and the rms obtained was
2.99.
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Figure 3. Comparison of HIRLAM and K4
Weather Buoy data
It has been noted that validation data, regardless of
its inherent quality, is not always freely available
or if available is not widely publicised. Some data
is held by the commercial sector but the majority
of data is held by government and therefore is
subject to the laws of freedom of information held
by a particular country. Regardless of location the
information may be treated as proprietary or they
may be considered sensitive (e.g. for security and
commercial competition reasons) and, depending
on the type of data, available only at commercial
costs and in limited formats. Pricing policies may
also vary greatly between the different providers
although the provision of data for research and

non-commercial purposes tends to be released at
nominal costs as meteorological and linked state
service are in general very helpful.
Due to the difficulties in obtaining observed/real
data for long time series (>months) for offshore
areas, particularly prior to the 1990s, other
'validation' options have had to be considered. One
option is to use data, derived from a modelling
reanalysis process (i.e. model prediction/ output
data), produced from other models. These may be
specific oceanographic models or may include
landmasses and usually resulted from previous
research programmes (e.g. for ocean - offshore
area meteorological data then NCEP, ECHAM4,
REMO, ERA-15, ERA-40 model outputs can be
utilised). The advantage of using such data is that
they are often easily available and are in the
majority free. These types of data are commonly
stored in public domain databases, on websites, or
in linked Geographic Information Systems. The
negative aspects of these data sets are that they are
not
true
observational
records
but
outputs/reanalyses of previous model runs and that
their resolution may be at much lower scales than
required. In addition these types of reanalysis data
may or may not have been subjected to a rigorous
validation process themselves and care needs to be
taken to avoid producing erroneous results as a
result of 'methodological circularity'
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Figure 4. Comparison of HIRLAM and ERA-40
reanalysis data.
In addition to the use of reanalysis/ model results
the modelling methodology itself provides a further
validation option (in essence an internal process
check) to verify the accuracy of the model
downscaling. A simple check to test whether the
HIRLAM model outputs is working correctly is to
compare the HIRLAM results with the initial
REMO boundary parameters (Figure 5) and thus
verify if the HIRLAM model was properly nested
in the REMO simulations
H irla m v s R E M O (1s t- 7 t h S e pt 9 6 )
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For the Wave Atlas (HIPOCAS- Irish Sea region)
reanalysis data from the ERA-40 project was
considered (e.g., Gibson et al., 1997). The ERA-40
project's objective has been to define
(parameterise) and analyse the state of the global
atmosphere using satellite derived data sources.
Data sets consist of 6-hour time slices with
monthly mean data also available The ERA-40
project was developed through the ECMWF
(European Centre for Medium-Range Weather
Forecasts - http://www.ecmwf.int) and covers the
period 1957 to 2001. The project was based on
earlier work from ERA-15, for the years 1979 to
1993. Although developed for large-scale work the
wind data sets were considered applicable to the
Wave Atlas project and the results of the
comparison were therefore included. Figure 4 gives
an example of the wind results (for +10m sea level)
from both the HIRLAM and ERA 40 model
outputs. A coordinate node of –5.00 (Longitude)
and 55.00 (Latitude) was selected and a time series
with an interval of 6 hours between points was
exported for the period between the 1st-7th
September 1996. The correlation coefficient
obtained for the wind speed was 0.78 whereas the
rms obtained was 1.10.
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Figure 5. Comparison of HIRLAM and REMO
generated wind data.
As expected the trends and variations in the wind
plots for the two models are similar. The difference
in wind velocity is probably a result of the different
elevations above sea level at which the model data
are extracted, +10m for HIRLAM and between
+20 and +40m for REMO. Another beneficial
approach to test an atmospheric model is to check
output with observed data during extreme events.
Based on background information received from
the national weather service, Met Éireann, it was
decided to compare data for the period of 12th -19th
December 1997 when wind velocities peaked at 54
knots. Figure 6 shows HIRLAM performance for
this period compared with data at K4 station.
Correlation coefficient of 0.77 and rms 1.49 were
obtained.

bodies can utilise the information to alert the
population when potentially dangerous situations
arise.
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Figure 6. Comparison of HIRLAM and K4
Weather Buoy data in Extreme Winds
The statistical measures utilised as part of
validation process to date have been standard
correlation coefficient and root mean square tests.
However the authors realise that a more robust
series of tests will need to be employed in the
future to fully assess the quality of the HIRLAM
output. Therefore, other validation methods such as
complex correlation (Kundu [1976)] and Gradient
Pattern Analysis (Rosa et al [1999], Ramos et al
[2000]) will be applied to both the atmospheric and
wave model outputs.

Figure 7. WAM output
4.

WAVE HINDCAST

Once the wind fields for the hindcast were
generated and passed the initial validation they are
to be used to drive the wave model. The wave
model employed for the hindcast is a 4th generation
version of the a heavily tested and widely used
wave model WAM, developed by WAMDI group
[1988], and described in Gunther et al [1992]. The
idea was to produce hourly wave conditions with a
o
high spatial resolution of –0.25 . The required
boundary conditions, (wave spectra), were
produced by another HIPOCAS partner Instituto
Superior Técnico, Portugal. The wave model for
the Irish Sea has been successfully set up and some
initial tests were run. An example output is shown
in Figure 7 and presently the hindcast for the full
40-year period is being generated.
In addition to providing information about wave
climate and behavior, the wave model can also
provide the boundary conditions for wave
refraction models. When used in combination these
can used to assess the various levels of wave
energy on the coast that can result from variations
in deep water wave climate. This information can
be invaluable to detect areas that are vulnerable to
erosion, flooding and tidal surge damage. If this
information is readily retrievable then policy
decision makers such as urban planners and public
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5.

CONCLUSIONS

The paper illustrates the approach of combining
atmospheric models and integrating them with
wave model to generate hindcast datasets. The
atmospheric models selected (REMO and
HIRLAM) to downscale the NCEP/NCAR
reanalysis data performed well. The main concern
is the format compatibility between models as long
delays were encountered during the REMO /
HIRLAM downscaling as a result of output / input
incompatibility in GRIB formats. This experience
was not repeated with the wave model as the model
installed for this project deals with data in binary
rather than GRIB format. Validation of the wind
fields will continue as new source of data become
available and new methods of validation will be
explored.
This type of approach will be adopted when the
generation of the wave data has been completed
and adapted to reflect the differences in the type of
data produced.
In addition, refinements need to be made whereby
better quality data is made available to end users
thus stressing the importance of validating results
from atmospheric models.
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Abstract: Patent registrations have often been used as a proxy of innovation as they reflect a country’s technological
capability. Recently, some studies have found that the Generalised Autoregressive Conditional Heteroscedasticity
(GARCH) model and an asymmetric extension, namely Glosten, Jagannathan and Runkle's (GJR) model, are useful
to model the time-varying volatility of the patent ratio, namely the ratio of foreign patents registered in the USA to
total patents in the USA. However, this approach assumes that the conditional variance is independent across
countries. Furthermore, the time series properties of the patent growth rate, namely the rate of change of foreign
patents registered in the USA, have not previously been analysed. This paper examines the conditional variance of
the patent growth rate from the leading four foreign countries, namely Canada, France, Germany and Japan, using
the Constant Conditional Correlation – Multivariate GARCH (CCC-MGARCH), Vector Autoregressive Moving
Average – GARCH (VARMA-GARCH) and VARMA – Asymmetric GARCH (VARMA-AGARCH) models. The
results reveal the existence of cross-countries effects in the patent growth rate among the leading four countries, as
well as asymmetric effects using monthly data from January 1975 to December 1998. Rolling estimates show that
the restrictive assumption of constant conditional correlation is unlikely to hold, and models that accommodate
dynamic conditional correlations may provide greater insights for investigating the effects of global factors on
changes in innovation for the four leading foreign countries.
Keywords: Patent ratio, Patent growth rate, GARCH, Multivariate GARCH, Asymmetries.
1.

Bollerslev’s (1986) Generalised Autoregressive
Conditional Heteroscedasticity (GARCH) model,
Glosten, Jagannathan and Runkle (1992) (GJR)
asymmetric model, and Nelson’s (1991) Exponential
GARCH (EGARCH) model have been shown to be
useful in modelling the conditional variance in the
patent ratio, namely the ratio of foreign patents
registered in the USA to total patents registered in
USA. For example, the time-varying nature of
volatility in the patent ratio was analysed extensively
in McAleer, Chan and Marinova (2002) at the
univariate level. Moreover, Marinova and McAleer
(2003) investigated the conditional variance of the
ecological patent ratio, or the ratio of ecological
patents registered in the USA to total patents
registered in the USA, while Chan, Marinova and
McAleer (2003) investigated the volatility of the
Japanese electronic patent ratio, or the ratio of
Japanese electronic patents registered in the USA to
total electronic patents registered in the USA.
Furthermore, Chan, Marinova and McAleer (2004)
modelled the conditional mean and conditional
variance of US ecological patents using a family of
regime-switching models.

Introduction

Patent registrations have often been used as a proxy
for innovation, and are used to describe a country’s
technological capabilities. Some examples can be
found in Pavitt (1988), Patel and Pavitt (1995),
Griliches (1990) and Marinova (2001). Since the
USA has the world’s largest economy, it is not
surprising that innovative America and foreign
companies include the USA as a primary destination
for registering patents. Therefore, the trends in
technological strength and market ambitions can be
examined by analysing the patents registered at the
US Patent and Trademark Office (PTO). However,
the time series properties of patent registrations have
not been investigated in detail until recently.
The success of Engle’s (1982) Autoregressive
Conditional Heteroscedasticity (ARCH) model to
capture
time-varying
volatility provides
a
convenience framework to investigate time-varying
conditional variance (or risk). Numerous extensions
of ARCH have been investigated in the last two
decades to capture various aspects of time-varying
conditional variances and covariances. In particular,

However, these studies modelled the conditional
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variances at the univariate level, which assumes
independence in the conditional variances across
countries and/or industries. This assumption may not
be reasonable as innovation is often the result of
accumulating knowledge and technical know-how
across countries and industries. Therefore, previous
innovations from other countries and industries are
also likely to be important in determining future
inventions. Moreover, the studies mentioned above
have focused primarily on the volatility of the patent
ratio, whereas the conditional volatility of the rate of
change of patent registrations, or the patent growth
rate, has not yet been investigated in the literature.

1998, with a total of 288 observations per country.
The reason for using the date of lodgment of granted
applications rather than the date of issue of patent is
to avoid organizational delays as it takes an average
of three to five years for a patent to be officially
issued.
Overall, the number of patents registered in the USA
from the four leading foreign countries has grown
steadily over the last two decades. Moreover, the
number of patents registered in the USA from
Germany grew rapidly in the late 1970s, but slowed
in the early 1980s and remained steady for the rest of
the sample. According to McAleer, Chan and
Marinova (2002), Japan was ranked first in terms of
the total number of patents registered in the USA
between January 1975 and December 1998 with
429,228 patents. Germany was ranked second with a
total of 170,875 patents, France third with 72,595
patents, and Canada fourth with 52,354 patents.
Interestingly, all four countries seem to have
experienced an outlier in the early 1990s.

This paper models the conditional volatility of the
rate of change, or patent growth rate, of patents
registered in the USA from the four leading foreign
countries, namely Canada, France, Germany and
Japan, using the Constant Conditional Correlation –
Multivariate GARCH (CCC-MGARCH) model of
Bollerslev (1990), the Vector Autoregressive Moving
Average – GARCH (VARMA-GARCH) model of
Ling and McAleer (2003), and the VARMA –
Asymmetric GARCH (VARMA-AGARCH) model of
Chan, Hoti and McAleer (2002), using monthly date
for the USA from January 1975 to December 1998.

All four countries have outliers in the patent growth
rate between October 1982 and July 1995.
Furthermore, Japan has two additional outliers,
namely a positive outlier in October 1982 when the
patent growth rate increased substantially from 0.225
to 2.210, followed by a negative outlier in November
1992, when the patent growth rate decreased
dramatically from 2.210 to –2.373.

As the structural and statistical properties of these
multivariate models have been established, the
existence of interdependent (or cross-country) and
asymmetric effects can be formally tested. The results
support the existence of interdependent effects, that
is, the conditional variance of the patent growth rate
of one country is affected by other countries.
Asymmetric effects, which differentiate between the
impacts of positive and negative shocks, are also
found to be significant.

Japan has the highest average patent growth rate at
1.8%, followed closely by Germany at 1.4%, and
distantly by Canada at 0.5% and France at 0.3%. Not
surprisingly, the ranking based on the highest average
growth rate is the same as that based on the total
number of registered patents. The growth rate of US
patent registrations by Japan is also the most volatile,
based on the standard deviation of 0.282, followed
closely by Canada with 0.237, France with 0.212, and
finally Germany with 0.194. Moreover, all four
countries are negatively skewed, particularly Canada,
and exhibit excessive kurtosis.

Furthermore, the three multivariate GARCH models
assume that the conditional correlation of the
standardized shocks between country pairs is constant
over time. Rolling conditional correlations are
estimated to examine the validity of this assumption.
The results provide evidence against constant
conditional correlation for each of the three models.

While the volatility of the patent growth rate for the
four leading foreign countries is relatively low, on
average, all seem to have two outliers in October
1982 and July 1995, as discussed previously.
Moreover, Japan has two unique outliers in the patent
growth rate in October 1992 and December 1992,
which could also be detected from its volatility.
Volatility clustering is also common in the patent
growth rates for the four countries, such that a large
shock tends to be followed by another large shock.
The presence of volatility clustering, together with
excessive kurtosis, would also seem to suggest a nonconstant conditional variance in the patent growth
rate for all four countries.

The plan of the remainder of the paper is as follows:
Section 2 provides a qualitative description of the
data used in the paper. Section 3 presents the three
constant conditional correlation multivariate GARCH
models, as well as their structural and statistical
properties. Section 4 reports the empirical results and
the dynamic paths of the rolling conditional
correlation estimates. Section 5 provides some
concluding remarks.
2.

Data

The monthly data used in this paper were extracted
from the official Internet Webpage of the US PTO,
and include all granted patents with date of lodged
applications between January 1975 and December

The Phillips-Perron (1988) (PP) test statistics for nonstationarity and the ARCH test statistics for
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conditional heteroskedasticity were calculated. The
conventional Augmented Dickey-Fuller (ADF) test
for non-stationarity assumes that the disturbances are
independently and identically distributed (iid). As the
patent growth rate is likely to follow a GARCH
process, the iid assumption is not likely to be valid,
and the PP test has been shown to be more powerful
in the presence of heteroscedasticity and serial
correlation under a wide range of circumstances
(Phillips and Perron (1988)). Therefore, the PP test is
likely to be more appropriate than the conventional
ADF test in this case.

hit = ω i +

(2)

j =1

ij

ij

j=1

j=1

Although this specification has a computational
advantage over other multivariate GARCH models,
such as the BEKK model of Engle and Kroner (1995),
it assumes independence of the conditional variances
across countries. In order to accommodate possible
interdependencies, Ling and McAleer (2003)
proposed the following specification for the
conditional variance:
Ht = W +

r

Aiε t−i +

i=1

s

B j H t− j

(3)

j=1

2
where H t = (h1t ,..., hmt )' , ε t = (ε1t2 ,...,ε mt
)' , and W ,
Ai ∀i = 1,...,r and B j ∀ j = 1,...,s are m × m
matrices. As in the univariate GARCH model,
VARMA-GARCH assumes that negative and positive
shocks have identical impacts on the conditional
variance. In order to accommodate asymmetric
impacts of positive and negative shocks, Chan, Hoti
and McAleer (2002) proposed the following
specification for the conditional variance:
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Models

The purpose of the remainder of the paper is to model
the volatility of the patent growth rate in the USA
from the top four foreign countries. The estimated
models include the Constant Conditional Correlation
Multivariate GARCH (CCC-MGARCH) model of
Bollerslev (1990), Vector Autoregressive Moving
Average – GARCH (VARMA-GARCH) model of
Ling and McAleer (2003), and VARMA –
Asymmetric GARCH (VARMA-AGARCH) model of
Chan, Hoti and McAleer (2002). The specification,
structural and statistical properties of these models
will be discussed in this section.
Consider the following specification:

i=1

ε t = Dtηt ,

β ij h i,t− j

where α ij represents the ARCH effects, or the short
run persistence of shocks, and β ij represents the
GARCH effects, or the contribution of shocks to long
r
s
run persistence, namely  α +  β .

In this paper, three multivariate GARCH models will
be used to capture the dynamics in the conditional
variance of the four countries. The specification,
structural and statistical properties of the three
constant conditional correlation multivariate volatility
models are presented in the next section. An
important characteristic of these three models is that
the structural and statistical properties are known,
which allows valid inferences to be conducted. In
particular, it allows cross-countries effects, as well as
asymmetric effects, to be tested.

yt = E(yt | Ft −1)+ε t

s

2
α ijεi,t−
j +

j=1

The PP test statistics are significant at the 1% level,
indicating that the patent growth rates for all four
countries are stationary. Moreover, the ARCH test
statistics reject the null hypothesis of no ARCH
effects, thereby suggesting that the GARCH model is
appropriate for capturing the dynamics in the
conditional variance of patent growth rates for the
four leading foreign countries.

3.

r

(1)

i=1

j=1

m×m

matrices for i = 1,...,r , and
It = diag(I1t ,...,Imt ) , so that

where Ci are

where y t = (y1t ,...,y mt )' , ηt = (η1t ,...,ηmt )' is a sequence
of independently and identically distributed (iid)
random vectors, and
D t = diag( h1t1/ 2 ,...,h1/mt 2 ) .
Bollerslev (1990) assume the conditional variance for
each asset, hit , i = 1,...,m , follows a univariate
GARCH process, that is,

I it =


 0, εit ≥ 0
1, εit < 0

VARMA-AGARCH reduces to VARMA-GARCH
when Ci = 0 for all i. Furthermore, if Ci = 0, with Ai
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and, as ηt is a sequence of iid random vectors, the
conditional covariance matrix is

and B j being diagonal matrices for all i, j, then
VARMA-AGARCH reduces to CCC-MGARCH.
Therefore, CCC-MGARCH and VARMA-GARCH
are both nested within VARMA-AGARCH.
The structural and statistical properties of VARMAGARCH were established in Ling and McAleer
(2003). This includes the necessary and sufficient
conditions for stationarity and ergodicity, sufficient
conditions for the existence of moments of εt , and
sufficient conditions for consistency and asymptotic
normality of the Quasi-Maximum Likelihood
Estimators (QMLE) in the absence of normality of
ηt . As CCC-MGARCH is nested within VARMAGARCH, the structural and statistical properties
established in Ling and McAleer (2003) also apply to
CCC-MGARCH.

E(εtεt '| Ft−1 ) = Ωt = Dt ΓDt
where Γ = E(ηtηt '| Ft−1 ) = E(ηtη t ') , which is a
constant matrix for all t. The conditional correlation
matrix is then defined as
Γ = Dt−1Ω t Dt−1

which is assumed to be constant over time.
Furthermore, the conditional correlation matrix of εt
is, by definition, equal to the covariance matrix of the
standardised shocks, ηt .
Unless ηt is a sequence of iid random vectors, the
assumption of constant conditional correlation will
not be valid. In order to capture the dynamics of timevarying conditional correlation, Engle (2002) and Tse
and Tsui (2002) proposed the Dynamic Conditional
Correlation (DCC) model and the Variable
Conditional Correlation Multivariate GARCH model,
respectively. Chan, Hoti and McAleer (2003)
proposed the Generalized Autoregressive Conditional
Correlation (GARCC) model, which has both DCC
and VCC-MGARCH as special cases. They showed
that, if ηt follows an autoregressive process with
stochastic coefficients, then model (1)-(2) is
equivalent to Engle’s (2002) DCC model. Chan, Hoti
and McAleer (2003) also established the structural
and statistical properties of GARCC, which includes
the necessary and sufficient conditions for stationarity
and ergodicity, sufficient conditions for the existence
of moments, and sufficient conditions for the
consistency and asymptotic normality of the QMLE.

As an extension of VARMA-GARCH, the structural
and statistical properties of VARMA-AGARCH were
established in Chan, Hoti and McAleer (2002). As in
the case of VARMA-GARCH, the necessary and
sufficient conditions for stationarity and ergodicity,
the sufficient conditions for the existence of moments
of εt , and sufficient conditions for consistency and
asymptotic normality of the QMLE, were also
established. It follows that the conditions established
for VARMA-AGARCH in Chan, Hoti and McAleer
(2002) are equivalent to those for VARMA-GARCH
in Ling and McAleer (2003) when C i = 0 for all i.
It is important to note that the conditional correlation
is assumed to be constant for all three models. From
model (1), it is obvious that
matrix. tant stant matritional covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionamatrix. tant stant matritional
covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionamatrix. tant stant matritional
covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionamatrix. tant stant matritional
covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionamatrix. tant stant matritional
covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionamatrix. tant stant matritional
covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionamatrix. tant stant matritional
covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionamatrix. tant stant matritional
covariance matrix is
ion is assumed to be constant for all three models.
Consider the conditionaε tε t '= Dtηtηt 'Dt

In the next section, models (1)-(2), (1)-(3) and (1)-(4)
will first be estimated under the assumption of
constant conditional correlation. This assumption will
then be evaluated using rolling regressions.
4.

Empirical Results

This section models the conditional variance of the
patent growth rate of the four leading foreign
countries, namely Canada, France, Germany and
Japan, using CCC-MGARCH, VARMA-GARCH and
VARMA-AGARCH. The conditional mean is
assumed to follow an AR(1) process, with r = s = 1
for each country. The parameter estimates for the
three models and their asymptotic t-ratios are
available on request. The asymptotic results presented
in the previous section facilitate the subsequent
hypothesis testing for the three models used in this
section.
The ARCH α effects are significant for all four
countries, but the GARCH β effects are significant
only for Germany and Japan. Canada exhibits high
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The dynamic paths of the conditional correlations are
very similar for the three models. Overall, the
conditional correlations for the country pairs (Canada,
Germany), (Canada, France) and (France, Germany)
exhibit upward trends until 1979, which indicate
increasing conditional correlations between the
standardised shocks. Interestingly, in the case of
(Canada, France), the conditional correlation begins
to decrease after 1979, while the conditional
correlations for (Canada, Germany) and (France,
Germany) remain steady after 1979.

short run persistence at 0.518, while the ARCH
effects are relatively lower for France, Germany and
Japan. Moreover, Germany has the highest long run
persistence, α + β , at 0.888.
The negative asymmetric effect, γ , is significant for
France, Germany and Japan, but not for Canada.
Moreover, γ is negative for all four countries,
implying that negative shocks reduce the conditional
variance in the patent growth rate. A positive shock in
the patent growth rate can be viewed as an indication
of a technological breakthrough or a factor that would
encourage subsequent research activities, and hence
would increase the uncertainty in the patent growth
rate. On the contrary, a negative shock indicates a
decline in the growth rate, and hence in future
research activities, so that the patent growth rate
would become less volatile.

Furthermore, in the case of (Canada, Japan),
(Germany, Japan) and (France, Japan), the
conditional correlations generally begin at a relatively
high level, then decrease substantially in March 1976.
The dramatic decrease in the conditional correlations
between Japan and the other three countries is due
mainly to the inclusion of the outlier in December
1992, which is unique to Japan. Interestingly, the
conditional correlations of (France, Japan) and
(Canada, Japan) seem to increase after March 1976 to
their initial levels. However, the conditional
correlations of (Germany, Japan) remain low for the
remaining samples.

In terms of interdependencies across different
countries, the conditional variance of Canada is
affected by its previous long run shock, as well as
previous long run shocks from France and previous
short run shocks from Germany and Japan. The
conditional variance of France is affected by previous
short and long run shocks, as well as previous short
run shocks from Canada, and previous short and long
run shocks from Japan. Moreover, the conditional
variance of Germany is affected by previous short run
shocks from Canada, as well as previous short and
long run shocks from Japan. Finally, the conditional
variance of Japan is affected by previous short and
long run shocks, as well as the short and long run
shocks from France.
Interestingly, VARMA-GARCH and VARMAAGARCH provide the same cross-country effects for
Canada, for which the asymmetric effects are not
significant. However, the cross-country effects given
by the two models can be different when the
asymmetric effects are significant. This could be due
to model misspecification or the small sample
properties of the QMLE for multivariate GARCH
models, and is an interesting area for future research.

The high positive conditional correlations between
the four leading foreign countries suggest that
positive (negative) shocks in one country will
simultaneously impact positively (negatively) on
other countries. An alternative interpretation of these
results is that the patent growth rates of these
countries are determined, at least in part, by some
common factors such as global economic
performance and market competition. Any changes in
these common factors will, therefore, have an impact
on all four countries simultaneously. However, the
rolling conditional correlation estimates also suggest
that the conditional correlations may not be constant
over time, which reflects the existence of unique
factors that may affect each country independently.
The outlier in Japan in December 1992 is a clear
example of such a phenomenon.
5.

The conditional correlations between the four
countries from the three models are very similar. The
conditional correlations are generally quite high,
indicating a strong positive relationship between the
standardised shocks of the four countries. Therefore,
all four countries seem to share a substantial amount
of common shocks, which is not surprising as all four
countries share at least two common outliers in
October 1982 and July 1995.

Concluding Remarks

This paper analysed the conditional volatility of the
patent growth rate for the four leading foreign
countries, that is, the rate of change of patents
registered in the USA from Canada, France, Germany
and Japan. The CCC-MGARCH, VARMA-GARCH
and VARMA-AGARCH models were estimated to
capture the dynamics of the conditional variance in
the patent growth rate using monthly data from
January 1975 to December 1998. The empirical
results provided evidence to support the presence of
interdependent effects in the conditional variance of
the patent growth rate between the four leading
foreign countries. Moreover, the results also revealed
the presence of significant asymmetric effects in
France, Germany and Japan, which suggested that
positive shocks have an impact on the conditional

However, all three models assume that the conditional
correlations are constant over time. In order to check
the validity of this assumption, rolling conditional
correlations are estimated with a window size set to
200.
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variance which is different from negative shocks in
these countries. Therefore, VARMA-AGARCH is
superior to both CCC-MGARCH and VARMAGARCH for modelling the conditional variance of the
patent growth rate of the four leading foreign
countries.

Computers in Simulation.

The conditional correlations for the three models
were also estimated. In common with related results
in the finance and financial econometrics literature,
the conditional correlations for the three models were
not substantially different from one other. However,
the conditional correlations in all cases were
relatively high, thereby suggesting the presence of
strong global factors determining the patent growth
rates in all four countries.

Engle, R.F. (1982), Autoregressive conditional
heteroskedasticity with estimates of the variance of
United Kingdom inflation, Econometrica, 50, 9871007.

Rolling conditional correlation estimates revealed that
the conditional correlations were unlikely to be
constant over time. Therefore, models that
accommodate dynamic conditional correlation, such
as the DCC model of Engle (2002) and the GARCC
model of Chan, Hoti and McAleer (2003) may
provide greater insights for investigating the effects
of global factors on changes in innovation for the four
leading foreign countries.
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Abstract: This paper stresses the importance of assessing the risk-return trade-off faced by environmental
industries in financial markets. One of the most widely-used theoretical models in finance is the conditional
CAPM, which describes the conditional risk-return tradeoff in financial markets, whereby both the conditional
mean return and conditional beta risk are allowed to vary over time. This paper models the time-varying
conditional mean and variances of returns, and the correlations between the individual asset return and the market
return in the conditional CAPM in a multivariate GARCH framework. Specifically, the Vector ARMAAsymmetric Multivariate GARCH model of Chan, Hoti and McAleer (2003), which incorporates the CCCMGARCH of Bollerslev (1990) and the Vector ARMA-GARCH of Ling and McAleer (2002), is applied to the
conditional CAPM, with the conditional CAPM specification replacing the ARMA specification in the
conditional mean equation. The main motivation for using the Conditional CAPM-AMGARCH-in-mean model
specification is not only because it has the ability to capture the stylized facts of financial asset returns such as
persistence of volatility, volatility clusters and excess kurtosis, but it also considers the interdependencies of
volatilities between the individual asset return and the market return, and the asymmetric effects of the
unconditional shocks on the conditional variances of the individual asset return and the market return
respectively. Further, the structural and statistical properties of this model have been established in Chan et al.
(2003). Our dataset consists of monthly excess returns on the Australian Mining industry sectors including Gold
Mining, Other Mining and Mining Finance from the period January 1980 to December 2002. The paper suggests
that the conditional CAPM is inadequate in explaining the financial risk-return tradeoff for the environmental
industry sectors; however, there appears to be some interdependent ARCH/GARCH effects between the Other
Mining and Mining Finance excess returns and the market excess return, and no asymmetric ARCH/GARCH
effects.
Keywords: Multivariate GARCH; Asymmetric effects; Conditional CAPM

1.

asset return and the market return in the conditional
CAPM using various multivariate constant
conditional correlation GARCH models.

INTRODUCTION

In the age of mining, oil and gas exploration,
deforestation and water pollution, there is an
increasing need for environmental industries to be
“green” or “environmentally- friendly” in order to
decelerate the depletion of earth’s natural resources.
The “greenness” of the environmental industries is,
however, often the outcome of the risk-return tradeoff that these industries face in financial markets,
where industries are more pressured to exploit
environmental resources when faced with higher risk
levels and lower profit margins. Consequently, it is
of importance to assess the risk-return trade-off
faced by environmental industries in financial
markets. One of the most widely-used theoretical
models in finance is the conditional CAPM, which
describes the conditional risk-return tradeoff in
financial markets, whereby both the conditional
mean return and conditional beta risk are allowed to
vary over time (see Appendix). This paper models
the time-varying conditional mean and variances of
returns, and the correlations between the individual

2.
MULTIVARIATE
CONSTANT
CONDITIONAL CORRELATION MODELS
In order to allow for interdependent effects, several
different
multivariate
constant
conditional
correlation GARCH models have been proposed in
the financial econometrics literature. They include
the (i) the Constant Correlation Multivariate
GARCH (CCC-MGARCH) of Bollerslev (1990), (ii)
the Vector ARMA-GARCH model of Ling and
McAleer (2003) and (iii) the Vector ARMAAsymmetric Multivariate GARCH (or Vector
ARMA-AMGARCH) model of Chan, Hoti and
McAleer (2003). A more comprehensive survey of
the multivariate GARCH models is provided in
Chan, Hoti and McAleer (2003). It should be noted
that the outline and content of this section follows
closely to Chan et al. (2003).
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Φ 0 ( L )(Yt − µ0 ) = Φ 0 ( L )ε 0t
ε 0t = D0tη0t

CCC-MGARCH Model of Bollerslev (1990)

r
s
r
H 0t = W0 + ∑ A0t ε 0t −1 + ∑ B0t H 0t −1

Bollerslev (1990) proposed a constant (or static)
conditional correlation multivariate GARCH model,
otherwise known as the CCC-MGARCH. The main
feature of the CCC-MGARCH is that it assumes the
conditional correlation to be constant over time. The
m - dimensional CCC-MGARCH model is as
follows:

l =1

where D0t = diag (h01t/ 2 ) , A0t and B0t are m × m
matrices with typical elements α 0ij and β 0ij ,
respectively for i, j = 1,..., m , Φ 0 ( L) = I m − Φ 01L − ... −
r

2
are polynomials in L , ε 0t = (ε 01
,..., ε 02m ) .

Yt = E (Yt / Z t −1 ) + ε 0t ,

ε 0t = D0tη0t ,

In their paper, Ling and McAleer established both
the structural and statistical properties of the Vector
ARMA-GARCH, including the necessary and
sufficient conditions for stationarity and ergodicity,
the sufficient conditions for the existence of
moments and the asymptotic theory for the QMLE.

Var (ε 0t / Z t −1 ) = D0t Γ0 D0t ,

where Z t −1 is the information set available up to
time t − 1 , D0t = diag (h01it/ 2 ) is a diagonal matrix of
the conditional variances for the individual asset and
the market return respectively with i = 1,..., m , for
which m is the total number of assets on markets,
and

Vector ARMA-AGARCH Model of Chan, Hoti
and McAleer (2003)
Chan, Hoti and McAleer (2003) extended the Vector
ARMA-GARCH model to accommodate the
asymmetric effects of the unconditional shocks on
the conditional variances. The Vector ARMAAsymmetric Multivariate GARCH (Vector ARMA –
AMGARCH) is given by:

⌈ 1 ρ012 L ρ01m ⌉
ρ023 L
ρ
1
,
Γ0 = 021
L
⌊ ρ0 m1 L ρ0m, m −1 1 ⌋

where

ρ0ij = ρ0 ji

l =1

for

i, j = 1,..., m ,

Φ 0 ( L )(Yt − µ0 ) = Φ 0 ( L)ε 0t ,

and

ε 0t = D0tη0t ,

η0t = (η01t ,...,η0mt )′ .

r
s
r
r
r
H 0t = W 0 + ∑ A0i ε 0t − l + ∑ C 0l I (η 0t − l )ε 0t −l + ∑ B0t H 0t − l ,

Under the assumption of constant correlations, the
maximum likelihood estimate (MLE) of the
correlation matrix is equal to the sample correlation
matrix of the standardized residuals (i.e.
Γ0 = E (η0tη0′ t ) ), which is always positive definite.
Furthermore, the correlation matrix can be
concentrated out of the log-likelihood function,
resulting in a reduction of parameters to be
optimized.

l =1

r

s

l =1

l =1

l =1

where C0t is a m × m matrix with typical element
γ 0ij , and I (η0t −l ) is an indicator variable such that:
I (η0t − l ) =

1,
0,

ε 0it ≤ 0
ε 0it > 0.

As in Ling and McAleer (2003), Chan et al. (2003)
also established the structural and statistical
properties of their model, including the necessary
and sufficient conditions for stationarity and
ergodicity, the sufficient conditions for the existence
of moments, and the sufficient conditions for
consistency and asymmetric normality of the QMLE.

Bollerslev (1990) assumed that:
h0it = ω0i + ∑ α 0it ε 02it −1 + ∑ β 0il h0it −l ,

l =1

i = 1,..., m,

in which there are no interdependencies of
volatilities across different assets and/ or markets,
and no accommodation of asymmetric behaviour.

3.

Vector ARMA-GARCH of Ling and McAleer
(2003)

DATA

Our data sample comprises of monthly share price
indices on three mining industry sectors - Gold
Mining, Other Mining, Mining Finance – in
Australia from the period January 1980 to December
2002. The return on the market portfolio is proxied
by the return on an Australian market share price
index, a value-weighted measure of share price
indices for all industry sectors.
Returns are
calculated for each industry sector on a continuous-

In order to allow for interdependencies of volatilities
across different assets and/ or markets, Ling and
McAleer (2003) proposed a static conditional
correlation Vector ARMA-GARCH model, which
states that:
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multiplier test (LM) for autoregressive conditional
heteroskedasticity (ARCH) by Engle (1982). The
LM (ARCH) test statistic is asymptotically
distributed as χ (2p ) , where we choose p = 1 to test

compounding basis, computed as the natural
logarithm of the price differences. Excess returns are
calculated by taking the difference between the
industry sector returns and the risk-free rate, which is
proxied by the continuously compounded
(percentage change) monthly 30-day bank accepted
bill rate. All data is obtained from Thompson
Datastream Advance.

for ARCH(1). The LM (ARCH) p -values indicate
that
there
is
considerable
conditional
heteroskedasticity in the return residuals, where the
null hypothesis of homoskedasticity is rejected in all
three mining industry sectors at the 10% significance
level. This finding provides some justification for
modelling conditional volatilities in the conditional
CAPM using multivariate GARCH models.

Table 1 provides descriptive statistics on the excess
returns of the three mining industry sectors over the
sample period. Gold Mining has the highest mean
return and variance, while Other Mining has the
lowest mean return and Mining Finance has the
lowest variance. Only Mining Finance exhibits
negative skewness (SK), while excess kurtosis (KU)
is present in all industries. These findings suggest
widespread departures from normality in returns.
Consequently, all three mining industries failed the
Jarque-Bera (JB) test of normality at the 1%
significance level.

4.

This paper models the time-varying conditional
means and variances of excess returns of the
conditional CAPM using a variety of multivariate
constant conditional correlation GARCH-in-mean
models, including the CCC-MGARCH-in-mean,
Conditional CAPM-GARCH-in-mean and the
Conditional
CAPM-AGARCH-in-mean.
These
models are derived by applying the Vector ARMAAsymmetric Multivariate GARCH model of Chan,
Hoti and McAleer (2003), which incorporates the
CCC-MGARCH of Bollerslev (1990) and the Vector
ARMA-GARCH of Ling and McAleer (2002) to the
conditional CAPM, with the conditional CAPM
specification replacing the ARMA specification in
the conditional mean equation.

Table 1. Descriptive Statistics of Returns
GOLDS

MEAN
0.123

VAR
220.9

SK
0.31

KU
7.19

JB
0.00

MINES

0.011

100.4

0.34

4.59

0.00

MIFIN

0.015

51.8

-0.04

3.76

0.00

Notes: Figures reported for the JB test are p-values

Diagnostic tests are conducted on the excess return
market model, rit = α i + β i rmt + ε it , which is a
widely used vehicle to transform the ex ante CAPM
into ex post form. Table 2 reports the results of the
OLS regression of the excess return market model
for each of the three mining industry sectors
distributed (iid) with zero mean and unit variance.
The Newey-West (1987) method is employed to
correct for the potential unspecified departures from
homoskedasticity and no serial correlation.

All the models are estimated using RATS Version
5.1 procedures. The Broyden, Fletcher, Goldfarb and
Shanno (BFGS) algorithm described in Press,
Flannery, Teukolsky and Vettering (1988)) is used to
obtain the parameter estimates.

ALPHA
-0.005

BETA
1.518

ARCH(LM)
4.721

(-0.006)

(10.386)

(0.030)

Table 3a and 3b present the CCC-MGARCH (1,1)in-mean quasi-MLE estimates (QMLE) for the
bivariate conditional CAPM for the Gold Mining
and Other Mining industries. Asymptotic t-ratios for
the QMLE are reported in the parentheses. It should
be noted that results for Mining Finance are not
reported here due to the absence of ARCH effects
present.

-0.085

1.183

11.713

Table 3a. CCC-MGARCH-(1,1)-In-Mean Estimates

(-0.378)

(27.339)

(0.001)

-0.100

1.327

3.118

CAPM

(-0.229)

(15.737)

(0.077)

GOLDS

Table 2. OLS Estimation of the Excess Return
Model and the ARCH(LM) Test
GOLDS

MINES

MIFIN

EMPIRICAL RESULTS

CONDITIONAL

Notes: The entries in parentheses corresponding to the alpha and
beta estimates are the Newey-West(1987) corrected t-ratios, while
the entries in parentheses corresponding to the ARCH(LM) are pvalues.

RM
MINES
RM

All intercept coefficients are insignificant as
predicted by the excess return form of the CAPM,
while the OLS beta estimates are all significant and
of the expected (positive) sign. The test for
conditional heteroskedasticity is the Lagrange

CONDITIONAL MEAN

α

λ

0.204
(0.232)
0.279
(0.527)
-0.470
(-0.265)
-0.328
(-0.225)

-0.012
(-0.529)
0.014
(0.250)
-

In general, the estimates for the conditional CAPM
are unappealing. For Gold Mining, Other Mining
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effects and to accommodate the asymmetric effects,
the Conditional CAPM-GARCH and the Conditional
CAPM-AGARCH are also estimated respectively.

and Mining Finance, the market price of risk
estimates in the conditional mean specification for
the three industry sectors, λ̂ , are statistically
insignificant. Furthermore, the intercept terms in the
conditional mean specification for these industry
sectors are insignificant. These findings strongly
refute the assumptions of the conditional CAPM in
excess return form.

Table 4a and 4b reports the quasi-MLE estimates of
the Conditional CAPM-GARCH (1,1)-in-mean
model. Estimates are reported for two of the mining
industry sectors, as there was no convergence in the
remaining sector (Other Mining) using the BFGS
algorithm. Asymptotic t-ratios for the QMLE are
reported in the parentheses.

Table 3b. CCC-MGARCH-(1,1)-In-Mean Estimates
CONDITIONAL

CONDITIONAL VARIANCE

From Table 4a, it is evident that the estimates for the
conditional CAPM mean specification are
unappealing, as with the CCC-MGARCH case. Both
the market price of risk and the intercept terms are
simultaneously insignificant for Gold Mining and
Mining Finance. Such findings are in strong
contradiction to the conditional CAPM theory in
excess returns form.

CAPM

GOLDS

RM
MINES
RM

c

a

b

3.722
(2.492)
0.639
(1.667)
28.327
2.608
9.259
(1.958)

0.089
(3.450)
0.026
(0.982)
0.059
(1.302)
0.092
(2.494)

0.890
(34.032)
0.936
(27.406)
0.380
(1.663)
0.547
(2.934)

The Conditional CAPM-GARCH suggests strong
interdependent effects between the Mining Finance
industry sector and the market index, as seen from
Table 4b. The ARCH and GARCH covariance terms
between the industry sector and the market index are
statistically significant, as expected by the
conditional CAPM. The conditional variances of
Mining Finance are affected by previous short-run
and long-run shocks from the market index, in
addition to its own previous short-run and long-run
shocks. The Gold Mining industry, however, has no
significant interdependent effects with the market
index.

Empirical moment conditions of the CCCMGARCH (1,1)-in-mean model are used to provide
practical diagnostic checks of the regularity
conditions. The second moment condition, namely
a + b < 1 , is evaluated at its QMLE, while
computation of the log-moment condition, namely
E (log(aη t2 + b)) < 0 , requires the QMLE values of
the parameters together with the corresponding
estimated standardized residuals. All three mining
sectors and the market share price index satisfy the
second moment condition, and the log-moment
condition. The log-moment condition ensures that
the QMLE are consistent and asymptotically normal
in the presence of infinite second moments.

Table 5a and 5b presents the quasi-MLE estimates
and their asymptotic t-ratios of the Conditional
CAPM-AGARCH (1,1)-in-mean model for the
conditional CAPM. Estimates are reported for two of
the mining industry sectors, as there was no
convergence in the remaining sector (Mining
Finance) using the BFGS algorithm.

The Mining Finance industry has negative ARCH
and GARCH estimates, while the market index
counterpart to Mining Finance has a negative ARCH
estimate. Apart from these cases, the ARCH and
GARCH estimates of the remaining two sectors are
characteristic of those estimated from typical
financial time-series data.

From Table 5a, it is evident that the market price of
risk and the intercept terms in the conditional CAPM
mean specification are statistically insignificant for
Gold Mining and Other Mining. Consistent with the
results from the CCC-MGARCH-in-mean and the
Conditional CAPM-GARCH-in-mean models, these
findings suggest that there is no support for the
conditional CAPM.

For Gold Mining and its market index counterpart,
the a (or ARCH) estimate is relatively small, while
the b (or GARCH) estimate is generally large and
close to one. As the long-run persistence (or a + b )
is generally close to one, it suggests a near long
memory process.

Table 5b shows that the interdependent effects
between Other Mining and the market index are
statistically significant. The conditional variances of
Other Mining are affected by previous short-run
shocks from the market index. The Gold Mining
industry, however, has no significant interdependent
effects with the market index. The asymmetric
effects for both Gold Mining and Other Mining are
insignificant.

As the CCC-MGARCH assumes A0t and B0t are
diagonal matrices, it does not contain any
information
regarding
the
covariance
or
interdependent effects between each industry sector
and the market portfolio. In addition, the CCCMGARCH does not capture the asymmetric
behaviour of unconditional shocks on the conditional
volatility. In order to examine the interdependent
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Table 4a. Conditional CAPM-GARCH(1,1) – Conditional Mean Estimates
CONDITIONAL CAPM

GOLDS

RM
MINES
RM
MIFIN
RM

α

λ

-0.024
(-0.025)
0.047
(0.071)
N.C.
N.C.
N.C.
N.C.
1.243
(1.178)
0.971
(1.527)

-0.003
(-0.092)
N.C.
N.C.
-0.038
(-1.486)
-

Table 4b. Conditional CAPM-GARCH(1,1) – Conditional Variance Estimates
C

A

B

Aim = Ami

Bim = Bmi

3.510
(2.452)
2.876
(2.631)
N.C.
N.C.
N.C.
N.C.
92.030
(1730.358)
22.365
(3972.100)

0.082
(3.315)
-0.016
(-0.391)
N.C.
N.C.
N.C.
N.C.
0.012
(27761.451)
-0.026
(17330.670)

0.895
(36.564)
0.750
(8.511)
N.C.
N.C.
N.C.
N.C.
0.097
(337.408)
0.960
(4200.266)

0.001
(0.149)
N.C.
N.C.
N.C.
N.C.
0.007
(108.248)
-

0.015
(1.827)
N.C.
N.C.
N.C.
N.C.
-0.221
(-3409.562)
-

CONDITIONAL
CAPM

GOLDS

RM
MINES
RM
MIFIN
RM

Table 5a. Conditional CAPM-AGARCH(1,1) – Conditional Mean Estimates
CONDITIONAL CAPM

GOLDS
RM
MINES
RM
MIFIN

RM

α

λ

0.016
(0.017)
0.022
(0.032)
-2.091
(-0.897)
-1.664
(-0.902)
N.C.
N.C.
N.C.
N.C.

-0.001
(-0.034)
0.071
(0.996)
N.C.
N.C.
N.C.
N.C.

Table 5b. Conditional CAPM-AGARCH(1,1) – Conditional Variance Estimates
CONDITIONAL

C

A

B

Aim = Ami

Bim = Bmi

D

3.715
(2.912)
2.859
(2.663)
73.249
(5.918)
68.781
(11.348)
N.C.
N.C.
N.C.
N.C.

0.096
(2.632)
-0.021
(-0.408)
0.001
(0.038)
0.157
(3.873)
N.C.
N.C.
N.C.
N.C.

0.890
(37.570)
0.752
(8.241)
-0.076
(-0.391)
-0.375
(-1.461)
N.C.
N.C.
N.C.
N.C.

0.001
(0.167)
-0.044
(-7.246)
N.C.
N.C.
N.C.
N.C.

0.015
(1.883)
-0.694
(-4.258)
N.C.
N.C.
N.C.
N.C.

-0.023
(-0.659)
0.008
(0.140)
-0.014
(-0.435)
-0.068

CAPM

GOLDS

RM
MINES
RM
MIFIN
RM
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-(1.412)
N.C.
N.C.
N.C.
N.C.

5

5.

[

This paper models the time-varying conditional
mean and variances of excess returns, and the
correlations between the individual asset excess
return and the market excess return in the
conditional CAPM using a variety of multivariate
constant conditional correlation GARCH-in-mean
models, including the CCC-MGARCH-in-mean,
Conditional CAPM-GARCH-in-mean and the
Conditional
CAPM-AGARCH-in-mean.
Our
findings suggest that the conditional CAPM is
inadequate in explaining the financial risk-return
tradeoff for the Mining industry sectors; however,
there appears to be some interdependent
ARCH/GARCH effects between the Other Mining
and Mining Finance excess returns and the market
excess return, and no asymmetric ARCH/GARCH
effects.
6.
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7.

The assumption of a constant market price of risk
implies that the conditional expected market returns
E ( Rmt / Z t −1 ) is a linear function of the variance of
the conditional market returns. Thus, by
rearranging
λ = E ( Rmt / Z t −1 ) − r ft var ( Rmt / Z t −1 ) , the model

[

]

for time-varying conditional expected market
returns can then be written as:
(2)

E ( Rmt / Z t −1 ) − r ft = λ var( Rmt / Z t −1 ) .

To convert the above ex ante conditional CAPM
specification into ex post form, we use the fact that
the return on any asset can be decomposed into an
expected return and an unexpected return
component.
Thus,
we
can
write
ε it = R it − E ( R it / Z t −1 ) for an individual asset i .
Similarly,
we
can
write
ε mt = Rmt − E ( Rmt / Z t −1 ) for a market portfolio of
assets m . As a result,
(3)

Rit = r ft + λ cov(Rit , Rmt / Z t −1 ) + ε it and

(4)

Rmt = r ft + λ var(Rmt / Z t −1 ) + ε mt .
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where λ = E ( Rmt / Z t −1 ) − r ft var ( Rmt / Z t −1 ) .

CONCLUSIONS

expressions
ε it = R it − E ( R it / Z t −1 ) and
v mt = Rmt − E ( Rmt / Z t −1 ) also imply that the
conditional second moments are themselves equal
to the forecast error variances and covariances.
Thus, we can rewrite the conditional covariance
between the return on asset i and the market return
( cov( Rit , R mt / Z t −1 ) ), along with the conditional

The

variance of the market return ( var( R mt / Z t −1 ) ),
respectively as:
(5)

cov( Rit , R mt / Z t −1 ) = E (ε it ε mt / Z t −1 ) and

(6)

2
var(R mt / Z t −1 ) = E (ε mt
/ Z t −1 ) .

By incorporating Equations (5) and (6) into the ex
post conditional CAPM specifications, we arrive
at:
(7)
(8)

APPENDIX

The conditional CAPM employed in this paper is
that of Bollerslev, Engle and Wooldridge (1988),
who used a conditional CAPM specification with a
constant market price of risk:
(1) E ( Rit / Z t −1 ) − r ft = λ cov( Ri , Rmt / Z t −1 ) ,
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Rit = r ft + λ cov(ε it , ε mt / Z t −1 ) + ε it and
2
/ Z t −1 ) + ε mt ,
Rmt = r ft + λ var(ε mt

where we denote r ft is the intercept term, α .
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Abstract: Country risk has recently become a topic of major concern for the international financial
community. A critical assessment of country risk is essential because it reflects the ability and willingness of a
country to service its financial obligations. Various risk rating agencies employ different methods to
determine country risk ratings, combining a range of qualitative and quantitative information regarding
alternative measures of economic, financial and political risk into associated composite risk ratings. This
paper provides an international comparison of country risk ratings compiled by the International Country Risk
Guide (ICRG), which is the only international rating agency to provide detailed and consistent monthly data
over an extended period for a large number of countries. As risk ratings can be treated as indexes, their rate of
change, or returns, merits attention in the same manner as financial returns. For this reason, a constant
correlation multivariate asymmetric ARMA-GARCH model is estimated and tested. The empirical results
provide a comparative assessment of the conditional means and volatilities associated with international
country risk returns across countries and over time, highlight the importance of economic, financial and
political risk ratings as components of a composite risk rating, evaluate the multivariate effects of alternative
risk returns, and evaluate the usefulness of the ICRG risk ratings in modelling risk returns.
Keywords: Country risk; rating agencies; economic risk; financial risk; political risk; composite risk; risk
returns; ratings effects, conditional volatility, asymmetric effects, asymmetric VARMA-GARCH.

1.

risk literature holds that the three risk components
affect each other. Economic and financial risks
include factors such as sudden deterioration in the
country’s terms of trade, rapid increases in
production
costs
and/or
energy
prices,
unproductively invested foreign funds, and unwise
lending by foreign banks (Nagy, 1988). Other
important factors, such as changes in the
macroeconomic and financial management of the
country, are also important as they interfere with the
free flow of capital or arbitrarily alter the expected
risk-return features for investment (Juttner, 1995).
In general, political risk is viewed as a non-business
risk introduced strictly by domestic and
international political forces. Political risk has been
identified by banks and other multinational
corporations as a factor that could seriously affect
the profitability of their international ventures
(Shanmugam, 1990). Examples of political risk
relate to the possibility that the sovereign
government may impose foreign exchange and
capital controls, additional taxes, and asset freezes
or expropriations due to political changes (Juttner,
1995).

INTRODUCTION

The 1970s witnessed a lending boom by Western
banks to Eastern bloc, Latin American, and other
less developed countries. This boom was in
response to demand for funds by these countries
beyond those provided by the World Bank and the
International Monetary Fund (IMF) to aid their
development. Moreover, Western banks needed to
recycle their large funds from oil producing
countries. Lending decisions were frequently made
with little judgment regarding the credit quality of
the borrowing country. As a result, the debt
repayment problems of Poland and other Eastern
bloc countries in the beginning of the 1980s, and
the debt moratoria announced by the Mexican and
Brazilian governments in the fall of 1982, caused
major and long-lasting effects on the balance sheets
and profits of the commercial banks in some
countries (Saunders and Lange, 1996).
In light of these events, the concept of country risk,
or the likelihood that a sovereign state or borrower
from a particular country may be unable and/or
unwilling to fulfill their obligations towards one or
more
foreign
lenders
and/or
investors
(Krayenbuehl, 1985), has become a topic of major
concern for the international financial community.

Following the international debt crisis in the early
1980s, leading risk rating agencies such as
Moody’s, Euromoney, S&P, Fitch IBCA,
Institutional Investor, Economist Intelligence Unit,
International Country Risk Guide, and Political Risk
Services, have compiled country risk ratings as

The three major components of country risk are
economic, financial and political risk. This country
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economic and financial components account for
25%, while the twelve political component accounts
for 50%, of the composite risk rating. The lower
(higher) is a given risk rating, the higher (lower) is
the associated risk. In essence, the country risk
rating is a measure of country creditworthiness.

measures of credit risk associated with sovereign
countries. These rating agencies provide qualitative
and quantitative country risk ratings, combining
information regarding alternative measures of
economic, financial and political risk ratings to
obtain a composite risk rating (for a critical survey
of the country risk rating systems, see Hoti and
McAleer (2004)). This paper provides an analysis
of country risk ratings and returns compiled by the
International Country Risk Guide (ICRG).
Although most risk rating agencies provide an
independent analysis of country risk and a
systematic method of risk assessment, the ICRG is
the only international rating agency to provide
detailed and consistent monthly data over an
extended period for a large number of countries.

This paper analyses country risk returns and their
associated volatility for four representative countries
for which ICRG risk ratings data have been
collected since January 1984, namely Australia,
Canada, Japan and the USA. Table 1 reports the
correlation coefficients for the risk returns by
country. The economic, financial and political risk
returns seem to be highly correlated with the
composite risk returns, but not with each other. For
each country, the highest correlation coefficient is
between the political and composite risk returns. In
the case of Australia and the USA, the second
highest correlation is between the financial and
composite risk returns, while for Canada and Japan
the second highest correlation coefficient is between
the economic and composite risk returns.

Conditional volatility has been used frequently to
evaluate risk, asymmetric shocks, and leverage
effects in economics and finance. Volatility that is
present in country risk ratings will naturally reflect
risk considerations inherent in such ratings. For this
reason, the rate of change in risk ratings, that is,
their underlying returns, merits the same attention
as has been bestowed on financial returns.

3.
The purpose of the paper is to estimate and test the
multivariate symmetric and asymmetric GARCH
models across alternative risk returns, specifically
for a given country, estimate the multivariate
effects of four different risk returns and test for
asymmetric effects.

MULTIVARIATE
MODELS
CONDITIONAL
VOLATILITY
COUNTRY RISK RATINGS

OF
FOR

In this paper, a static (or constant) conditional
correlation asymmetric VARMA-GARCH model,
or VARMA-AGARCH, is proposed. This model
includes the constant conditional correlation (CCC)
multivariate GARCH model of Bollerslev (1990)
and the constant conditional correlation VARMAGARCH model of Ling and McAleer (2003) as
special cases. Bollerslev (1990) presented an mdimensional multivariate conditional covariance
model, as follows:

The plan of the paper is as follows. Section 2
describes the nature of the country risk data. The
Chan, Hoti and McAleer (2002) asymmetric
VARMA-GARCH model is discussed in Section 3.
The multivariate empirical results in Section 4
provide a comparative assessment of the
conditional means and volatilities associated with
the four country risk returns over time, analyse the
multivariate ratings effects of alternative economic,
financial, political and composite risk returns, and
evaluate the usefulness of the ICRG risk ratings.
Some concluding remarks are given in Section 5.

Yt = E (Yt | Ft −1 ) + ε t ,

ε t = Dtηt

t = 1,..., n

ηt ~ iid (0, Γ)

(1)

Var (ε t | Ft −1 ) = Dt ΓDt

2.

DATA DEFINITION
where Ft is the information set available to time t,

The International Country Risk Guide (ICRG) has
compiled economic, financial, political and
composite risk ratings for 93 countries on a
monthly basis since January 1984. As of April
2004, the four risk ratings were available for a total
of 140 countries. The ICRG rating system
comprises 22 variables representing three major
components of country risk, namely economic,
financial and political. Using each set of variables,
a separate risk rating is created for the three
components, on a scale of 0-100. Each of the five

Dt = diag (hit1 / 2 ) , i = 1,..., m, is a diagonal matrix of

the square root of the conditional variances, and
Γ = {ρij } is the matrix of static (or constant)
conditional correlations, in which ρ ij = ρ ji for
i, j = 1,..., m. The main feature of this model is that

the

(

conditional

E ε it ε jt | Ft −1

)

E

(

ε it2

correlation,

)(

| Ft −1 E

ε 2jt

| Ft −1

)

given
= ρ ij ,

by
is

constant over time, where i, j = 1,..., m , i ≠ j , and
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Φ(L ) = I m − Φ1 L − ... − Φ p Lp

ε it is the ith element of ε t . Bollerslev (1990)

m×m

assumed that

Ψ (L ) = I m − Ψ1 L − ... − Ψ p L are polynomials in L ,

matrix,

and

p

2
)' .
I k is the k × k identity matrix, and ε t = (ε12t ,..., ε mt
The parameter vector λ = (ϕ ' , δ ' , ρ ')' is given as

r

r

s

l =1

l =1

hit = ωi + ∑ α il ε it2 − l + ∑ β il hit − l

(2)

in which there is no interdependence between hit
and (ε jt − k , h jt − l ) for i, j = 1,..., m , i ≠ j , k = 1,..., r ,

ϕ = vec( µ , Φ1 ,..., Φ p , Ψ1 ,..., Ψq )

and l = 1,..., s . Thus, the multivariate effects are
determined solely through the static (or constant)
conditional correlation matrix, Γ . The multivariate
constant conditional correlation model based on
equations (1)-(2) is denoted CCC.

δ = vec(W , A1 ,..., Ar , C1 ,..., C r , B1 ,..., Bs )
ρ = vec( ρ 21 ,..., ρ m1 , ρ 32 ,..., ρ m 2 ,..., ρ m,m−1 ).

The univariate constant-mean GJR model is
obtained from (4)-(5) either by setting m = 1 and
Φ( L) = Ψ( L) = 1 , or by specifying Al , C l and Bl
as diagonal matrices. Bollerslev’s (1990) CCC
model (2) is obtained from (4)-(5) by setting
for
Al = diag (α il ) ,
Cl = 0
Bl = diag (β il ) and

An extension of (2) to accommodate asymmetries
with respect to ε it is given by
hit = ωi +

r

r

∑α + ∑γ I (η ) ε
l =1

il

l =1

il

it −l

s

2
it −l

+ ∑ βil hit −l

(3)

l =1

l = 1,..., r , while Ling and McAleer’s (2003)
VARMA-GARCH model is obtained from (4)-(5)
by setting C l = 0 for l = 1,..., r .

in which ε it = ηit hit for all i and t, and I (ηit ) is an
indicator variable such that
I (ηit ) =

1, ε it < 0

4.

0, ε it > 0 .

All the estimates in this paper are obtained using
EViews 4, unless otherwise stated. The Berndt,
Hall, Hall and Hausman (BHHH) (1974) algorithm
has been used in most cases, but the Marquardt
algorithm is used when the BHHH algorithm does
not converge. Several different sets of initial values
have been used in each case, but do not lead to a
substantial difference in the estimates.

As in (1), ηt = (η1t ,...,η mt )' is a sequence of iid
random vectors, with zero mean and covariance Γ ,
so that ε t = Dtη t , in which Dt depends only on
H t = (h1t ,..., hmt )' .

As an extension of (3) to incorporate multivariate
effects across equations (such as in the case of
alternative risk ratings), it is necessary to define hit

Using the monthly data on economic, financial,
political and composite risk returns for Australia,
Canada, Japan and the USA for the period 1984(1)2002(5), the VAR(1)-GARCH(1,1) and VAR(1)AGARCH(1,1) models are used to provide
estimates of the risk returns and volatilities for the
four risk returns and four countries. Table 2 reports
the VAR(1)-AGARCH(1,1) estimates for four risk
returns by country, otherwise referred to as ratings
effects. Both the asymptotic and the Bollerslev and
Wooldridge (1992) robust t-ratios are reported. In
general, the robust t-ratios are smaller in absolute
value than their asymptotic counterparts.

to contain past information from ε it , ε jt , hit and
h jt for i, j = 1,..., m , i ≠ j . Thus, the asymmetric

multivariate ARMA(p,q)-GARCH(r,s) model, or
ARMA-AGARCH, developed by Chan, Hoti and
McAleer (2002), is defined as follows:
Φ ( L)(Yt − µ ) = Ψ ( L)ε t

(4)

ε t = Dtη t
Ht = W +

r

r

s

l =1

l =1

l =1

r
∑ Al + ∑ Cl I (ηt −l ) ε t −l + ∑ Bl H t −l

(5)

The estimates of the VAR(1)-AGARCH(1,1) model
are given in Table 2. For economic and financial
risk returns, each of the γ i estimates is insignificant,
so that VAR(1)-GARCH(1,1) is preferred to
VAR(1)-AGARCH(1,1). For political risk returns,
the γ i estimates are significant for all countries, so
that VAR(1)-AGARCH(1,1) is preferred to

where Dt = diag (hit1 / 2 ) , Al , Cl and Bl are m × m
matrices with typical elements α ij , γ ij and
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β ij ,

respectively, for i, j = 1,..., m , I (η t ) = diag (I (η it )) is an
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VAR(1)-GARCH(1,1). The γ i estimates are also
insignificant for Australia, Canada and Japan in the
case of composite risk returns. Based on the results
in Table 2, the political risk returns for Australia
are affected by previous long run shocks in
economic, financial and political risk returns; for
Canada and Japan, by previous short and/or long
run shocks in all four risk returns; and for the USA
by previous short and/or long run shocks in
financial, political and composite risk returns. The
composite risk returns for the USA in Table 2 are
affected by previous short and/or long run shocks in
financial, political and composite risk returns.

UWA, and the third author acknowledges an
Australian Research Council Discovery Grant.
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Table 1: Correlation Coefficients for Risk Returns by Country
Country
Australia

Canada

Japan

USA

Risk Returns
Economic
Financial
Political
Composite
Economic
Financial
Political
Composite
Economic
Financial
Political
Composite
Economic
Financial
Political
Composite

Economic
1.000

Financial
-0.037
1.000

Political
-0.017
0.054
1.000

1.000

-0.248
1.000

0.050
0.032
1.000

1.000

0.219
1.000

-0.004
-0.104
1.000

1.000

-0.150
1.000

0.046
0.001
1.000

Composite
0.502
0.564
0.657
1.000
0.464
0.400
0.754
1.000
0.549
0.430
0.732
1.000
0.356
0.589
0.686
1.000

Table 2: VAR(1)-AGARCH(1,1) Estimates of Ratings Effects
Economic Risk Ratings
αE
ωE
Country
Australia
3.4E-05 -0.066
0.370
-0.931
0.321
-0.712
Canada
1.5E-06
0.022
0.014
0.663
2.286
0.499
Japan
2.9E-04 -0.056
3.726
-1.281
2.921
-1.652
USA
1.9E-04
0.516
3.108
2.223
2.572
1.864

Financial Risk Ratings
αE
ωF
Country
Australia 8.52E-05
0.003
1.583
0.130
4.133
0.141
Canada
4.85E-4
3.82E-5
4.225
0.001
0.985
0.001
Japan
1.32E-04
-0.074
4.729
-2.359
3.523
-2.182
USA
2.25E-04
0.127
1.962
1.802
1.872
1.329

γE

βE

αF

βF

αP

βP

αC

βC

0.133
0.995
1.100
0.101
3.814
0.836
0.094
1.807
1.419
-0.066
-0.252
-0.149

0.759
4.476
5.900
0.965
3.702
2.333
0.721
5.112
5.825
0.359
3.228
3.471

-0.074
-8.397
-1.454
-0.001
-0.085
-0.039
0.022
0.187
0.478
-0.015
-1.827
-1.622

0.052
0.462
0.284
0.056
0.309
0.205
-0.079
-0.882
-1.400
-0.005
-4.118
-3.814

-0.441
-2.519
-1.982
0.162
1.316
1.901
0.608
4.513
4.149
-0.110
-0.789
-1.809

-0.114
-0.170
-0.295
0.135
0.120
0.264
-2.069
-3.995
-2.245
-0.220
-0.476
-0.777

0.888
6.639
0.990
-0.500
-2.233
-1.561
-0.469
-1.305
-1.415
0.295
1.625
1.254

1.726
0.885
0.737
-0.406
-0.419
-1.060
1.771
1.891
2.179
0.149
0.286
0.707

βE

αF

0.004
0.079
0.105
-0.407
-1.966
-1.286
0.763
3.945
3.494
0.020
0.274
0.488

0.071
1.003
0.606
-0.076
-0.616
-1.328
0.057
0.608
0.569
0.025
7.556
0.292

γF
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βF

αP

-0.083 0.857 0.383
-1.182 10.344 2.195
-1.151 5.351 0.638
0.088 0.355 0.004
0.588 1.454 0.019
1.519 1.000 0.031
0.075 0.686 -0.093
0.436 4.633 -2.320
0.752 4.196 -2.216
0.151 0.784 0.499
2.476 7.250 2.560
0.932 2.166 1.146

βP

αC

-1.398 0.315
-5.304 1.527
-1.001 0.352
-0.623 -0.067
-1.012 -0.091
-1.590 -0.163
-0.093 0.294
-3.706 1.316
-2.144 1.200
-1.687 -2.875
-3.938 -3.431
-2.302 -1.388

βC
1.123
1.799
0.595
-5.852
-25.782
-0.740
0.274
0.700
0.465
4.218
2.472
1.680

Political Risk Ratings
ωP
Country
Australia
6.84E-05
3.596
2.865
Canada
1.39E-04
20.763
4.802
Japan
1.21E-05
3.260
3.606
USA
1.38E-05
1.134
6.434

αE

βE

αF

βF

αP

γP

βP

αC

βC

0.028
1.760
1.659
-0.027
-2.624
-2.840
0.014
1.258
0.876
-0.008
-2.224
-0.969

-0.108
-4.250
-6.762
0.120
10.064
6.945
0.092
5.197
2.292
0.008
1.616
1.309

-0.004
-0.408
-0.502
0.003
1.595
1.405
0.078
1.682
1.760
-0.003
-1.114
-0.899

0.086
5.077
2.207
0.770
9.105
1.957
-0.060
-1.295
-1.249
-0.001
-0.808
-1.748

-0.064
-0.806
-1.267
-0.135
-3.814
-3.296
-0.049
-3.426
-2.273
-0.068
-3.024
-2.758

0.581
2.879
2.392
0.134
2.352
2.305
0.363
3.844
4.238
0.156
2.543
2.633

0.471
4.047
3.964
0.753
8.752
7.669
0.923
42.701
19.834
0.843
12.025
13.959

0.074
0.318
0.274
0.169
1.166
1.300
-0.166
-1.871
-1.478
-0.047
-0.907
-0.468

-0.292
-0.803
-1.246
0.706
1.762
2.086
-0.240
-2.577
-1.822
0.376
3.919
2.143

βE

αF

βF

αP

βP

0.015
4.267
1.697
0.002
2.026
0.902
0.007
2.599
0.220
-0.020
-5.425
-3.044

-0.060
-5.480
-1.896
0.010
4.981
1.248
-0.015
-9.152
-0.556
0.007
1.518
1.740

Composite Risk Ratings
Country

Australia

Canada

Japan

USA

ωC

αE

5.17E-05
0.000
0.000
17.184
0.406
-1.378
3.980
0.318
-0.585
7.23E-7
3.6E-5
-2E-4
3.594
0.750
-2.490
1.683
0.038
-0.206
4.52E-05 -3.7E-04 0.000
5.968
-3.488
3.463
4.095
-0.316
0.485
4.56E-05
0.001
-0.001
1.681
2.221
-0.530
0.800
0.779
-0.515

0.121 -0.344
5.408 -6.414
3.631 -3.716
-0.014 -0.010
-47.01 -2.322
-1.312 -0.646
0.054 -0.292
5.244 -10.421
2.865 -3.821
-0.129 0.080
-1.717 1.387
-2.737 0.522

αC

γc

βC

0.007
0.279
0.131
-0.039
-2.659
-0.854
-0.008
-0.400
-0.719
0.656
3.891
2.573

-0.050
-1.534
-0.375
0.002
0.137
0.035
0.065
2.244
1.010
-0.034
-8.113
-3.427

0.998
34.170
15.456
1.019
66.749
12.206
0.963
17.531
6.680
0.409
2.236
2.019

Notes:
1. The three entries for each parameter are their respective estimate, the asymptotic t-ratio and the
Bollerslev-Wooldridge (1992) robust t-ratio.
2. The ratings effects refer to multivariate effects of alternative risk returns by country.

Table 3: VARMA-GARCH Conditional Correlations for Four Risk Returns by Country
Country
Australia

Canada

Japan

USA

Risk Returns
Economic
Financial
Political
Composite
Economic
Financial
Political
Composite
Economic
Financial
Political
Composite
Economic
Financial
Political
Composite

Economic
1.000

Financial
-0.005
1.000

Political
0.024
0.115
1.000

1.000

-0.165
1.000

0.041
0.051
1.000

1.000

0.189
1.000

-0.032
-0.021
1.000

1.000

-0.173
1.000

0.049
-0.010
1.000
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Composite
0.528
0.496
0.644
1.000
0.424
0.417
0.745
1.000
0.473
0.380
0.718
1.000
0.342
0.486
0.683
1.000
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Abstract: The relationship between volatility and risk has been one of the main factors underlying the
interest in volatility modelling. An important question for international diversification is whether
shocks in one market influence, or have spillovers into, returns and volatility in other markets. This
paper tests for the existence of volatility spillovers among the S&P 500, FTSE 100 and Nikkei 225
stock indexes using intra-daily data from 12/10/1992 to 7/7/2003. Existing work is extended through
the application of the vector autoregressive moving average asymmetric generalised autoregressive
conditional heteroskedasticity (VARMA-AGARCH) model of Chan, Hoti and McAleer (2002). The
results suggest the presence of volatility spillovers from FTSE 100 to both S&P 500 and Nikkei 225,
and from S&P 500 to FTSE 100.
Key words: Multivariate GARCH, Asymmetries, Volatility, Spillovers, Risk.
extended through an application of the vector
autoregressive moving average asymmetric
generalised
autoregressive
conditional
heteroskedasticity
(VARMA-AGARCH)
model of Chan, Hoti and McAleer (2002). This
general model has not previously been applied
to test for volatility spillovers.

1. INTRODUCTION
The seminal work of Tobin (1958) and
Markowitz (1959) showed that the efficiency
of portfolios could be optimised by combining
assets based on the correlation in their returns.
Grubel (1968) extended the portfolio selection
problem by considering portfolios that contain
asset holdings in other countries, and showed
that portfolio efficiency could be improved
through international diversification. This has
led to a vast body of research into the degree
of co-movements among returns in different
financial markets.

Chan et al. (2002) derived the necessary and
sufficient conditions for strict stationarity and
ergodicity, sufficient conditions for the
existence of the log-moment and of all
moments, and sufficient conditions for
consistency and asymptotic normality of the
quasi-maximum likelihood estimator (QMLE)
of the VARMA-AGARCH model. Their
proofs are based on the derivation of the causal
expansions, which do not require the existence
of moments. The structural and asymptotic
properties of all nested special cases follow by
the imposition of appropriate restrictions,
which allows the various special cases of the
VARMA-AGARCH model to be tested.

Engle’s (1982) research on time-varying
volatility models has added a new dimension
to the analysis of market co-movements. The
relationship between volatility and risk has
been one of the main factors underlying the
interest in volatility modelling. An important
question for international diversification is
whether shocks in one market influence, or
have spillovers into, returns and volatility in
other markets.

2. Data
The data used are the daily opening prices
( POt ) and closing prices ( PCt ) from

This paper tests for the existence of price and
volatility spillovers among three major stock
market indexes, namely S&P 500, FTSE 100
and Nikkei 225. Existing empirical research is

12/10/1992 to 7/7/2003 for the Nikkei 225,
FTSE 100 and S&P 500 stock indexes
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expressed in the local currencies. At the time
of collecting the data, this was the longest
series available from DataStream. The
rationale for employing intra-daily frequency
data for modelling stock returns and volatility
transmission is three-fold.

Nikkei
FTSE
S&P 500
225
100
1.684
1.183
1.096
0.527
0.316
0.278
55.005
34.818
66.269
0
0
0
3.599
2.654
2.819
6.652
5.71
10.813
71.301
48.835
188.463
2.137
2.243
2.572
Table1:
Descriptive Statistics for the Volatilities of
Nikkei 225, FTSE 100 and S&P 500.
Statistics
Mean
Median
Maximum
Minimum
Std. Dev.
Skewness
Kurtosis
CoV

First, market efficiency would suggest that
news is quickly and efficiently incorporated
into stock prices. Therefore, while information
generated yesterday may be significant in
explaining prices today, it is less likely that
information generated last week would have
any relevance today.
Second, changes in rates of return are news
driven. Announcements such as declarations of
war, profit forecasts and changes in interest
rates are factors that drive equity prices in the
short run. However, since investors have
heterogeneous beliefs and expectations, their
responses to such news can vary widely. Using
daily stock data permits an analysis of how a
market’s “psychology” can be transmitted
from one market to another.

The plots of the volatility of the o-c returns of
the three indexes are given bellow:
60

50
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30

Finally, if the returns in market i at time t are
calculated as the log difference between the
closing prices of market i in calendar days t
and t-1, these 24-hour returns of market i will
overlap in real time with the 24-hour returns of
other markets in calendar time t. The use of
intra-daily data should assist in reducing the
non-synchronous
trading
problem,
as
highlighted in Scholes and Williams (1977),
because the open-to-close (o-c) returns of
Tokyo do not overlap with the o-c returns of
New York or London, while the o-c returns in
London have only a 2-hour overlap with the
o-c returns in New York.
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The o-c returns in market i at time t ( Ro −c ,it )

10

are defined as:

5

Ro −c ,it = ln( PC it / POit )
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where PCit and POit are the closing and
opening prices in market i at time t,
respectively. Several definitions of volatility
are available in the literature. This paper
adopts the measure of volatility proposed in
Pagan and Schwert (1999), who define the true
volatility in o-c returns as:

Vt = ( Ro−c ,it − E ( Ro−c,it ))2 .
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Al , C l and Bl are m × m matrices with typical
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i, j = 1,..., m , I (ηt ) = diag ( I (ηit )) is an m × m
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matrix,
Table 1 gives the descriptive statistics for the
volatility of the o-c returns of the three
indexes. Each of the volatility series exhibits
clustering, which needs to be captured by an
appropriate model. Furthermore, all series
appear to contain a number of observations
which might legitimately be regarded as
outliers.

Φ ( L) = I m − Φ1 L − ... − Φ p Lp

and

Ψ( L) = I m − Ψ1 L − ... − Ψq L are polynomials
q

in L, the lag operator,

Ft is the past

information available to time t, I m is the
m × m identity matrix, and I (η it ) is an
indicator function, given as:

The volatility in all series appears to increase
dramatically around 1997, corresponding to
the Asian economic and financial crises. This
increase in volatility persists until the end of
the sample, and is likely to have been affected
by the September 11, 2001 terrorist attacks and
the conflicts in Afghanistan and Iraq. It is
interesting to note that this increase in
volatility is much more pronounced for S&P
500 and FTSE 100 than for Nikkei 225, which
may arise because the USA and UK have been
more directly involved in the ‘war on terror’
than has Japan.

I (η it ) =

1, ε it ≤ 0
0, ε it > 0

The time subscripts in the model correspond to
trading time and not calendar time. For
example, in the conditional mean and
conditional variance models for FTSE 100, the
information set of traders in London includes
the past information from London as well as
information from Tokyo for the same calendar
day, and information from New York for the
previous calendar day. The coefficients ij and
ij for i≠j measure the extent to which the
lagged unconditional shock and lagged
conditional variance in market j, respectively,
influence the conditional variance in market i.

3. Model
This paper uses the vector autoregressive
moving average asymmetric generalised
autoregressive conditional heteroskedasticity,
or VARMA-AGARCH, model of Chan, Hoti
and McAleer (2002) to test for the existence of
volatility spillovers. The general model is
given by:

An attractive feature of the VARMAAGARCH model is its ability to capture
multivariate asymmetries concerning the
impact of positive and negative unconditional
shocks to market i on the conditional variance
in market i through the coefficient i. If i is
positive, it implies that negative shocks
increase the conditional volatility in market i to
a larger extent than positive shocks.

Yt = E (Yt Ft −1 ) + ε t
Φ ( L)(Yt − µ ) = Ψ ( L )ε t

4. Method

ε t = Dtηt

There is no overlap between trading hours in
the Tokyo market and the other two markets.
However, a two-hour overlap in trading exists
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t−l

between London and New York. In order to
simplify the analysis, it is assumed that the
three markets do not overlap. Non-overlapping
trading implies that the mean and variance in
each market can be conditioned upon any
information which has already been observed
in a particular market, as well as in the other
two markets. The possible biases arising from
overlapping trading hours between the London
and New York stock markets have been
investigated in Hamao et al. (1990) and
Koutmos and Booth (1995), where it has
generally been found that the parameter
estimates are not significantly affected.
Due to the non-synchronous nature of the
intra-daily data used in this paper, joint
estimation is not appropriate. The sequential
estimation
procedure
used
for
nonsynchronous data is as follows:

FTSE
(-1)

S&P
(-1)

Constant

Nikkei

-0.050

-0.148

0.064

0.104

0.158

-2.582

-1.458

0.631

4.548

6.998

-2.806

-1.522

0.664

4.210

5.963

0.004

0.059

0.073

-0.141

0.144

0.260

0.591

5.972

-1.438

7.770

0.270

0.581

5.643

-1.426

7.039

0.018

-0.154

0.024

0.326

0.124

1.493

-2.648

2.047

18.750

2.251

1.525

-2.774

2.068

17.462

2.403

FTSE

S&P

MA(1)

Nikkei (1)

Returns

Notes:
1.
The three entries for each parameter are their respective
estimate, the asymptotic t-ratio and the Bollerslev-Wooldridge (1992)
robust t-ratio.
2.
Nikkei (-1), FTSE (-1) and S&P (-1) denote the lagged returns
for each index.
3.
Entries in bold are significant at the 5% level.

Table 2:
Conditional Mean

(1) For each financial index return series, the
univariate GARCH (1,1) model with a
VAR mean specification is estimated, and
the unconditional shocks and standardized
residuals of the three financial index
returns are saved.

Generally, the more recent is information in
trading time, the more likely will that
information be significant in explaining the
conditional mean. In the conditional mean
equation for Nikkei 225 (S&P 500), the most
recent information in trading time used to
explain the returns at time t are the returns to
S&P 500 (FTSE 100) on the previous (same)
calendar day. The most recent return has a
larger impact on the conditional mean than on
the returns to FTSE 100 (Nikkei 225) on the
previous (same) calendar day, or the own
one-period lagged returns. For FTSE 100, the
biggest impact comes from the returns to S&P
500 on the previous calendar day, followed by
the own lagged returns, while the smallest
impact arises from the returns to Nikkei 225 on
the same calendar day.

(2) For each return, the univariate AR(1)GARCH(1,1) and AR(1)-AGARCH(1,1)
models are estimated, including the lagged
squared unconditional shocks and the
lagged conditional variances of the other
two financial indexes, where the lags refer
to trading rather than calendar time.
The tests of interdependence and asymmetry
are valid under the null hypothesis of
independent and symmetric effects, so that step
(2) is valid under the joint null hypothesis. The
primary purpose of the structural and
asymptotic theory is to demonstrate that such
testing is straightforward and valid. This is in
contrast to, for example, the univariate and
multivariate EGARCH models, for which the
asymptotic theory has yet to be established.

It is interesting to note that the own lagged
returns are not significant for Nikkei 225 and
FTSE 100, suggesting that the own long run
persistence is dominated by spillover effects.
As expected, information generated by S&P
500 has the strongest spillover effects on the
returns of the other two markets, while Nikkei
225 has the weakest spillover effects.

5. Results
The short run persistence of shocks to index i
in the same market is given by ( i i), where
i is the short run persistence of positive
shocks and i i is the short run persistence of
negative shocks. The empirical results reported
in Table 3 show that the conditional volatility
of Nikkei 225 is affected by both its short run
positive and negative shocks. The conditional
volatility of FTSE 100 and S&P 500 are
affected only by their own short run negative

The results reported in Table 2 suggest that all
markets experience positive and significant
returns spillovers from the other two markets,
such that a positive (negative) shock to one
market increases (decreases) returns in the
following two markets to open.
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Returns
Nikkei
225

FTSE
100

S&P
500

N

F

S

N

F

S

0.031
10.169

0.023
4.067

0.021
2.562

0.018
2.414

0.060
6.202

0.924
124.279

-0.023
-2.889

-0.018
-1.907

1.990

2.161

1.940

1.742

2.960

49.369

-2.222

-1.235

0.009
2.594

0.004
1.452

0.018
1.618

-0.005
-0.751

0.094
6.762

-0.005
-1.271

0.911
70.660

0.020
2.156

2.179

1.468

1.559

-0.693

4.013

-1.095

62.961

2.145

0.017
5.032

0.001
0.344

0.048
10.270

-0.004
-0.449

0.127
8.510

-0.003
-1.113

-0.024
-4.113

0.900
78.736

3.883

0.264

3.658

-0.312

5.835

-0.999

-2.292

52.003

Notes:
1.
The three entries for each parameter are their respective estimate, the asymptotic t-ratio and the
Bollerslev-Wooldridge (1992) robust t-ratio.
2.
The parameters in the conditional variance equation associated with S&P, Nikkei and FTSE returns are
denoted by subscripts S, N and F, respectively.

3.

Entries in bold are significant at the 5% level.

Table 3
Conditional Variance

react differently to positive and negative
shocks. A positive
suggests that the
conditional volatility of each market increases
more from a negative than from a positive
shock, which is consistent with the stylised
fact that volatility reacts more strongly to bad
news than to good news.

shocks, while the conditional volatility of S&P
500 is affected by short run shocks to FTSE
100 and by its own short run negative shocks.
The long run persistence of shocks to index i in
the same market is given by ( i i i. All
indexes are affected by the long run
persistence of own shocks. Table 3 shows that
the conditional volatility of Nikkei 225 is
negatively affected by the long run persistence
of shocks from FTSE 100. The conditional
volatility of FTSE 100 is positively affected by
the long run persistence of shocks from S&P
500. Finally, the conditional volatility of S&P
500 is negatively affected by the long run
persistence of shocks from FTSE 100.

The results reported in this paper differ from
those available in the literature. For example,
Hamao et al. (1990) find evidence of volatility
spillovers from S&P 500 to both FTSE 100
and Nikkei 225, and from Nikkei 225 to FTSE
100. Theodossiou and Lee (1993) report
evidence of volatility spillovers from S&P 500
to all other indexes. In comparison, this paper
finds evidence of volatility spillovers from

FTSE 100 to both S&P 500 and Nikkei 225,
and from S&P 500 to FTSE 100.

For the conditional variance equation, the
timing of multivariate effects does not appear
to be a significant factor. The strongest effect
always comes from the sum of the own ARCH
and GARCH effects, which in real time
constitutes the most distant information.

Hamao et al. (1991) report evidence that
volatility spillover effects can be time varying.
If this is correct, then the differences in the
reported findings can be attributed to
differences in the samples used in the
empirical studies. Hamao et al. (1990) use data
for the period 01/04/1985 to 31/05/1988, while
Theodossiou and Lee (1993) use data from
11/01/1980 to 27/12/1991.

A comparison of the two multivariate effects
shows that, for FTSE 100, the most distant
multivariate effect has a stronger effect than
the most recent, while the opposite is true for
S&P 500. In fact, the most recent multivariate
ARCH and GARCH effects for the conditional
variance equations of Nikkei 225 and FTSE
100 are not significant at the 5% level.

A second possible explanation lies in the use
of only asymptotic t-ratios in these two studies.
As can be seen in Table 2, the asymptotic tratios are typically higher in absolute value
than their robust counterparts, which is likely

The asymmetric coefficient
is positive and
significant for S&P 500, FTSE 100 and Nikkei
225 in Table 3, suggesting that these markets
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due to the inclusion of extreme observations in
the samples. Thus, the asymptotic t-ratios
reject the null hypothesis of no spillover
effects more frequently than do their robust
counterparts.
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Abstract: Small Island Tourism Economies (SITEs) differ significantly in their size, location, political
systems, historical experience, economic prospects, ecological fragility, and vulnerability to ethnic conflicts,
crime, and the threat of global terrorism. Given these differences, a careful analysis of country risk and its
components for the SITEs is of great interest to private tourism operators and foreign direct investors in the
tourism and hospitality industry, tourism commissions and governments. This paper provides a comparison
of country risk ratings, risk returns and associated volatilities for six SITEs for which monthly data compiled
by the International Country Risk Guide are available. Monthly economic, financial, political and composite
country risk returns are used to estimate symmetric and asymmetric models of univariate conditional
volatility. The empirical results provide a comparative assessment of the conditional means and volatilities
associated with country risk returns across the six SITEs.
Keywords: Island economies, small size, vulnerability, volatility, GARCH, GJR, asymmetry, shocks,
regularity conditions, risk ratings, risk returns.

1.

agencies such as Moody’s, Standard and Poor’s, Fitch
IBCA, Euromoney, Institutional Investor, Economist
Intelligence Unit, International Country Risk Guide,
and Political Risk Services, have compiled country
risk indexes or ratings as measures of credit risk
associated with lending and/or investing in a country
(for a critical survey of the country risk rating
systems, see Hoti and McAleer (2003)). Country risk
ratings are crucial for countries seeking foreign
investment and selling government bonds on the
international financial market, and for lending and
investment decisions by large corporations and
international financial institutions. These agencies
provide qualitative and quantitative country risk
ratings, combining information about arbitrary
measures of economic, financial and political risk
ratings to obtain a composite risk rating.

INTRODUCTION

Country risk refers broadly to the likelihood that a
sovereign state or borrower from a particular country
may be unable and/or unwilling to fulfil their
obligations towards one or more foreign lenders and/or
investors (Krayenbuehl, 1985). The Third World debt
crisis in the early 1980s, political changes resulting
from the end of the Cold War, the implementation of
market-oriented economic and financial reforms in
Eastern Europe, the East Asian and Latin American
crises that have occurred since 1997, and the
tumultuous events flowing from 11 September 2001
indicate that the risks associated with engaging in
international relations have increased substantially.
Such risks have become more difficult to analyse and
predict for decision makers in the economic, financial
and political sectors.

The country risk literature has recently been reviewed
in Hoti and McAleer (2003), in which 50 empirical
papers published in the last two decades were
evaluated according to established statistical and
econometric criteria used in estimation, evaluation
and forecasting. Such an evaluation permitted a
critical assessment of the relevance and practicality of
the economic, financial and political theories
pertaining to country risk in general. However, to date
there has been no discussion of country risk in Small
Island Tourism Economies (SITEs). As SITEs share a
number of common characteristics, it is important to
examine risk ratings and risk returns for such
countries.

A primary function of country risk assessment is to
anticipate the possibility of debt repudiation, default or
delays in payment by sovereign borrowers (Burton and
Inoue, 1985). There are three major components of
country risk, namely economic, financial and political
risk. The country risk literature holds that economic,
financial and political risks affect each other. Country
risk assessment evaluates economic, financial, and
political factors, and their interactions in determining
the risk associated with a particular country.
Perceptions of the determinants of country risk are
important because they affect both the supply and cost
of international capital flows (Brewer and Rivoli,
1990).

Risk ratings and risk returns of six SITEs are
examined in this paper, these being the only SITEs
for which monthly International Country Risk Guide
(ICRG) risk ratings and risk returns are available.

The importance of country risk analysis is underscored
by the existence of several prominent country risk
rating agencies. Over the last two decades, commercial
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Strategic vulnerability accounts for the political
vulnerability to their colonial history, as well as their
larger neighbours, and depends on a wide variety of
political factors.

Following the ICRG classification, the six SITEs
represent two geographic regions, namely North and
Central America (the Bahamas, Dominican Republic,
Haiti and Jamaica) and West Europe (Cyprus and
Malta). These island economies have delicate
ecosystems, and are consistently threatened by natural
disasters as well as the effects of environmental
damage. Careful planning is required to maintain
sustainability of tourism and to limit its environmental
damage. Although tourism has contributed significantly
to economic development in many SITEs, they need to
be managed responsibly to secure long-term
sustainability.

The range of production of goods and services in
SITEs is narrow, a wide range of goods and services
is consumed for international trade, and the
proportion of trade to GDP is high. Terms of trade for
SITEs do not exhibit irregular changes when
compared with larger developing countries. The
reliance of SITEs on their import tariff receipts as a
major source of government revenue can be
hampered in any trade liberalisation measure, which
can also result in unsustainable government debt.

Tourism forms the economic foundation of SITEs, with
tourism earnings accounting for a significant
proportion of the value added in the national product.
The fundamental aim of tourism development is to
increase foreign exchange earnings relative to finance
imports. These SITEs rely heavily on service
industries, with tourism accounting for the highest
proportion in export earnings. A large proportion of
tourism earnings is exported to finance imports to
sustain the tourism industry. Labour is also imported
for employment in tourism, which results in substantial
foreign exchange outflows.

A common feature of SITEs is that they depend
heavily on foreign aid to finance development. Aid
flows have dropped sharply during the last decade of
the 20th Century, due to the collapse of communism in
Europe. Moreover, SITEs have limited access to
commercial borrowings because they are perceived to
suffer from frequent natural disasters or for other
reasons considered to be high risk. For these reasons,
it is essential to analyse the risk ratings and risk
returns of SITEs.
Even with relatively low levels of indebtedness,
SITEs generally face difficulties in borrowing on
commercial terms. The costs of obtaining information
on the economy and high country risk issues are
major impediments to borrowing. Difficulties in
prosecuting illegal activities in SITEs make contract
enforcement costly for investors, contribute to the
high costs of borrowing for SITEs, and prevent a
smooth integration of SITEs into international
financial capital markets.

The squared deviation from the mean GDP growth rate
is known as the volatility of GDP growth. In SITEs, the
volatility of GDP growth rate tends to be very high.
According to the Commonwealth Secretariat/World
Bank Joint Task Force on Small States (2000), the high
volatility in the GDP growth rate of SITEs is due to the
openness to world markets, limited resource bases,
susceptibility to changes in international market
conditions, a small range of uncompetitive exports, and
affliction to natural disasters which affect every activity
within the economy. Armstrong and Read (1998) state
that the most prominent features of SITEs are their
narrow productive base and small domestic market.
There is less incentive to diversify industry when the
domestic market is small. During the last decade,
tourism-related exports among SITEs have soared.

The plan of the paper is as follows. Section 2
discusses aspects of country risk assessment, with
particular emphasis on the ICRG rating system
regarding economic, financial, political and
composite risk ratings. Section 3 provides a detailed
analysis and comparison of the risk ratings, risk
returns and associated volatility for six SITEs for
which monthly ICRG data are available. Symmetric
and asymmetric models of univariate conditional
volatility for country risk returns are presented in
Section 4. The empirical results are discussed in
Section 5, and some concluding remarks are given in
Section 6.

Vulnerability involves exposure to exogenous shocks
and low resilience to recover from such shocks. SITEs
are less likely to be resilient to these shocks. Given the
narrow economic structures and limited resources,
SITEs are less likely to be resilient to these shocks.
Vulnerability can exist in the form of economic,
financial and political factors. Economic and financial
vulnerability examines the narrow productive base, the
susceptibility of the economy to external shocks, and
the high incidence of natural disasters, and depend on,
among others, GDP per capita, real GDP growth rate,
inflation rate, budget balance as a percentage of GDP,
current account as a percentage of GDP, foreign debt as
a percentage of the GDP, foreign debt service as a
percentage of exports of goods and services, current
account as a percentage of exports, net international
liquidity import cover, and exchange rate stability.

2.

COUNTRY RISK ASSESSMENT

In the finance and financial econometrics literature,
conditional volatility has been used to evaluate risk,
asymmetric shocks, and leverage effects. The
volatility present in risk ratings also reflects risk
considerations in risk ratings. As risk ratings are
effectively indexes, their rate of change (or returns)
merits attention in the same manner as financial
returns (for further details, see Chan, Hoti and
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McAleer (2002)). This paper provides a comparison of
country risk ratings, risk returns and associated
volatilities for the six SITEs. The ratings were
compiled by the ICRG, which is the only risk rating
agency to provide detailed and consistent monthly data
over an extended period for a large number of
countries.

4.

This section discusses alternative models of the
volatility of the logarithmic difference in country risk
ratings, that is, risk returns, using the Autoregressive
Conditional Heteroscedasticity (ARCH) model
proposed by Engle (1982), as well as subsequent
developments in Bollersllev (1986), Bollerslev et al.
(1992), Bollerslev et al. (1994), and Li et al. (2002),
among others. The most widely used variation for
symmetric shocks is the generalised ARCH
(GARCH) model of Bollerslev (1986). In the
presence of asymmetric behaviour between positive
and negative shocks, the GJR model of Glosten et al.
(1992) is also widely used. Ling and McAleer (2002a,
2002b, 2003) have made further theoretical advances
in both the univariate and multivariate frameworks.

As of December 2003, the ICRG has been providing
economic, financial, political and composite risk
ratings for a total of 140 countries. The ICRG rating
system comprises 22 variables representing the three
major components of country risk, namely economic,
financial and political. These variables essentially
represent risk-free measures. There are 5 variables
representing each of the economic and financial
components of risk, while the political component is
based on 12 variables.
Economic risk rating measures a country’s current
economic strengths and weaknesses. This permits an
assessment of the ability to finance its official,
commercial, and trade debt obligations. Financial risk
rating is another measure of a country’s ability to
service its financial obligations. Political risk rating
measures the political stability of a country, which
affects the country’s ability and willingness to service
its financial obligations.
3.

UNIVARIATE MODELS OF
CONDITIONAL VOLATILITY FOR
COUNTRY RISK RETURNS

Consider the following AR(1)-GARCH(1,1) model
for risk returns, Yt :

Yt = θ 0 + θ1Yt −1 + ε t ,

where the unconditional shocks,

ε t = η t ht ,

RISK RATINGS, RISK RETURNS AND
VOLATILITIES FOR SIX SITES

θ1 < 1

(1)

ε t , are given by:

η t ~ iid (0,1)

(2)

ht = ω + αε 2 + βht −1
t −1
and ω > 0 , α ≥ 0 and β ≥ 0 are sufficient
conditions to ensure that the conditional variance
ht > 0 . The ARCH (or α ) effect captures the shortrun persistence of shocks, while the GARCH (or β )
effect measures the contribution of shocks to long-run
persistence, α + β . In equations (5) and (6), the
parameters are typically estimated by maximum
likelihood to obtain Quasi-Maximum Likelihood
Estimators (QMLE) in the absence of normality of
ηt .

Risk returns are defined as the monthly percentage
change in the respective risk ratings. Volatility is
defined as the squared deviation of each observation
from the respective sample mean risk ratings or risk
returns. [Risk ratings, risk returns and the associated
volatilities for the six SITEs are available on request.]
As there are significant differences among the
economic, financial, political and composite risk
ratings, risk returns and their associated volatility
across different SITEs, a careful analysis of each of
these components of country risk is of great interest to
private tourism operators and foreign direct investors in
the tourism and hospitality industry, tourism
commissions and governments.

The conditional log-likelihood function is given as
follows:

Information regarding the economic, financial and
political environments for the six selected SITEs has
been collected and extended from four widely-used
international sources, namely the US Department of
State:
Countries
and
Regions
[http://www.
state.gov/countries/], BBC News: Country Profiles and
Timeline
[http://news.bbc.co.
uk/1/shared/bsp/hi/country_profiles/html/default.stm],
The
Economist:
Country
Briefings
[http://www.economist.com/countries/], and The World
Factbook 2002, prepared by the Central Intelligence
Agency
[http://www.odci.gov/cia/publications/
factbook/index.html].

∑l = − 2 ∑
1

t

t

ε2
log ht + t .
ht

(3)

It has been shown by Ling and McAleer (2003) that
QMLE of GARCH (p,q) is consistent if the second
moment is finite. The well known necessary and
sufficient condition for the existence of the second
moment of ε t for GARCH(1,1) is:

α + β <1,

(4)

which is also sufficient for consistency of the QMLE.
Jeantheau (1998) showed that the weaker log-moment
condition is sufficient for consistency of the QMLE
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Risk returns and volatilities for the six SITEs are
estimated using the univariate AR(1)-GARCH(1,1)
and AR(1)-GJR(1,1) models. The monthly ICRG data
for the Bahamas and Cyprus are available from
December 1984 to May 2002, Dominican Republic,
Haiti and Jamaica from January 1984 to May 2002,
and Malta from April 1986 to May 2002.

for the univariate GARCH (p,q) model. Hence, a
sufficient condition for the QMLE of GARCH(1,1) to
be consistent and asymptotically normal is given by:

E[log(αη t2 + β )] < 0 .

(5)

McAleer et al. (2002) argue that this conclusion is not
straightforward to check in practice as it involves the
expectation of an unknown random variable and
unknown parameters. Moreover, the second moment
condition is far more straightforward to check in
practice, although it is a stronger condition.

The second moment conditions for the AR(1)GARCH(1,1) and AR(1)-GJR(1,1) models are the
empirical versions of (4) and (8), respectively, while
the log-moment conditions are the empirical versions
of (5) and (9), respectively. Asymptotic and robust tratios are reported for the QMLE (see Bollerslev and
Wooldridge (1992) for the derivation of the robust
standard errors). There is no algebraic relationship
between the asymptotic and robust t-ratios, though the
robust t-ratios are expected to be generally smaller in
absolute value, especially in the presence of extreme
observations and outliers.

The effects of positive shocks on the conditional
variance ht are assumed to be the same as negative
shocks in the symmetric GARCH model. Asymmetric
behaviour is captured in the GJR model, for which
GJR(1,1) is defined as follows:
ht = ω + (α + γI (η t −1 ))ε 2 + βht −1 (6)
t −1

The short-run persistence (α) and the contribution of
the shocks to long-run persistence (β) are positive
fractions in 11 and 18 cases, respectively, for the
GARCH(1,1) model. There are 6 cases, namely the
Bahamas, Cyprus and Haiti for economic risk returns,
Jamaica for financial risk returns, Malta for political
risk returns, and Haiti for composite risk return,
where both the α and β estimates are positive
fractions. In these cases, the short-run persistence of
previous shocks on risk returns is smaller than the
contribution of these shocks to the long-run
persistence. The log-moment condition is satisfied in
10 of the 24 cases, while the second moment
condition is satisfied 21 times. Only in the case of
Jamaica for composite risk returns is the second
moment condition not satisfied and the log-moment
condition could not be computed. Except for this
case, the consistency and asymptotic normality of the
QMLE are guaranteed, even in the presence of
infinite second moments. Generally, the log-moment
condition is satisfied when the second moment
condition is not, and the second moment condition is
satisfied for all cases when the log-moment condition
could not be computed.

where ω > 0 , α + γ ≥ 0 and β ≥ 0 are sufficient
conditions for ht > 0 , and I (η t ) is an indicator
variable defined by:
I (η t ) =

1, η t < 0
0, η t ≥ 0 .

(7)

The indicator variable distinguishes between positive
and negative shocks such that asymmetric effects are
captured by γ , with γ > 0. In the GJR model, the
asymmetric effect, γ , measures the contribution of
shocks to both short run persistence, α + γ 2 , and long
run persistence, α + β + γ 2 . The necessary and
sufficient condition for the existence of the second
moment of GJR(1,1) under symmetry of η t is given in
Ling and McAleer (2002b) as:

α + β + γ 2 < 1.

(8)

The weaker sufficient log-moment condition for
GJR(1,1) is as follows:

For the GJR(1,1) model, only 3 of the 24 γ estimates
are significant. The average short-run persistence
(α+γ /2) and the contribution of shocks to long-run
persistence (β) estimates are positive fractions in 16
and 20 cases, respectively. Specifically, the α+γ /2
and β estimates are both positive fractions in 13
cases, namely the Bahamas, Cyprus, Haiti and
Jamaica for economic risk returns, the Bahamas,
Cyprus, Dominican Republic, Haiti and Jamaica for
financial risk returns, the Bahamas for political risk
returns, and Cyprus, Haiti and Jamaica for composite
risk returns. In general, the short-run persistence of
the shocks in these risk returns is lower than the
contribution of the shocks to long-run persistence. Of

E[(log((α + γI (η t ))η t2 + β )] < 0 , (9)
in McAleer et al. (2002), who also demonstrate that the
QMLE of the parameters are consistent and
asymptotically normal if the log-normal condition is
satisfied.
5.

EMPIRICAL RESULTS

All the estimates in this paper are derived using
EViews 4. The Berndt, Hall, Hall and Hausman
(BHHH) (1974) algorithm has been used in most cases,
but the Marquardt algorithm is used when the BHHH
algorithm does not converge.
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the three significant γ estimates, those for Cyprus and
Haiti for economic risk returns are positive, while the
estimate for the Dominican Republic for political risk
returns is negative. This implies that the short-run and
long-run effects of a negative shock in the political risk
returns will result in less uncertainty in subsequent
periods for the Dominican Republic. While the second
moment condition is satisfied 22 times, the log-moment
condition is satisfied 9 times. However, the logmoment condition is satisfied when the second moment
condition is not, and the second moment condition is
satisfied in all cases when the log-moment condition
could not be computed. As a result, the consistency and
asymptotic normality of the QMLE are guaranteed in
all cases, even in the presence of infinite second
moments.

volatility models is determined as being adequate for
5 of 6 SITEs in the case of financial risk returns, in 4
of 6 cases for economic risk returns, in 3 of 6 cases
for composite risk returns, and in 2 of 6 cases for
political risk returns. The preferred models for each
risk return for each country are given in Table 1.
6.

CONCLUSION

This paper provided a comparison of country risk
ratings, risk returns and associated volatilities for six
Small Island Tourism Economies (SITEs) for which
monthly ICRG data were available. Aspects of
country risk assessment, with particular emphasis on
the ICRG rating system regarding economic,
financial, political and composite risk ratings, were
discussed in detail. For each of the six SITEs, the
trends and associated volatility of the four country
risk ratings and risk returns were analysed according
to economic, financial and political environments in
the country. There were substantial differences in the
trends of the risk ratings, risk returns and their
associated volatilities.

The paper also reports the preferred model for the six
SITEs by risk return. For economic risk returns,
GJR(1,1) is superior to GARCH(1,1) for Cyprus, Haiti
and Jamaica, even though the γ estimate for Jamaica is
insignificant. GARCH(1,1) model is preferred only for
the Bahamas, while neither model is preferred for the
Dominican Republic and Malta.

Monthly ICRG risk returns were used to estimate
symmetric and asymmetric models of univariate
conditional volatility. The empirical results showed
that the univariate GARCH(1,1) and GJR(1,1) models
are statistically adequate for the six SITEs. The
regularity conditions were typically satisfied, with the
conditions regarding the contribution to long-run
persistence and second moments satisfied in a high
proportion of cases. Either GARCH(1,1) or GJR(1,1)
was found to be statistically adequate in 14 of 24
cases. This was a particularly strong empirical
finding, especially as these models of volatility have
not been customized for any particular SITE, but have
been applied generically to all six SITEs.

For financial risk returns, the GARCH(1,1) model is
preferred only for Jamaica, and neither model is
favoured for Malta. Overall, the GJR(1,1) model is
superior to GARCH(1,1) model for the Bahamas,
Cyprus, Dominican Republic and Haiti, even thought
all the γ estimates are insignificant.
Unlike the case of the economic and financial risk
returns, neither model is preferred for political risk
returns in four cases, namely Cyprus, Dominican
Republic, Haiti and Jamaica. The GARCH(1,1) model
is favoured for Malta, while the GJR(1,1) model is
superior for the Bahamas, even though the γ estimate
for the Bahamas is insignificant.

7.

For composite risk returns, GJR(1,1) is superior to
GARCH(1,1) for Cyprus and Jamaica, although the γ
estimates for both countries are insignificant. The
GARCH(1,1) model is preferred for Haiti, while
neither model is suitable for the composite risk returns
for three countries, namely the Bahamas, Dominican
Republic and Malta.
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Overall, for the six SITEs, the GJR(1,1) model is
suitable in 10 cases (even though the γ estimates in 8
cases were insignificant), the GARCH(1,1) model is
suitable in 4 cases, and neither model is preferred in 10
cases.

8.

In summary, the empirical results show that the
univariate GARCH(1,1) and GJR(1,1) estimates are
statistically adequate for the six SITEs. The regularity
conditions are typically satisfied, with the conditions
regarding β (the contribution to long-run persistence)
and second moments satisfied in a high proportion of
cases. Either GARCH(1,1) or GJR(1,1) is found to be
statistically adequate in 14 of 24 cases. One of the two
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Table 1: Preferred Model for Six SITEs by Risk Return

Country

Economic

Financial

Political

Composite

The Bahamas

GARCH

GJR*

GJR*

X

Cyprus

GJR

GJR*

X

GJR*

Dominican Republic

X

GJR*

X

X

Haiti

GJR

GJR*

X

GARCH

Jamaica

GJR*

GARCH

X

GJR*

Malta

X

X

GARCH

X

Notes: GJR* refers to cases when the γ estimate for a particular risk
return was insignificant, but the GJR(1,1) estimates were superior
to their GARCH(1,1) counterparts. X refers to cases where neither
model is preferred.
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Abstract: Atmospheric carbon dioxide concentration (ACDC) is a crucial variable for many environmental simulation
models, and is regarded as an important factor for predicting temperature and climate changes. However, the
conditional variance of ACDC levels has not previously been examined. This paper analyses the trends and volatility in
ACDC levels using monthly data from January 1965 to December 2002. The data are a subset of the well known Mauna
Loa atmosphere carbon dioxide record obtained through the Carbon Dioxide Information Analysis Center. The
conditional variance of ACDC levels is modelled using the generalised autoregressive conditional heteroscedasticity
(GARCH) model and its asymmetric variations, namely the GJR and EGARCH models. These models are shown to be
able to capture the dynamics in the conditional variance in ACDC levels and to improve the out-of-sample forecast
accuracy of ACDC.
Keywords: Atmospheric Carbon Dioxide Concentration, Conditional Volatility, Forecasting, GARCH, GJR, EGARCH.
1.

Introduction

Atmospheric carbon dioxide concentration (ACDC) is a
crucial variable for many environmental simulation
models, and is regarded as an important factor for
predicting temperature and climate changes (Glaser
(2000)). Many studies in environmental modelling have
focused on the application of ACDC as an indictor of
the status of the environment (see, for example, Phillips
et al. (1998)), while other studies have been interested
in the impacts of rising ACDC on the ecological system
(see, for example, Jones et al. (1998)). However, these
studies have seldom modelled the level of ACDC
directly, while the conditional variance of ACDC has
not previously been investigated. Although there are
mathematical models that are designed to estimate the
level of ACDC based on Carbon Dioxide (CO2)
emissions from the environment (Phillips et al. (1998)),
these simulation models are often complicated and
computationally intensive. Moreover, they do not
generally provide a simple description of the dynamics
in the level of ACDC, and it is difficult to evaluate their
forecast performance.

for which the variance of the forecast error, ( yˆT − yT ) , is
given by
Var ( yˆ T − yT | x0 ) = σ 2 1 +

1
(x − x )2
+ T 0
,
T
2
−
(
)
x
x
∑ t
t =1

where the variance of the innovation, σ 2 , is typically
assumed to be constant. However, if σ 2 is time varying,
the forecast variance can be reduced by accommodating
the conditional variance of the time series to permit a
more accurate confidence interval to be constructed for
the one-period ahead forecast.
The second motivation for modelling the conditional
variance of ACDC is related to the pricing of carbon
dioxide emission quotas. In financial markets, the risk
associated with a stock return is typically measured by
its (possibly time-varying) volatility. Therefore, the
volatility of ACDC should be an important indicator of
the risk in selling or buying emission rights, and would
also be an important factor in determining the market
value of such quotas. Further details of emissions
trading can be found at http://www.ieta.org.

This paper investigates the trends and volatility in
ACDC levels using the well known Mauno Lao data set.
There are two motivations for modelling the conditional
variance of ACDC. First, modelling the conditional
variance of ACDC would allow a more accurate
confidence interval to be constructed for the one-period
ahead forecast. Consider the general regression model
given by

Modelling the conditional variance, or volatility, of a
time series has been a popular topic in the financial
econometrics literature. Three of the most popular
models to capture the time-varying volatility in financial
time series are the Generalised Autoregressive
Conditional Heteroscedasticity (GARCH) model of

y t = E(y t | x t ) + εt ,
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Engle (1982) and Bollerslev (1986), the Glosten,
Jagannathan and Runkle (1992) GJR model, and
Nelson’s (1991) Exponential GARCH (EGARCH)
model. This paper examines the dynamics of the
conditional variance in the level of ACDC using the
GARCH, GJR and EGARCH models. The forecast
performance of each model will also be investigated,
and the standard errors of the one-day ahead forecasts
arising from each model compared.

where

t. Since the level of ACDC exhibited cyclical patterns, a
time trend, and strong autocorrelation, it is reasonable to
specify the conditional mean to be
(2)
E(y t | ℑ t−1) = φ 0 y t−1 + φ1t + θ ' Dt
where θ = (θ1 ,θ 2 ,...,θ 12 )' and Dt = (D1,D2,...,D12 )' is the
vector of seasonal dummy variables, such that Di = 1 in
month i, otherwise Di = 0 , ∀i = 1,...,12 . The plot of the

The plan of the paper is as follows. Section 2 describes
the data used. The structural and statistical properties of
the three conditional variance models, namely GARCH,
GJR and EGARCH, are given in Section 3. The
empirical results are presented in Section 4, and Section
5 contains some concluding remarks.
2.

ℑt denotes the information set available to time

volatility of ACDC can be found in Figure 2.
Table 1: Autocorrelation of the ACDC level.
Lag
1
2
3
4
5
6
7
8
9
10
11
12

Data

The level of ACDC has been closely monitored and
documented for over 30 years. The data used in this
paper are a subset of the famous Mauna Loa monthly
data set, which can be downloaded from
The
http://cdiac.esd.ornl.gov/trends/co2/sio-mlo.htm.
scientific details regarding the measurement of the
ACDC level can be found in Keeling, Bacastow and
Whorf (1982). Due to missing observations in 1958 and
1964, only the data from January 1965 to December
2002 are used in this paper, giving a total of 456
observations.

Figure 1 contains the plots of ACDC levels from
January 1965 to December 2002. The data exhibit
cyclical patterns around a time trend. Furthermore, the
autocorrelation function of ACDC suggests that it is
highly correlated with its past and is highly persistent,
as shown in Table 1. The high first-order
autocorrelation coefficient might suggest that the series
are non-stationary, but the Phillips-Perron (1988) (PP)
test for non-stationarity shows that the ACDC level is
trend stationary. Using the EViews 4 econometric
software package with a wide range of lags, the choice
of the truncated lag order did not seem to affect the test
results. The motivation for using the PP test over the
conventional Augmented Dickey-Fuller (ADF) test is to
accommodate the possible presence of ARCH/GARCH
errors. While the ADF test accommodates serial
correlation by specifying explicitly the structure of
serial correlation in the errors, the PP test does not
assume the specific type of serial correlation or
heteroscedasticity in the disturbances, and can have
higher power than the ADF test under a wide range of
circumstances.
The sample volatility,

Figure 1. Atmospheric Carbon Dioxide Concentration,
January 1965 – December 2002
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The descriptive statistics of the level, yt , the estimated
residuals from (1), εt , and the volatility, v t , of ACDC
are given in Table 2.

vt , of a time series, y t , with a

non-constant conditional mean is typically calculated as
follows:
vt = (yt − E(yt | ℑt −1 ))2 = ε t2 ,

Autocorrelation
0.991
0.978
0.964
0.952
0.942
0.934
0.929
0.926
0.925
0.926
0.926
0.922

As shown in Figure 1 and Table 2, the level of ACDC
grew steadily over the last 35 years. The descriptive
statistics of the estimated residuals, as given in
equations (1) and (2), indicate that the error term, εt , is

(1)
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asymmetric Glosten, Jagannathan and Runkle (1992)
(GJR) model, especially for the analysis of financial
data. A number of further theoretical developments has
been suggested by Wong and Li (1997) and Ling and
McAleer (2002a, 2002b, 2003).

normally distributed. In fact, the Lagrange multiplier
test for normality, LM(N), is 1.446 with a p-value
0.485, suggesting that normality cannot be rejected. The
p-values of both the F and LM test statistics for the null
hypothesis of no ARCH effects with one lag are 0.001,
suggesting that the null hypothesis can be rejected at the
1% level of significance. Therefore, there is
considerable evidence to suggest that the conditional
variance of ACDC is not constant over time, so that
conditional volatility models would seem to be an
appropriate choice for capturing the time-varying
volatility in the level of ACDC.

Consider a GARCH(p,q) model for the level of ACDC,
yt :

yt = E(yt | ℑt −1 )+ ε t ,

(3)

where ℑ t denotes the information set available to time
t, and the shocks (or variations in the level of ACDC)
are given by

Figure 2. Volatility of Atmospheric Carbon Dioxide
Concentration,
January 1965 – December 2002

εt = ηt ht , ηt ~ iid(0,1)

.8

p

q

i=1

i=1

2
ht = ω + ∑α iεt−i
+ ∑ β i ht−i ,

.7

(4)

.6

and ω > 0,α i ≥ 0 (i = 1,…,p) and β i ≥ 0 (i = 1,…,q)
are sufficient conditions to ensure that the conditional
variance ht > 0. The ARCH (or α ) effect captures the
short run persistence of shocks, while the GARCH (or
β ) effect captures the contribution of shocks to long
run persistence (namely, α + β for p=q=1). Using
results from Ling and Li (1997) and Ling and McAleer
(2002a, 2002b) (see also Bollerslev (1986) and Nelson
(1990)), the necessary and sufficient condition for the
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existence of the second moment of
for GARCH(1,1) is α + β < 1 .

Volatility of Atmospheric Carbon Dioxide Concentration

Table 2. Descriptive statistics of the level, estimated
residuals and volatility of ACDC
Statistics
Mean
Median
Maximum
Minimum
SD
Skewness
Kurtosis

3.

yt

εt

vt

344.5
343.5
375.6
317.3
16.00
0.147
1.809

0.000
-0.005
0.801
-0.872
0.292
0.117
3.148

0.085
0.033
0.76
0
0.125
2.353
9.054

ε t , or E (ε t2 ) < ∞ ,

Equation (2) assumes that a positive shock ( εt > 0) has
the same impact on the conditional variance, ht , as a
negative shock ( εt < 0 ), but this assumption is often
violated in practice. In order to accommodate the
possible differential impact on the conditional variance
between positive and negative shocks, Glosten,
Jagannathan and Runkle (1992) proposed the following
asymmetric GJR specification for ht :
p

q

i=1

i=1

ht = ω + ∑ (α i + γ i I(εt− i ))εt−2 i + ∑ β ht− i ,

where

Models Specifications

I(εt ) is an indicator function such that
I(εt ) =

The primary empirical purpose of the paper is to model
the volatility in the level of ACDC. This approach is
based on Engle’s (1982) idea of capturing time-varying
volatility (or uncertainty) using the autoregressive
conditional heteroskedasticity (ARCH) model, and
subsequent developments forming the ARCH family of
models (see, for example, the recent survey by Li, Ling
and McAleer (2002)). Of these models, the most
popular has been the symmetric generalised ARCH
(GARCH) model of Bollerslev (1986) and the

(5)

0, εt ≥ 0
1, εt < 0.

When β = 0 , GJR(1,1) is called the asymmetric
ARCH(1), or AARCH(1), model. Furthermore, for
GJR(1,1), ω > 0, α + γ > 0 and β > 0 are sufficient
conditions to ensure that the conditional variance
ht > 0. The short run persistence of positive (negative)
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shocks is given by α ( α + γ ). Under the assumption
that the conditional shocks, ηt , follow a symmetric

An alternative model to capture asymmetric behaviour
in the conditional variance is the Exponential GARCH
(EGARCH(1,1)) model of Nelson (1991), namely:

distribution, the average short run persistence is α + γ ,
2
and the contribution of shocks to average long run

persistence is α +

γ

2

log ht = ω + α | η t −1 | +γη t −1 + β log ht −1 , | β |< 1 .

+ β . Ling and McAleer (2002a)

When β = 0 , EGARCH(1,1) becomes EARCH(1).
There are some distinct differences between EGARCH
and the previous two GARCH models, as follows: (i)
EGARCH is a model of the logarithm of the conditional
variance, which implies that no restrictions on the
parameters are required to ensure ht > 0 ; (ii) Nelson

showed that the necessary and sufficient condition for

γ
E (ε t2 ) < ∞ is α + + β < 1.
2

The parameters in equations (1), (2) and (3) are
typically estimated by the maximum likelihood method
to obtain Quasi-Maximum Likelihood Estimators
(QMLE) in the absence of normality of η t . The

(1991) showed that | β |< 1 ensures stationarity and
ergodicity for EGARCH(1,1); (iii) Shephard (1996)
observed that | β |< 1 is likely to be a sufficient
condition for consistency of QMLE for EGARCH(1,1);
(iv) as the conditional (or standardized) shocks appear
in equation (4), McAleer et al. (2002) observed that is
likely | β |< 1 is a sufficient condition for the existence
of all moments, and hence also sufficient for asymptotic
normality of the QMLE of EGARCH(1,1).

conditional log-likelihood function is given as follows:

∑ lt = −
t

ε t2 .
1
+
log
h
∑
t
2 t
ht

Ling and McAleer (2003) showed that the QMLE for
GARCH(p,q) is consistent if the second moment is
finite, that is,

E (ε t2 ) < ∞ . Furthermore, Jeantheau
that, when β ≠ 0, the following log-

Furthermore,
EGARCH
captures
asymmetries
differently from GJR. The parameters α and γ in
EGARCH(1,1) represent the magnitude (or size) and
sign effects of the conditional (or standardized) shocks,
respectively, on the conditional variance. However, α
and α + γ represent the effects of positive and
negative shocks, respectively, on the conditional
variance in GJR(1,1).

(1998) showed
moment condition

E (log(αη t2 + β )) < 0

(6)

is sufficient for the QMLE to be consistent for
GARCH(1,1), while Boussama (2000) showed that the
QMLE is asymptotically normal for GARCH(1,1) under
the same condition. It is important to note that (6) is a
weaker condition than the second moment condition,
namely α + β < 1. However, the log-moment condition
is more difficult to compute in practice as it is the
expected value of a function of an unknown random
variable and unknown parameters.

As GARCH is nested within GJR, a standard asymptotic
test of H 0 : γ = 0 can be used to test the two models
against each other. However, as EGARCH is non-nested
with regard to both GARCH and GJR, the non-nested
models are not directly comparable. Ling and McAleer
(2000) proposed a simple non-nested test to
discriminate between GARCH and EGARCH. Denoting
GARCH as the null hypothesis and EGARCH as the
alternative, the optimal test statistic for H GARCH : δ = 0
is given by:

McAleer, Chan and Marinova (2002) established the
log-moment condition for GJR(1,1) when β ≠ 0,
namely

E (log((α + γ I(η t ))η t2 + β )) < 0 ,

(8)

ht = w + αε t2−1 + βht −1 + δgˆ t

(7)

and showed that it is sufficient for the consistency and
asymptotic normality of the QMLE for GJR(1,1).
Furthermore, using Jensen’s inequality, they showed
that the second moment condition, namely α + γ + β < 1,
2
is also a sufficient condition for consistency and
asymptotic normality of the QMLE for GJR(1,1).
Therefore, the structural and statistical properties of
both GARCH(1,1) and GJR(1,1) have been established
(see Chan, Hoti and McAleer (2002) for the structural
and statistical properties of the multivariate GJR(p,q)
model).

where

(9)

ĝt is the generated one-period ahead conditional

variance of EGARCH. For the reverse case, that is,
denoting EGARCH as the null hypothesis and GARCH
as the alternative, the optimal test statistic for
H EGARCH : δ = 0 is given by:

loggt = w +α |ηt −1 | +γηt−1 + β loggt −1 + δ loghˆt

(10)

where ĥt is the generated one-period ahead conditional
variance of GARCH. Ling and McAleer (2000) showed
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that the QMLE of δ in both (9) and (10) are
asymptotically normal under the respective null
hypotheses, and consistent under the respective
alternative hypotheses. They also derived the power
functions of both test statistics under the respective
hypotheses. A similar non-nested test for testing GJR
and EGARCH against each other was derived in
McAleer et al. (2002).
4.

Empirical Results

4.1

Full Sample Estimates

This section examines the forecast performance and
forecast variance for the model as defined in equation
(2), with three different conditional variance
specifications, namely the constant conditional variance,
ARCH(1) and EARCH(1). The three models are reestimated using the sub-sample from January 1965 to
December 2001, and the out-of-sample one-period
ahead forecast of ACDC is calculated for January 2002
to December 2002. Three standard forecast criteria,
namely root mean square error (RMSE), mean absolute
error (MAE) and mean absolute percentage error
(MAPE), for each model are reported in Table 4.

The parameter estimates and their BollerslevWooldridge (1992) robust t-ratios of the ARCH(1),
AARCH(1), EARCH(1), GARCH(1,1), GJR(1,1) and
EGARCH(1,1) models, with conditional means as
defined in (2), are available on request. These estimates
were obtained from EViews 4.0 using the BHHH
algorithm.

Table 4. Forecast Performance of Three Conditional
Variance Specifications
Performance
criteria

RMSE
MAE
MAPE

The parameter estimates in the conditional mean are not
particularly sensitive to the specification of the
conditional variance equation, which is due to the
block-diagonality of the Hessian matrix of the loglikelihood function. Moreover, the log-moment
conditions are satisfied for both GARCH(1,1) and
GJR(1,1), and the second moment conditions are
satisfied for the ARCH(1) and AARCH(1) models,
thereby indicating that the QMLE are consistent and
asymptotically normal for each of these models.
Furthermore, βˆ < 1 for EGARCH, and it is not
significant in the other two cases, suggesting the
absence of long run persistence. Interestingly, γ is not
significant in either AARCH(1) or GJR(1,1), but it is
significant in both EARCH(1) and GARCH(1,1),
indicating the presence of asymmetric behaviour. Based
on the significance of the parameter estimates,
ARCH(1) and EARCH(1) are empirically superior to
the other four specifications. Subsequently, non-nested
tests based on (9) and (10), with β = 0 in both
equations, are conducted in order to choose between the
two remaining adequate specifications. The test
statistics are given in Table 3.

H 0 : EARCH(1)

Alternative H1
Test Statistics

H 1 : EARCH(1)

H 1 : ARCH(1)

4.2

1.764

EARCH(1)

0.680
0.504
0.135

0.458
0.377
0.101

Table 5. Standard Errors of the One-Period Ahead
Forecasts for Three Volatility Models
Month
January
February
March
April
May
June
July
August
September
October
November
December

Table 3. Non-nested Tests between ARCH(1) and
EARCH(1)
H 0 : ARCH(1)

ARCH(1)

As shown in Table 4, EARCH(1) has the best forecast
performance based on the three forecast criteria. More
importantly, allowing dynamic conditional variances
improves the accuracy of the parameter estimates and
also the out-of-sample forecasts. Table 5 gives the
standard errors of the one-period ahead forecasts for
each month from the three models.

As shown in Table 3, the test statistic rejects ARCH(1)
in favour of EARCH(1) at the 10% level of significance,
but does not reject EARCH(1) in favour of ARCH(1) at
any reasonable significance level.

Null H 0

Constant
conditional
variance
0.701
0.517
0.138

Constant
0.298
0.413
0.496
0.561
0.615
0.661
0.701
0.735
0.766
0.793
0.817
0.838

ARCH(1) EARCH(1)
0.299
0.280
0.412
0.397
0.493
0.480
0.558
0.546
0.611
0.600
0.657
0.647
0.696
0.687
0.731
0.722
0.761
0.753
0.789
0.781
0.813
0.806
0.836
0.828

Apart from having the best forecast performance, the
one-day ahead forecasts produced by EARCH(1) also
have the smallest standard errors, as shown in Table 5.
This suggests that the one-day ahead forecast produced
by EARCH(1) will have the smallest confident
intervals, indicating EARCH(1) is superior in terms of
forecasting accuracy for the levels of ACDC. Moreover,
the standard errors of the one-day ahead forecasts
produced by ARCH(1) are smaller than those from the

0.180
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constant conditional variance model for eleven of
twelve months. These results show that the accuracy in
forecasting ACDC levels can be improved substantially
by accommodating time-varying conditional variance in
modelling ACDC.
5.
Concluding Remarks

and D.A. Ritchie (1998), Impacts of rising
atmospheric carbon dioxide on model terrestrial
ecosystems, Science, 280, 441-443.
Keeling, C.D., R.B. Bacastow and T.P. Whorf (1982)
Measurements of the concentration of carbon
dioxide at Mauna Loa Observatory, Hawaii, in
W.C. Clark (ed.), Carbon Dioxide Review: 1982,
Oxford University Press, New York.
Li, W.K., S. Ling and M. McAleer (2002), Recent
theoretical results for time series models with
GARCH errors, Journal of Economic Surveys, 16,
245-269. Reprinted in M. McAleer and L. Oxley
(eds.), Contributions to Financial Econometrics:
Theoretical and Practical Issues, Blackwell,
Oxford, 2002, pp. 9-33.
Ling, S. and W.K. Li (1997), On fractionally integrated
autoregressive moving-average models with
conditional heteroskedasticity, Journal of the
American Statistical Association, 92, 1184-1194.
Ling, S. and M. McAleer, (2000), Testing GARCH
versus E-GARCH, in W.-S. Chan, W.K. Li and H.
Tong (eds.), Statistics and Finance: An Interface,
Imperial College Press, London, pp. 226-242.
Ling, S. and M. McAleer (2002a), Necessary and
sufficient moment conditions for the GARCH(r,s)
and asymmetric power GARCH(r,s) models,
Econometric Theory, 18, 722-729.
Ling, S. and M. McAleer (2002b), Stationarity and the
existence of moments of a family of GARCH
processes, Journal of Econometrics, 106, 109117.
Ling, S. and M. McAleer (2003), Asymptotic theory for
a vector ARMA-GARCH model, Econometric
Theory, 19, 278-308.
McAleer, M., F. Chan and D. Marinova (2002), An
econometric analysis of asymmetric volatility:
theory and application to patents, paper presented
to the Australasian Meeting of the Econometric
Society, Brisbane, July 2002, to appear in Journal
of Econometrics.
Nelson, D.B. (1990), Stationarity and persistence in the
GARCH(1,1) model, Econometric Theory, 6, 318334.
Nelson, D.B. (1991), Conditional heteroscedasticity in
asset returns: a new approach, Econometrica, 59,
347-370.
Phillips, O.L., Y. Malhi, N. Higuchi, W. F. Laurance, P.
V. Nunez, R.M. Vasquez, S.G. Laurance, L. V.
Ferreira, M. Stern, S. Brown and J. Grace (1998),
Changes in the carbon balance of tropical forests:
Evidence from long-term plots, Science, 282, 439442.
Phillips, P. and P. Perron (1988), Testing for a unit root
in time series regression, Biometrika, 75(2), 335–
346.
Shephard, N. (1996), Statistical aspects of ARCH and
stochastic volatility, in O.E. Barndorff-Nielsen,
D.R. Cox and D.V. Hinkley (eds.), Statistical
Models in Econometrics, Finance and Other
Fields, Chapman & Hall, London, pp. 1 – 67.

This paper examined the trends and volatility in the
level of ACDC. Six different specifications of the
conditional variance, namely ARCH(1), AARCH(1),
EARCH(1),
GARCH(1,1),
GJR(1,1)
and
EGARCH(1,1), have been estimated and tested against
each other. The test statistics suggested that EARCH(1)
was superior to the other five specifications, having the
best out-of-sample forecast performance in terms of
three different forecast criteria, namely root mean
square error, mean absolute error and mean absolute
percentage error. Moreover, the one-day ahead forecasts
produced by EARCH(1) also had the smallest standard
errors.
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Abstract: This paper estimates the dynamic conditional correlations in the returns on Tapis oil spot and onemonth forward prices for the period 2 June 1992 to 16 January 2004, using recently developed multivariate
conditional volatility models, namely the Constant Conditional Correlation Multivariate GARCH (CCCMGARCH) model of Bollerslev [1990], Vector Autoregressive Moving Average – GARCH (VARMAGARCH) model of Ling and McAleer [2003], VARMA – Asymmetric GARCH (VARMA-AGARCH) model
of Chan et al. [2002], and the Dynamic Conditional Correlation (DCC) model of Engle [2002]. The
multivariate estimates show that the ARCH and GARCH effects for spot (forward) returns are significant in
the conditional volatility model for spot (forward) returns. Moreover, there are significant interdependences
in the conditional volatilities between the spot and forward markets. The multivariate asymmetric effects are
significant for both spot and forward returns. The calculated constant conditional correlations between the
conditional volatilities of spot and forward returns using CCC-GARCH(1,1), VAR(1)-GARCH(1,1) and
VAR(1)-AGARCH(1,1) are virtually identical. Finally, the estimates of the two DCC parameters are
statistically significant, which makes it clear that the assumption of constant conditional correlation is not
supported empirically.
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When these conditional volatilities vary over
time, GARCH models (see Engle [1982] and
Bollerslev [1986]) may be used to capture
dynamic clustering behaviour. In the last two
decades, univariate and multivariate GARCH
models have become widely established in
theoretical and empirical financial economics and
econometrics. The structural and statistical
properties of these models have been fully
developed, and the computational requirements
are generally straightforward.
In modelling multivariate returns, such as on
the spot and forward prices of oil, the shocks to
returns not only have dynamic interdependence in
risks, but also in the conditional correlations. This
is an extension of the constant (or static)
conditional correlation approach to analyzing
multivariate risks associated with portfolios of
assets.
There are several widely used oil markers, the
most well known of which are Brent and WTI.
However WTI spot prices are not available, so

1. INTRODUCTION
Spot and forward prices of physical
commodities,
including
oil,
have
been
investigated over an extended period. Substantial
research has been undertaken to analyze the
relationship between spot and forward prices, and
their associated returns. The efficient market
hypothesis is crucial for understanding optimal
decision making with regard to hedging and
speculation, and also for making financial
decisions about the optimal allocation of
portfolios of assets with regard to their
multivariate returns and associated risks.
To date, there has been little research
regarding an analysis of the volatilities (or risks)
associated with portfolios of returns for physical
assets at the multivariate level. Such shocks to
returns can be decomposed into predictable and
unpredictable components. The most frequently
analysed predictable component in shocks to
returns is the volatility in the conditional variance.
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that it is not possible to test the unbiasedness or
efficient market hypothesis for this physical
commodity. It follows that it is also not possible
to determine optimal hedging strategies based on
whether shocks to spot and forward returns are
high and positively or negatively correlated.
One representative oil marker for light sweet
crudes in the Asia and Pacific region, namely
Tapis, has both spot and forward prices.
Consequently, it is possible to determine whether
to hedge or not, based on determining if the
shocks to spot and forward returns are, in fact,
high and either positively or negatively correlated.
The purpose of this paper is to estimate the
dynamic conditional correlations in the returns on
Tapis oil spot and one-month forward prices,
using recently developed multivariate conditional
volatility models. The dynamic correlations will
enable a determination of whether the spot and
forward returns are substitutes or complements,
which can be used to hedge against contingencies.
The plan of the paper is as follows. Section 2
discusses briefly the univariate and multivariate
GARCH models to be estimated. Section 3
describes the data and the empirical estimates of
the univariate models, the multivariate models
with constant conditional correlations, and the
multivariate models with dynamic conditional
correlations. Section 4 provides some concluding
comments.

is the number of returns, and t = 1,…,n. Bollerslev
[1990] assumed that the conditional variance for
each return, hit , i = 1,…,m, follows a univariate
GARCH process, that is,

where

j =1

αij

(2)

represents the ARCH effects (or the

r

persistence, namely

s

∑α + ∑ β
ij

j =1

ij

). CCC-

j =1

MGARCH assumes independence of the
conditional variances across returns and does not
accommodate asymmetric behaviour.
In order to accommodate interdependence in
the conditional variance, Ling and McAleer
[2003] proposed and established the structural and
statistical properties for:
r
s
r
H t = W + ∑ Aiε t −i + ∑ B j H t − j
i =1

where

(3)

j =1

r
2 ′
H t = ( h1t ,..., hmt )′ , ε = (ε12t ,..., ε mt
),

and W, Ai (i = 1,…,r) and Bj (i = 1,…,s) are m×m
matrices. VARMA-GARCH assumes that
negative and positive shocks have identical
impacts on the conditional variance. In order to
accommodate asymmetric effects, Chan et al.
[2002] proposed and established the structural and
statistical properties for the VARMA-AGARCH
specification:
r
r
s
r
r
Ht =W + ∑Aiεt−i + ∑CI
ε
+
i t−i t−i ∑Bj Ht− j
i=1

i=1

(4)

j=1

where Ci are m×m matrices for i = 1,…,r, and

I t = diag ( I1t ,..., I mt ) , where Iit = 0 when εit >

0 and Iit = 1 when εit < 0. If m = 1, equation (4)
reduces to the asymmetric univariate GARCH, or
GJR, model of Glosten et al. [1992]. Moreover, )
VARMA-AGARCH reduces to VARMAGARCH when Ci = 0 for all i. If Ci = 0, with Ai
and Bj being diagonal matrices for all i, j, then
VARMA-AGARCH reduces to CCC-MGARCH.
The parameters of models (1)-(4) are obtained by
maximum likelihood estimation (MLE) using a
joint normal density. When ηt does not follow a

yt = E ( yt | Ft −1 ) + ε t
(1)

yt = ( y1t ,..., ymt )′ , ηt = (η1t ,...,ηmt )′

is a sequence of independently and identically
distributed (iid) random vectors, Ft is information
available to time t,

j =1

contribution of shocks to return i to long-run

This section presents models of the volatility
in Tapis oil spot and forward prices returns,
namely the Constant Conditional Correlation
Multivariate GARCH (CCC-MGARCH) model of
Bollerslev [1990], Vector Autoregressive Moving
Average – GARCH (VARMA-GARCH) model of
Ling and McAleer [2003], VARMA–Asymmetric
GARCH (VARMA-AGARCH) model of Chan et
al. [2002], and the Dynamic Conditional
Correlation (DCC) model of Engle [2002]. The
specification, and structural and statistical
properties, of these models are discussed briefly
in this section.
Consider the following specification:

where

s

short-run persistence of shocks to return i) and
β ij represents the GARCH effects (or the

2. ECONOMETRIC MODELS

ε t = Dtηt ,

r

hit = ωi + ∑αijε i2,t − j + ∑ β ij hi ,t − j

1/ 2
Dt = diag ( h11/t 2 ,..., hmt
),m
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current
dynamic
conditional
correlations,
respectively. Chan et al. [2003] proposed the
Generalized
Autoregressive
Conditional
Correlation (GARCC) model, which contains both
DCC and VCC-MGARCH as special cases, and
established the structural and statistical properties
of GARCC. They showed that, if ηt follows an

joint multivariate normal distribution, the
appropriate estimator is defined as the QuasiMLE (QMLE).
The conditional correlation is assumed to be
constant for all three models discussed above.
′
From equation (1), it follows that εtεt′ = Dtηη
t t Dt ,
so

that

E (εtε t′ | Ft −1 ) = Ωt = Dt ΓDt .

The

autoregressive process with stochastic coefficients
rather than being a sequence of iid random
vectors, model (1)-(2) is equivalent to Engle’s
[2002] DCC model in (5).

conditional correlation matrix is defined as

Γ = Dt−1Ωt Dt−1 , where Γ has typical constant
element

ρij = ρ ji

for i, j = 1,…,m and t = 1,…,n.

When m = r = s = 1, the necessary and
sufficient condition for the existence of the second
moment

of

εt ,

that

is

3. DATA AND EMPIRICAL ESTIMATES

E (ε t2 ) < ∞ , is

The univariate and multivariate GARCH
models are estimated using data on spot and
forward returns for the period 2 June 1992 to 16
January 2004.
Figure 1 shows the returns to the spot and
forward prices, for which the correlation
coefficient is 0.944. It is clear from Figure 1 that
there is substantial clustering of returns, and hence
also in the volatilities.
The univariate estimates of the conditional
volatilities based on the spot and forward returns
are given in Tables 1 and 2. The three entries for
each parameter are their respective estimates,
asymptotic t-ratios and Bollerslev and Wooldridge
[1992] robust t-ratios. The results in Table 1 are
used to estimate the CCC model of Bollerslev
[1990] and the DCC model of Engle [2002]. Both
the ARCH and GARCH estimates are significant
for spot and forward returns. Although the second
moment condition is not satisfied, the log-moment
condition is satisfied, so that the QMLE are
consistent and asymptotically normal.
The univariate GJR estimates in Table 2 are
reasonably similar to the corresponding estimates
in Table 1. The estimates of the asymmetric effect
at the univariate level are not statistically
significant for either spot or forward returns.
Moreover, the robust t-ratios exceed the
asymptotic counterpart in 6 of 8 cases. As in
Table 1, the second moment condition is not
satisfied for either spot or forward returns, but the
log-moment condition is satisfied, so that the
QMLE are consistent and asymptotically normal.
Corresponding multivariate estimates for the
VAR(1)-GARCH(1,1) and VAR(1)-AGARCH(1,1)
models are given in Tables 3 and 4, respectively.
The ARCH and GARCH effects for spot
(forward) returns are significant in the conditional
volatility model for spot (forward) returns. It is
also clear from Table 3 that there are significant
interdependences in the conditional volatilities
between the spot and forward markets,
specifically the forward GARCH effect is

α1 + β1 < 1 . This condition is also sufficient for
the QMLE to be consistent and asymptotically
normal. Jeantheau [1998] showed that the logmoment condition,

(

)

E log (α1ηt2 + β1 ) < 0 , is

sufficient for the QMLE to be consistent for
GARCH(1,1), while Boussama [2000] showed
that the QMLE is asymptotically normal for
GARCH(1,1) under the same condition. McAleer
et al. [2002] established the log-moment condition

(log((α +γ I (η ))η +β )) <0

for GJR(1,1), namely, E

1

t

2
t

1

and showed that it is sufficient for consistency and
asymptotic normality of the QMLE. Hence, the
second moment condition α1 + γ 1 2 + β1 < 1 is
also sufficient for consistency and asymptotic
normality of the QMLE for GJR(1,1) (see Ling
and McAleer [2002]). In empirical examples, the
parameters are replaced by their respective
QMLE, ηt is replaced by the estimated

standardized residuals for t = 1,…,n, and expected
values are replaced by their respective sample
means.
Unless ηt is a sequence of iid random
vectors, the assumption of constant conditional
correlation is not valid. In order to capture the
dynamics of time-varying conditional correlation,
Γt , Engle [2002] and Tse and Tsui [2002]
proposed the closely related Dynamic Conditional
Correlation (DCC) and the Variable Conditional
Correlation Multivariate GARCH models,
respectively. The DCC model is given as

Γ t = (1 − θ1 − θ 2 ) Γ + θ1ηt −1ηt′−1 + θ 2 Γt −1 , (5)
in which θ1 and θ 2 are scalar parameters to
capture the effects of previous standardized
shocks and dynamic conditional correlations on
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Tapis oil spot and one-month forward prices for
the period 2 June 1992 to 16 January 2004, using
recently developed multivariate conditional
volatility models.
The multivariate estimates showed that the
ARCH and GARCH effects for spot (forward)
returns were significant in the conditional
volatility model for spot (forward) returns.
Moreover,
there
were
significant
interdependences in the conditional volatilities
between the spot and forward markets. As
compared with the insignificant asymmetric effect
of the univariate estimates, the multivariate
asymmetric effects were significant for both spot
and forward returns. The calculated constant
conditional correlations between the conditional
volatilities of spot and forward returns using
CCC-GARCH(1,1), VAR(1)-GARCH(1,1) and
VAR(1)-AGARCH(1,1) are virtually identical.
Finally, the estimates of the two DCC parameters
were statistically significant, which makes it clear
that the assumption of constant conditional
correlation was not supported empirically.
The dynamic volatilities in the returns in
Tapis oil spot and forward markets were generally
interdependent over time. These findings suggest
that a sensible hedging strategy would consider
spot and forward markets as being characterized
by different degrees of substitutability.

significant for spot returns, while both the ARCH
and GARCH spot effects are significant for
forward returns.
The results in Table 4 mirror those in Table 3,
but more significantly. In particular, the ARCH
and GARCH effects for spot (forward) returns are
significant in the conditional volatility model for
spot (forward) returns. There are also significant
interdependences in the conditional volatilities
between the spot and forward markets,
specifically the forward (spot) ARCH and
GARCH effects are significant for spot (forward)
returns. As compared with the insignificant
asymmetric effect of the univariate estimates in
Table 2, the multivariate asymmetric effects in
Table 4 are significant for both spot and forward
returns. Overall the multivariate VAR(1)AGARCH(1,1) results in Table 4 dominate those
in Tables 1-3.
Constant conditional correlations between the
conditional volatilities of spot and forward returns
using three multivariate GARCH models, namely
CCC-GARCH(1,1), VAR(1)-GARCH(1,1) and
VAR(1)-AGARCH(1,1), are given in Table 5.
The two entries for each parameter are their
respective estimates and asymptotic t-ratios. In
spite of the estimates in Tables 1, 3 and 4 having
different statistical implications, the constant
conditional correlations for the three models in
Table 5 are virtually identical at 0.93.
Finally, the DCC-GARCH(1,1) estimates are
given in Table 6. As the three models in Table 5
yield very similar estimates of the constant
conditional correlation, the DCC estimates in
Table 6 are based only on the CCC model. The
estimates of the two DCC parameters are
statistically significant, which makes it clear that
the assumption of constant conditional correlation
is not supported empirically. This is highlighted
by the dynamic conditional correlations between
spot and forward returns in Figure 2, for which the
mean, at 0.933, is virtually identical to the
constant conditional correlation reported in Table
5. The dynamic conditional correlations are in the
range (0.417, 0.993), signifying medium to
extreme interdependence. Moreover, the skewness
and kurtosis of the dynamic conditional
correlation indicate a strong negatively skewed
distribution.
In summary, the dynamic volatilities in the
returns in Tapis oil spot and forward markets are
generally interdependent over time, some times
very strongly.
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Table 1. Univariate AR(1)-GARCH(1,1) Estimates
Log-moment
Second moment
ω
α
β
-0.002
1.003
0.940
0.064
3.25E-07
126.424
7.126
7.605
218.232
13.068
2.994
-0.002
1.002
0.945
0.057
Forward
3.72E-07
116.032
5.960
9.161
232.221
12.831
2.773
Note: The three entries for each parameter are their respective estimates, asymptotic t-ratios and BollerslevWooldridge (1992) robust t-ratios.
Returns
Spot

Table 2. Univariate AR(1)-GJR(1,1) Estimates
Returns

ω

α

γ

β

α+γ/2

Log
moment
-0.002

Second
moment
1.004

0.063
0.941
0.011
0.057
2.95E-07
124.426
0.702
4.654
8.674
222.523
1.502
10.263
2.720
0.057
-0.002
1.002
0.946
0.009
0.052
Forward
3.47E-07
116.078
0.590
4.029
10.950
234.327
1.276
8.939
2.630
Note: The three entries for each parameter are their respective estimates, asymptotic t-ratios and BollerslevWooldridge (1992) robust t-ratios.
Spot

Table 3. VAR(1) – GARCH(1,1) Estimates
ω
αs
βs
αf
βf
4.67E-06
0.051
0.877
0.0005
0.045
7.571
7.841
60.877
0.073
3.968
Forward
5.64E-06
0.045
-0.113
0.015
1.023
8.605
7.048
-7.076
2.186
75.280
Note: The two entries for each parameter are their respective estimates and asymptotic t-ratios.
Returns
Spot

Table 4. VAR(1) – AGARCH(1,1) Estimates
ω
αs
γs
βs
αf
γf
3.37E-06
0.023
0.035
0.868
0.005
8.338
8.525
32.050
399.235
3.437
Forward
3.55E-0.6
0.040
-0.125
-0.006
0.030
8.322
20.804
-48.267
-3.917
31.917
Note: The two entries for each parameter are their respective estimates and asymptotic t-ratios.
Returns
Spot

Table 5. Constant Conditional Correlations between
Spot and Forward Returns
Model
ρ12
CCC-GARCH(1,1)
0.9317
364.493
VAR(1)-GARCH(1,1)
0.9323
392.793
VAR(1)-AGARCH(1,1)
0.9346
460.848
Note: The two entries for each parameter are their
respective estimates and asymptotic t-ratios.
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βf
0.064
22.220
1.056
227.514

Table 6. DCC-GARCH(1,1) Estimates
θ1
θ2
0.059
0.928
10.301 118.98
Note: The two entries for each parameter are their
respective estimates and asymptotic t-ratios.
Model

Γt = (1 − θ1 − θ 2 )Γ + θ1η t −1η t'−1 + θ 2 Γt −1

A Bayesian belief network for modelling brown trout
(Salmo trutta) populations in Switzerland
Mark E. Borsuk, Peter Reichert, Patricia Burkhardt-Holm
Swiss Federal Institute for Environmental Science and Technology (EAWAG)
P.O. Box 611, 8600 Dübendorf, Switzerland
Abstract: A Bayesian belief network is described that integrates the various scientific findings of an interdisciplinary research project on brown trout and their habitat in Switzerland. The network is based on a
population model for brown trout, which is extended to include the effect of natural and anthropogenic influence factors. Uncertainty is included in the form of conditional probability distributions describing model
relationships. The model is applied to brown trout populations at twelve locations in four river basins.
Model testing consisted of comparing predictions of juvenile and adult density under current conditions to
the results of recent population surveys. The relative importance of the various influence factors was then
assessed by comparing various model scenarios, including a hypothetical reference condition. A measure of
causal strength was developed based on this comparison, and the major stress factors were ranked according
to this measure for each location. Results give an indication of the type of management actions that will be
most effective in protecting or restoring brown trout populations.
Keywords: probability network, integrated modelling, population modelling, causal assessment
1. INTRODUCTION
In 1998, a nationwide research effort named
“Fischnetz” (Netzwerk Fischrückgang Schweiz)
was organized to evaluate the problem of reduced
catch and health of brown trout in Swiss rivers
(Burkhardt-Holm et al., 2002). A variety of field
and laboratory studies were funded over a period
of five years to investigate the various possible
causal factors and consider opportunities for improvement. With the recent completion of these
studies (Fischnetz, 2004), a method is required to
integrate the results in a manner useful for causal
assessment and management support.
We have developed a Bayesian belief network as a
means for summarizing both the qualitative and
quantitative information resulting from the
Fischnetz projects. Belief networks have the advantage of making causal assumptions explicit and
facilitating evaluation of effects, causal attribution,
and uncertainty analysis. As with other attempts to
model fish populations (Lee and Rieman, 1997;
Nickelson and Lawson, 1998; Gouraud et al.,
2001), the core of our network model is a dynamic
representation of the species’ life cycle. This is
characterized by population parameters, such as
growth, survival, and reproductive rates. These
parameters are then linked to external indicators of
habitat quality and anthropogenic influence using
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the results of the Fischnetz studies. In a belief
network, these links take the form of conditional
probability distributions, which capture the expected response of parameters to their immediate
influences, including uncertainty and natural variability. For a given set of model inputs, these
conditional probabilities are then propagated to
model endpoints, giving users an indication of the
consequences of inputs including the degree of
uncertainty. While other authors have provided
guidance on selecting appropriate parameter values
for their models under various conditions (Shepard
et al., 1997), our method is an attempt to formalize
this procedure, making the scientific knowledge
(and uncertainty) arising from recent studies an
integral part of the model.
The model was applied to specific populations in
Switzerland to assess the relative importance of
different local stress factors in limiting brown trout
populations. We used four river basins with varying characteristics to represent the range of conditions in the Swiss midlands. Model results corresponding to current conditions were compared to
recent population surveys to assess the ability of
the model to reproduce observed population variation across locations. The relative importance of
stress factors was then estimated by comparing
various model scenarios, including a hypothetical,

pre-impact “reference” condition. A measure of
causal strength was developed based on this comparison, and the major stress factors were ranked
according to this measure for each location. Results give an indication of the type of management
actions that would be most effective in protecting
or restoring brown trout populations, and model
predictions of the expected consequences of these
actions are presented.
2. METHODS
2.1 Approach
Bayesian belief networks have been used in a
variety of settings to compile information from
various sources to generate probabilistic predictions (Varis, 1995; Borsuk et al., 2003). A key
element in their use is a graphical representation.
In this graph, nodes are used to represent important
system variables (inputs, outputs, or intermediate
variables), and arrows between nodes indicate a
dependence between the corresponding variables.
Such arrows can be drawn using conventional
ideas of cause-and-effect (Pearl, 2000). The interesting feature that is made explicit by the graph is
the conditional independence implied by the absence of connecting arrows between some nodes.
These independences allow the complex network
of interactions from primary cause to final effect to
be broken down into sets of relations which can
each be characterized independently (Reckhow,
1999). This aspect of belief networks significantly
facilitates their use for representing the results of
multi-team, multi-disciplinary research projects
such as Fischnetz.
Characterization of the relationships in a belief
network consists of constructing conditional probability distributions that reflect the aggregate response of each variable to changes in its “uparrow” predecessor together with the uncertainty in
that response. Conditional probability relationships may be based on any available information,
including: experimental or field results, processbased models, or the carefully elicited judgment of
scientists.
Once all relationships in a network are quantified,
probabilistic predictions of model endpoints can be
generated conditional on certain values for “uparrow” causal variables. These predicted endpoint
probabilities, and the relative change in probabilities between alternative scenarios, convey the
magnitude of expected system response to historical changes or proposed management while accounting for predictive uncertainties.
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2.2 Brown trout life cycle
Resident, stream-dwelling brown trout in Switzerland deposit their eggs during late autumn or early
winter. The eggs incubate over winter, hatch in
early spring, and emerge from the gravel around
May. Soon after gravel emergence, these fry disperse locally and establish territories, which they
defend vigorously against other fry, and from
which they gather their food. The availability of
territories is believed to be an important factor
limiting populations, as evidence of density dependence is most frequently observed at this stage.
After about two to three years, depending on
growth rate, juvenile trout become reproductively
mature and begin to spawn. Brown trout in Switzerland rarely live longer than 5-7 years.
2.3 Model
A graphical belief network representing the key
factors influencing brown trout was drawn in collaboration with the twelve members of the
Fischnetz leadership committee through a series of
individual and group meetings (Figure 1). The
members of the committee have been responsible
for overseeing 73 research projects covering all
major aspects of the brown trout and its environment in Switzerland (Burkhardt-Holm et al.,
2002). At the heart of the resulting graph is a
representation of the trout’s life cycle with five
major stages: eggs, newly emergent spring fry (age
0), autumn fry (age 0), immature juveniles, and
adult spawners. The distinction between spring
and autumn fry was made to delineate the period
of greatest density dependence, modelled using a
Ricker curve (Ricker, 1954). The number of individuals in each life stage is influenced by the number in the previous life stage as well as appropriate
population parameters, such as survival and reproductive rates. These parameters are influenced in
turn by intermediate variables, such as body size,
growth rate, and health indices, or by external
controls, including environmental conditions,
temperature, water quality, stocking practices,
angling, prey resources, and competing species.
With the basic structure of the model determined,
the next step is to develop the conditional probabilities characterizing the dependences among the
variables. A dynamic, age-structured population
model can be used to relate the nodes representing
the various life stages and population parameters.
However, these parameters must still be related to
the environmental and anthropogenic factors that
represent the root causes of population decline, and
which may differ across streams. This is where the
recent data and experience resulting from the
Fischnetz projects are most valuable. The development of the relations leading to each life stage is
described by Borsuk et al. (2004).

Wastewater
Inputs

PKD
Present?

p(High
Temp.)

Temp.
Factor

River
Width

Habitat
Variability

PKD
Presence

Female
Body Size

Fecundity

Incubation
Survival

Spring Fry
Density

Fry
Survival

Juvenile
Survival

Autumn Fry
Density

Washout
Occurence

Winter
Floods

Condition
Factor

Fry Capacity
PKD
Mortality

Egg Density

Fish
Zone

Food for
Trout

Colmation/
Fines

Spawning
Rate

Prey
Resources

Spring
Stocking

Autumn
Stocking

Juvenile
Density

Histology
Score

Growth Rate

"Natural"
Mortality

Mature
Age

Adult
Survival

Adult
Density

Angler
Removal

Figure 1. A belief network indicating the causal relations between brown trout life stages and anthropogenic
influence factors. PKD is an abbreviation for proliferative kidney disease, a parasite-borne disease.
2.4 Simulations
The fully characterized model was implemented
using Analytica, a commercially available software
program for evaluating graphical probability models (Lumina, 1997). Other, non-commercial software packages are also available. We chose Analytica because it allows for the use of continuous
or discrete variables related by any functional
expression. Conditional probabilities can be represented by a wide variety of distributions and are
propagated through the network using Monte
Carlo or Latin hypercube sampling.
Bayesian belief networks are required to be
acyclic. However, the population model requires a
cycle linking adults back to eggs. This was handled in Analytica by creating dynamic nodes for
the variables representing the various life stages.
The values of these variables at one time step can
then depend on the values of other, down-arrow
variables at a previous time step. In this way,
cycles are avoided (Haas et al., 1994).
One hundred simulations were performed for each
scenario to represent the effects of uncertainty on
results. Each simulation consisted of 120 years,
with only the last 100 years used for analysis. The
variables “PKD Mortality”, “Washout Occurrence”, and “Fecundity” were modelled as dy-

1470

namic variables, with new values drawn in each
year. The other variables, which are interpreted as
average values, differed across simulations but
were assumed to have constant values for each
year of a simulation. The Latin hypercube sampling method was used to draw random samples
from all probability distributions.
Model results represent the density of the various
life stages of a brown trout population at a particular location, given values for the different primary
influence factors. The predicted density is a longterm summary for that location and may be very
different during a particular year, depending on
annual conditions. However, the results include
predictions of the variability across years, expressed as a distribution of predictions.
Four river basins were chosen to represent the
range of conditions in Switzerland: the Emme,
Lichtenstein Binnenkanal (LBK), Necker, and
Venoge (Table 1). These four basins served as
case studies for other parts of the Fischnetz project. Data on brown trout density and the relevant
influence factors are available for three survey
sites (upstream, middle, and downstream) in each
river basin. The Emme basin is comprised of approximately 50% agriculture, 40% forest and 10%
developed land. Most of the development is in the

lower portion, where the two largest of six total
wastewater plants discharge. Natural habitat variability along the river is fairly low, and PKD has
been detected in downstream section. Historical
records show a nearly 60% decline in angler catch
of brown trout since 1989. LBK is a largely human-influence canal, with poor habitat structure in
the downstream sections, a high level of fines, and
a generally low angler catch of brown trout. There
is only one treatment plant discharging to LBK.
The Necker system is largely healthy, with high
habitat quality, relatively low wastewater discharge, and no evidence of PKD. Fines may, however, be a problem in the lower reaches. Finally,
the Venoge has high habitat quality, but also high
fines, high wastewater inputs, and presence of
PKD. Catch reductions have not been as severe as
at other locations, but stocking is also high.
Table 2. Summary of basin characteristics for the
four study sites.

Area
Length

Emme
963
km2
ca. 80
km

LBK
138
km2
29
km

Necker
123
km2
ca. 31
km

Venoge
231
km2
ca. 80
km

measure of causal strength was developed. This
was defined as the reduction in adult density that
would result if that stress factor were the only one
present at that location, divided by the reduction
resulting from all the stress factors that are actually
present. This gives a relative causal strength ranging from 0 to 100%. Because the measure depends
on the other site-specific characteristics, such as
width, temperature, and fish zone designation, it
can be used as an indication of the relative importance at a particular site but not compared across
different sites.
2.4.3 Effects of Management
To consider the effect of management measures to
improve conditions, model predictions were generated assuming the removal of the one or two most
important stressors at each site. Other site-specific
conditions, such as temperature, width, and fish
zone were maintained at the current values. The
recent levels of stocking and angler catch were
also maintained.
3. RESULTS
3.1 Model Testing

2.4.1 Model Testing
To assess the ability of the model to reproduce
observed population patterns, model results were
first generated for current conditions (Table 2) at
the twelve survey sites and compared to the recent
population surveys. For stocking and catch values,
the annual average for the period 1996 to 2000 was
used. Model predictions were recorded for juvenile
and adult density at each location and compared
against the average of the observed values over the
three survey dates.
2.4.2 Causal Assessment
To assess the current relative impact of each major
stress factor at each survey site, a quantitative

Model predictions show a reasonable correspondence with observations for juveniles (Figure 2a).
At the middle and upstream locations (2 and 3,
respectively) for all three rivers, predictions are
close to observed values. At the upstream Venoge
location, there is high uncertainty in the model
predictions. This is primarily due to the presence
of PKD and the fact that temperatures only occasionally exceed a threshold for PKD-induced mortality of approximately two weeks greater than
15ºC (see Table 2). The observed value of 1445
ind/ha is within the range of model prediction
uncertainty. Model predictions of juvenile density
consistently exceed observed values at the most
downstream locations. This may indicate that
downstream sites are somehow less favourable for
brown trout than the factors included in the model

Table 2. Current values of the important input variables for each of the basins. Survey locations are numbered
from 1 to 3 from downstream to upstream.
Location
Emme 1
Emme 2
Emme 3
LBK 1
LBK 2
LBK 3
Necker 1
Necker 2
Necker 3
Venoge 1
Venoge 2
Venoge 3

%
Level of
WasteFines
water
Low
10-30
Low
<10
Low
<10
High
<10
High
<10
Med
<10
Med
<10
Med
<10
Low
<10
High
10-30
High
10-30
Med
<10

PKD
Yes
Yes
No
?
No
No
No
No
No
Yes
Yes
Yes

Spring
Autumn Angler
p(T> Temp. Width Habitat Species Prob. of
Stocking Stocking Catch/ha
Flood
15ºC) Factor (m) Variability Zone
(ind/ha/y) (ind/ha/y) (ind/ha/y)
0.9
1.25
23.6
Low
Grayling 0.22
0
150
38
0.7
1.25
32
Low
Trout
0.22
331
178
55
0.5
1
11.7
Med
Trout
0.22
987
136
76
0
1
8.5
Low
Trout
0.18
0
1,954
5
0
1
4.9
Low
Trout
0.18
0
1,954
0
0
1
3.9
High
Trout
0.18
0
1,954
0
0.7
1.25
13.3
Med Grayling 0.185
7,303
0
28
0.7
1.25
15.4
High
Trout
0.185
4,753
0
90
0.1
0.75
5.7
High
Trout
0.185
2'418
0
9
0.9
1.5
11.8
Med
Barbel 0.273
1,437
803
150
0.9
1.5
14
High
Barbel 0.273
1,437
803
150
0.3
1.25
6.1
High
Trout
0.273
8,114
0
170
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would suggest. The effects of width, wastewater
input, temperature, habitat quality, and biological
fish zone are already included in the model. It is
possible that neglected effects, such as bird predation or immigration, have a greater influence
downstream than upstream.
3,500
Predicted

Juvenile Density (ind/ha)

3,000

Observed

2,500
2,000

3.2 Causal Assessment
Causal strength estimates show that the relative
impact of the different causal factors differs by
location (Figure 3). Habitat is very important at all
but the most unimpaired sites. Sediment clogging
by fines and PKD are also very important at sites
where they occur. However, in the Venoge, it
seems that the effect of these stress factors on the
population is partially offset by stocking. Wastewater inputs are a contributing factor at three of
the locations.
Relative Causal Strength
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Figure 2. A comparison of model predictions and
observations for (a) juvenile and (b) adult
density. Vertical error bars represent the 10
and 90% predictive limits, indicating the effects of uncertainty and variability. Observed
values are the average of the three survey
dates in 2002. The density of juveniles was
not recorded at the two downstream sections
of the Emme.
There is less correspondence between predictions
and observations for adults (Figure 2b). The most
upstream site in the LBK is especially overpredicted. However, this was not the case for juveniles, suggesting that some cause for loss of adult
fish may have been neglected. This may be bird
predation, unrecorded angler catch, or emigration.
Such losses may also account for the overprediction at the upstream Necker site.
With data available for only one year, it is difficult
to distinguish whether mismatches between predictions and observations are due to model weaknesses or natural variability. Data from multiple
years will be required to better assess the longterm average density.
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Figure 3. The estimated causal strength of the four
most important stress factors at each location. Relative causal strength for a particular stress factor is defined as the reduction
in adult density that would result if that
stress factor were the only one present at a
location, divided by the reduction resulting
from all the stress factors that are actually
present. If a bar is not shown for a location,
then the stressor is not present.
3.3 Effects of Management
Predictions show that significant improvements
can be expected to result from management measures at some of the sites (Figure 4). The downstream LBK populations would benefit greatly
from an improvement in the habitat score and the
elimination of sediment clogging by reducing the
input of fines. The midstream Necker population
would also benefit if the sediment clogging level
could be reduced to “low.” The adult density of
other populations would not increase substantially,
even if the major stress factors could be removed.
The two downstream Emme sites, for example, are
severely limited by the presence of PKD. The
downstream Necker and two downstream Venoge

sites cannot be expected to support high brown
trout densities because of their classification as
Grayling or Barbel zones. Under conditions of
“low” clogging, the most upstream Venoge site
shows a predicted population density close to the
actual observed density (see Figure 2b). This
suggests that actual sediment conditions may not
generally be as bad as found in the habitat survey.
The presence of PKD at this location does not
severely limit the population, because temperatures
are not very high. Other upstream locations are
already close to their optimal level, so further
improvements are not likely.

Figure 4. The predicted effect of management
measures to eliminate the two major stress
factors at each location. Vertical error bars
represent the 10 and 90% predictive limits
of adult population density.
4. DISCUSSION
Many of the populations in the study locations are
exposed to more than one stress factor. Our causal
assessment showed that, in most cases, even if
only one of the important stress factors is present,
the population density could be severely reduced.
This implies that if multiple factors are present,
then all of them would have to be eliminated in
order to achieve a significant recovery. This result
was confirmed by the predicted response of the
populations to management measures (see Figure
4); locations with PKD, for example, did not show
an improvement.
The conditions observed at the study locations are
common throughout the midlands of Switzerland.
Sediment clogging, wastewater inputs, PKD, and
poor habitat are common problems. Therefore, the
results of this modelling study can be expected to
be generally applicable. However, the response of
a population to the introduction or removal of a
particular stressor will depend highly on existing
conditions, including the presence of other stress-
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ors. The model developed in this study based
upon the results of recent research can be used to
provide these site-specific assessments.
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Abstract: As environmental issues have become increasingly important in economic research and policy for
sustainable development, firms in the private sector have introduced environmental and social issues in conducting
their business activities. Such behaviour is tracked by the Dow Jones Sustainable Indexes (DJSI) through financial
market indexes that are derived from the Dow Jones Global Indexes. The sustainability activities of firms are
assessed using criteria in three areas, namely economic, environmental and social. Risk (or uncertainty) is analysed
empirically through the use of conditional volatility models of investment in sustainability-driven firms that are
selected through the DJSI. The empirical analysis is based on financial econometric models to determine the
underlying conditional volatility, with the estimates showing that there is strong evidence of volatility clustering,
short and long run persistence of shocks to the index returns, and asymmetric leverage between positive and negative
shocks to returns.
Keywords: Environmental sustainability index, environmental risk, conditional volatility, Dow Jones Sustainability
Indexes, GARCH.

in comparison with financial indexes. The techniques
used in this paper are derived mainly from the field of
financial econometrics, which will be used to gain
insight into the volatility (or uncertainty) in the
underlying sustainability indexes. To date there has
been no such empirical analysis of sustainability
indexes.

1. Introduction
Environmental sustainability is not limited to the
domain of policy making and implementation, but
also involves the economic and financial behaviour of
agents and firms in the private sector. Investors
increasingly perceive sustainable economic behaviour
by firms as an improved and disciplined management
strategy, pushing investors to diversify their financial
portfolios and to invest in “sustainable” companies.

The plan of the paper is as follows. Section 2 presents
the Dow Jones Sustanability Indexes and discusses
the key features of the various indexes. Univariate
conditional volatility models for daily observations
on the sustainability indexes are presented in Section
3. The data are described in Section 4, and the
empirical results for the univariate models are
analysed in Section 5. Some concluding remarks are
given in Section 6.

The Dow Jones Sustainability Indexes (DJSI) are part
of a family of financial indexes that are derived in the
same manner as the more well-known financial
market indexes, such as the Dow Jones Industrial
Average (DJIA) and the STOXX index. The DJSI is
based on a selection of leading firms that take
environmental and social issues seriously in their
business practices.

2. Dow Jones Sustainability Indexes (DJSI)
In financial markets, some firms have paid serious
attention to incorporate environmental and social
issues within their business planning strategies. The
Dow Jones Sustainability Indexes (DJSI) were started
in 1999, and report on the financial performance of
leading sustainability-driven firms worldwide (this

In this paper, we analyse empirically the risks (or
uncertainty) associated with investing in leading
sustainability-driven firms. Important issues to be
examined include a consideration of the volatility
inherent in sustainability indexes, and differences in
the returns and volatility behaviour of these indexes
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companies which could affect their sustainability
performance (such as bankruptcies, mergers and
takeovers). Both indexes comprise companies from
60 industry groups and 18 market sectors.
2.2 Corporate Sustainability: Reviewing Process
and Criteria

information is available at http://www.sustainabilityindexes.com). These sustainability indexes were
created by the Dow Jones Indexes, STOXX Limited
and the SAM group.
The main purpose of the DJSI is to provide asset
managers with a benchmark to manage sustainability
portfolios and develop financial products and services
that are linked to sustainable economic,
environmental and social criteria. Sustainable
development and social issues are frequently
promoted in the public sector, and are implemented
through
government
policy,
international
organisations or non-governmental actions. The DJSI,
however, quantify the development and promotion of
sustainable values on the environment and society by
the business community. These indexes enable the
promotion of sustainability within the private sector
by informing investors about firms that behave in an
environmentally sustainable manner.

The Corporate Sustainability Assessment is a
methodology which assesses the relative risks and
opportunities for eligible companies according to
specific sustainability criteria. There are general and
industry-specific criteria, which account for 60% and
40% of the assessment, respectively, in the economic,
environment and social dimensions. This scheme
enables a determination of the overall sustainability
score and assessment of the eligibility of firms to
enter the DJSI. More specific information is available
at http://www.sustainability-indexes.com.
Sources of information for such assessments come
from online questionnaires, company documentation,
publicly available information, policies, reports and
direct contacts with a variety of firms. The
information provided is verified, and their quality and
objectivity are assured through an external audit of
the assessing teams. Moreover, when a company has
been selected to join the DJSI World or DJSI
STOXX, its sustainability performance is monitored
on the basis of all the criteria for which it was
selected.

As in the case of the Dow Jones Global Indexes, the
DJSI features the same methods for calculating,
reviewing and publishing data. The DJSI is used in 14
countries, with 50 licenses having been sold to asset
managers. There are 2 sets of DJSI indexes, namely
the DJSI World and DJSI STOXX (a pan-European
index). The latter index is also subdivided into
another regional index, namely DJSI EURO STOXX,
which accounts solely for Euro-zone countries.
2.1 DJSI World and DJSI STOXX

3. Univariate Models of Conditional Volatility for
Sustainability Indexes

Dow Jones Sustainability World Indexes (DJSI
World) is constructed by selecting the leading 10% of
sustainability firms (which number more than 300) in
the Dow Jones Global Index, which covers 59
industries over 34 countries. The composite DJSI
World is available in four specialised subset indexes,
which exclude companies that generate revenue from
(1) tobacco, (2) gambling, (3) armaments or firearms,
and (4) alcohol in addition to the three previously
mentioned items.

This section discusses the specification and properties
of the conditional volatility models to be used to
estimate the volatility in the daily Dow Jones
Sustainability Indexes. The specifications to be
estimated are based on Engle’s (1982) autoregressive
conditional heteroskedasticity (ARCH) model and its
various extensions. Specifically, this paper uses
Bollerslev's (1986) symmetric generalised ARCH
(GARCH) model, and the asymmetric GJR model of
Glosten, Jagannathan and Runkle (1992), which
distinguishes between the impact of negative and
positive shocks on leverage through changes in the
debt-equity ratio.

Two regional indexes, the DJSI STOXX and DJSI
EURO STOXX, were first published on 15 October
2001. They include 179 components and record the
financial performance of the leading 20% of
European sustainability companies chosen from the
Dow Jones STOXX 600. Moreover, two specialised
indexes are made available for both regional
composite indexes, which corresponds to category (4)
given above.

Consider the stationary AR(1)-GARCH(1,1) model of
y t , the return on a stock index or on a financial asset
(as measured in log-differences):
yt = ρ1 + ρ2 yt −1 + ε t , ρ2 < 1

The DJSI World and DJSI STOXX are reviewed
annually and quarterly to ensure consistency. They
accommodate changes in the behaviour and status of

(1)

where the shocks to returns, ε t , are given by:
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shocks of a similar magnitude . The asymmetric
GJR(1,1) model is given as follows:

ε t = η t ht , η t ~ iid ( 0,1)

(2)
ht = ω + αε t2−1 + β ht −1 ,
in which ω > 0, α ≥ 0, β ≥ 0 are sufficient
conditions to ensure a strictly positive conditional
variance, h t > 0 . The ARCH (or α ) effect
captures the short run persistence of shocks, and the
GARCH (or β ) effect indicates the contribution of
shocks to long run persistence ( α + β ). In GARCH
models, the parameters are typically estimated by the
maximum likelihood method (MLE) to QuasiMaximum Likelihood Estimators (QMLE) in the
absence of normality of the standardized residuals,
ηt .

(3)
ht = ω + (α + γI (η t −1 ))ε t2−1 + β ht −1 ,
where ω > 0, α ≥ 0, α + γ ≥ 0, β ≥ 0 are sufficient
conditions for ht > 0, and I (η t ) is an indicator
variable defined by:


I (η t ) =



1, ε t < 0
0, ε t ≥ 0

as η t has the same sign as ε t . The role of the
indicator variable is to distinguish between positive
and negative shocks, where the asymmetric effect
( γ > 0 ) measures the contribution of shocks to both
short run persistence ( α + γ / 2 ) and long run
persistence ( α + β + γ / 2 ).

In the financial econometrics literature, there are
several important theoretical results that are relevant
for the GARCH model. Ling and McAleer (2002a)
established the necessary and sufficient conditions for
strict stationarity and ergodicity, as well as for the
existence of all moments, for the univariate
GARCH(p,q) model, and Ling and McAleer (2003)
demonstrated that the QMLE for GARCH(p,q) is
consistent if the second moment is finite, E (ε t2 ) < ∞ ,
and asymptotically normal if the fourth moment is
finite, E (ε t4 ) < ∞ . The necessary and sufficient
condition for the existence of the second moment of

As in the case of the GARCH model, some important
theoretical developments are available for the GJR
model. In the case of symmetry of η t , the regularity
condition for the existence of the second moment of
GJR(1,1) is α + β + γ / 2 < 1 (see Ling and McAleer
(2002b)). Moreover, the weak log-moment condition
for GJR(1,1), E (ln[(α + γI (η t ))η t2 + β ]) < 0 , is
sufficient for the consistency and asymptotic
normality of the QMLE (see McAleer et al. (2002)).

ε t for the GARCH(1,1) model is α + β < 1 , which

is straightforward to check in practice.

4. Data Description

Another important result is that the log-moment
condition for the QMLE of GARCH(1,1), which is a
weak sufficient condition for the QMLE to be
consistent and asymptotically normal, is given by
E(log(αηt2 + β )) < 0 . These results were derived in
Elie and Jeantheau (1995) and Jeantheau (1998) for
consistency and Boussama (2000) for asymptotic
normality. In practice, it is more straightforward to
verify the second moment condition than the weaker
log-moment condition, as the latter is a function of
unknown parameters and the mean of a random
variable.

The DJSI World, DJSI STOXX, and DJSI EURO
STOXX are available at no charge from the Dow
Jones Sustainability Indexes website (the information
is
available
at
http://www.sustainabilityindexes.com). All the indexes are calculated as both
the returns on individual prices and returns on the
index, in both USD and EURO currencies. The only
specialised indexes that are freely available for the
DJSI are those that exclude all four components, as
described in section 2.1 above.
The indexes are available on both a daily and monthly
basis. Daily data are available from 31/12/93 to
31/03/2004 for DJSI World, and from 31/12/98 to
31/03/2004 for both DJSI STOXX and DJSI EURO
STOXX. Monthly data are from January 1994 for
DJSI World and from January 1999 for DJSI
STOXX, both until March 2004. Data for DJSI
EURO STOXX are not available on a monthly basis.

The GARCH model proposes a symmetric treatment
of the effects of shocks on the conditional variance,
ht , such that positive and negative shocks affect the
conditional volatility in an identical manner. For this
reason, the GJR(1,1) model accommodates the
asymmetric effects of shocks, whereby negative
shocks are presumed to have a greater impact on
volatility (hence, greater leverage) than positive
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the patterns in both series are remarkably similar, as
would be expected from the simple correlations
coefficients. There is a substantial clustering of
returns for each series, with only the DJIA returns
apparently being different from the remaining four
series.
5. Empirical Results

All dividend payments are included in the price and
index returns. Only dividends from non-operating
income or cash dividends grater than 10% of the
share price are included in the price indexes, which
are based on the Laspeyres formula. The base date is
31/12/1998 and the corresponding base value is 1,000
for DJSI World and 100 for DJSI STOXX.
Calculation of the indexes is based on real time stock
prices and currency rates, the number of shares
outstanding for each stock class, and corporate action
information as input data. Specific information on
stock prices and the manner in which the financial
information has been incorporated are available from
the guide to these indexes (DJSI, 2003a, 2003b).

Using the data on the daily indexes, the conditional
mean is modeled in each case as an AR(1) process
(these results are available on request). The univariate
AR(1)-GARCH(1,1) and AR(1)-GJR(1,1) models are
used to provide estimates of the conditional
volatilities associated with the five indexes for the
period 31/12/1998 to 31/03/2004. The Berndt, Hall,
Hall and Hausman (BHHH) (1974) algorithm is used
to maximize the conditional log-likelihood function.
Tables 1-2 report two sets of t-ratios associated with
each parameter estimate, namely the asymptotic tratios and the Bollerslev and Wooldridge (1992)
robust t-ratios.

The empirical analysis in this paper involves the three
indexes and the three specialised counterparts for the
period 31/12/1998 to 31/03/2004. The Dow Jones
Indexes are calculated on a 7-days per week basis,
whereas the STOXX indexes are calculated on a 5days per week basis. We use the total returns indexes
denominated in USD for the empirical analysis rather
than the price returns.

The GARCH(1,1) estimates in Table 1 show that the
ARCH (or α ) estimates are always positive and
significant, as expected, and the GARCH (or β )
estimates are quite close to unity and highly
significant, which is a standard result for financial
time series returns. Thus, both the short run and long
run persistence of shocks are highly significant. The
log-moment and second moment conditions are
satisfied in all five cases, which indicate that the
QMLE are consistent and asymptotically normal.
These are very strong and robust results.

Using data for the period January 1999 to March
2004, pairwise correlation coefficients are calculated
for the six DJSI indexes and two prominent financial
indexes, namely the Dow Jones Industrial Average
(DJIA) and Standard & Poor's 500 (SP500), as well
as their percentage changes (as expressed in logdifferences) (the correlation matrixes are available
upon request). For the regional DJSI STOXX, the
monthly values are calculated from the daily values,
and start from 31/12/1998.

In Table 2, the GJR(1,1) estimates suggest that the
ARCH (or α ) estimates are always insignificant,
which might be regarded as being contrary to
expectations, while the GARCH (or β ) estimates are
again quite high, but not as close to unity as in the
case of GARCH(1,1). The asymmetry parameter, γ ,
is always positive and significant, which suggests that
negative shocks have a greater impact in increasing
volatility than positive shocks have in decreasing
volatility. Thus, the leverage of negative shocks
exceeds that of positive shocks. Moreover, both the
short run persistence, which arises predominantly
from negative shocks, and the long run persistence of
shocks are highly significant. Finally, while the logmoment moment could not be calculated for any of
the five series, the second moment condition was
satisfied in each case. Therefore, the QMLE are
consistent and asymptotically normal in all cases,
which provides another strong and robust set of
results. The trade-off between GARCH and GJR is
problematic in all five cases as the ARCH effects are

In levels, the SP500 is more highly correlated with
the DJSI than is the DJSI with the DJIA. This pattern
is not repeated in log-differences (or returns). Not
surprisingly, the correlations are typically much
higher in levels than in log-differences. The three
highest correlations in both levels and log-differences
are DJSI World, DJSI STOXX and DJSI EURO with
their XA counterparts, namely those that exclude
tobacco, gambling, armaments or firearms, and
alcohol. Finally, all the DJSI are highly correlated
with their corresponding specialised indexes in both
levels and log-differences. An implication of this
result is that it does not seem to make any financial
difference whether an investment occurs in the
sustainability index or in its specialised counterpart,
except for possible ethical reasons.
The levels and returns for each of the five principal
indexes, namely DJSI World, DJSI STOXX, DJSI
EURO, DJIA and S&P500 were also examined (the
graphs are available upon request). Apart form DJIA,
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insignificant for GJR but the estimated asymmetry
parameters are always significant.
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6. Conclusion
Increasingly important environmental issues for
sustainable development have led to firms in the
private sector examining environmental and social
issues. Such behaviour is tracked by the Dow Jones
Sustainable Indexes (DJSI) through financial market
indexes derived from the Dow Jones Global Indexes.
The sustainability activities of firms are assessed
using criteria in three areas, namely economic,
environmental and social. Risk (or uncertainty) is
analysed empirically through the use of conditional
volatility models of investment in sustainabilitydriven firms that are selected through the DJSI.
In this paper, we analysed empirically the risks (or
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were derived from the field of financial econometrics,
which were used to gain insights into the volatility in
the underlying sustainability indexes.
The empirical estimates showed a strong evidence of
volatility clustering, with both short and long run
persistence of shocks to the index returns. Overall,
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asymmetry parameters were always significant.
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Table 1. AR(1)-GARCH(1,1)

ω

Index

α

DJSI World

0
4.742
2.207
DJSI STOXX
0
3.144
2.984
DJSI EURO STOXX
0
2.791
2.995
DJIA
0
2.189
2.357
S&P 500
0
3.091
2.653
Note: The three entries corresponding to each
Bollerslev and Wooldridge (1992) robust t-ratios.

β

Log-moment

Second moment

0.042
0.932
-0.024
0.975
8.378
116.153
3.284
47.010
0.096
0.874
-0.039
0.971
6.389
43.034
4.423
35.034
0.085
0.894
-0.029
0.979
6.589
54.460
4.348
41.889
0.076
0.914
-0.019
0.990
5.227
60.971
4.623
51.479
0.082
0.894
-0.032
0.976
5.375
46.178
4.464
39.091
parameter are their estimates, their asymptotic t-ratios, and the

Table 2. AR(1)-GJR(1,1)
Index

DJSI World

DJSI STOXX

DJSI EURO STOXX

DJIA

S&P 500

ω

α

γ

β

α +γ / 2

0
6.978
2.226
0
4.423
3.318
0
4.057
3.391

0.003
0.583
0.204
-0.001
-0.085
-0.049
0.013
1.193
0.707

0.063
11.313
2.848
0.151
5.745
4.543
0.123
5.257
4.120

0.935
150.823
42.570
0.896
57.433
40.197
0.901
61.213
45.177

0
2.546
3.387
0
2.943

-0.014
-1.468
-0.835
-0.024
-2.078

0.138
6.377
4.872
0.181
6.521

0.930
62.830
69.749
0.922
52.791
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0.034

Logmoment
NA

Second
moment
0.969

0.074

NA

0.971

0.075

NA

0.976

0.055

NA

0.985

0.066

NA

0.988

2.915
-1.385
6.271
52.475
Note: The three entries corresponding to each parameter are their estimates, their asymptotic t-ratios, and the
Bollerslev and Wooldridge (1992) robust t-ratios.
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Abstract: In recent decades, the momentum of global environmental protection has culminated in the Kyoto
Agreement of 1998, placing the limelight on “green” issues. This paper argues that the protection of
environmental systems involves a fragile balance between the costs of environment preservation and the profit
motivations of industrialists. In particular, one of the issues that needs to be addressed is the risk pressures
environmental industries face in financial markets, where the higher the risk, the more pressure industries are
under to exploit natural resources. Therefore, in order to devise effective environmentally-friendly yet
economically viable policies, it is crucial to analyse the risks encountered by environmental industries in financial
markets. The success of the autoregressive conditional heteroskedasticity (ARCH) or generalised ARCH
(GARCH) models in explaining the stylised facts of financial asset returns has led to its widespread use in the
empirical finance literature. By modelling the time-variation in conditional variances or volatility, the univariate
ARCH model by Engle (1982) and the GARCH model by Bollerslev (1986) are able to capture the stylized
features of the persistence of volatility, volatility clusters and kurtosis, while extensions of the GARCH model
such as the asymmetric GARCH (GJR) model by Glosten, Jagannathan and Runkle (1993) can accommodate the
additional stylized fact that positive and negative shocks have asymmetric effects, whereby a negative shock has
a greater impact on volatility than a positive shock. This paper models the time-varying conditional variances of
the returns on a variety of environmental industry sectors using the univariate ARMA(1,1)-GARCH(1,1) and the
ARMA(1,1)-GJR (1,1) models. Our dataset consists of daily returns on seven Australian environmental industry
sectors including Gold Mining, Other Mining, Mining Finance, Oil & Gas, Farming & Fishing, Forestry and
Paper over their respective time periods. The findings of this paper suggest that the risks faced by environmental
industries in financial markets are generally well-explained by the ARMA(1,1)-GARCH(1,1); the ARMA(1,1)GJR(1,1), on the other hand, received much less support due to the lack of asymmetric effects. The log-moment
and second moment conditions were also satisfied empirically, implying that moments exist and the QMLE are
both consistent and asymptotically normal. Therefore, inferences of the ARMA(1,1)-GARCH(1,1) estimates can
be used to aid in formulating new “green” and economically viable environmental policies.
Keywords: Univariate GARCH; Asymmetric effects
1.

(GARCH) models in explaining the stylised facts of
financial asset returns has led to its widespread use
in the empirical finance literature. By modelling the
time-variation in conditional variances or volatility,
the univariate ARCH model by Engle (1982) and the
GARCH model by Bollerslev (1986) are able to
capture the stylized features of the persistence of
volatility, volatility clusters and kurtosis, while
extensions of the GARCH model such as the GJR
asymmetric GARCH model by Glosten, Jagannathan
and Runkle (1993) can accommodate the additional
stylized fact that positive and negative shocks have
asymmetric effects, whereby a negative shock has a
greater impact on volatility than a positive shock.

INTRODUCTION

In recent decades, the momentum of global
environmental protection has culminated in the
Kyoto Agreement of 1998, placing the limelight on
“green” issues. This paper argues that the protection
of environmental systems involves a fragile balance
between the costs of environment preservation and
the profit motivations of industrialists. In particular,
one of the issues that needs to be addressed is the
risk pressures environmental industries face in
financial markets, where the higher the risk, the more
pressure industries are under to exploit natural
resources. Therefore, in order to devise effective
environmentally-friendly yet economically viable
policies, it is crucial to analyse the risks encountered
by environmental industries in financial markets.

2. UNIVARIATE GARCH MODELS
The main objective of this paper is to model the
time-varying conditional volatility of returns using
univariate GARCH models. The outline and content
of the following section on GARCH and GJR models

The success of the autoregressive conditional
heteroskedasticity (ARCH) or generalised ARCH
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of
the
QMLE
E[(log(αη t2 + β )] < 0 .

is based on the theoretical presentation in McAleer,
Chan and Marinova (2003).
To estimate time-varying conditional variance, Engle
(1982) proposed the Autoregressive Conditional
Heteroskedasticity (ARCH) model. The univariate
ARCH ( p ) process is as follows:

where ε t is the unconditional shock, η t is an
independently
and
identically
distributed
standardised (or conditional) shock with zero mean
and unit variance, and ht is the conditional variance
of ε t , given by:

ht = ω + ∑ α ε
i =1

2
i t −i

GARCH(1,1)

is

The univariate ARCH and GARCH models are
attractive in that they are able to explain stylised
facts, or features, of financial asset returns such as
the persistence of volatility, volatility clusters and
excess kurtosis. Another striking feature of financial
asset returns is that positive and negative shocks
have asymmetric effects, whereby a negative shock
has a greater impact on volatility than a positive
shock. This feature has led to several extensions of
univariate GARCH, one of which is the Glosten,
Jagannathan and Runkle’s (1993) asymmetric (or
threshold) GARCH (GJR).

ε t = η t ht ,

p

of

The univariate GJR ( p, q ) model of Glosen et al.
(1992) incorporates asymmetric effects into the
conditional volatility process, and is given as:

,

with ω > 0 , α i ≥ 0 for i = 1,..., p as sufficient
conditions to guarantee that ht is non-negative for

all t . In practice, it is usually assumed that η t is
normally distributed such that maximizing the
likelihood function yields the Maximum Likelihood
Estimator (MLE). If η t is non-normal, however,
then maximizing the likelihood function will lead to
the Quasi-MLE (QMLE).

q

i =1

j =1

q

i =1

j =1

where ω > 0 , α i + γ i ≥ 0 for i = 1,..., p and β i ≥ 0
for i = 1,..., p are sufficient conditions for

ht to be

non-negative for all t , while I (ε t ) is an indicator
variable defined by:

Bollerslev (1986) extended ARCH ( p ) to the
Generalised ARCH (GARCH) model, GARCH
( p, q ), which specifies the conditional variance as:
p

p

ht = ω + ∑ α i ε t2− i + ∑ γ i I (ε t )ε t2−1 + ∑ β j ht − j ,

I (ε t ) =

1,
0,

εt ≤ 0
ε t > 0,

which allows the sign of the lagged unconditional
shock affect the conditional variance.

ht = ω + ∑ α i ε t2−i + ∑ β j ht − j

The GJR (or ∑ γ ) effect measures the impact of
asymmetric conditional volatility and contributes to
both the short-run persistence of shocks,
∑ α + ∑ γ / 2 , and the long-run persistence of
shocks, ∑ α + ∑ β + ∑ γ / 2 .

where ω > 0 , α i ≥ 0 for i = 1,..., p and β i ≥ 0 for
i = 1,..., p are sufficient conditions to ensure that ht
is non-negative for all t . The ARCH (or ∑ α )
effects contribute to the short-run persistence of
volatility shocks, while the GARCH (or ∑ β )
effects contribute to the long-run persistence of
volatility shocks, ∑ α + ∑ β .

Ling and McAleer (2002b) established the necessary
and sufficient conditions for the existence of
moments and the asymptotic theory for QMLE of the
univariate GJR( p, q ). For the existence of the
second moment of GJR(1,1) under symmetry of η t

Ling and McAleer (2002a) established the necessary
and sufficient conditions for the existence of
moments and the asymptotic theory for QMLE of the
univariate GARCH( p, q ). They showed that the
QMLE of the GARCH( p, q ) is consistent if the
second moment is finite. For the existence of the
second moment of ε t for GARCH(1,1), the
necessary and sufficient condition is α + β < 0 .
Jeantheau (1998) showed that the weaker logmoment condition is sufficient for consistency of the
QMLE for the GARCH( p, q ) model. The sufficient
condition for consistency and asymptotic normality

is ∑ α + ∑ β + ∑ γ / 2 < 1 . The weaker sufficient log
moment for GJR(1,1) to ensure consistency and
asymptotic normality of the QMLE of GJR(1,1) is
E[(log((α + γI (η t ))η t2 + β )] < 0 .
A comprehensive survey of recent theoretical (that
is, structural and statistical) developments associated
with univariate and multivariate GARCH models
that are of interest to applied practitioners in
financial economics and econometrics is provided in
Li, Ling and McAleer (2002).
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3.

and past values of a random error term For
simplicity, we employ an ARMA(1,1) process, given
by:
Rit = φ i1 Rit −1 + δ + ε it − θ i1ε it −1 .

DATA

Our data sample contains daily (5-day weeks) share
price indices on seven environmental industry
sectors - Gold Mining (GOLDS), Other Mining
(MINES), Mining Finance (MIFIN), Oil & Gas
(OILEP), Farming & Fishing (FMFSH), Forestry
(FORST) and Paper (PAPER) - in Australia. The
sample time periods are as follows: Gold Mining,
Other Mining, Mining Finance and Oil & Gas,
1/1/73 to 14/11/03; Farming & Fishing, 10/1/73 to
14/11/03; Forestry, 2/1/96 to 14/11/03; and Paper,
5/6/99 to 14/11/03. Daily returns are calculated for
each environmental industry sector on a continuouscompounding basis, computed as the natural
logarithm of the price differences. All data is
obtained from Thompson Datastream Advance.

Table 1 reports the results of the OLS regression of
the ARMA(1,1) for each of the seven environmental
industry sectors under the assumption that the error
term is independently, identically distributed (iid)
with zero mean and unit variance. The Newey-West
(1987) method is employed to correct for the
potential
unspecified
departures
from
homoskedasticity and no serial correlation. There is
some support for the ARMA(1,1) model. The AR(1)
and MA(1) terms are statistically significant for
Other Mining, Mining Finance, Farming & Fishing
and Paper. The test for conditional heteroskedasticity
is the Lagrange multiplier test (LM) for
autoregressive
conditional
heteroskedasticity
(ARCH) by Engle (1982). The LM (ARCH) test
statistic is asymptotically distributed as χ (2p ) , where

Returns and their volatilities for the seven
environmental industry sectors over their respective
sample periods are plotted in Figure 1 and Figure 2
respectively. Volatility is defined as the squared
deviation of each industry sector return observation
from its respective mean return. Visual observation
of Figure 1 shows that environmental industry
returns, in general, fluctuated around a zero mean
with no apparent trends or seasonalities over the
sample period. In Gold Mining, there is a dramatic
change in the magnitude of its returns, where returns
soared in the 1970s before stabilising. In Other
Mining, there is a distinct negative spike signifying
the October 1987 stock market crash outlier, while
for Mining Finance and Oil & Gas, both the second
oil price shock of 1979 and the October 1987
outliers are noticeable. There are also obvious
negative spikes in 1998 and 1999 for the Forestry
industry. For Farming & Fishing, a high degree of
variation is present from year 2000 onwards
compared to the rest of the sample period, while for
Paper, the converse was true, where a higher degree
of variation was present prior to year 2000.

we choose p = 1 to test for ARCH(1). The LM
(ARCH) p -values indicate that there is considerable
conditional heteroskedasticity in the return residuals,
where the null hypothesis of homoskedasticity is
rejected in all seven of the environmental industry
sectors
Table 1. OLS Estimation of the ARIMA(1,1) Model
and the ARCH(LM) of the ARIMA model residuals
GOLDS

MINES
MIFIN
OILEP
FMFSH

There is discernible volatility clusterings for the
environmental industry sectors of Farming & Fishing
and Paper. High volatility clusters were apparent in
the early 2000s for Farming & Fishing, while high
volatilities were bunched up in 1999 for Paper. The
conditional volatilities of the Other Mining, Mining
Finance, Oil & Gas and Forestry industry returns are
typical of financial time-series data, where volatility
clustering is not as noticeable, except for presence of
outliers.

FORST
PAPER

δ

AR(1)

MA(1)

ARCH(LM)

0.090
1.387
0.029
1.573
0.024
0.960
0.023
1.004
0.055
2.45
0.070
1.696
-0.008
-0.13

-0.118
-0.935
-0.334
-3.147
-0.533
-3.087
-0.205
-0.634
-0.484
-3.65
0.049
0.18
0.288
6.10

-0.020
-0.180
0.449
4.349
0.581
3.560
0.260
0.813
0.507
3.95
-0.137
-0.495
-0.215
-3.71

16.252
0.000
26.168
0.000
101.171
0.000
227.031
0.000
45.44
0.00
64.69
0.00
15.95
0.00

Notes: The entries corresponding to the estimates (in bold) for the
constant, AR(1) and MA(1) are the Newey-West(1987) corrected
t-ratios , while the entries corresponding to the estimate (in bold)
for the ARCH(LM) are p-values.

In brief, a preliminary investigation of our dataset
has revealed that the environmental industry returns
display considerable ARCH/GARCH effects.
Accordingly, we model the conditional volatilities
using univariate GARCH models. In addition, we
also investigate univariate GJR models, which
incorporate asymmetric effects such that a negative
shock has a greater impact on volatility than a
positive shock.

As the return time-series of the environmental
industry sectors show a considerable degree of
persistence (see Figure 1), we choose to model the
returns using the Autoregressive Moving Average
(ARMA) processes of Box and Jenkins (1976),
which assume that a time series is a linear
combination of its own past values as well as current
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4.

lack of asymmetric effects. The log-moment and
second moment conditions were also satisfied
empirically, implying that moments exist and the
QMLE are both consistent and asymptotically
normal. Therefore, inferences of the ARMA(1,1)GARCH(1,1) estimates can be used to aid in
formulating new “green” and economically viable
environmental policies.

EMPIRICAL RESULTS

This paper models the time-varying conditional
means and conditional variances of the daily returns
of the seven environmental industry sectors over
their respective sample time periods using the
ARMA (1,1)–GARCH(1,1) and the ARMA (1,1)–
GJR (1,1). Both the ARMA (1,1)–GARCH(1,1) and
the ARMA (1,1)–GJR (1,1) models are estimated
using Eviews Version 4.1. The Brendt-Hall-HallHausman (Berndt et al, 1974) algorithm is used to
maximise the likelihood function, with the quasimaximum likelihood (QMLE) estimates converging
in all cases.

5.

The author is very grateful to Michael McAleer,
Felix Chan and Suhejla Hoti for their invaluable
comments and suggestions, and to Riaz Shareef for
his kind help and patience. The author also thanks
Felix Chan for the EViews codes used in this paper.

Tables 2 and 3 present the QMLE coefficient
estimates for ARMA (1,1)–GARCH(1,1) and the
ARMA (1,1)–GJR (1,1) for all seven environmental
industry sectors respectively. The AR(1) estimates
for GARCH(1,1) and GJR(1,1) are highly significant
for Other Mining, Farming & Fishing, Forestry and
Paper, suggesting a considerable degree of
persistence in the returns of these industries. The
MA(1) estimates, on the other hand, are highly
significant for Other Mining, Mining Finance,
Farming & Fishing, Forestry and Paper, which
indicate that the unconditional shock on the previous
day affects returns today. It should be also noted that
the coefficients of the AR(1) term are negative for
Other Mining and Farming & Fishing, while the
coefficients of the MA(1) term are negative for
Forestry and Paper.

6.
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The estimates of the conditional volatility for the
GARCH(1,1) and the GJR(1,1) are highly
satisfactory. The sufficient conditions ω > 0 , α ≥ 0 ,
β ≥ 0 to ensure that the conditional variance is nonnegative for all time periods are met for all seven
environmental industry sectors, except for Gold
Mining. The log-moment conditions and the second
moment conditions are also satisfied for all seven
environmental sectors, except for Gold Mining. This
result establishes the existence of moments and
ensures that the QMLE for GARCH(1,1) and
GJR(1,1) are consistent and asymptotically normal.
Hence, inferences on these estimates can be used in
the formation of new environmental policies. The
estimates of the asymmetric effect in GJR(1,1),
however, are insignificant for all environmental
industries except for Paper, based on the BollerslevWooldridge (1992) robust-t-ratios, suggesting that
the GARCH(1,1) is preferred to GJR(1,1).
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CONCLUDING REMARKS

The findings of this paper suggest that the risks faced
by environmental industries in financial markets are
generally well-explained by the ARMA(1,1)GARCH(1,1); the ARMA(1,1)-GJR(1,1), on the
other hand, received much less support due to the
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Table 2: GARCH (1,1) Estimates for the Daily Environmental Industry Sectors
INDUSTRY
SECTOR
GOLDS

MINES

MIFIN

OILEP

FMFSH

FORST

PAPER

AR(1)

MA(1)

ω

α

β

-0.029
-0.058
-0.044
-0.218
-3.549
-2.719
-0.220
-1.832
-1.895
-0.095
-0.791
-0.717
-0.527
-3.510
-4.675
0.897
85.276
7.689
0.276
2.346
3.725

0.050
0.098
0.074
0.389
6.947
4.191
0.316
2.717
2.844
0.191
1.620
1.466
0.564
3.857
5.132
-0.913
-1657.268
-8.865
-0.242
-2.001
-2.868

-0.001
-1.678
-0.203
0.104
13.585
3.172
0.205
16.402
4.030
0.029
13.706
3.674
0.051
10.761
2.155
4.002
34.217
6.381
0.014
2.838
1.213

0.015
45.697
5.714
0.138
36.689
2.593
0.117
36.491
4.070
0.080
38.402
5.209
0.031
18.740
2.963
0.214
18.925
1.576
0.033
5.820
3.674

0.986
5297.669
320.733
0.825
173.721
15.858
0.850
189.772
30.552
0.917
366.247
83.086
0.948
330.503
51.960
0.054
2.497
0.533
0.963
152.967
98.406

LOGMOMENT
0.000

SECOND
MOMENT
1.001

-0.064

0.963

-0.057

0.966

-0.015

0.997

-0.024

0.979

-2.230

0.268

-0.006

0.996

Notes: The three entries correspond to the estimate (in bold), the asymptotic t-ratio and the Bollerslev- Wooldridge (1992) robust-t-ratio
respectively.

Table 3: GJR (1,1) Estimates for the Daily Environmental Industry Sectors
INDUSTRY
SECTOR

AR(1)

MA(1)

ω

α

γ

β

α +γ / 2

LOGMOMENT

SECOND
MOMENT

GOLDS

0.286
0.629
0.511
-0.220
-3.412
-2.642
-0.230
-1.847
-1.958
-0.100
-0.846
-0.741
-0.519
-3.305
-4.639
0.706
3.043
2.235
0.274
2.569
3.370

-0.265
-0.580
-0.470
0.383
6.370
4.163
0.322
2.665
2.830
0.197
1.673
1.477
0.556
3.640
5.095
-0.738
-3.432
-2.471
-0.237
-2.161
-2.600

-0.001
-1.644
-0.202
0.092
13.440
3.503
0.191
15.453
4.474
0.029
13.445
3.726
0.044
10.063
2.153
1.896
15.559
3.002
0.004
2.002
0.900

0.014
32.192
3.476
0.082
13.939
5.270
0.092
21.115
4.436
0.066
24.641
4.989
0.025
12.358
1.957
0.272
16.839
1.682
0.033
6.486
2.974

0.002
3.820
0.253
0.094
13.998
1.359
0.042
6.016
1.490
0.031
12.500
0.804
0.010
2.893
0.642
-0.158
-6.626
-1.031
-0.032
-5.426
-2.051

0.986
5282.092
313.132
0.840
175.182
20.663
0.856
185.388
36.148
0.916
360.618
79.280
0.952
362.192
57.395
0.356
8.988
2.366
0.982
331.963
147.407

0.015

-0.0002

1.001

0.129

-0.058

0.969

0.113

-0.053

0.970

0.081

-0.015

0.997

0.030

-0.021

0.982

0.193

-0.782

0.549

0.017

-0.002

0.999

MINES

MIFIN

OILEP

FMFSH

FORST

PAPER

Notes: The three entries correspond to the estimate (in bold), the asymptotic t-ratio and the Bollerslev- Wooldridge (1992) robust-t-ratio
respectivel
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Abstract: In the context of global warming, the problem of stabilization of the concentration of carbon in the
atmosphere is widely discussed. Serious difficulties in the design of reliable stabilization strategies arise due
to the uncertainty of the underlying physical model. In this paper, we suggest a pattern to construct modelrobust feedback carbon emission strategies that stabilize the atmospheric carbon concentration at a prescribe
target value irrespective of a particular admissible carbon cycle model governing the “real” dynamics. Specific
qualitative features of the carbon cycle dynamics, including automatic stabilization under vanishing inputs are
employed.
Keywords: Global warming, stabilization of carbon in the atmosphere, stabilization of uncertain systems.

1

stantly during a long period of time) can be a difficult task, since there is yet no clear understanding
of the mechanism establishing quantitative relations
between the growth in the carbon concentration and
the raise of the annual temperature. The identification of some “central” or “target” point within those
(fuzzy) constraints can be a much easier task. In this
manner, one arrives at the problem of stabilization
of the carbon concentration around a chosen target
value within an infinite time horizon.

I NTRODUCTION

The tolerable window approach aimed at preventing
the occurrance of harmful impacts of global warming (see [WBGU, 1995], [Bruckner, et. al, 1999])
views a carbon emission scenario as acceptable if it
keeps the average annual temperature within a certain “window”. Implicitly, this imposes constraints
on the amount of carbon in the atmosphere, which
is – as often assumed – positively related to the annual surface/air temperature. However, the exact
identification of those constraints (to be met con-

In [Svirezhev, et. al., 1999] a stabilization scenario is sought using a simplified ODE model of
the global carbon cycle. The model’s state variables
include the amounts of carbon in the atmosphere,
x(t), and in the ocean, y(t); here t is the time variable. The state variables are scaled so that their

∗ This

work was supported in part by the RFBR (project # 0301-00737) and by the Program on Basic Research of the Russian
Acad. Sci. in Changes of Natural Terrestrial Objects in Russia
in Zones of Intense Technogenic Influence (project # 3 10002251/Π-13/196-018/300503-340).
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model, the planner forms u(t) and modifies the original emission scenario ϕ(t) with the intension to ensure (2). The initial state

zero values correspond, respectively, to the absolute
value of carbon in the atmosphere and the absolute
value of carbon in the ocean in the pre-industrial period. Annual antropogenic emissions of CO2 , ϕ(t),
act as controls. The carbon cycle model has the
form
ẋ(t)
ẏ(t)

= ϕ(t) − α1 x(t) + α2 y(t),
= α1 x(t) − α2 y(t)

x(0) = x0 ,

lim x(t) = x̂

(4)

can also be given inaccurately. It is clear that in order to guarantee that every admissible model of the
form (3) (4) is stabilized (in the sence that (2) is ensured), one should impose further constraints on the
functions g and initial states (4). Such constraints
will be specified later.

(1)

where α1 and α2 , are positive parameters. The initial state of the model represents the amounts of carbon in the atmosphere and in the ocean at time 0 corresponding to the year 2000. A sought stabilization
emission scenario ϕ(t) ensures

t→∞

y(0) = y 0

2

D ECISIONMAKING PATTERN

First, we note that for a carbon cycle model of the
form (3), (4) it holds that

(2)

x(t) + y(t) = x0 + y 0 + cw(t) + Φ(t)

where x̂ is a prescribed target value for the amount
of carbon in the atmsophere.

(5)

where
Our study relates to “post-planning” decisionmaking. Assuming that a stabilization scenario ϕ(t)
is identified, we address the question of a practical realization of (2). We emphasise the fact that
the model (1) that serves as a basis for forming the
stabilization scenario ϕ(t) is inaccurate and most
likely does not describe the real dynamics. It is
clear that (2) is violated if we implement ϕ(t) for
even a sligtly perturbed model. In practice, the uncertainties in the model (reflecting highly complex
processes in the environment) should be viewed
as large enough. An adequate assumtion is that
the “real” model is not known to us; instead, we
are given a (relatively broad) class of “admissible” models, which includes the “real” one. This
assumption implies that a desired emission policy
should guarantee (2) for every admissible model
chosen beforehand. The admissible models describing a variaty of admissible dynamics for x(t) and
y(t) can certainly include nonlinear models much
more complex than (1). In this study, we assume
that the admissible models have the form
ẋ(t)
ẏ(t)

= ϕ(t) + u(t) + g(x(t), y(t)),
= −g(x(t), y(t))

w(t) =

Z

t

u(τ )dτ,

Φ(t) =

0

Z

t

ϕ(τ )dτ.

0

We will treat functions w(t) representing the accumulated scenario correction increments as controls,
and write ẇ(t) instead of u(t). We suppose that
in the planned emission scenario the accumulated
emission, Φ(t), has a finite positive limit at infinity
and the emission input, ϕ(t), vanishes at infinity:
lim Φ(t) = Φ̄,

t→∞

lim ϕ(t) = 0.

t→∞

(6)

Accordingly, we assume that every admissible control, w(t), has a finite limit at infinity and its derivative, ẇ(t), vanishes at infinity:
lim w(t) = w̄,

t→∞

lim ẇ(t) = 0.

t→∞

(7)

Expressing y(t) from (5) and substituting into the
first equation in (3), we can represent the model (3),
(4) in the form

(3)

where g(x, y) is an (uncertain) function decreasing
in x and increasing in y. The parameter u(t) acts
as a “scenario correction” input intended to compensate the uncertainty of the model. Using currently available data on the trajectory of the “real”

ẋ(t) = f (t, x(t), w(t), ẇ(t)),

x(0) = x0

where f (t, x, w, ẇ) = ϕ(t) + cẇ + g(x, −x + x0 +
y 0 + cw + Φ(t)). We note that the limit relations
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tent with the target equality x̄0 = x̂; in this sitution we shall say that the planner receives the inconsistency signal. Upon the receipt of the inconsistency signal at time t∗0 the planner adds w̄0 to
the initial set W̄0 of inconsistent limit values and
forms a new set of inconsistent limit values, W̄1 ,
which can however (due to some further considrations) contain also new elements differing from w̄0 .
If the decision on a switch is made and a time t1
for the switch is fixed, the planner chooses a new
extension, w1 (t), for w0 (t) beyond t1 using inormation on the hystory of the process, including the
inconsistency set W̄1 . This completes the first step
in the control process. Note that w0 (t) is never
changed if the planner never receives the inconsistency signal. The performance of m steps of the
control process results in the formation of admissible controls w0 (t), w1 (t), . . . , wm (t) switched on
sequentially at times 0, t1 , . . . , tm and a set estimate
W̄m for inconsistent limit values of admissible controls. On each time interval in the past, [ti , ti+1 ),
the “real” model goes along a trajectory xi (t) corresponding to wi (t). Starting from tm the planner observes the current value xm (t) and decides if wm (t)
must be switched to another extension, wm+1 (t). If
the planner decides to switch at a time t∗m , he/she
fixes a delay δ(t∗m ) for the switch and switches to
wm+1 (t) at time tm+1 = t∗m + δ(t∗m ). The fact that
the planner decides to switch implies that he/she
receives an inconsistency signal, i.e., understands
that wm (t) is no longer consistent with the target
equality x̄m = x̂. Upon the receipt of the inconsistency signal the planner adds w̄m (and possibly
some other values) to the set of inconsistent limit
values and extends W̄m to W̄m+1 . The planner
chooses a new extension, wm+1 (t), for wm (t) beyond tm+1 using inormation on the hystory of the
process, including the set W̄m+1 . This completes
step m + 1 of the control process (which is never
termnated if the planner never receives the new inconsistency signal).

(6) and (7) imply that every admissible control w(t)
determines the “limit” model
ẋ(t) = f¯(x(t), w̄)

(8)

where f¯(x, w̄) = g(x, −x + x0 + y 0 + cw̄ + Φ̄).
We assume that there is a “real” model of the form
(3), (4), and the planner needs to design an admissible control w(t) that ensures (2) for the trajectory
x(t) of the “real” model. The “real” model is not
known to the planner; instead the planner is given
a class of “admissible” models of the form (3), (4)
which contains the “real” one. When forming an
admissible control w(t) the planner observes the actual values of the carbon concentration, x(t). The
control process is started from the (known) initial
state x0 at time 0.
Our solution pattern suggests to update current admissible controls by periodic switching to new extensions. In what follows, an extension of an admissible control w(t) beyond τ is understood as an
admissible control v(t) that coincides with w(t) on
the interval [0, τ ]. We start with the observation that
if the original dynamics is linear (i.e., given by (1)),
the trajectory x(t) converges, as time goes to infinity, to the rest point x̄ of the limit model (8), which
is uniquely defined by the equation f¯(x̄, w̄) = 0.
Assuming that this stabilization propety holds for
every admissible model, we treat the planner’s task
as forming an admissible control w(t) such that
the corresponding rest point x̄ of the “real” limit
model (8) coincides with the prescribed target value:
x̄ = x̂. If at some point in time the planner finds
that the latter equality is incompatible with the current admissible control, he/she makes a decision to
switch to another extension. Following this control
pattern, the planner periodically updates extensions
of the current admissible controls.

The described control srategy produces a sequence
(tm , wm (t)) of switching times and admissible controls, which is generally infinite (it is finite if the
planner does not receive the inconsistency signal at
some step; this situaion is cleraly not typical); we
will call (tm , wm (t)) the control flow. In parallel
with the control flow, the sequence (tm , xm (t)) is
produced; here xm (t) is the trajectory of the “real”
model, which is driven by the admissible control
wm (t) between the sitching times tm and tm+1 ; we
will call (tm , xm (t)) the trajectory flow. The trajectories xm (t) defined on the intervals [tm , ∞) switch
sequentially and form the entire trajectory x(t):
x(t) = xm (t) for t ∈ [tm , tm+1 ) (for t ∈ [tm , ∞)

A planner’s control strategy is implemented as follows. At the initial time 0 the planner chooses an
initial admissible control w0 (t) and estimates a set
W̄0 of the limit values w̄ of “inconsistent” admissible controls w(t) that are unable to solve the stabilization problem. The motion of the “real” model
starts under w0 (t) and goes along a trajectory x0 (t).
At each time t ≥ 0 the planner observes x0 (t) and
decides if w0 must be switched to another extension, w1 . If the planner decides to switch at a time
t∗0 , he/she fixes a delay δ(t∗0 ) ≥ 0 for the switch
and switches to w1 (t) at time t1 = δ(t∗0 ). The
planner decides to switch as soon as he/she understands that the admissible control w0 (t) is inconsis-
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with some fixed x− , x+ , y − and y + . Note that apart
of all linear dynamics (1) with a1 ≤ α1 ≤ a2 and
b1 ≤ α2 ≤ b2 , the class of admissible models admits a variaty of nonlinear dynamics (3). In what
follows, it is assumed that all the above constraints
are satisfied. For the initial set of inconsistent limit
values of admissible controls, W̄0 , we take the complement to the interval [w− , w+ ]. The next two
statement are key for the design of a stabilization
strategy.

if m is the last index in the finite trajectory flow).
Let us stress that the control flow, trajectory flow
and entire trajectory depend on the unknown “real”
model.
3

ROBUST STABILIZATION STRATEGY

Now we implement the suggested decisionmaking
pattern under some additional assumptions. Let us
note that the described control procedure recommens to add correction quantities ẇm (t), to the
planned emission ϕ(t) during the time intervals
[tm , tm+1 ). Clearly, it is advisable to make ẇm (t)
considerably smaller than ϕ(t), which, in turn, vanishes at infinity. Therefore, we impose the constraint |ẇm (t)| ≤ γ(tm ) where γ(s) is a prescribed upper bound for the size of every new correction quanity switched on at time s = tm , and set
lims→∞ γ(s) = 0. Clearly, the constraint is met if

ẇm (t) =



+γ(ti ) or − γi (t)
0

Proposition 1 Let (tm , wm (t)) and (tm , xm (t)) be
the conrol flow and trajectory flow corresponding
to an arbitrary admissible model (3), (4). Then for
each m the trajectory xm (t) converges to the unique
rest point x̄m of the limit model (8) and x̄m is a
monotonicaly increasing function of the limit value
w̄m for the admissible control wm (t).

Proposition 2 There exists a positive continuous
function of time, ν(s), such that lims→∞ ν(s) = 0,
and the trajectory flow (tm , xm (t)) corresponding
to an arbitrary admissible model satisfies |xm (t) −
x̄m | < ν(t − tm ) for all m and all t ≥ tm .

if tm ≤ t ≤ τm ,
if t ≥ τm

with some τm ≥ tm . We fix this structure, which
assumes that the correction input ẇm (t) is extremal
in absolute value up to the stopping time τm and
it vanishes afterwards. We also require that the new
extension wm+1 (t) is switched on not earlier than at
τm : tm+1 = t∗m + δ(t∗m ) ≥ τm ; in other words, every time the planner runs the current emission correction program wm (t) it up to the planned stopping time τm . Moreover, we assume that the delay
function grows infinitly: lims→∞ δ(s) = ∞. We
also require that the limit values for the extensions
wm (t) are uniformly bounded:
w− ≤ w̄m ≤ w+

Now let us come back to decisionmaking in step
m + 1. If the current admissible control, wm (t),
is (by chance) such that the “real” model driven
by wm (t) goes to the target value, i.e., x̄m = x̂,
then by Proposition 2 |xm (t) − x̂| < ν(t − tm )
for all t ≥ tm and the “real” model is stabilized.
Otherwise, by Proposition 1 the planner observes
|xm (t) − x̂| = ν(t − tm ) at some time t ≥ tm .
Hence, by Proposition 2, the limit point x̄m differs
from the target point x̂; therefore, the limit value
of the current admissible control, w̄m , is inconsistent with the target equality x̄m = x̂. This immediately produces an inconsistency signal, and at time
t = t∗m the planner decides to switch to a new extension wm+1 (t). In order to find wm+1 (t), let us come
back to the equality |xm (t∗m ) − x̂| = ν(t∗m − tm )
specified as one of two cases:

(9)

with some fixed w− and w+ . Finally, we impose
the following constraints on the class of admissible models: for every admissible model (3), (4) the
function g(x, y) is continuously differentiable and
satisfies g(0, 0) = 0 and

−a2 ≤

case 1:
case 2:

∂g(x, y)
∂g(x, y)
≤ b2 (10)
≤ −a1 , b1 ≤
∂y
∂x

Suppose case 1 takes place. Then by Proposition 2
x̄m < x̂. By Proposition 1 x̄m increases if we increase w̄m . Therefore, any admissible control w(t)
whose limit value w̄ does not exceed w̄m brings the
“real” model to an x̄ < x̂. Hence, the entire interval [w− , w̄m ] is inconsistent and can be added to the

with some fixed positive a1 , a2 , b1 and b2 , and the
initial state satisfies
x− ≤ x0 ≤ x+ ,

y− ≤ y0 ≤ y+

xm (t∗m ) = x̂ − ν(t∗m − tm ),
xm (t∗m ) = x̂ + ν(t∗m − tm ).

(11)
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current set estimate W̄m of inconsistent limit values.
Therefore, we set

we take the linear model (1), (4) and the reference
values for the model’s parameters α1 and α2 and
initial quantities x0 and y 0 , given in [Svirezhev, et.
al., 1999]:

W̄m+1 = W̄m ∪ [w− , w̄m ] in case 1.

α1
α2
x0
y0

Similarly, we set
W̄m+1 = W̄m ∪ [w̄m , w+ ] in case 2.
The suggested method to form the “inconsistency
set” W̄m+1 implies that its complement, the “consistency window”, is an interval:
+

[w , w ] \ W̄m+1 =
−

(yr−1 ),
(yr−1 ),
(Gt),
(Gt).

(12)

The set of admissible models we define by
a1
a2
b1
b2

+
−
]
, vm+1
[vm+1

(note that the “consistency window” may not contain its boundary points). In step m + 1 let us place
the new limit value w̄m+1 in the middle of the “consistency window”:

=
10−2 , x−
= 2 · 10−1 , x+
=
10−4 , y −
= 4 · 10−2 , y +

=
0,
= 200,
=
0,
= 5000

(see (10) and (11)); the set includes all linear models (1), (4) with α1 and α2 ranging in [a1 , a2 ] and
[b1 , b2 ], respectively, and initial states x0 , y 0 ranging in [x− , x+ ] and [y − , y + ], resecively; in particular, it includes the reference linear model with
the parameter values (12) and leaves much space
for parametric uncertianties. In [Svirezhev, et. al.,
1999] 900 Gt is viewed as an approxmate estimate
for the accumulated emission over a reasonable time
horizon. In our simulations we take 500 Gt for the
total accumulated emission, Φ̄, and assume the exponential emission scenario: ϕ(t) = Φ̄e−t . For the
prescribed limit value of the amount of carbon in the
atmosphere we take x̂ = 710 Gt. The upper bound
for the correction inputs and the delay function are
defined as γ(s) = 1/(t + 1) and δ(s) = s; the
estimate function ν(s) (see Proposition 2) is given
explicitly; for brievity we omit the formula. The
initial admissible control, w0 (t), is zero; thus we let
the planned emission scenario remain unchanged up
to the first switching time, t1 . Figure 1 shows the
trajectories of three admissible linear models under
the planned emission scenario ϕ(t). The parameters
of model 1 are close to the reference ones (12) and
the parameters of models 2 and 3 are extremal for
the chosen set of admissible models (see Table 1).

−
+
w̄m+1 = (vm+1
+ vm+1
)/2.

+
−
]
, vm+2
Then the “consistency window” [vm+2
formed in step m + 2 is two times shorter than
−
+
[vm+1
, vm+1
] (unless step m + 2 terminates the
control process) As a result, the “consistency win−
+
dow” [vm
, vm
] shrinks gradually to the unique point
w̄ = ŵ, for which the rest point of the “real” limit
model (8) coincides with the target value x̂. In parallel, the limit values w̄m converge to ŵ. Thus, the
described control strategy gradually identifies the
unique target point ŵ in the space of the limit values of admissible controls. We will call it the target
identification strategy. The argument used above is
to a considrable extent informal. A detailed analysis based on a theoretical background elaborated
in [Kryazhimskiy and Maksimov, 2003] leads to the
following final statement.

Proposition 3 Let the interval [w− , w+ ] containing the limit values w̄m for wm (t) (see (9)) be wide
enough, namely, for every admissible model (3), (4)
it hold that g(x̂, −x̂+x0 +y 0 + Φ̄)+b1 w− ≤ 0 and
g(x̂, −x̂ + x0 + y 0 + Φ̄) + b1 w+ ≥ 0. Then for every admissible model, its trajectory x(t) generated
by the target identification strategy converges to the
prescribed target value: limt→∞ x(t) = x̂.
4

= 1.5 · 10−2
= 0.25 · 10−2
= 145
= 76

α1
α2
x0
y0

I LLUSTRATION

model 1
1.5 · 10−2
0.25 · 10−2
100
70

model 2
10−2
10−4
100
5000

model 3
2 · 10−1
4 · 10−2
100
0

Table 1.
In Figure 1 the curves marked x1, x2 and x3, show
the trajectories of models 1, 2 and 3, respectively.

In this section we give a numerical illustration of the
work of the target ientification strategy. For a basis,
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emission scenario ϕ(t) in accordance with the target identification strategy; the illustration is given
for model 1. We see that the switching time t1 , at
which the planned emission scenario is updated for
the first time, is 137 years.

The straight lines show the limit values for the trajectories. We see that if the planned emission scenario is never updated, the range of the expected
limit values is wide enough.

0
emissions of carbone

carbone in atmosphere

14
12
x2

10

x1

8

x3

6
50

100

150 200
10 yr

250

300

5

carbone in atmosphere

x1

6
800

2000

2500

R EFERENCES

3. Svirezhev, Yu., Brovkin, V., von Bloch, W.,
Schellnhuber, H.J. and Petschel-Held, G.,
Optimisation of reduction of global CO2
emissions based on a simple model of the carbon cycle, Environmental Modelling and Assessment, 4, 23-33, 1999.

10

600

1500
yr

2. Kryazhimskiy, A., and Maksimov, V., On the
exact stabilization of an uncetain dynamics,
International Institute for Applied Systems
Analysis, Interim Report IR-03-067, 2003.

12

10 yr

1000

1. Bruckner, T., Petschel-Held, G., Tóth, F.L.,
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Abstract
In the problems concerning prediction and modeling, parameters estimation constitutes one
of the main uncertain items that must be taken into account. The easiest way to minimize this uncertainty is
to collect great amounts of data. The aim of this work is to build a decision model able to choose the
optimal position of the sample point used for the parameters estimation, minimizing the parameters
uncertainty. The decision model is applied to the estimation of the dispersivity coefficients, longitudinal
and transversal, from soil column experiment. The classical design of experiments techniques are based on
the optimization of the amount of information obtained from experimental data with the hypothesis that the
sample domain is defined on a continuous space over time and position. Since this assumption does not
reflect the real experimental situation, especially when field campaigns are to be performed and the
position of the piezometric wells is fixed, an approach based on discrete optimization over a fixed grid of
possible sampling is proposed.
The soil column representation is discretized in the 2D domain, while the concentration experimental data
are generated using a rigorous analytical solution of the advection dispersion model and a Monte Carlo
simulator to generate the experimental error at given variance. In order to define the optimal sampling
points in the soil column, binary decision variables are introduced: they assume value one when the
concentration is measured at a specific point and time, zero otherwise. The objective function to be finally
minimized is proportional to the calculated covariance of the estimated parameters and to the decision
variables.. The formalized constraints regard the possible number of measures, according to the available
funds. Finally, the results of the optimisation problem are discussed.
Keywords: Optimal experimental design; Parameter estimation; Column outflow experiments; Solute
transport.

1.

INTRODUCTION

Simulation of the environmental fate of solutes is
becoming a theme of great interest in research
studies. Several analytical solutions (two or three
dimensional) of the mathematical models describing
pollutant transport are usually available for nonreactive contaminants. In order to use these models
to predict substance concentrations, the values of all

1493

parameters present in the mathematical model have
to be disposable. Typically, parameters of dispersion
describing the flow of water in the solute transport
equation are unknown and have to be identified.
Specifically, the dispersion coefficient is an essential
parameter for the control of water pollution. Several
investigations have been done in modeling the
contaminants dispersion and in predicting the

distribution of pollutant downstream from its point
of discharge (e.g. Fischer [1967]).
In this work the attention is focused on the inverse
modeling approach. It takes to the estimate of
unknown model parameters from measurement data,
e.g.
concentration
data,
by
mathematical
optimization. An objective function that contains
quadratic deviations between computed and
observed data is minimized. Some author that
investigated this kind of inverse problem
encountered troubles with ill posedness of the
parameter estimation problem (e.g. Toorman et al.
[1992], van Dam et al. [1992]), like insensitivity of
the parameters to observed data. The question that is
central in this paper is how high-quality data could
be obtained. For this reason, methods to optimize
experimental designs with regards to parameter
estimation are considered. In optimal experimental
design theory, design criteria are defined on the
variance-covariance matrix, which summarizes the
statistical properties of parameter estimates. The
smaller the entries in the diagonal of the variancecovariance matrix, the more consistent are the
parameter estimates. Our objective is to improve
estimation results by identifying sampling schemes
that are most likely to yield parameter estimates with
low variances.
Few studies consider optimal experimental design
problems in mathematical optimizations using
statistical design criteria (e.g. Hsu and Yeh [1989],
Wagner [1995], Altmann-Dieses et al. [2002]). Here
an optimal experimental design problem for a typical
column outflow experiment is considered with an
approach that enables to optimize the sampling
design, i.e. the allocation of measurement points in
different time and space. The classical design of
experiments techniques are based on the
optimization of the amount of information obtained
from experimental data with the hypothesis that the
sample domain is defined on a continuous space over
time and position. Since this assumption does not
reflect the real experimental situation, especially
when field campaigns are to be performed and the
position of the piezometric wells is fixed, an
approach based on discrete optimization over a fixed
grid of possible sampling is proposed.
A soil column representation is discretized in the 2D
domain, in cylindrical geometry, while the
concentration experimental data are generated using
the rigorous analytical solution of the advection
dispersion model and a Monte Carlo simulator to
generate the experimental error at given variance. In
order to define the optimal sampling points in the
soil column, binary decision variables are
introduced: they assume value one when the
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concentration is measured at a specific point and
time, zero otherwise. The objective function to be
finally minimized is proportional to the calculated
variance-covariance matrix of the estimated
parameters and to the decision variables. The
formalized constraints regard the possible number of
measures, according to the available funds. Finally,
the results of the optimization problem, calculated
through two different integer programming
algorithms, a branch-and-bound algorithm (lingo
software, lindo systems) and a genetic algorithm
(implemented with the MATLAB Genetic Algorithm
Toolbox), show the best places to measure
concentration in column over this discretized grid, in
order to minimize the parameter uncertainty.

2.

THE PROBLEM STATEMENT

In this work, the model considers fluid flow in a
saturated porous media composed by a column in
which there is an aqueous liquid phase and a solid
phase assembled in a matrix of porosity n and
density (see Figure 1). A soluble pollutant can be
transported in it by groundwater flow through the
void space and dispersed mainly by two processes:
molecular diffusion and hydrodynamic dispersion.
̊

r

Convection/
dispersion

x

Flow
direction

Figure 1: Scheme of the solute transport in the
considered system.

2.1

Solute transport

The solute transport equation in cylindrical geometry
for a non-reacting solute, taking into account radial
and axial dispersion, is represented by a
mathematical model that is one of the most adopted
experimental device to investigate pollutant transport
phenomena. Under the geometry just discussed, we
furtherly assume that the initial conditions do not
depend on the angular variable; so, the process
preserves symmetry around the longitudinal axis.

The convection-dispersion PDE expressing the mass
balance of a generic solute in terms of dimensional
concentration C(r,x,t), can be written as follows:
∂ C*
∂ C * 1 ∂C *
∂C *
∂C *
) + DL
+
= DR (
+u*
∂ x *2
∂ r *2 r * ∂ r *
∂x*
∂t *
2

1

k =0

[ ]

( 1)

⌈
⋅ erfc

Here the constant advective term is represented by
the average pore water velocity u* and anisotropic
dispersion is described by means of the two
mechanical dispersion coefficients DR and DL. They
represent different dispersion mechanisms such as
molecular diffusion, hydrodinamic dispersion, eddy
diffusion or mixing. Using typical dimensionless
variables, the equation becomes:
(2)

⌈ xuPe L ⌉
⋅
⌊ 2 ⌋

⌈ u 2 Pe 2
L
⋅ exp x
+ η Z k1
4
⌊

2

1 ∂ 2C
η ∂ 2C 1 ∂ C
∂C
∂C
( 2 +
)+
=
+u
Pe R ∂ r
r ∂r
Pe L ∂ x 2
∂x
∂t

+∞

∑ AK J 0 ( Z k1 r ) 2 exp

C (r , x, t ) =

⌊

Pe L
1
+
x
t
2

2

Pe L ⌉
⋅
Pe R
⌋

[ ]

2 ⌉
u 2 Pe L t
Z1
+η k t +
Pe R
4
⌋

⌈
u 2 Pe L2
⋅ exp − x
+ η Z k1
4
⌊

[ ]

⌈
⋅ erfc
⌊

Pe L
1
−
x
t
2

2

Pe L ⌉
⋅
Pe R
⌋

[ ]

2

u 2 Pe L t
Z1
+η k t
Pe R
4

⌉
(9 )
⌋

And the coefficient Ak are given by:
1

where:

Ak =

2 ∫ ρ f ( ρ ) J 0 ( Z 1k ρ ) d ρ
0

[J (Z )]
k
1

0

Pe R =

U =R
;
DR

Pe L =

U =L
L
; η = ;
DL
R

( 3)

2

,

k = 1,2,...

1

A0 = ∫ ρ f ( ρ ) d ρ

(10 )

0

with R and L, respectively the radius and the length
of the column and U0 and C0 the scales of velocity
and concentration.
Boundaries and initial conditions are necessary to
have a unique solution. We assume:
∂C ( r , x, t )
∂r

= 0;

(4)

lim C ( r , x , t ) = 0;

(5)

∂C
= 0;
∂z

(6 )

r =1

x → +∞

lim

x → +∞

where the first condition represents
impermeability of the column walls.

the

Considering the following further initial and
boundary conditions describing the pollutant release:
C(r,0, t ) = C0 H (t);

(7)

C(r, x,0) = 0;

(8)

in which H(t) is the heavyside function, finally we
obtained (Massabò et al., 2004):

2.2

Parameter estimation

In this context, we are in the situation that the
unknown parameters PeR and PeL have to be
estimated from measurement data Csper representing
the concentrations of the solute, recorded at different
depths xi and different times ti. In the analysis here
proposed, we assume the general case that measures
can be simulated by adding to model outputs some
experimental error belonging to a normal distribution
with zero mean ε∼N(0,σ2):
C ( r , x , t ) ⋅ (1 + ε )

C sper =

(11)

Under the hypotheses of a reduced model and
negligible experimental errors on measures of
spatial-temporal variables, the parameter estimation
procedure consists in finding the best two unknown
parameters, PeR and PeL, that solve the following
least square problem:
min

∑∑∑
r

x

( C ( r , x , t ) − C sper ) 2

(12 )

t

Since true values C(r,x,t) are the output of equation
(9), this is a nonlinear optimization problem and
sometimes the location of the minimum often
involves an iterative search of the parameter space.
Initial guess values or previous estimates of
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parameters PeR and PeL must be supplied. The
numerical method here used is based on a
Marquardt’s modified algorithm (Marquardt [1963],
Bard [1974]) with analytical first order derivatives
supplied by the authors.

r

x

2.3

The optimization model for the design of
experiments

The main objective of the optimisation model is to
design the optimal sampling by determining, in time
and space, the best points Pi(r,x,t) for measuring
solute concentrations, in order to obtain the best
estimates for PeR and PeL. The objective function
corresponds to an approximation of the parameter
variance-covariance matrix that should be minimized
(Bard [1974]). The decision variables, z (z=1..,Z),
where Z represents the total number of possible
sample points to select, are binary and represent the
possible measures that can be selected in order to
perform analysis in the column. They assume value 1
when the sampling point is chosen, 0 otherwise. The
constraints regard a maximum allowable number of
sample points, according to a pre-defined budget.
The first-order approximation of the parameter
variance-covariance matrix is:
˽

~
−1
V = ( B T Π −1 B + V0 ) − 1

(13 )

where B is the matrix of sensitivities of simulated
concentration respect to the parameters PeR and PeL,
Π is the error covariance matrix for solute
concentration measurements and V0 is the error
covariance matrix for parameter estimates, calculated
in our case after a run of unconstrained minimization
(12). Besides, this run supplies also the estimates of
PeR and PeL in order to insert them in the calculus of
B and Π .
So the purpose is to identify the sampling strategy
that minimizes the trace (A-optimal design, Jacquez,
~
[1998]) of V , subject to a constraint on the total
number of sampling points.
min

[

( ) ]

~
tr V

(14 )

Figure 2: Grid of possible spatial points in the
column.
The equations (14) and (15) enable to quantify the
model-parameter uncertainty as a function of the
available concentration and, besides, they can also be
used to estimate the worth of alternative sampling
strategies for reducing parameter uncertainty.
In this paper, two algorithms were used to solve the
problem: a branch-and-bound algorithm and a
genetic algorithm.

2.3.1 Branch-and-bound algorithm
We used a branch-and-bound algorithm similar to
the ones presented by Carrera et al. [1984] and
Wagner [1995]. This algorithm arranges through
different sampling strategies to find the single
combination of measurements that minimizes the
uncertainty while keeping the total number of data
constant, but inferior to the number of possible
points on the grid. The algorithm is based on the fact
that uncertainty cannot increase when data are added
to the measurement network and cannot decrease
when data are removed from this network.

2.3.2 Genetic algorithm
The genetic algorithm (Goldberg [1989]) uses a
scheme of directed random search to sort through the
alternative designs and identify efficient sampling
strategies. It considers each sampling alternative to
be a “string creature” consisting of zero-one
indicator variables, z, z=1 if measurement is taken,
zero otherwise. It begins by randomly generating j
string creatures, each representing an alternative
sampling design, and then, keeping on generating
through three operators (reproduction, cross-over and
mutation), it reaches the best sampling strategy, in
which the variance-covariance matrix is minimized,
with the constraint of the total number of data.
˽

subject to

∑δz

= A

(15 )

z

where A is the maximum allowed number of sample
points (Figure 2).
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˽

3.

CONCEPTUAL MODEL

3.2
The experimental design models presented in the
previous section will be demonstrated using a
hypothetical grid on the column with 18 available
spatial and temporal points; the use of this grid
provides a valuable mechanism for evaluating the
performance of the two algorithm models. Recall
that the transport problem presented here is transient,
so the concentrations at any Pi(r,x,t) will vary
through time, as will the information content of the
concentration measurements.

3.1

Numerical simulations

Numerical simulations were carried out in order to
get to the problem solution. Equation (2) was solved
analitically with the boundary and initial condition
(4) - (8). Then, after generating Csper with an error
ε∼N(0,0.01), expression (12) was minimized in order
to get to the first parameters guess values (initial set
of data for estimating parameters and quantifying
parameter-estimate uncertainty). The values of the
hydraulic and geometric properties inserted to solve
(13) – (15) are summarized in Table 1.
L [m]
R [m]
U0 [m2/s]
PeR_guess
PeL_guess

V0

100
10
1
99,5
100,9

1,2
0

Results

The branch-and-bound algorithm has been solved
using Lingo software (Lindo Systems), while the
genetic algorithm was settled using the MATLAB
Genetic Algorithm Toolbox. The binary variable z,
that was introduced to define which are the most
suitable experiments, has been found. Specifically,
the problem has been solved for 18 possible sample
points and a maximum of 10 sample points,
according to economic considerations.
Figure 3 reports the 10 optimal sample points and the
times in which we obtained the maximum reduction
in parameter-estimate uncertainty, comparing
branch-and-bound and genetic algorithm. We can
notice that both experimental design models favour
measurements points near the inlet section.
˽

(t=1,2)

(t= 1,2)

(t=1,2) (t=1)

(t=1,2)

r

(t=2)

(t= 1,2)

x
(t=2)

(t=1)

(t=1,2)

(t=1)

(t=1,2)

(t=2)

Branch-and-bound

Genetic algorithm

Figure 3: Comparison between obtained results.

0
2,8

Table 1: Geometric and hydraulic characteristic of
the simulated experiment.

r

r

(t=1,2) (t=1,2) (t=1,2)

PeR_guess and PeL_guess are mean of the parameter
estimates, calculated after 30 runs of unconstrained
minimization (12) (each with a different error ε
generated by Monte Carlo simulator) and V0 is the
prior covariance matrix for parameter estimates,
based on these 30 runs.
The properties of the genetic algorithm used are
presented in Table 2.
Parameter
Number of strings
Number of generations
Crossover probability
Mutation probability

r

Value
90
30
0,90
0,01

(t=1) (t=1) (t=2)

x
(t= 2) (t=2)

(t= 1) (t=1,2)

(t=2)

(t=2)

Branch-and-bound

(t=1,2)

(t=1) (t=1)

Genetic algorithm

Figure 4: Comparison between obtained results,
considering another grid of possible points. Also
here points near the inlet section are favourite.

Table 2: Summary of the parameter values adopted
for the genetic algorithm.
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At the same way, to see how the model progressively
works, the optimization problem has been solved,
excluding the initial section (x=0) and inserting 3
new points in which x=0,2, in order to neglect, in the

experimental design procedure, the information
coming from the boundary condition. Figure 4
reports the results of this new optimization problem;
the points nearest to the inlet section are again
privileged. Besides, it is possible to notice that both
algorithms lead to similar results.

4.

CONCLUSION

In this work, we propose a decision model able to
choose the optimal position of the sample point used
for the parameters estimation, minimizing the
parameters uncertainty. The decision model is
applied to the estimation of the dispersivity
coefficients, longitudinal and transversal, from soil
column experiment. After discretizing the soil
column representation in the 2D domain and
generating the concentration experimental data using
a rigorous analytical solution of the advection
dispersion model and a Monte Carlo method to
simulate the experimental error at given variance,
binary decision variables are introduced in order to
define the optimal sampling points in the soil
column. The objective function that was minimized
with constraints regarding the possible number of
measures is proportional to the calculated covariance
of the estimated parameters and to the decision
variables. The constraints regard economic
consideration about the allowable number of
sampling measurements.
Finally, the results have been reported using two
different optimisation techniques, in order to test the
model and to achieve efficient results for the design
of the experiments. Both algorithms show that the
best sampling points are the points that are closest to
the inlet section where the concentration profile is
more affected by the dispersion parameters. Further
developments regard the sensitivity analysis of the
obtained results on the input parameters of the model
(the experimental error variance, the number of
possible sampling points, etc.).

5.
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Visual Sample Plan (VSP): A Tool for Balancing
Sampling Requirements Against Decision Error Risk
B.A. Pulsipher, R.O. Gilbert, and J.E. Wilson

Pacific Northwest National Laboratory, Richland, Washington, United States.

Abstract: Environmental characterization is necessary to support remediation and monitoring decisions and
to construct and validate contaminant dispersion models. The more samples obtained, the greater is the
protection against making incorrect decisions. However, taking too many samples wastes valuable resources.
The US Environmental Protection Agency has developed several guidance documents on the Data Quality
Objectives process to support systematic planning of data gathering campaigns to ensure that the right type,
quality, and quantity of data are obtained to support confident decision making.
Visual Sample Plan (VSP) is a publicly available software tool sponsored by the US Department of Energy,
US Environmental Protection Agency, and the US Department of Defence to support environmental
characterization and confident decisions. VSP helps the user determine the optimal number and location of
samples using defensible statistical sampling design methods and displays those locations on maps or aerial
photos. Sample coordinates can be output for use with GPS systems. An automatic report summarizing the
assumptions and parameter inputs is generated and can be included in a sampling and analysis plan. VSP
features and capabilities will be outlined in this paper. VSP can be downloaded at no cost from
http://dqo.pnl.gov/vsp.
Keywords: Statistical Sampling; Decision Risks; Data Quality Objectives; Confidence.

1.

BACKGROUND

In the early 1990s, the US Environmental
Protection Agency (EPA) and the US Department
of Energy (DOE) embraced a systematic process
for planning environmental characterization efforts
called the Data Quality Objectives (DQO) process.
The DQO process is a seven-step process that
ensures that the right type, quality, and quantity of
data are gathered to support confident
environmental decisions [US EPA 2000]. The
Pacific Northwest National Laboratory (PNNL)
conducted DQO training and began an extensive
pilot DQO development and implementation effort
across the DOE complex. Many complex sites and
facilities were selected for implementation of the
DQO process with facilitation and statistical
support provided. Although these DQO process
pilots demonstrated significant cost savings
(>$25M), streamlined regulator acceptance, and
improved defensibility, once the pilots were
completed, site personnel were often left without
the necessary on-site statistical expertise required

1499

to perform additional DQO processes for other
sites.
In an effort to support site needs for statistical tools
that could be used to implement the quantitative
statistical sampling design aspects of the DQO
process, PNNL began developing Visual Sample
Plan (VSP). VSP is a software tool based on the
DQO process that specifically facilitates the last
two steps of the DQO process, namely,
Determining
Acceptable
Decision
Error
Tolerances, and Optimal Sampling Design.
The DQO process and VSP are applicable for a
variety of environmental data gathering
applications including characterization of soils,
building surfaces, air, surface water, and
groundwater. Currently specialized VSP modules
are under development for unexploded ordnance
detection, firing range contaminant spread
bounding, and biological and chemical agent
building decontamination.

2. WHAT IS VISUAL SAMPLE PLAN (VSP)?
Simply stated, VSP is a software tool that helps
determine how many samples are needed at what
locations to ensure confident decisions. The
probability of making incorrect decisions based on
less than 100% characterization and less than
100% accurate/precise measurements is explicitly
managed using statistical methodologies. VSP has
a map-based user-friendly visual interface and is
designed for the non-statistician. It is focused
primarily on sampling design but some modules
also incorporate statistical analysis routines for
analysing the data once it has been gathered.
There are many possible uses of data derived from
environmental sampling that support various
decisions. For example, data may be summarized
by calculating the average (mean) and comparing
that average against a contaminant regulatory
threshold. Sampling objectives refer to these predefined purposes for gathering and summarizing
data. VSP is organized around these possible
sampling objectives.
Some VSP sampling
objectives include
• Compare an Average Against a Threshold.
• Compare an Average Against a Reference
Average (Background)
• Compare a Proportion Against a Threshold
• Compare a Proportion Against a Reference
Proportion
• Find a Hotspot
• Construct a Confidence Interval for a Mean
• Estimate the Mean
• Delineate a Contamination Zone Boundary
• Find and Delineate Unexploded Ordnance
Target Areas
• Demonstrate Low Probability of Unexploded
Ordnance Presence
There are also many statistical and non-statistical
sampling design options that could be applicable
for many of the sampling objectives listed above.
Those incorporated into VSP include:
• Simple Random Sampling
• Systematic Grid Sampling (square, triangular,
rectangular)
• Sequential Sampling
• Collaborative Sampling
• Rank-Set Sampling
• Adaptive Cluster Sampling
• Stratified Sampling
• Composite Sampling
• Judgmental Sampling
• Continuous Transect Sampling
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A number of factors must be considered when
determining sampling requirements. A discussion
of the more common ones follows. One must
choose the null hypothesis; that is, decide whether
to assume that the site is contaminated until proven
clean or assume that the site is clean until proven
contaminated. Defining acceptable probabilities
for concluding that the site is contaminated if it is
really clean or concluding that the site is clean if it
is indeed contaminated is an important input as
well.
Measurement uncertainty and sampling
variations relative to the decision threshold values
for the parameter of interest will also affect the
sampling and analysis requirements. The assumed
statistical distribution (normal, lognormal, etc.)
affects sampling requirements and cost or
feasibility must also be considered. These factors
are all incorporated within VSP to develop the
optimal sampling strategy.
3.

KEY FEATURES OF VSP

3.1 Maps, Areal Photos, Floorplans, Drawings
Visualization of the sample design and diagnostic
graphics are important features that help the user
quickly evaluate the sampling scheme. Maps can
be imported into VSP as .DXF (Autocad) or .SHP
(ArcView) files. Figure 1 shows a site map that
was originally created as a .DXF file and imported
into VSP.
Site maps can also be created within VSP using the
drawing tools.
Similarly, two dimensional
floorplans of buildings can be imported and rooms
or zones selected for sampling. Rooms can also be
interactively drawn and laid out in two dimensions.
Figure 1 also illustrates how areas within the maps
or floorplans can be designated as the areas where
samples will be taken. Aerial photos can also be
imported or overlaid and aligned with site maps.
3.2 Decision Error Tolerances and
Specified DQO Input Dialog Boxes

User

As mentioned previously, a number of factors
affect sampling requirements. A typical user
dialog box that allows user-specified DQO and
cost parameters is depicted in Figure 2. When
these factors and parameters are defined, the
number of samples can be calculated.
For
example, Figure 2 is the dialog box for comparing
the average contaminant concentration to some
decision threshold (action level). Suppose the

Figure 1. Site Map Depicting Two Sample Areas
action level for this particular contaminant were 10
ppm, and the standard deviation were 3 ppm. If we
wanted no more than a 5% chance of concluding
that the site was clean if the true contaminant
concentration were equal to or greater than the
action level (alpha=0.05) and we wanted no more

than a 15% chance of concluding that the site is
clean if the true contaminant concentration were
equal to or less than 8 ppm (beta=0.15), then we
would need to take 18 samples to meet these
desired decision error thresholds.

Figure 2. Typical VSP Dialog Box
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The dialog boxes and input parameters will be
different depending upon the sampling objective
and the statistical sampling methodology.
3.3 Diagnostic Interactive Graphics
The Decision Performance Goal Diagram (DPGD)
is a visual aid for assessing the performance of a
particular sampling scheme relative to the achieved
decision error probabilities. This diagram is akin
to what statisticians refer to as the power curve.
Figure 3 illustrates a typical DPGD that is
automatically generated within VSP.

For the DPGD shown in Figure 3, the red vertical
line is the action level. The curved red line is the
probability of concluding the site is contaminated
if the true contaminant concentration were the
value along the horizontal axis.
The blue
horizontal dashed lines indicate the user-defined
acceptable decision error probabilities.
The
standard deviation is indicated as the length of the
green line. These VSP DPGDs are interactive such
that the user can change key parameters by clicking
and dragging with the mouse any of the lines
representing key parameters (alpha, beta, std. dev.,
or grey region) and immediately see the effect on
sample requirements.

Figure 3. Decision Performance Goal Diagram
Another example of VSP graphical functions is
shown in Figure 4. This figure depicts the
changing sample mean for sequential sampling and
shows whether one can conclude with confidence
that the site is either dirty (mean in red zone) or
clean (mean in green zone) or whether additional
samples are required (mean in yellow zone).
Other diagnostic graphics exist for the various
sampling objectives and statistical approaches.
3.4 Report Generator and Sensitivity Analyses
To preserve the integrity and defensibility of VSP
output and facilitate documentation of the derived
sampling plans with all inherent assumptions and
calculations, VSP automatically generates an
electronic report.
This report contains the
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following information about the sampling design
that was generated and chosen within VSP.
• Site summary including sample area size,
sampling objective, decision rule, hypotheses,
and number of samples required.
• Site map/photo, floorplan, room, or drawing.
• Sample location coordinates.
• Selected sampling objective and approach.
• Equations used for calculating sampling
requirements.
• Selected DQO parameters
• Decision Performance Goal Diagram or other
diagnostic graphics.
• Statistical assumptions
• Sensitivity analysis table
• Cost summary
• Recommended data analyses.

VSP is an integrated tool that allows simultaneous
viewing and evaluation of statistically based
sampling schemes. Figure 6 depicts a VSP screen
capture showing the site map, diagnostics graphics,
report generator, and sample coordinate locations
all on a single screen.
4.

Figure 4. Control Chart Graphic for Sequential
Sampling.

This report can be cut and pasted into a Quality
Assurance Project Plan (QAPP) or a more
extensive sampling and analysis plan.
Within VSP’s automatic report generator, a
customized sensitivity analysis table can be
created. Figure 5 illustrates such a sensitivity
analysis table that was generated within VSP for
the example shown in sections 3.2 and 3.3.
3.5 Other VSP Features
There are many other VSP features that cannot be
illustrated within this paper. Some of those
features include
• Output of x,y sample location coordinates for
use with GPS systems
• Location of largest un-sampled areas
• Performance of statistical hypothesis tests
using gathered data for some modules
• Non-parametric statistical methods for nonnormally distributed data
• Online help functions including documentation
of calculation methods
• User’s Manual
• Separate handling of measurement uncertainty
and sampling variation (MQO options).
• Assessments of effectiveness of geophysical
characterization through meandering pathways
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CONCLUSIONS

A systematic planning process such as the Data
Quality Objectives process is critical to ensure that
the right amount of data of sufficient quality are
obtained to support confident decision making.
Sampling design is an inherently statistical issue
that requires explicit management of decision risks.
Visual Sample Plan is a software tool that helps the
user develop statistically defensible sampling
strategies while managing the uncertainties
associated with sampling and analyses.
VSP is an evolving environmental characterization
and analysis software package designed for the
non-statistician. The visualization features permit
quick assessments of the adequacy of proposed
sampling approaches. The interactive features
allow stakeholders to quickly evaluate the tradeoffs
between alternative sampling plans through the
examination of costs, risks of decision errors,
measurement uncertainties, and decision criteria.
5.
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Measuring Environmental Risk
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Abstract: Environmental issues and risk have become central in socioeconomic research and policy planning in
order to ensure sustainable development. As environmental risk is difficult to assess and measure, different
indexes have been developed to evaluate specific aspects of such risk. Environmental risk typically involves
problems generated by the consumption of energy (fuels), water shortages, disasters, global warming, poverty, and
population growth. Environmental indexes are typically disaggregated and deal with separate aspects of
environmental risk. Some useful overall indexes exist, such as the Environmental Sustainability Index (ESI). This
paper reviews the existing data and indexes for environmental risk.
Keywords: Environmental risk, Environmental sustainability, Environmental indexes and indicators.

overall environmental sustainability or risk over
time and across countries.

1. Introduction
Environmental risk is an important concept for
countries in evaluating their potential for economic
and social sustainability. The definition of
environmental risk is broad. For example,
environmental risk is defined as a catastrophe,
pesticide risk or the relative sustainability of the
environment to social and economic activities. Some
definitions of environmental risk include a small
number of indicators, while others incorporate a
large number of components.

2. Environmental Sustainability and Risks
Defining environmental risk for the social sciences
and economics is a serious challenge. The primary
difficulty arises from choosing the appropriate
elements of environmental risk that are relevant for
social and economic purposes.
The environmental issues relevant to economics are
directly
associated
with
sustainability.
Environmental sustainability is defined in the
Environmental Sustainability Index (ESI, 2001)
report as “the ability to produce high levels of
performance on ... these dimensions [environmental
systems, reducing environmental stresses, reducing
human vulnerability, social and institutional capacity
and global stewardship] in a lasting manner”.

The scientific community has attempted to measure
environmental risk through the form of indexes,
which is the focus of this paper. Furthermore, the
paper will pay special attention to indexes that are
relevant to economics and the social sciences. The
content of an index will vary according to the
definitions of environmental risk and the context in
which the index is established.

Environmental risk and environmental sustainability
will be used interchangeably in this paper. An
identified risk to the environment for a region or
country affects sustainability, such that, the lower is
the risk to the environment, the greater is its
sustainability. It is difficult to determine what a
“desirable path to sustainability” actually represents
in scientific terms. Sustainability may be relative to
other regions or countries. Risk may be more easily
evaluated for some issues, such as natural resources,
where near depletion might have “high risk”.

Indexes that are consistent over time are not easily
available, generally being cross-sectional and/or
available on an annual basis. In the literature, the
main purpose in constructing these indexes is to
produce policy reports on sustainability.
Many indexes have been developed by
governmental,
non-governmental
and
intergovernmental agencies, as well as by private
consulting firms. These indexes tend to be specific to
regions, countries and issues. Many different, and
sometimes inconsistent, measures of the environment
are available, but only a few enterprises have
attempted to create an aggregate index measuring

The Environmental Risk Analysis Program at
Cornell University defines Environmental Risk as
clustered in five areas, namely consumption of
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relative to other countries. ESI ranks Finland,
Norway and Sweden as the three top countries. The
report mentions that no countries are on a perfectly
sustainable path, and that all countries perform
badly in at least some sub-categories. The breadth of
coverage of environmental issues leads to similar
ESI scores for different countries and environments.
Diverse examples can be found in the results
presented by the ESI main report (for example, the
scores for Libya and Belgium are 39.3 and 39.1,
ranking them 124 and 125, respectively, of 142
countries). Cluster analysis is also conducted to
identify similarities among countries, given the
diverse dimensions of environmental sustainability
(human vulnerability, systems and stresses).

energy (fuels), water shortages, disasters, global
warming, poverty, and population growth.
Furthermore, they define that resources are used in a
sustainable manner “when they are used at a rate and
in ways such that they are not depleted or
permanently damaged” (this information is available
at http://environmentalrisk.cornell.edu). The goal of
indicators is to quantify observed phenomena to
understand diverse and complex situations. Indexes
are usually the result of aggregated data, and indexes
can be aggregated into more general indexes.
3. Sustainability Indexes
3.1 Environmental Sustainability Index (ESI)
The ESI is a project jointly led by the Environment
Task Force of the Global Leaders for Tomorrow,
World Economic Forum (WEF), the Yale Center for
Environmental Law and Policy, Yale University, and
the Center for International Earth Science
Information
Network
(CIESIN),
Columbia
University. ESI integrates a large amount of
information through various dimensions of sustainability. The index measures each country's progress
towards environmental sustainability.

3.2 Environmental Performance Index (EPI)
The EPI has been developed in parallel to the ESI
by the same institutions, and ranks countries
according to air and water quality, land protection,
and climate change prevention. This index was
created to support performance-based benchmarking
and to evaluate the results obtained in the ESI. The
EPI, which is still experimental at this stage, is
derived from aggregated data sets into four core
indicators that measure air and water quality,
greenhouse gas emissions, and land protection. Such
indicators provide measures of both current
performance and rates of change. The performance
over time is tracked from 1990 to the present, with
the exact dates vary according to data availability.
The index is confronted with data problems to fulfill
its initiative, as the time series data for
environmental measurement can be rather poor.

The ESI (1) identifies issues where national
performance is above or below expectations; (2) sets
priorities among policy areas within countries and
regions; (3) tracks environmental trends; (4) assesses
quantitatively the success of policies and programs;
and (5) investigates the extent of the interaction of
environmental and economic performance and other
factors influencing environmental sustainability.
Based on a large cross-sectional database, the ESI
ranks 142 countries according to five core
components, each subdivided into 20 indicators
formed on the basis of the 68 underlying variables,
and has been published annually since 2001. The
ESI is a weighted average of the indicator scores,
with greater weight on the social and institutional
components. The sources of the data are from the
UN, university departments, NGOs, commercial
firms and national laboratories.

3.3 Wellbeing Index
Prescott-Allen’s “Wellbeing of Nations” was
published under the International Development
Research Centre (IDRC) in cooperation with the
IUCN, the World Conservation Union, the
International Institute for Environment and
Development,
the
Food
and
Agriculture
Organisation of the UN, Map Maker LTD, UNEP,
and the World Conservation Monitoring Centre. The
book focuses on a cross section of 180 countries,
measures the quality of life and the environment,
and combines human wellbeing indicators with
issues of environmental sustainability. The book
computes two main indexes, namely a Human
Wellbeing Index, which measures the quality of life,
and an Ecosystem Wellbeing Index, which measures
the quality of the environment. These are combined
to form a Wellbeing Index. Finally, the
Wellbeing/Stress Index, that measures human
wellbeing relative to the amount of environmental
stress, is generated. The Wellbeing of Nations is
concerned with people and ecosystems, with equal
weights, and proposes that sustainable development
is a combination of human and ecosystem wellbeing.

Broad environmental issues are covered by the
index, such as the control of pollution and natural
resource management, over a large number of
countries. Moreover, the survey underlines the poor
state of environmental metrics. Some environmental
issues, however, have been surveyed precisely, such
as climate change, ozone depletion and
deforestation.
The choice of variables was made according to
country coverage, quality and timeliness of data. The
ESI is based on a relative comparison between
countries, such that a high score for a given country
is due to a high average of the individual indicators
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4.1.2 A Disaster Database
The Centre for Research on the Epidemiology of
Disasters (CRED) at the Catholic University of
Leuven, Belgium, has created an Emergency Events
Database (EMDAT) with the initial support of the
World Health Organisation and the Belgian
Government. The database is used primarily for
national and international humanitarian action
purposes by assisting decision makers to prepare for
potential disasters. It also provides data for an
assessment of the relative vulnerability of countries
and regions, and enables decision makers to set
priorities. The data set distinguishes between
whether a certain type of disaster, such as floods or
earthquakes, are more significant in terms of its
human impact (injured, killed, refugee, homeless
and displaced persons) within a country, or whether
one country is more vulnerable than another in terms
of specific issues. The disaster issues are grouped by
causes of disaster under four headings, namely
natural, technological, famine and conflict.

3.4 Dashboard of Sustainability
The UN Commission on Sustainable Development
(UNCSD) and the Consultative Group on
Sustainable Development Indicators (CGSDI) have
produced sustainability indicators based on the
UNCSD indicator framework. It gathers 60
indicators for 100 countries. The CGSDI is an
international team of experts, which is coordinated
by the International Institute for Sustainable
Development (IISD). The CGSDI use visual models
of highly aggregated sustainable development
indexes, using a cluster approach. These models
display the data for a qualitative analysis based on a
four-sided pyramid, elliptical indicator cluster,
compass of sustainability and a dashboard of
sustainability. For the visual models, they also use
indicators and data constructed by other agencies.
These measures encompass environmental and social
issues, as well as economics and institutions. The
resulting indicators are displayed through diverse
visual models, with the most important prototype
being called the “dashboard of sustainability”. This
dashboard is a non-commercial software that
represents complex relationships among economic,
social and environmental issues. It is aimed at policy
makers and academic researchers, and enables the
creation of composite indicators. In order to display
the relationships, graphic presentation and
aggregation algorithms have been developed.

These relative effects for some specific disasters can
be examined over time as the EMDAT has recorded
the occurrence and effects of more than 12,800
disasters worldwide from 1900 to the present on an
annual basis. The conflict database is from 1991 to
the present. Various sources of data have been used
to compile the database, such as UN agencies, nongovernmental organisations, insurance companies,
research institutes and press agencies.

The dashboard is experimental. From this project,
the CGSDI and UNCSD have also produced an
aggregate index called the Policy Performance Index
(PPI), which has a wider variety of components, such
as economic output, social care and welfare, nature
and environment, institutions, and governance.

4.2 Environmental Risk Analysis Program
Diverse environmental projects are undertaken
under the Environmental Risk Analysis Program at
Cornell University. A major component of the
project involves an analysis of the impact of
pesticides, their inherent risks, and the creation of an
associated pesticide risk indicator.

3.5 Genuine Progress Indicator (GPI)
Created in 1995, this annual index measures more
accurately the progress for the USA, and uses the
same accounting framework as GDP. The GPI adds
the economic contributions of household and
volunteer work and subtracts factors such as crime,
pollution and family breakdown. Although including
a broader notion of human wellbeing, the GPI is still
limited and does not account fully for important
ecological issues affecting social and economic life.

The research centre at Cornell University also
identifies the greatest threat to the environment as
being clustered around six specific areas, namely
population growth, global warming (fossil fuels and
nuclear energy), over-consumption of materials (and
sustainability), water shortages, poverty, and wars.
Each of these components has
international
organisations, NGOs or research centres as their
respective source of information, and where analysis
is conducted on these specific issues.

4. Risk and Disasters
4.1.1 Living with Risk
The UN International Strategy for Disaster
Reduction (UNISDR) produced the report “Living
with Risk”, which focuses on disaster risk reduction.
The document is intended for practitioners in
disaster management, and environmental and
sustainable development, and provides policy
guidance. The report is a qualitative analysis of
information on disaster risk reduction initiatives.

4.3 Dow Jones Sustainability Indexes
In the private sector, there exist incentives to
measure the importance of environmental and social
issues within private firms. The Dow Jones
Sustainability Indexes (DJSI), for example, were
launched in 1999 and track the financial
performance of the leading sustainability-driven
firms around the world.
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companies depend on the quality of a firm’s strategy
and management, as well as its performance in
dealing with integrating long-term economic,
environmental and social aspects. These aspects can
be now quantified. The corporate sustainability
concept refers to a quantification of corporate
sustainability performance. Leading sustainability
companies are identified by the Corporate
Sustainability Assessment of SAM Research, which
requires companies to complete questionnaires. The
SAM group also uses company and third-party
documents, and personal contacts to deem a
company acceptable for the DJSI. Further external
verification is undertaken by consulting firms. The
choice of SAM’s analysts relies on specific
sustainability trends such as climate change, water,
food, accountability and health.

The aim is to provide asset managers with a
benchmark to manage a sustainability portfolio and
for financial products that are linked to economic,
environmental and social criteria. These indexes
quantify the importance of promoting sustainability
in the private sector. The DJSI are derived from, and
are integrated with, the Dow Jones Global Indexes as
the same methodology is used. Members of DJSI are
diverse companies from various countries and
various economic sectors, ranging from basic
materials to utilities. The DJSI is divided into two set
of indexes, namely the DJSI World and DJSI
STOXX, and is used by asset managers in 14
countries, with 50 licenses having been sold to date.
4.3.1 DJSI World
The Dow Jones Sustainability World Indexes (DJSI
World) consist of over 300 (the top 10%) leading
sustainability companies in 59 industrial sectors for
34 countries. The market capitalisation of the DJSI
World in August 2003 exceeded USD5 trillion.
These indexes are based on the Laspeyres’ formula,
and are calculated as price and total returns indexes
in USD and EURO, yielding a total of 24 indexes.
DJSI World is reviewed annually for potential
component changes, which affects the sustainability
performance (such as bankruptcies, mergers or
takeovers). Moreover, the composite DJSI World is
further divided into specialised subset indexes by
excluding companies that generate revenue from
alcohol, tobacco, gambling, armaments or firearms.

4.4 Ecological Indicators
4.4.1 Living Planet Index/Ecological Footprint
The WWF, Redefining Progress and UNEP
produced the Living Planet Report 2002 (WWF,
2002). This report periodically updates the state of
the world's ecosystem (Living Planet Index) and the
pressures placed on them by the consumption of
renewable natural resources (Ecological Footprint
(EF)). The Living Planet Index spans the period
1970 to 2000, and is an average of three ecosystembased indexes, namely a forest species population
index, a marine species population index, and a
freshwater species population index.
The EF focuses on environmental issues and is
composed of six footprint indicators, namely builtup land, energy, fishing ground, forest, grazing land
and cropland. As a unit of area, Ecological Footprint
measures the land and sea needed to absorb carbon
dioxide by converting the combined quantities of
energy and renewable resources consumed by a
nation, region or the world. Furthermore, the EF
estimates an ecological balance, which accounts for
the national footprint relative to its sea and
productive land surface. If the footprint exceeds the
national capacity, the country would be in deficit.

4.3.2 DJSI STOXX
The Dow Jones STOXX Sustainability Indexes
(DJSI STOXX) consist of a pan-European and Eurozone indexes, DJSI STOXX and DJSI EURO
STOXX, respectively. These indexes were published
for the first time on 15 October 2001. As for DJSI
World, both of these indexes are composite, and are
further subdivided into specialised indexes by
excluding some firms generating revenue in the five
categories mentioned above. The Dow Jones
STOXX Sustainability Indexes, which include 179
components, track the financial performance of the
top 20% of the companies in terms of sustainability
in the Dow Jones STOXX 600. Each of the DJSI
STOXX indexes are calculated as price and total
return indexes, both in USD and EURO, yielding a
total of 16 indexes. The DJSI STOXX indexes are
reviewed on both an annual and quarterly basis to
ensure consistency in the representation of the top
20% leading sustainability firms.

4.4.2 World Resources and EarthTrends
EarthTrends of the World Resources Institute is an
online data source that focuses on environmental,
social and economic trends (this information is
available at http://earthtrends.wri.org). The data are
gathered from different renowned data sources and
agencies and cover a wide range of issues.
EarthTrends provides information in ten main areas,
with tables containing statistics for each topic,
country
profiles,
selected
variables,
and
environmental information at the regional, global
and country levels. Research for policy and
analytical purposes on the environment and
sustainable development is also available on each

4.3.3 Corporate Sustainability and Assessment
“Corporate Sustainability is a business approach to
create long-term shareholder value by embracing
opportunities and managing risks deriving from
economic, environmental and social developments”
(DJSI, 2003a). Identification and selection of
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are more readily available and in greater quantities
with regard to human indicators. Ecosystem
indicators frequently diverge from each other
because eof the lack of availability of data and
discrepancies in their analytical framework.

topic. The data are typically observed annually, and
the availability of data for each country depends on
the specific variables requested. At present, there are
approximately 500 variables in the system.
The World Resources Institute, in collaboration with
several international, governments and NGOs,
produces diverse publications on a variety of
environmental topics. For example, The World
Resources Report refers to the conditions and trends
in the global environmental and natural resources,
and is published jointly by the United Nations
Development Programme, the United Nations
Environmental Programme and the World Bank.
This report provides a qualitative and quantitative
analysis regarding the global environment.

In The Wellbeing of Nations (Prescott-Allen, 2001),
the Human Wellbeing Index (HWI) and the
Ecosystem Wellbeing Index (EWI) have been
compared with the Human Development Index
(HDI) (UNDP, 2003) and the Ecological Footprint
(Wackernagel et al., 2000), respectively. The HDI
measures how close a nation is to deprivation, and is
consistently higher than the HWI. The HWI includes
36 indicators such as freedom, violence and equity,
covering 9 elements, whereas HDI shows the change
in 4 indicators, namely life expectancy, income,
literacy and school enrolment. As a consequence,
the HDI rating may suffer from missing data and an
over-emphasis on a few elements included in the
index (Prescott-Allen, 2001).

4.5 Other Initiatives
International Sustainability Indicators Network is a
group of NGOs, consultants and governmental
organisations working on sustainability analysis.
Another important initiative is UNEP's Global
Environmental Outlook, which analyses the current
state of the global and regional environment. This
was initiated in response to the environmental
reporting requirements of UNEP’s Agenda 21, and
to a governing council decision of UNEP. The
Global Environmental Outlook-3 overviews the
main environmental developments over the past 30
years, and investigates how social, economic and
other factors have affected the global environment.
The analysis is conducted qualitatively and
quantitatively based on environmental indicators.

On the other hand, EWI can be compared to the
Ecological Footprint, which measures consumption
pressures. The main difference between the two is
that EWI attempts to measure the actual pressure
from the consumption process, whereas EF measures
the expected pressure.
5.2 Limitations of the Various Indexes
5.2.1 Time Series
The lack of time series environmental indexes
prevents robust empirical analysis. Environmental
time series indexes would enable an investigation of
the relationships, as well as the simple correlations
with other social and environmental indexes, to
determine optimal environmental performance.

5. Comparing Indexes
5.1 How are Indicators and Indexes Related?
An issue raised by the main report of ESI is the
broad correlation between per capita income and the
environmental sustainability index. This highlights
the importance of the interaction between economic
activities and diverse environmental issues. The
relationship between economics and environmental
outcomes is investigated through simple correlations
between GDP per capita and ESI. Apart from GDP
per capita, the ESI report examines the correlation of
ESI and the Competitiveness Index of the World
Economic Forum (2001), for which the correlation
coefficient is 0.34. Furthermore, environmental
sustainability should not be attributed solely to
economics, but also to government policies, the
private sector and individuals.

Both ESI and EPI track environmental trends, but
any comparisons may be somewhat restrictive as
ESI has been published annually for the last two
years, the scores are not directly comparable as the
methodology has evolved, and EPI is based on the
difference between 1990 and 2002.
CGSDI attempted to make their PPI comparable,
and to replace well known indicators such as GDP,
for policy decision purposes. However, the
information used is typically cross sectional. These
research incentives are not based on time series data,
which eliminates the possibility of a dynamic
analysis. The more specialised indexes such as
CRED’s disaster database and DJSI are more
frequently observed. Furthermore, EarthTrends
compiles mainly annual time series data, as well as
large cross sections of data.

Moreover, ESI is significantly correlated with the
Wellbeing Index and the CGSDI Overall Index (0.73
and 0.60, respectively). There is more substantial
divergence among the ecosystem-driven indicators
than their human counterparts as there is a greater
consensus within the latter group. In addition, data

5.2.2 Complexity
In general, the indexes include a wide variety of
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measures of environmental elements to examine
various aspects of environmental issues and human
dimensions. This may limit empirical analysis when
searching for relationships among diverse
environmental and social elements. Such problems
arise from the fact that an understanding of
sustainability is increasingly complex and requires
more accurate data. However, indexes are based on
simple aggregation procedures, while specialised
indexes are limited as they are concerned with only a
limited aspect of the broad concept of sustainability.
GDP, for example, is a powerful measure, but is
limited to the output of a market economy. Its
narrow measure ignores several important aspects,
such as the state of ecosystems, and environmental
and social costs (arising from pollution and resource
depletion). Despite the increasing information
contained in reports and measures of environmental
factors, of both an ecosystem and human nature, few
studies have attempted to incorporate these
environmental issues comprehensively into an index
which might be as powerful and informative as GDP.
5.2.3 Measurement Errors
ESI uses several “proxies” in its construction (WEF,
2002a, p.6). When ESI is used in cross-sectional
analysis, the results may suffer from endogeneity and
measurement error problems. Data problems seem to
be a major hindrance to the measurement of
environmental risk and sustainability. The ESI report
indicates that a number of crucial environmental
factors had been omitted, while others were
measured imprecisely. Measurements errors in the
construction of the index are a serious problem when
used in empirical analysis.
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Abstract: Reliable rainfall and streamflow forecasts several months ahead can benefit the management of
water resource systems, particularly in Australia where the hydroclimate variability is high. Previous studies
have shown that streamflow can be forecast by exploiting the lag relationship between streamflow and ENSO
and the serial correlation in streamflow. This paper investigates the potential for seasonal forecasts to
increase the profitability of irrigation production decisions, using an integrated hydrologic-economic model.
Alternative water allocation policies and climate regimes are considered using a scenario-based approach and
the potential value of climate forecasts estimated using the integrated model. The results can be used to
identify opportunities for and likely value of seasonal forecasts to water managers and policy makers.
Keywords: seasonal forecasting, ENSO, decision model, water resources, irrigation system.
1

These management and allocation pressures are
compounded by Australian streamflow (and to a
lesser extent climate) being much more variable
than elsewhere in the world. The inter-annual
variability of river flows in temperate Australia
(and Southern Africa) is about twice that of river
flows elsewhere in the world (see Peel et al.,
2001). This means that temperate Australia is
more vulnerable to river flow related droughts and
floods than elsewhere in the world. In such a
challenging environment, the use of forecasting
tools that support improved decision-making
resulting in efficiencies in water use and reduced
risk taking is highly desirable. The development
and use of such tools is the focus of considerable
research and extension activity in government and
industry.
This paper presents results from an integrated
model demonstrating the potential value of
seasonal forecasts to irrigated farmers reliant on
uncertain river flows. These results can be
considered to be indicative of the potential
benefits of seasonal forecasting in eastern
Australia. Although the complexity of different
production systems and many of the influences on
real life decisions are not considered here, this
analysis does provide an interesting insight into
the potential for forecasting methods to help
farmers adjust away from the impacts of climate
variability.

INTRODUCTION

Climatic variability is a significant factor
influencing agricultural production decisions in
Australia. Historically, Australian farmers and
governments have invested heavily in reducing
the influence of this variability on agricultural
production.
This investment has included
construction of large dams on major river systems
throughout the country, primarily for irrigation
purposes, and allocation and development of
groundwater resources (see for example
Davidson, 1969). This development policy placed
large pressures on ecosystems and has
significantly modified river systems. In 1994 the
Council of Australian Governments began a
period of water reform, essentially entering a new
management phase for water resources. These
reforms have included assessment of the
sustainable yield from aquifer systems, often
found to be below current allocation and even
extraction levels, as well as allocation of a
proportion of flows to the environment (COAG,
1994). In many catchments these water reforms
have not only reduced irrigators’ access to some
types of water, but have also implicitly increased
the effect of climate variability on their decisionmaking by increasing their reliance on pumping
of variable river flows.
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2

CASE STUDY

farm from a particular system, as the value of
forecasts was tested on this farm using forecasts
and flows from many different river systems in
eastern NSW. This was done in order to test the
sensitivity of the results to the hydrology and
climate of the river system.
Four decision alternatives are compared:
decisions based on forecasts (based on three
forecast models – see later); decisions based on
perfect knowledge (indicating maximum possible
gain to the farmer from using knowledge about
climate variability; decisions based on
climatology (same “average” condition for every
year); and decisions based on a naïve expectation
(condition for a given year is the same as the last
year).

This study investigates the potential benefits of
using seasonal forecasts to make farm level
decisions and the returns in an irrigated cropping
system. The choice of case study was based on
the premise that the potential benefit of seasonal
forecasts is probably greatest in a farming system
subject to significant uncertainty. For this reason
the farming system represented in the decisionmaking models is that of an irrigated cotton
producer operating on an unregulated river
system, relying on pumping variable river flows
for irrigation purposes during the season. This
type of farm is typical of many occurring in
unregulated areas of the Namoi Basin, in the
Northern Murray-Darling Basin, particularly the
Cox’s Creek area (see Figure 1).
The modelling here should be considered to
represent a theoretical or model farm rather than a

Figure 1. Map of case study region
above these pumping thresholds (ie. the number
of days on which pumping is allowed). The model
farmer factors this forecast and the total volume
of water allowed to be pumped on each such day
(the daily extraction limit – defined by policy as a
fixed volume of water) into their planting
decision.
Climate forecasts were constructed over an 86
year period for seven catchments and the two
pumping threshold regimes using three forecast
methods. Seven catchments were chosen to
represent a range of forecast skills and pumping
conditions so as to test the sensitivity of the

Given that the model farm is assumed to be
pumping from the river for irrigation supply, their
production and water availability is limited by the
number of days on which they can pump from the
river. In order to mimic the types of flow rules on
these unregulated systems and to test the
sensitivity of results to these rules, two pumping
thresholds were considered – the 20th percentile
and 50th percentile of flow (that is, flow that is
exceeded 20% or 50% of the time).
The information (or forecast) required for each
year is therefore the number of days that are

1512

because of their relative proximity to the Namoi
Basin (all within the Murray-Darling Basin in
New South Wales – see Figure 1) and to reflect a
range of rainfall-runoff conditions and forecast
skills. Proximity to the Namoi Basin is to support
coupling with the decision-making models that
have been developed by Letcher et al. (in press)
within the water management regulatory
framework in the Namoi Basin, though they
simulate representative farmer behaviour.
Daily streamflow data from 1912-1997 are used.
The data include extended streamflow data
estimated using a conceptual daily rainfall-runoff
model (see Chiew et al., 2002). The catchment
locations and long-term average rainfall-runoff
characteristics are summarised in Table 1.

results to these factors. Farmer decisions were
then simulated using these three forecast methods
as the basis of the decision, as well as using three
other decision alternatives for comparison.
3

SEASONAL FORECAST MODELS

The relationship between streamflow and ENSO
and the serial correlation in streamflow can be
exploited to forecast streamflow several months
ahead (see Chiew and McMahon, 2002, 2003). To
make risk-based management decisions, forecasts
expressed as exceedance probabilities are required
(e.g. probability of getting at least ten pumping
days). In this study, exceedance probability
forecasts are derived at the tributary scale for the
seven unimpaired catchments in the MurrayDarling Basin. The catchments were selected

Table 1. Catchment characteristics

410033
Murrumbidgee R
@
Mittagang
Crossing
410047 Tarcutta
Ck
@
Old
Borambola
410061 Adelong
Ck @ Batlow
Road
412080
Flyers
Creek @ Beneree
412082
Phils
Creek @ Fullerton
418025
Halls
Creek @ Bingara
421036
Duckmaloi River
@ Below Dam
Site

LAT

LONG

36.17

Runoff
% days
20th percentile 50th percentile
Coeff (%) flow (> 0.1 mm) flows (mm) flows (mm)
10-15
71
0.55
0.28

149.09

AREA
(km2)
1891

Rainfall
(mm)
882

Runoff
(mm)
134

35.15

147.66

1660

818

110

10-15

50

0.68

0.31

35.33

148.07

155

1138

256

>20

89

0.97

0.44

33.50

149.04

98

915

106

10-15

50

0.65

0.29

34.23

149.55

106

821

124

10-15

62

0.58

0.27

29.91

150.58

156

755

44

6

24

0.22

0.14

33.77

149.94

112

967

244

>20

80

0.95

0.40

and September. The forecast is derived using the
nonparametric seasonal forecast model described
in Piechota et al. (2001) and expressed as
exceedance probabilities.
Three forecast models are used:
- forecast derived from flow volume in August to
September (FLOW)
- forecast derived from SOI value in August to
September (SOI), and
- forecast derived from flow volume and SOI
value in August to September (FLOW+SOI).

Forecasts are made for the number of days in
October-February that the daily flow exceeds the
two pumping thresholds under consideration. The
20th and 50th percentiles daily flow thresholds are
calculated based on flow days only, defined as
days when the daily flow exceeds 0.1 mm. The
forecast is derived by relating the number of days
in October-February that the daily flow exceeds a
threshold to explanatory variables available at the
end of September. The explanatory variables used
are the SOI value averaged over August and
September, and the total flow volume in August
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Table 2. Forecast skill
CATCHMENT

CASE

FLOW

SOI

FLOW+SOI

E

LEPS E

LEPS E

LEPS

410033 Murrumbidgee R @ Mittagang days >20%P
Crossing
days >50%P

0.35

27.1

0.23

11.6

0.58

41.7

0.36

23.1

0.19

12.2

0.60

39.7

410047 Tarcutta Ck @ Old Borambola

days >20%P

0.41

32.8

0.23

17.6

0.57

46.4

days >50%P

0.39

26.2

0.18

11.2

0.50

36.0

days >10%P

0.54

41.4

0.16

12.0

0.64

49.5

days >20%P

0.63

42.0

0.17

11.1

0.71

50.4

days >20%P

0.34

25.8

0.22

10.2

0.54

37.6

days >50%P

0.42

28.8

0.22

10.9

0.56

40.0

days >20%P

0.40

19.2

0.22

12.3

0.59

32.1

days >50%P

0.54

30.0

0.22

12.2

0.64

39.7

days >20%P

0.13

12.4

0.16

11.7

0.29

26.3

days >50%P

0.26

15.3

0.16

13.0

0.44

31.5

days >20%P

0.16

12.3

0.24

13.5

0.45

28.1

days >50%P

0.24

16.7

0.27

17.7

0.51

34.0

410061 Adelong Ck @ Batlow Road

412080 Flyers Creek @ Beneree

412082 Phils Creek @ Fullerton

418025 Halls Creek @ Bingara

421036 Duckmaloi River @ Below Dam

4

catchments (410033, 410047, 410061, 412080,
412082 – E generally greater than 0.35 and LEPS
generally greater than 25%), and similar at the
other two catchments (418025, 421036). In all
seven catchments, the FLOW+SOI model has
greater skill than the FLOW or SOI model alone.
In the five catchments where the FLOW model
has greater skill than the SOI model, the E and
LEPS for the FLOW+SOI model are generally
greater than 0.5 and 40% respectively (compared
to 0.35 and 25% in the FLOW model). In the
other two catchments where the FLOW model
and SOI model have similar skill, the E and LEPS
for the FLOW+SOI model are generally greater
than 0.3 and 25% (compared to less than 0.25 and
20% in the FLOW or SOI model alone).

FORECAST MODELS RESULTS

All models exhibit significant skill in the forecast,
summarised in Table 2. Two measures of forecast
skill are used – Nash-Sutcliffe E and LEPS score.
The Nash-Sutcliffe E (Nash and Sutcliffe, 1970)
provides a measure of the agreement between the
“mean” forecast (close to the 50% exceedance
probability forecast) and the actual number of
days in October-February that the daily flow
exceeds a threshold. A higher value of E indicates
a better agreement between the forecast and actual
values, with an E value of 1.0 indicating that all
the “mean” forecasts for all years are exactly the
same as the actual values.
The LEPS score (see Piechota et al., 2001)
attempts to compare the distribution of forecast
(forecast for various exceedance probabilities)
with the actual number of days in OctoberFebruary that the daily flow exceeds a threshold.
A LEPS score of 10% generally indicates that the
forecast skill is statistically significant. A forecast
based solely on climatology (same forecast for
every year based on the historical data) has a
LEPS score of 0.
The LEPS score in all the forecast models are
greater than 10% indicating significant skill in the
forecast. The SOI model has similar skill in the
seven catchments, with E values of about 0.2 and
LEPS score of 10-15%. The FLOW model is
considerably better than the SOI model in five

5

DECISION-MAKING MODELS

All decisions were modelled using a simple farm
model which assumed that farmers act to
maximize gross margin each year, given
constraints on land and water available to them in
the year. This model is a modified version of a
decision model for the Cox’s Creek catchment
developed in Letcher et al. (in press). Total farm
gross margin was analysed for all catchments,
pumping thresholds and forecast methods using
four different possible decision methods:
1. Seasonal forecast decisions. The decisions
are made assuming the 20th
and 50th
percentile exceedance probability forecasts
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catchment identifiers and the y-axis is the total
gross margin in Australian dollars.
These figures show a consistent set of results:
• use of any of the three forecast methods leads
to a greater gross margin than either the
average or the naïve decision methods;
• in general, the SOI+FLOW method gives the
greatest gross margin of the three forecast
methods, with SOI generally providing the
lowest gross margin;
• the forecast methods provide a substantial
return in gross margin relative to the total
achievable gross margin (via the perfect
decision model) in each case (on average
55% of the possible maximum).
To investigate the consistency of the forecast
skill, the percentage of time during the simulation
period during which different income levels were
exceeded for each decision model and forecast
method was derived. Results for a single
catchment (410033) for the 20th percentile
pumping threshold are presented in Figure 4.
Several observations can be made about the
consistency of the forecasts:
• negative gross margins (losses) are
experienced in a greater number of years for
both the average and naïve decision methods
(>7% of time) than for any of the seasonal
forecast methods (<3.5%) when all
catchments are considered;
• the naïve and average decision methods give
a lower income at almost all exceedance
probabilities and, for those areas where they
are greater, the difference is very small; and
• the naïve decision method gives a greater
gross margin for very high gross margin years
(2.4% of the time).

(using SOI, FLOW and SOI+FLOW) for the
number of pumping days are correct.
2. Naïve decision. The decision is made
assuming that the number of pumping days
this year is equal to the number of pumping
days observed last year.
3. Average climate decision. The decision is
made assuming that the number of days for
which pumping is possible in each year is the
same and equal to the average number of
days pumping is permitted over the entire 86
year period.
4. Perfect knowledge decision. The decision is
made with full knowledge of the actual
number of days on which pumping is
possible in each year. This is essentially used
to standardize the results as it is a measure of
the greatest gross margin possible in each
year given resource constraints.
The same simple farm model is used in all cases.
This model allows the farm to choose between
three cropping regimes - irrigated cotton with
winter wheat rotation, dryland sorghum and
winter wheat rotation, and dryland cotton and
winter wheat rotation. Costs of production are
incurred on planting the crop, so areas planted for
which insufficient water is available over the year
generate a loss. Where insufficient water is
available to fully irrigate a crop it is assumed that
the area irrigated is cut back and a dryland yield is
achieved on the remaining area planted.
6

MODELLING RESULTS

For each catchment, models were run over the 86
year period for every combination of pumping
threshold, forecast and decision-making method.
The total gross margin achieved by “ the farm”
over the entire simulation period under each of
the decision models and forecasting methods is
charted for the 20th percentile (Figure 2) and the
50th percentile (Figure 3) pumping threshold
respectively. The x-axis labels are the seven
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Figure 2. Farm gross margin for the 20 percentile
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Figure 3. Farm gross margin for the 50 percentile
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Figure 4. Consistency of forecast skill (410033,
20th percentile)
7

CONCLUSIONS

The results in this paper clearly demonstrate the
potential for gains to be made in the use of
seasonal forecasting methods.
The question
remains as to why these methods are not currently
being adopted. One issue may be with the
presentation and perceived accuracy of these
methods. Clearly more work needs to be done not
only in enhancing the accuracy of these methods
but in determining the type of forecasting
products required by the farming community and
appropriate strategies for improving their
adoption.
8
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Abstract The assessment of trends in meteorology and/or hydrology still is a matter of debate. Capturing
typical properties of time series, like trends, is highly relevant for the discussion of potential impacts (e.g.
global warming or flood occurrence). In order to enhance capabilities of analytical strategies run-off data from
river gauges in southern Germany are analysed systematically regarding their trend behaviour. The trend is
assumed to be a slowly varying deterministic component caused e.g. by human impact like global warming.
Its detection is difficult since it might be superimposed by natural variability also present on large time scales.
In an innovative approach a polynomial trend component and a stochastic model part are combined. With the
stochastic model long-term and short-term correlations in time series data are considered. A reliable test for
a significant trend can be performed via three steps: First, a stochastic fractional ARIMA model is fitted to
the empirical data. In a second step, wavelet analysis is applied to separate the variability of small and large
time-scales, assuming that the trend component is part of the latter. A comparison of the overall variability
to that restricted to small scales results in a test for a trend. For the analysed series no significant trend could
be found under the assumption of the models presented. The extraction of the large scale behavior by wavelet
analysis provides valuable hints concerning the shape of the trend.
Keywords: time series analysis; trend test; wavelets; stochastic model; FARIMA
1

I NTRODUCTION

Trend assessment is an important problem in time
series analysis. Analysing hydrological and/or meteorological time series, one has to cope with the
relative shortness of measured data in comparison
to the time span of potential driving forces of variability. Also, as discussed by Beran [1994], it is
possible to fit different stochastic models reasonably well to finite time series. The question, which
model is most suitable, cannot be answered unambiguously. Often time series data do not only consist of a stochastic component, but also of a deterministic instationarity like a trend. In the context
of climate and hydrological research this distinction
might be transmittable to the determination of anthropogenic influence and natural variability.
In order to contribute to trend analysis in time series we decompose the data into variations on larger

scales (further referred to as trend estimate ) and

variations on smaller scales ( ), which are assumed
to be represented adequately by a linear stochastic
model. Under this assumption the data are tested

 contact: malaak.kallache@pik-potsdam.de
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for an underlying deterministic trend. Since longterm correlations might cause long excursions from
the mean as well as local trends (Beran [1994]), the
detection of a significant deterministic trend there
is more challenging. By comparing the models by
means of the Bayesian Information Criteria (BIC)
we want to contribute to the problem of distinction
of trend and short memory on the one hand and long
memory on the other hand (see also Giraitis et al.
[2001]). The selected model also has an important
influence on the confidence interval estimated for
the trend parameters. The view of a trend as smooth
deterministic changes on large scales is for example shared by Craigmile et al. [2003], Percival and
Walden [2000] or Bloomfield [1992].
We have organised this paper as follows: in section 2 the applied methods, i.e. wavelet analysis,
the Whittle estimator for FARIMA models and the
trend test itself, are briefly discussed. Section 3 introduces the data, and in section 4 and section 5 the
results are presented and discussed.

2

time lags # , i.e.

M ETHODS

2.1 Wavelet Analysis
Wavelet analysis is carried out by applying the discrete wavelet transform (DWT) and the maximum
overlap DWT (MODWT). The DWT is an orthonormal transform. The time series are reconstructed
by a linear combination of wavelets, analogous to
a reconstruction by sinusoids in Fourier analysis.
Because each wavelet is essentially non-zero only
within a finite interval of time, time-scale analysis can be achieved. In this manner information
about the variations local in time and scale can be
retrieved. Furthermore, the wavelet basis is dilated
when processing larger scales. Thus the problem of
under or overlocalisation, which occurs by using the
windowed fourier transformation, is minimised (see
Kaiser [1994]).
The selection of the mother wavelet is data dependent. Possible choices are an orthonormal, a
non-orthonormal, a real, or a complex basis. An
overview about the noteworthy aspects is given in
Torrence and Compo [1998]. Here, we find a
discrete, orthogonal basis – the Daubechies “least
asymmetric” wavelet basis of width eight (LA(8))
– to be an appropriate choice. The DWT operates
on dyadic time series and is defined in terms of a
wavelet filter and an associated filter known as the
scaling filter. Let a time series be a realization of
 with random varia stochastic process Y 
ables  ,  . Applying the LA(8)
wavelet filter to Y  essentially yields a difference
between  and values before and after  . The
LA(8) scaling filter yields a weighted average of
length two on the unit scale.
The MODWT (maximum overlap DWT) is a modified version of the DWT. It is a highly redundant
nonorthogonal transform and time series of nondyadic length can be analysed with it. For more
details refer to Percival and Walden [2000].
2.2 Parameter Estimation
In order to classify trends as significant, a model
is fitted to empirical data representing natural variability. A canonical class of linear models is given
by the autoregressive integrated moving average
(ARIMA) models (see Box and Jenkins [1976]).
This model category, however, is not suitable to
model long-range correlations. Long-range correlation or long-term memory is present if the autocorrelation function "!$#% decays algebraically for large
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with
5 ,

0

&'( .!/#%
)+*-, 0 #"1 2 34
being a finite constant.

(1)
This results in

1 , .!/#6% diverging. On the other hand, for shortrange correlations, the autocorrelations decay expo-

nentially and are thus summable. Several authors
report long-term memory being present in river runoff records, e.g. Lawrence and Kottegoda [1977];
Montanari et al. [1997]. To include the possibility of of long-range correlations, the model class is
extended to fractional ARIMA (FARIMA) models
(Granger and Joyeux [1980]) allowing a flexible description of short-range and long-range correlated
data.
For the records analysed, we considered different
fractional ARIMA models including one to three
parameters. On the basis of the BIC and a goodnessof-fit test the following three models are found to be
appropriate for a comparison of the data sets under
investigation: An AR(1) model given by

7  98 7 
(2)
1;:=<?> 
with > A@ WN(0,B ), an FD(C ) model
!DEGFE%IH 7 J > K
(3)
with F=LNMOPLNM 1;: , and finally a FARIMA(1,C ,0)

model

!DEGFE% H 7 JQ8 7  1R: <S> K

(4)

For the estimation of the model parameters Whittle’s approximation to the maximum-likelihood estimator is used. The latter is based on minimising

[
T !VUW%XZY\[ ` ] !_^ % [ 
(5)
!VUaI^ %
[
of the` data [ at
where !b^ % denotes the periodogram
[
]
the Fourier frequencies ^ dcfe6gihj and !VUaI^ %

the spectral density of the FARIMA process. The
vector Ukl!/8mCf% contains the model parameters.
In this formulation the variance of theT residuals
  is
rescaled to one. At the minimum of ! UW% , U is an
estimate of the model parameters. An extensive discussion on FARIMA models, the Whittle estimator and an implementation of the algorithm can be
found in Beran [1994].
The influence of a strong deterministic trend component will bias the parameter estimation. Considering this effect, the parameter estimation is performed also for the filtered set of data with the variations on large scales removed by wavelet filtering.

2.3 Trend Estimation and Test for Significance
The time series Y , is regarded as being composed
of a stochastic process X and a deterministic trend
component T : Y  T < X . By using the DWT,
the
 data vector Y is decomposed in a component
T, representing
  and
 the variability on large scales,
a component X for small scales: Y  T < X. T captures the deterministic trend as well as the stochastic
variability on large scales and is referred to as the
trend estimate. The separating scale n/o between T
and X is selected ensuring that enough data points
are left unaffected by the boundaries, see Craigmile
et al. [2003]. The choice of nVo influences the test result: shifting n o for one scale might change result
of a trend test (see Percival and Walden [2000]).
In the following all investigations are carried out
with n o qp , which corresponds to a time scale of
64 months. The boundary conditions are assumed
to be periodic. To minimise the boundary effects,
the series is padded at the end with the mean (see
Torrence and Compo [1998]). Applying the trend
test requires the r -th backwards difference of the
stochastic component to be stationary.
For a selected n_o the model choice and the magnitude of the model parameters do not affect the shape
of the trend. However, the parameters estimated for
the stochastic model influence the confidence band
of the trend (see Figure 2) and the variance of the
trend estimate involves the covariance of X  . If X
is a realization of a stationary stochastic process, the
autocovariance sequence (ACVS) of X  can be used
to calculate the variance of the trend.
A test for trend is provided
by comparing the vari
ability in in Y and X. Let

s.t vu Y  u+w
(6)
X
u uw
be the test statistic, where  denotes the euclidu u
ian
norm and Y  has zero mean. xzy is now: {.J|
} X|
 \i ,
6~| versus x : : not xy . For T
s"t should
be large. xy is rejected at a level of
significance  if s tO~tK of Y exceeds s.t !VA% ,
whereby s.t !VA% is the upper 4W %-quantile of simulated s t values. The distribution of the test statistic
is estimated via Monte Carlo simulations with 4000
runs of the stochastic model, which include the optimised parameters but no trend.

Examining the power of the trend test, the following
results have been obtained: analysing linear trends
the power of the trend test is slightly lower than
the power of a standard linear regression test, as
stated in Craigmile et al. [2003]. The power of
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the trend test does not weaken significantly, when
the linear trend starts in a later part of the time series. It reaches a power of one faster for small C s
than for large ones. The trend test is robust against
changes in variance of the time series, but it is vulnerable against jumps in the data. So the occurrence
of breakpoints should be excluded.

2.4 Goodness-of-fit and model selection

A goodness-of-fit test is used to test whether a
model yields a valid description of the data. We applied a test proposed by Beran [1992], which compares the periodogram of the empirical data and the
spectral density function of the fitted model. This
test is basically a formulation of the portmanteau
test for uncorrelated residuals. The smallest significance level for which the null hypothesis xzy : “the
empirical data is compatible with being a realization
of the model” is falsely rejected is denoted by  t  .
As mentioned the Bayesian Information Criterion
(BIC) is used to compare the performance of different models. If the true model is among the models
explored, the BIC is minimal for the proper model.
In a simulation study, Bisaglia [2002] has shown
that also for the long-range correlated FARIMA
models the BIC is a consistent selection criterion.

3

DATA

For the analysis river discharge records from several catchments near the river Neckar in southern
Germany have been investigated. The series were
selected according to their length and completeness.
The run-off data jointly covers the time period from
November 1940 to October 1996. The presented
analyses have been carried out for this period and
the complete time period available for each single
time series. All data sets used are affected by a
strong periodic component due to the annual cycle. This is approximately removed by calculating the daily average and variance over all years ,
where missing values are replaced by the average
for the specific day. Subsequently the anomaly is
obtained by subtracting the average and dividing by
the standard deviation from the measured data. Dividing by the standard deviation removes periodicity in the variance, see e.g. Hipel and McLeod
[1994]. The daily measurements have been aggregated to monthly values.

4

R ESULTS

The obtained parameter values C and 8 for the
FD(C ), AR(1) and FARIMA(1,C ,0) models are
shown in Figure 1 for the time span from 1940 to
1996. In comparison to other models including one
to three parameters, they were selected as best fitting models by the Bayesian Information Criterion
(BIC). Furthermore conclusions about the short and
long-term behaviour of the time series can be drawn
by studying these three model fits.
Considering the BIC, mostly the AR(1) model
was determined as best fit. For Horb/Neckar,
Plochingen/Neckar and Neustadt/Rems, the FD( C )
or the FARIMA(1,C ,0) was selected as best model.
Analysing the complete time period covered reveals
a shift towards long-term correlated models by the
BIC best choice. As shown in Figure 1 B applying
a FARIMA(1, C ,0) model results in smaller values
of C and 8 , which in the case of Pf¤affingen/Ammer
leads from an instationary FD( C ) model to a stationary FARIMA(1, C ,0) model. Apparently, using the
FARIMA(1, C ,0) model, also leads to an estimation
of the long-range parameter C near zero at 5 stations. This suggests that long-range correlation is
not relevant in that case. The winter data (October
to March, not shown) contains only 3 gauges with C
being significantly different from zero, which indicates that for the winter period long-range correlations are not a dominant characteristic.
The applied trend test did not reveal a significant
trend for any of the time series, regardless whether
the full year or only summer (April to September)
or winter (October to March) are considered. The
negative trend result is the same for both the jointly
covered and the entire time period available for each
single series.
Since the fitting algorithm is sensitive to the trend
component, the results are compared to the trend
test on the filtered time series, where the variations
on large scales are removed. Here, not only the
trend component is filtered out but also the stochastic variations on large scales. Thus parameter optimisation with respect to the long-range correlated
components will be affected. Using parameter fits
from the filtered series does also not reveal a significant trend. On the other hand, using parameter fits on the wavelet coefficients – which are
unaffected by polynomial trends of order three –
yields to systematically lower estimated parameters
for the FD(C ) and AR(1) model. Here, a significant trend was found only under assumption of an
AR(1) model for Pf¤affingen/Ammer, Hopfau/Glatt
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Figure 1: (A) Fitted parameters for the FD( C )
and the AR(1) model and (B) the FARIMA(1,C ,0)
model. River Gauges: 1 Neustadt/Rems, 2 Plochingen/Fils, 3 Plochingen/Neckar, 4 Riederich/Erms, 5
Pf¤affingen/Ammer, 6 Horb/Neckar, 7 Hopfau/Glatt,
8 Oberwolfach/Wolf, 9 H¤olzlebruck/Josbach, 10
Ebnet/Dreisam, 11 Zell/Wiese.

and Oberwolfach/Wolf. This suits the finding that
standard errors for the trend fit obtained under an
assumption of long-range dependence can be considerably larger than those obtained under an shortrange correlated autoregressive model (see Smith
[1993]) The broadened confidence interval for estimated trend parameters can thus lead to an acceptance of the hypothesis that there is no trend in case
of long-term correlations, whereas this hypothesis is
rejected in case of short-term correlations (see Beran [1994]). In Figure 2 the different confidence
bands for the trend estimation under different model
assumptions are shown.
These results differ from KLIWA [2003], where a
significant trend component was found at Plochingen/Fils, Riederich/Erms, Pf¤affingen/Ammer and
Hopfau/Glatt by using the Mann-Kendall test. Further work will focus on a better understanding of
this detail.

3

River Fils at Plochingen
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Figure 2: Normalised mean discharge anomalies for the river Fils at Plochingen and trend estimate. The 95%
confidence band for the variance of the trend estimation is drawn under assumption of a FD(C ), an AR(1) and
a FARIMA(1,C ,0) model.
In table (1) the goodness-of-fit test results W4 t  ,
for both, the complete data and the filtered data, are
listed. For P Wp the null hypothesis of the empirical data being a realization of the fitted models
should be rejected when  4W t E p . Apparently
a failed goodness-of-fit test coincidences with the
best BIC value in some cases. The relative closeness of  t  for the full dataset and the filtered data
indicates, that the filtering routines has to be ameliorated to enhance the fitting routine. This is subject
of further work.
5

C ONCLUSIONS

A model dependent trend test has been applied
to mean discharge anomalies from southern Germany.
We considered an AR(1), FD(C ) and
FARIMA(1, C ,0) model with parameters optimised
by a Whittle estimator. For each station the full time
series as well as the summer (April-September) and
winter (October-March) components have been investigated separately. For the time period jointly
covered by all data sets (1940-1996) and for the
full length of each record no significant trend could
be found for the three models assumed. Since
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the Whittle estimator is biased for an underlying
trend, the parameter estimation has been repeated
for data with the variability on large scales removed
by wavelet filtering. The result remained unaffected, no significant trend could be found. Preliminary investigations using parameter estimation on
the wavelet coefficients yield smaller values for the
AR(1) and FD(C ) parameter. In this case for Pf¤affingen/Ammer, Hopfau/Glatt and Oberwolfach/Wolf a
trend has been detected as being significant using an
AR(1) model. This will be subject of further investigation, especially in the context of positive trend
results obtained with a Mann-Kendall test reported
in KLIWA [2003]. The separation of deterministic trend and natural variability is of high interest to
water management authorities.



The shape of the estimated trends of the analysed
hydrological data do not reveal a monotonic trend,
but rather do contain segments of increase and decrease. This indicates, that for trend tests the analysed time period might be crucial.
The correlation structure – e.g. long-range or shortrange correlations – of river-runoff has important
consequences for the investigation of extreme val-

Neustadt/Rems
Plochingen/Fils
Plochingen/Neckar
Riederich/Erms
Pf¤affingen/Ammer
Horb/Neckar
Hopfau/Glatt
Oberwolfach/Wolf
H¤olzlebruck/Josbach
Ebnet/Dreisam
Zell/Wiese

Total
01/01
05/05
18/17
17/18
54/53
21/20
00/00
03/02
00/00
07/04
15/13

FD( C )
Summer
84/85
77/78
46/45
41/43
54/52
24/24
65/67
38/38
64/63
10/08
04/04

Winter
38/34
19/20
32/28
37/34
79/78
28/25
02/01
01/00
00/00
01/00
00/00

Total
09/08
43/43
61/55
88/86
46/40
33/25
08/12
34/24
19/15
12/25
47/43

AR(1)
Summer
94/96
93/ 95
78/79
87/86
80/76
52/52
51/61
36/38
82/83
11/22
22/28

Winter
32/27
27/29
34/26
45/39
68/61
33/25
14/13
10/05
07/04
15/13
00/00

FARIMA(1, C ,0)
Total Summer Winter
07/07
94/95
37/29
40/42
93/94
27/29
58/57
77/77
34/26
87/86
87/86
45/39
61/59
80/76
72/61
45/41
51/51
33/25
10/11
71/73
14/13
27/24
35/35
10/05
19/15
83/83
07/04
20/25
15/22
15/13
47/43
20/28
00/00

Table 1: W4 t  values from the goodness-of-fit test are listed. Values before the backslash denote results for
all data analysed in the jointly covered time period from 1940 to 1996. Values after the backslash denote results
for the filtered data, where variations on large scales have been eliminated before fitting the model parameters
to exclude a bias due to a possible trend. Bold values indicate the model with best BIC results.
ues like floods and droughts. According to the
model selection criterion (BIC) for most of the
gauges considered an AR(1) process is suggested
as being sufficient to describe the runoff-anomalies.
This seems to contrast with Hurst coefficient larger
0.5 found frequently for run-off anomalies. Investigations in this direction with an expanded model
canon and various selection criteria will be carried
out in forthcoming works.
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Testing the Sensitivity of Spillover Effects Across
Financial Markets
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Abstract:
Although market interdependence would seem to be conceptually straightforward, being
based on international fundamentals, there are no generally accepted testing strategies. This paper tests
for the sensitivity of the empirical results reported in Veiga and McAleer (2004), who use the vector
autoregressive moving average asymmetric generalised autoregressive conditional heteroskedasticity
(VARMA-AGARCH) model of Chan, Hoti and McAleer (2002) to test for the existence of volatility
spillovers among FTSE 100, S&P 500 and Nikkei 225. The existing literature is extended to analyse
the robustness of the empirical results reported in Veiga and McAleer (2004) to: (1) the choice of
currency used to denominate asset prices, where it is found that the results are not affected by the
choice of currency; (2) the inclusion of another asset in testing for volatility spillovers, where it is
found that the results can be changed substantially following the inclusion of another asset; (3) the
choice of the conditional mean specification, where it is found that the results are sensitive to the
choice of conditional mean specification; and (4) the stability of the conditional correlation matrix over
time through the use of rolling windows, where it is found that the conditional correlations tend to be
time-varying.
Keywords: Multivariate GARCH, Asymmetries, Volatility, Spillovers, Risk, Sensitivity.
100 to both S&P 500 and Nikkei 225, and from
S&P 500 to FTSE 100.
The literature is extended to analyse the
robustness of the empirical results reported in
Veiga and McAleer (2004) to the: (1) choice of
currency used to denominate asset prices; (2)
inclusion of another asset in testing for
volatility spillovers; (3) choice of the
conditional mean specification; and (4)
stability of the conditional correlation matrix
over time through the use of rolling windows.

1. INTRODUCTION
There are several fundamental issues in
volatility modelling. In financial econometrics,
forecast errors can be costly as they may lead
to sub-optimal hedge-ratios, incorrect risk
assessments and mis-pricing of derivative
securities. Therefore, a critical issue in
volatility modelling is the robustness of the
estimates and forecasts to variations in the
assumptions of the underlying model. The
literature on volatility spillovers has focused
on analysing the robustness of the parameter
estimates in two directions: (1) the presence of
outliers and extreme observations; and (2) the
choice of currency used to denominate asset
prices.

2. Impact of Alternative Currency
Denominations
The aim of this section is to analyse the
sensitivity of the empirical results to the use of
alternative currency denominations. In
examining stock market interdependencies, a
currency must be chosen to denominate the
stock price. In a survey of eleven papers
examining such interdependencies (see Table
1), one paper used the US dollar as the base
currency, three papers expressed stock prices
using local currencies, four papers used both
the local currency and US dollar denominated
prices, while three papers simply did not report
the currency used. When a common currency
is used, it is always the US dollar, but a
complicating factor is that the US market is
always included in the empirical analysis.

Veiga and McAleer (2004) tested for the
existence of volatility spillovers among the
S&P 500, FTSE 100 and Nikkei 225 stock
indexes using intra-daily data from 12/10/1992
to 7/7/2003. In this paper, the existing research
is extended through an application of the
vector
autoregressive
moving
average
asymmetric
generalised
autoregressive
conditional heteroskedasticity (VARMAAGARCH) model of Chan, Hoti and McAleer
(2002). The empirical results based on the
VARMA-AGARCH model suggest the
presence of volatility spillovers from FTSE
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Local currency

(i)Eun and Shim
(1989),
(ii)Koutmos (1992),
(iii)Theodossiou and
Lee (1993)

Table 1:
Classification of Papers by Choice of Base Currency
US dollar
Both US dollar and local
Not reported
currency

(i)Karolyi and
Stulz (1996)

(i)Hamao, Masulis, and Ng
(1990),
(ii)Koch and Koch (1992),
(iii)Lau and Diltz (1994),
(iv)Lee, Rui and Wang
(2001).

(i)Hamao, Masulis
and Ng (1991),
(ii)Susmel and
Engle (1994),
(iii)In, Kim, Yoon
and Viney (2001).

Changes in the US dollar are largely
influenced by changes in US fundamentals,
which also drive financial returns. Thus, it is

(1) regime A omits the most distant (in trading
time) multivariate effect from the conditional
variance equation for each index; and

likely that some of the co-movements observed
among returns in different markets expressed
in a common currency are caused by changes
in the fundamentals driving the US dollar
exchange rate.

(2) regime B omits the most recent (in trading
time) multivariate effect from the conditional
variance equation for each index.
The empirical results are presented in Tables 2
and 3 below. A comparison of the results
obtained under regimes A and B with those
from the unrestricted model show that testing
for the presence of volatility spillovers is
sensitive to the choice of the included
multivariate effect. Under regime A, we find
evidence of spillovers of both ARCH and
GARCH effects from S&P 500 to Nikkei 225
and from FTSE 100 to S&P 500. Regime B
suggests that spillovers of both ARCH and
GARCH effects occur from FTSE 100 to
Nikkei 225. Using the unrestricted model, we
find evidence of spillovers of GARCH effects
from FTSE 100 to Nikkei 225, from FTSE 100
to S&P 500, and from S&P 500 to FTSE 100.
Finally, using the unrestricted model, we find
evidence of spillovers of ARCH effects from
FTSE 100 to S&P 500.

In order to test this hypothesis empirically, the
VARMA-AGARCH model is estimated using
five different currencies to denominate stock
returns, namely US dollar, Swiss franc, British
pound, Japanese yen and the local currency.
The choice of currency does not appear to alter
the estimates of the own effects, with all
significant parameter estimates having the
same sign and similar magnitudes. Thus, in
testing for the presence of own ARCH,
GARCH and asymmetric effects, the choice of
currency does not appear to alter the results
appreciably. In testing for the existence of
volatility spillover effects, there is evidence of
spillovers of ARCH effects from S&P 500 to
Nikkei 225 when the returns are expressed in
yen or local currencies, but not when the other
currencies are used. These results suggest that
tests of volatility spillovers are largely
invariant to the choice of base currency.

4. Choice of Conditional Mean
3. Choice of Multivariate Effect
The choice of conditional mean specification is
an important, yet largely ignored, issue in tests
for volatility spillovers. This section provides
an analysis of the impact of different
conditional mean specifications on the
empirical results. The four conditional mean
specifications used in this section are: AR(1),
VAR(1), ARMA(1,1) and VARMA(1,1).
Tables 4 and 5 present the results for each
index using the four conditional mean
specifications.

In this section the sensitivity of the results to
the choice of multivariate effects included in
the conditional variance equation is tested.
Various papers, such as Lin, Engle and Ito
(1994), have tested for volatility spillovers
between pairs of countries. An interesting issue
is whether the inclusion of a third country in
the analysis changes the results substantially
from those obtained in the bivariate
framework. The VARMA-AGARCH model is
estimated under two regimes, as follows:

The results appear to be sensitive to the
conditional mean specification. When a VAR
or VARMA is chosen, we find evidence of
spillovers of GARCH effects from FTSE 100
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to Nikkei 225 and from S&P 500 to FTSE 100.
However, when an AR or ARMA specification
is used, no such spillover effects are found.

correlations display significant variability,
which suggests that the assumption of constant
conditional correlations may not be valid, and
hence may lead to biased inferences.
The existence of time-varying conditional
correlations may also suggest time-varying
volatility spillovers. To date, no paper in the
literature on volatility spillovers has tested the
null hypothesis of constant conditional
correlations against the alternative of dynamic
conditional
correlations.
Moreover,
a
maintained hypothesis in all empirical analyses
in the spillovers literature has been the
presence of constant, rather than time-varying,
volatility spillovers.

5. Constant Conditional Correlations
The VARMA-AGARCH model has constant
conditional correlations. Engle (2002) and Tse
and Tsui (2002) have recently proposed similar
multivariate GARCH models with timevarying conditional correlations. Chan, Hoti
and McAleer (2003) extend each of these
models to the generalized autoregressive
conditional correlation (GARCC) model, and
derive the theoretical and statistical properties
of a wide range of dynamic conditional
correlation models.

Dynamic Path of Conditional
Correlations of Nikkei 225 and FTSE
100

In the constant conditional correlation
framework, Γ is no longer a matrix of constant
conditional correlations, but follows a
restricted
multivariate
GARCH(1,1)
specification. Specifically, Γ is the correlation
matrix of the standardised shocks, η t , which

0.04
Conditional
Correlations

0.03

is assumed to be a vector of independent and
identically distributed (iid) random variables.
If Γ is assumed to be time varying, a more
general multivariate GARCH structure would
be required to generalize the iid assumption for
ηt . This difficulty would render existing

0.02
0.01
0
-0.01 1

118 235 352 469 586 703 820 937

-0.02
Rolling Windows

Figure 4

proofs of consistency and asymptotic
normality of the QMLE for the constant
conditional correlation GARCH model invalid
for its time-varying counterpart. Such
deficiencies would also prevent the models
from testing for the presence of volatility
spillovers.

Dynamic Path of Conditional
Correlations of Nikkei 225 and S&P
500

Conditional
Correlations

0.02

Using rolling windows, we can examine the
time-varying nature of the conditional
correlations using the VARMA-AGARCH
model. If the rolling conditional correlations
are found to vary substantially over time, the
assumption of constant conditional correlations
may be too restrictive. Such a result may be
used to estimate a variety of dynamic
conditional correlation models, and may also
question existing results based on constant
conditional correlation models. In order to
strike a balance between efficiency in
estimation and a viable number of rolling
regressions, the rolling window size is set at
1800 for all three data sets.

0.01
0
-0.01

1

118 235 352 469 586 703 820 937

-0.02
-0.03
Rolling Windows

Figure 5

Figures 4, 5 and 6 plot the dynamic paths of
the conditional correlation matrices for
VARMA-AGARCH. All the conditional
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Table 2: Regime A
Omitting the Most Distant Multivariate Effect

Returns

Nikkei 225

FTSE 100

S&P 500

R

0.032
9.866
1.992
0.008
3.121
2.495
0.013
6.949
4.373

0.026
4.307
2.290
0.023
2.488
2.056
-0.003
-0.409
-0.278

0.063
6.369
2.915
0.074
7.299
3.385
0.126
8.583
5.742

0.919
122.401
44.704
0.932
126.862
96.901
0.900
76.751
51.393

0.042
6.777
2.828
0.003
1.333
1.156
0.049
10.773
3.652

Notes:
1. The three entries for each parameter are their respective estimate, the asymptotic t-ratio and the BollerslevWooldridge(1992) robust t-ratio.
2. Entries in bold are significant at the 5% level.
3. R denotes the coefficient of the most recent ARCH effect from another market.
4. -R denotes the coefficient of the most recent GARCH effect from another market.
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-R

-0.035
-5.049
-2.678
-0.003
-1.090
-0.858
-0.024
-4.358
-2.315

Table 3: Regime B
Omitting the Most Recent Multivariate Effect

Returns
Nikkei 225

FTSE 100

S&P 500

0.036
8.942
2.404
0.007
3.192
3.037
0.015
6.129
3.402

0.026
4.502
2.172
0.015
1.445
1.410
-0.002
-0.310
-0.236

0.062
6.175
3.136
0.092
6.875
4.279
0.137
12.327
6.113

0.919
116.755
51.592
0.918
78.057
66.723
0.925
146.733
87.758

D
0.034
5.550
2.690
-0.002
-0.368
-0.350
0.004
2.890
1.053

-D
-0.031
-4.801
-2.999
0.015
1.737
1.735
-0.006
-2.542
-1.402

Notes:
1. The three entries for each parameter are their respective estimate, the asymptotic t-ratio and the BollerslevWooldridge(1992) robust t-ratio.
2. Entries in bold are significant at the 5% level.
3. D denotes the coefficient of the most distant ARCH effect from another market.
4. -D denotes the coefficient of the most distant GARCH effect from another market.

Table 4: Conditional Variances For Nikkei 225
with Four Conditional Mean Specifications
Conditional Mean
for Returns
AR

VAR

ARMA

VARMA

N

0.035
9.975
2.149
0.031
10.195
1.979
0.035
9.974
2.147
0.031
10.169
1.990

0.023
3.921
1.956
0.023
3.997
2.138
0.023
3.913
1.944
0.023
4.067
2.161

S

0.067
6.484
3.109
0.061
6.240
2.973
0.067
6.495
3.107
0.060
6.202
2.960

0.918
119.588
46.306
0.924
124.671
49.173
0.918
119.631
46.205
0.924
124.279
49.369

0.038
5.730
2.009
0.031
4.602
2.009
0.038
5.729
2.012
0.031
4.567
2.012

S

-0.024
-2.429
-1.459
-0.019
-1.954
-1.265
-0.024
-2.429
-1.458
-0.018
-1.907
-1.235

F

0.012
1.553
1.128
0.017
2.342
1.678
0.012
1.542
1.124
0.018
2.414
1.742

F

-0.016
-1.942
-1.391
-0.022
-2.754
-2.143
-0.016
-1.933
-1.386
-0.023
-2.889
-2.222

Notes:
1. The three entries for each parameter are their respective estimate, the asymptotic t-ratio and the Bollerslev-Wooldridge(1992) robust tratios.
2. Entries in bold are significant at the 5% level.

3. The parameters in the conditional variance equation associated with S&P, Nikkei and FTSE returns are denoted by subscripts S, N and
F, respectively.

Table 5: Conditional Variances for FTSE 100
with Four Conditional Mean Specifications
Conditional Mean for
Returns

F

F

F
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N

N

S

S

AR

VAR

ARMA

VARMA

0.008
2.851
2.215
0.009
2.589
2.175
0.009
2.989
2.274
0.009
2.594
2.179

0.015
1.577
1.360
0.018
1.623
1.566
0.019
1.946
1.629
0.018
1.618
1.559

0.083
6.950
3.923
0.094
6.762
4.015
0.079
6.748
3.625
0.094
6.762
4.013

0.928
93.826
79.268
0.911
70.855
62.902
0.924
88.999
76.037
0.911
70.660
62.961

0.005
1.746
2.035
0.004
1.459
1.488
0.005
1.815
2.105
0.004
1.452
1.468

-0.006
-1.758
-1.665
-0.005
-1.274
-1.098
-0.007
-1.840
-1.740
-0.005
-1.271
-1.095

-0.002
-0.352
-0.288
-0.005
-0.720
-0.665
-0.002
-0.267
-0.217
-0.005
-0.751
-0.693

0.012
1.517
1.361
0.020
2.138
2.125
0.013
1.528
1.406
0.020
2.156
2.145

Notes:
1. The three entries for each parameter are their respective estimate, the asymptotic t-ratio and the Bollerslev-Wooldridge(1992) robust tratio.
2. Entries in bold are significant at the 5% level.
3. The parameters in the conditional variance equation associated with S&P, Nikkei and FTSE returns are denoted by subscripts S, N and
F, respectively.
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