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describing performance in terms of individual needs and objectives and more recently
integrating the different parts to allow the wastewater system to be considered as a single
system [Fu et al., 2008; Vanrolleghem et al., 2005; Butler et al., 2005; Pleau et al., 2005
and Schiitze et al., 2004]. These elements have typically been built using deterministic
descriptions of the fundamental mechanisms and processes (e.g. hydraulics in sewer
systems, wastewater treatment and quality change modelling in rivers, etc.). But the
complexity of environmental domains makes it difficult to wholly describe the system in
terms of numerical models that have an important limitation in describing the interactions
among the elements.

Some of the conceptual challenges that the present mathematical models can not tackle
when performing an integrated urban wastewater management can be overcome using the
agent paradigm. The need to cope with the dynamics and emergent situations (e.g. the
incorporation of new industries to the system) requires application components to interact in
more flexible ways. The characterization in terms of agents has proven to be a natural
abstraction to many real world problems, having convinced researchers and developers in a
wide variety of domains [Jennings et al., 1998; Nwana, 1996; Athanasiadis, 2005] of the
great potential of multi-agent solutions. The Multi-Agent System can be built describing
numerous agents with a different degree of complexity, according the information and
knowledge available. The complexity and degree of knowledge can be improved without
the necessity to modify all the system as they are intended to be systems with high
modularity and scalability [Luck et al., 2005].

We consider UWS as a systematic process where effective decisions, policies and strategies
are designed to lessen the impacts of humans and industrial activities on a river basin. All
activities, including structural and non-structural measures to prevent (avoid) or to limit
(mitigate) adverse effects are considered in this definition. As citizens, governments and
industrialists seek for more integrated information systems the specification of UWS gets
more complex. Among other: Accessibility to information, Interoperability and
Coordination stand as issues to be solved.

In this paper we propose an agent-oriented approach to design the system whose final aims
are /) in normal conditions to make the UWS work to achieve the best possible quality of
the river and to avoid leading the system to disturbed/emergency situations, 2) in emergency
or disturbed conditions, get the minimum possible impact (stressing on disturbances of
industrial activity in the system) and 3) to improve the context of decision-making process
in the prevention of risks in a basin by focusing on the efficiency of information
management and assessment services, thus improving the interoperability among the
involved actors and their information systems. The agent-based model for the wastewater
system is further described, making special emphasis on the description of /) the roles and
their instantiations for each agent type presented in section 3, 2) the obligations in terms of
responsibilities, permissions and constraints of each role shown in section 4, and 3) the
communication and interaction patterns among the agents (section 5). Hence, the results of
applying agent-based oriented methodology for the design of a UWS are presented,
highlighting the conceptual models obtained. In section 6 a summary of the main
advantages offered by this new conceptualization as well as some of the most important
future challenges are provided.

2 METHODOLOGY: AGENT-ORIENTED DESIGN

Agent-oriented approaches can improve the ability to model, design and build complex
systems. The development of MAS requires at least three important features to be resolved
[Zambonelli et al. 2003, Tran et al. 2007, Biswas 2008]: 1) the agent internal design, that is
to identify the agent types and their roles; 2) the agent interaction design, that is to design
the coherent blocks of activity in which agents will engage to realize their roles and their
properties and the possible exchanged messages; and finally 3) the MAS organization
model, describing the acquaintances and hierarchical organization structure, that is the
communication pathways between the different agent types.
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For the proposed agent-oriented approach the extended version of GAIA Methodology
[Zambonelli et al., 2003] to model the agents is used. GAIA is a general methodology that
supports both the micro-level (agent structure) and macro-level (agent society and
organization structure) conceptualization for agent-based system development. According
to this methodology (for a comparison with other existing AOSE methodologies see Tran et
al. [2008] and Biswas [2008]), to solve a given problem requires designing a system as
three components:

e Environment: involves analysing all the entities and resources that the agents in Multi-
Agent Systems (MAS) can use when working for a common goal. Actions are performed by
the agent on the environment, which in turn provides percepts to the agent [Russell and
Norvig, 2003]. Consequently, for our application-specific purposes it will be very important
to identify, model and shape the characteristics of the involved environment. However the
environment is not always physical (including, among many other percepts, the chemical
and physical measures of river quality); sometimes it will be virtual (e.g. legislative
framework and rules).

® Roles: since agents interact in some organisational setting that influences the agent
behaviour, roles define what an agent is expected to do in the organization itself and with
respect to other agents; thus, the roles are the specific tasks that an agent has to accomplish
in the context of the overall system.

e [nteractions: define interdependencies among agents that are illustrated using protocols.
The interaction model describes the characteristics and dynamics of each protocol (e.g.
when, how and by whom a protocol has to be executed).

In the next section the agent-based model for the wastewater system is further described
making special emphasis on the explanation of /) the roles and their instantiations for each
agent type, 2) the responsibilities, permissions and constraints of each role, and 3) the
communication and interaction patterns between the agents.

3 THE AGENT MODEL FOR THE WASTEWATER SCENARIO

In this section the results of the analysis process that enable to identify the agent types, the
roles of the system and the assignment of these roles to the agents are shown. We propose
the modelling of a simplified UWS, whose main elements and processes are depicted in
Figure 1. Accordingly, the understanding of the proposed MAS is an organization of entities
(squares in Figure 1), represented as agents interacting
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Figure 1. Urban Wastewater System: wastewater flow diagram with components and
processes included in the study; each of the squares represents an agent and each of the
rhombuses specific actions and/or processes occurring in the system.

A partial Agent Model is shown in Figure 2, where roles have been assigned to the agent
types. In Table 1 and 2 the WasteWaterProducer (WWP), WasteWaterTreatment (WWT)
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and RiverProtection (RP) roles are, respectively, fully described, in order to show the
detailed design (note that activities are tasks an agent performs without interacting with
other agents, thus it will be not necessary to describe a protocol for them).

From the list of protocols, activities, responsibilities and liveness properties of roles
described in Table 1 and 2, it is possible to more easily describe the functions of the agents.
In the following section a description of those services introduced in the previous tables is

given.
Industry Agent +
‘WW PRODUCER
DISCHARGE Cc i
HANDLER BYPASS
[ANAGEMENT
WWTP Agent *
WW COLLECTION
Sewer Agent *
IndTank Agent *
CSO MONITOR
SewerTank
Agent *
RIVER PROTECTION
RiverConsortium
Agent !
SURVELLAINCE
WW COLLECTION K N
DISTRIBUTION Tanker Agent
METEO DATA
1
Meteo Agent HANDLER
:] : Agent type © : Agent Roles +: one or more agent type instances

1': one agent type instance

Figure 2. Agent Model for the wastewater management scenario

Table 1. Schema for the WasteWaterProducer and WasteWaterTreatment role

Role:

WasteWaterProducer (WWP)

WasteWaterTreatment (WWT)

Description:

Keeps track of individuals - industries,
communities - quantity and quality of
wastewater produced as consequence of
their activity. Informs the receiver of the
discharge about it. Calculate the cost of
discharge.

Keeps track of wastewater flow that arrives at
WWTP (according to treatment capacity —
design parameters and yields — and hydraulic
capacity) and controls the influent; supervise
and control the treatment process, informing
about the WWTP state if asked and giving
alarms when a problem occurs; manages
WWTP control set points.

Protocols &

CheckFlow, CheckPollutants (BOD, COD,

ChecklInfluent (flow, pollution, toxicity),

Activities: TSS, nutrients -N and P -), CheckToxicity ~ SuperviseControl (ATL]), InformState,
(heavy metals and other inhibitory GiveAlarms, OperateSetPoints
substances), UpdateDB,
InformDischargeCharacteristics,
CalculateDischargeCost
Permissions: Reads: chemical sensors, flow meters, Reads: entrance sensors, on-line and off-line
toxicity indicators, tests data,
Updates: DataBases (IndDB, ComDB, Writes: WWTP state, alarms
wwtpEffDB) Executes: control commands
Responsibilities
Liveness: WWP=(CheckFlow.CheckPollutants. WWT=(ChecklInfluent . SuperviseControl)x‘ .
CheckToxicity)” || CalculateDischargeCosts  InformState” . GiveAlarm. OperateSetPoints
*. UpdateDB™ .
InformDischargeCharacteristics
Safety: True True

! ATL makes reference to the supervisory system to support WWTP operation. For more information see
Rodriguez-Roda et al. [2002], Comas et al. [2003] and Poch er al. [2004].
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Table 2. Schema for the RiverProtection role
Role: RiverProtection (RP)

Description: Updates the ecological status of the river and its dilution capacity (flow, stational
variations, maintenance flow...) and informs about it. Collects toxicity opinions
and studies from different sources about the possible different source and type of
pollution that might arrive to the river. Updates the database available about the
different causes-effects of toxicity into rivers.

CheckRiverQuality, CheckDilutionCapacity, UpdateInfoDB, InformRiverState

Protocols & Activities:

Permissions: Reads: sensors from automatic stations, river quality model, maintenance flows
Writes: state of river
Responsibilities
Liveness: RP = CheckRiverOualitvx . CheckDilutionCapacity” . UpdatelnfoDB" .
InformRiverState”
Safety: RiverQuality € quality goals: very good, good or moderate categories

DilutionCapacity = Discharged Flow (annual average) / RM Flow (maintenance
flow) < 50 %

4 THE SERVICES MODEL FOR THE WASTEWATER SCENARIO

Table 3 describes the service model. Take notice that for each service there is a protocol
described in terms of a role(s) responsible for starting the interaction (initiator), a responder
role(s) with which the initiator interacts (partner), the information used by the initiator role
while enacting the protocol (inputs) and the information supplied by the protocol responder
during interaction (outputs).

Taula 3. Service model for the wastewater management scenario

SERVICE INITIATOR | PARTNER INPUT OUTPUT
InformDischarge WWCD Results of CheckFlow, Valge_s for (Flow, Eol}utants,
. WWwpP CheckPollutants and Toxicity) characteristics

Characteristics WWT . .

CheckToxicity activities

ATL data acquisition and State of the plant
InformState WWT RP knowledge management

modules

ATL simulation module Alert if a problem occurs into

. RP, WWP p

GiveAlarms WWT WWCD to the plant

River Quality data Value for ecological status
InformRiverState RP WWT acquisition Value for dilution capacity

effect

Notice that, in Table 3, some of the services’ inputs are indeed the results of some activities
performed by a specific role. Although activities do not require a protocol (there is not an
initiator — partner tuple), it might be interesting to describe them in order to give fully
comprehension to the services model. Thus, the activities on Table 4 are those of the WWP,
WWT and RP roles. For example, the results of the activities CheckFlow, CheckPollutants
and CheckToxicity performed by the WasteWaterProducer are the inputs for the protocol
InformDischargeCharacteristics, since the initiator role will transfer them to the partner.
So, in this case, there is a separation in between the fact of checking and acquiring on-line
and of-line data from the fact to pass and give this information.

Table 4. Activities performed by the WWP, WWTP and RP roles

Activity INPUT OUTPUT
(role)
On-line flow sensors, flow databases Wastewater flow rates (m3/h0ur,
. . 3744 3/ves
CheckElow (flow recqrds) from Industry, m-/day, m /year).
D —— Community, WWTP and Tanker Volume in the tank.
(WWP) A
gents.
Tanker capacity.

o On-line data, off-line data (from tests) Values for the next parameters: BOD,
CheckPollutants COD, TSS, TN, TP, KjN, N_NH.",
(WWP)

Temperature, pH
CheckToxicity Toxic tests Values for equitox and/or specific
(WWP) pollutants
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A(‘r'z;e‘jy INPUT OUTPUT
CalculateDischareeCosts The price is a function of the quantity Price (€/m” or total €)
Lalculatelhschargel osts X
(WWP) and quality wastewater parameters
CheckInfluent On-line flow sensors Characteristics of influent water at
(WWT) wwtp (flow, pollution, toxicity)
OperateSetPoints ATL' control module Change setpoint (DO, bypass, Qrec,
(WWT) Qwas_primary, Qwas_secondary)
CheckRiverQuality Model for the river Value for the ecological status of the
(RP) river

Discharged flow and maintenance flow | Value for dilution capacity -effect
(annual average of discharged
flow/maintenance flow of receiving
media)

CheckDilutionCapacity (RP)

Note: BOD: Biological Oxygen Demand, COD: Chemical Oxygen Demand, TSS: Total Suspended Solids, TN:
Total Nitrogen, TP: Total Phosphorous, KjN: Kjehdal Nitrogen, N_NH4*: ammonia nitrogen, Temp: temperature,
DO: Dissolved Oxygen, Qrec: Recirculated Flow, Qwas_primary: waste activated sludge form the primary
clarifiers, Qwas_secondary: waste activated sludge from the secondary clarifiers.

5 THE ACQUAINTANCE MODEL FOR THE WASTEWATER SCENARIO

In the previous section the type of information and the result of the communication
protocols was described, whereas inhere the focus is on the flow of information, that is who
can communicate with whom. Notice that the information provided in this section is
consistent with the protocols described previously (in the sense that the interchanged
information between roles when performing the communication protocols is coherent with
the communication that can be established in between the specific agents that play such
roles). To describe the interrelationships between the agents a parallelism with the real
water flux is helpful. So in this case, we infer that the agents representing the origin of
wastewater (i.e. industries, communities) communicate with the possible agents representing
the reception of this wastewater (i.e. sewer, tanker or WWTP); the same way, this second
level of agents is controlled by an upper level who can observe all the levels above them
(i.e. the River Consortium, an entity in charge of sanitation infrastructures of a particular
catchment and representing the interests of the river provided by other interested
stakeholders such as ecologists or other environmental entities) (see Figure 3).

Community
Agent

R
Government 1vef WWTP Sewer Industry IndTanks
Consortium <> 7
Agent Agent Agent Agent Agent gent

SewerTanks
Agent

Figure 3. The acquaintance model for the wastewater system. Arrows show the possible
relationships between agents; their direction indicates that agents can receive information —
maintain communication — with agents in the above levels.

At catchment scale, the agents’ metaphor works and it is clear that it helps to depict all the
relevant elements of this scenario. This is a challenging, that of combined multirisk
planning, entails a demand for high level of collaboration and inter-operation among the
involved actors and information entities. In this sense we are in line with some EU-funded
efforts, like ORCHESTRA [Denzer et al., 2005], that are open architectures to support
interoperability in environmental risk management.
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6 CONCLUSIONS AND CHALLENGES

UWS activities involve multiple organizations at various administrative levels, each one
having their own systems, services and interests. In many cases, the capacity (and will) to
share relevant information between organizations is limited. In the best of the cases is
forced by law. This limits the chances of preventing the impact of human activities in the
river. The use of Agents is meant to challenge the problems related with information sharing
and to improve the interoperability among actors in order to support better coordination and
more informed decision-making.

The results of applying the agent-oriented design for the UWS are three different but
interrelated models: the agent model, the service model and the acquaintance model for the
wastewater scenario. Such design, in terms of agents, adds several useful aspects to the
modelling tasks w.r.t. having simply objects or elements. Some of the advantages
encountered while conceptualizing the urban wastewater system using an agent-based
oriented design are the following:

1. It provides a way to better integrate data and information from heterogeneous
sources and to better distribute the data.

2. It provides the possibility to establish a more direct and natural communication and
coordination between the elements and the possibility to keep the history of the
course of the interaction between them. However, although communication
between the agents can multiply their effectiveness [Wooldridge 2001; Miiller
1996], for each specific implementation it should be evaluated to what extent and
for what tasks inter-agent communication significantly improve the desirable
performance in comparison with other local methods for conflict resolution.

3. It provides a major abstraction and consequently a higher adaptability to the
environment and to changing conditions, thanks to the capacity of multi-agent
systems to accept new elements (i.e. new industries entering the system could be
easily modelled according the abstractions provided here for industry agent and
roles).

4.  Moreover, the possibility to coordinate their actions by working in a cooperative
fashion adds a greater value than the one that can be obtained from any individual
or even integrated mechanistic model. For instance, in the urban wastewater
domain, some activities need to be coordinated because of shared resources (i.e.
the WWTP), or because some activities depends upon others activities (i.e.
industrial discharges require a permission from water authorities) or just because,
intuitively, working proactively agent’s self-utility increase.

We have shown that agent-methodologies are a useful tool to analyse the system and better
explain how it should work. Also, are important to raise awareness of the advantages and
problems of open systems. The development of agents, independently of their complexity,
help to more accurately describe the activities and processes occurring into the system. In
special, those related with: Accessibility to information, Interoperability and Coordination.
However, work still need to be done in order to fully implement the system in the urban
wastewater management scenario.

Evaluation phase will be based on the execution of existing and well-documented cases of
discharges that will be used as gold standards. In the long run the evaluation will be
performed on a real basin.

Apart from using the models depicted in this paper to evaluate, through agent-based
simulation, some (behavioural) aspects of the UWS agents, some of the future challenges of
this research include the construction of agent reasoning patterns in order to introduce
argumentation over a proposed action among the involved agents.
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Abstract: This paper proposes the use of an auction process in which the capacity of a
Waste Water Treatment Plant (WWTP) is sold to coordinate the industrial discharges. The
main goal of coordination is to manage the wastewater inflow rate and pollutants to improve
the WWTP operation. The system is modeled as a multi-agent system where each industry
is represented by an agent, another agent represents the influent coming from the domestic
use and one more agent represents the WWTP. When the maximum level of the flow or the
maximum concentrations of some components exceed the plant's capacity, an auction starts.
In the auction, the WWTP agent is the auctioneer that sells its capacity (resources) and the
industry agents are the bidders that want to buy the resources. In the auction process the
bidders send their bids to the auctioneer and the auctioneer decides which are the winners.
The winners will discharge to the sewage system and the losers will have to wait for the next
opportunity. After the coordination process, the resulting wastewater discharge schedules of
the industries have been analyzed using the IWA/COST simulation benchmark as a case
study. The results obtained through this simulation protocol show that the auction-based
coordination mechanism using both pollution and hydraulic capacity constraints
accomplishes the goal of improving the effluent quality, achieving a reduction in the impact
of industrial discharges up to 20,99%.

Keywords: Discharge coordination; Integrated management; Water quality; Auction
mechanisms; Benchmark; BSM.

1. INTRODUCTION

A Waste Water Treatment Plant (WWTP) receives the polluted wastewater discharges
coming from different industries. Nowadays the most common wastewater treatment is the
activated sludge process. The system consists in an aeration tank in which the
microorganisms responsible for treatment (i.e. removal of carbon, nitrogen and

phosphorous) are kept in suspension and aerated followed by a liquid-solids separation,
usually called secondary settler. Finally a recycle system for returning a fraction of solids

removed from the liquid-solids separation unit back to the reactor, whereas the other
fraction is wasted from the system (Metcalf and Eddy [2003]; Figure 1(a)).

The treatment capacity of the plant is limited, therefore all pollutants arriving at the WWTP
should be under certain limits; otherwise, the wastewater could not be fully treated and the
river would be polluted. Currently, there exist regulations intended to achieve this goal by
assigning a fixed amount of authorized discharges to each industry. However, they are not
sufficient to guarantee the proper treatment of the wastewater. The problem is that, although
these regulations enforce industries to respect the WWTP capacity thresholds, they do not
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take into account that simultaneous discharges by different industries may exceed the
WWTP's thresholds. In such a case, no industry would be breaking the rules, but the effect
would be to exceed the WWTP capacity. Besides, industry discharges add complexity to the
waste water treatment system, given that the high variability in influent pollutants
composition hampers the WWTP operation because they must discharge under certain
limits.

Aeration
tank Secondary
. settler
v as.'en-a.'e;_ F

s
....... L < Al reque .. yEs
- -
Authorize |
requests '
- b Auction |

I—--'--:‘—-:'_' Conflict? _':--'-'-'—":-—l conflicting
> _ requests |

Returned activated sludge

Wasted
sludge

(a) (b)

Figure 1. Activated sludge process (a). Coordination system (b).

As an alternative and more flexible regulation mechanism, we propose the use of an auction
process in which the capacity of the WWTP is sold. Auctions are a popular mechanism in
economy, usually used to distribute shared resources among different agents (Chevaleyre et
al. [2006]). Auctions are currently being used in several industrial scenarios (Bichler et al.
[2006]), as the electricity market in which different kinds of energies are auctioned in order
to favour the use of non pollutant sources of energy. Recently, auctions have been also
considered to deal with natural resources, ag €@fissions. In these models, each industry

bids for CGQ emission credits, in such a way that high pollutant industries pay for a lot of
emission credits (unless they install some kind of filters in their factories), while industries
with non pollutant processes do not need any emission credit, keeping their manufacturing
process at a lower cost. Moreover, this approach is in line with a more integrated
management of the river basin (Butler and Schitze [2005]) taking into account not only the
plant, but also the rest of the components of the treatment system, such as the industries and
their discharges. In this context, it seems suitable to raise the possibility of using auctions to
deal with wastewater resources, as in a WWTP. This paper presents a first approach to this
possibility.

The paper is organized as follows. In Section 2 we present the coordination system,
describing in detail each of the involved steps. The implementation of a first prototype is
described in Section 3. In Section 4 we discuss the experimental results obtained through
simulation and Section 5 derives some conclusions.

2. AUCTION-BASED MANAGEMENT

The wastewater treatment problem could be solved using a centralized approach, where
given all the planned discharges from the industries, a new schedule for each of them would
be generated, in a way that the capacities of the plant are not exceeded at any time.
Centralized approaches imply that a central scheduler would make all the decisions.
However, such decisions should be made by each of the industries, since they may not be
willing to disclose private information related with the production process upon which their
decisions are based. Thus, in order to preserve privacy, other coordination mechanisms
should be considered.

In the waste water treatment scenario there is one central element, the treatment plant, who
assumes the role of coordinating the discharges of the industries. Then, the plant's capacities
are modeled as individual resources, shared by all the industries. Each time a conflict in a
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resource occurs (i.e. the capacity is violated) an auction is started in order to determine
which of the conflicting discharges will be authorized to discharge and which will have to
be delayed. We have chosen auctions as they are a well-known mechanism to distribute
shared resources among competing agents when information privacy is a concern.

We assume that each industry has a retention tank of a given capacity, where it can store a
discharge whenever it is not authorized, and empty it later on. We also assume that each
industry can estimate in advance the discharges that it will generate according to the
production process. Although this estimation may differ from the real discharges, they help
in the process of coordinating all the discharges and so, adjust properly the WWTP.

In the next two sections we explain in more detail how we have modeled the WWTP
scenario as a multi-agent system, as well as the coordination process based on auction
mechanisms.

2.1 Multi-agent modeling

Our system, modeled as a multi-agent system, reflects the physical separation between the
participants (the plant and the different industries) and also supports privacy in the decision
making process of each of the involved agents. Multi-agent systems allow the
implementation of complex interactions among the different agents through an appropriate
coordination mechanism. In our WWTP scenario, the WWTP agent is the agent who owns
the resources (hydraulic and pollution capacities) and the industry agents want to use them.

The process for coordinating the different discharges coming from the industries is depicted
in Figure 1(b). Firstly, the industries inform the treatment plant about their scheduled
discharges. These schedules contain the set of discharges that they plan to perform in a
given period of time, and for each discharge the information about its starting time,
duration, flow and contaminant levels is also included. Hence, a schedule from an ikdustry

is described a§={d;,...,d;} wheren is the number of discharges contained in the schedule
and each dischargk is defined agl, = {s;, t, ai}, wheres stands for the start timg,is the

duration andy is a vector containing the flow and contaminant levels of the discharge. The

start time of discharges can be modified depending on the industries location: when a
difference between the discharge time and the discharge arrival to the WWTP exists this
delay should be added $0

The WWTP agent, upon reception of all the industries’ discharge schedules for a given day
(or any different predefined period of time), starts checking for conflicts. A conflict arises
when the discharges planned to be performed at a given time violate any constraints (see
Section 3.2 for their definition). Whenever a conflict is detected, the involved industries
(the industries whose discharges are scheduled at the time of the conflict) are informed
about it, and an auction is started to solve it, forcing industries to modify their schedules.
The resolution is done in a sequential way, treating one conflict at a time in chronological
order. This process is repeated until all the discharges have been authorized, and the result
is that each industry has a new schedule, and these resulting schedules do not produce any
conflict.

The unauthorized discharges should not cause problems in the production processes of the
industries. In case an industry agent has to reschedule its discharges, its behavior is the
following: it first tries to store the rejected discharge into the tank; the discharge of the tank
is then scheduled as the first activity of the agent once the current conflict has finished.
Conversely, if the industry has its tank already full, the discharge will be performed
anyway. However, the influent coming from the domestic use does not have any retention
tank and, consequently, its discharges cannot be modified.

Note that it is not necessary to know in real-time the industrial discharges, since the
coordination process is done offline, for example one day before.

!t is possible to minimize these situations in the auction mechanism, following for example
Mufioz et al. [2007]
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2.2 Auction mechanism

Once the involved discharges in a conflict have been detected, their corresponding agents
(industries) are informed about the conflict and the auction process begins. The WWTP
agent assumes thauctioneerrole who is in charge of selling its flow and pollution
capacities resources and the industry agents assurieltleesrole. The goal of the auction

is to select a subset of industries, which will be authorized to perform their discharges,
while the remaining should have to be delayed (stored in the tank). The selection criterion is
based on the bids submitted by the agents. These bids represent the urgency that each of
them has to perform the discharge. A high bid indicates that the agent really needs (or
wants) to perform the discharge, while a low bid indicates that the agent could delay the
discharge and therefore it can miss the opportunity to perform it at the auctioned time. For
example the bid value of the industry agentcould be calculated dividing tank occupation

of industry by the total tank capacity of industry.

Note that the auction process allows industries to express their interest of discharging at a
given time through the bidding policy, conversely to other centralized approaches that
forces industries to discharge at a given time. Even that we have used the tank capacity for
bidding generation, other policies can be implemented according to the industries strategies
(prices, etc.). Then, the auctioneer clears the auction (i.e. determines which discharges to
authorize) by solving the Winner Determination Problem (WDP) (Kalagnaman and Parkes
[2005]). Particularly, since the auctioneer offers multiple (but limited) units of different
items, and bidders submit bids for a certain number of units of each item, we are dealing
with a multi-unit combinatorial auction whose WDP is modeled according to the Equation
1.

maXZ‘ o 1)

NC
st xm,<Q [00C
i=1

whereNC is the number of conflicting dischargeg{0,1} represents whether dischaige
is denied or authorizedy oO* is the bid value for discharge g;; is the capacity

requirement of the resourgéor the dischargg Q; is the resourcpcapacity andC is the set

of resources. In our case, the items represent the flow and the contamination levels whose
available units are determined by the capacities of the plant. This problem is similar to the
multi-dimensional Knapsack problem (Kelly [2005]).

Figure 2. Case study.

3. CASE STUDY

Our case study is a typical wastewater treatment system with 4 industries (depicted in Figure
2). The industries discharge their wastewater to the sewage system, which directs it to the
WWTP. The plant, once the wastewater has been treated, puts it back to the river. The first
industry is pharmaceutical, which is increasing its discharge flow during the week and does
not discharge during the weekend. The second one is a slaughterhouse that discharges a
constant flow, except at the end of the day when it increases. The third one is a paper
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industry that discharges a constant flow during the seven days of the week. The fourth one is
a textile industry, whose discharges flow oscillates during the day. Industries discharges are
added to the effluent of the city which is fixed and cannot be coordinated. Altogether
represent the WWTP influent. Thus, the output of the auction system is a set of coordinated
discharges that is entered as input for the WWTP.

3.1 IWA/COST Simulation Benchmark

As a model for the WWTP, the IWA/COST Simulation Benchmark has been used. This
simulation protocol has resulted in more than 100 publications worldwide (Jeppsson et al.
[2006]) and provides several tools such as control evaluation, prediction, estimation of
biomass activities and effluent quality parameters. The Benchmark Simulation Model N1
(BSM1) layout contains the Activated Sludge Model N1, ASM1 (Henze et al. [1987]) for
two anoxic and three aerobic tank reactors, followed by the Takacs ten-layer model for the
secondary settler (Takacs et al. [1991]). Model influent files include 14-days weather
disturbances (i.e., dry, rain and storm weather) with 15-minutes sampling. In our case the
dry BSM1 influent has been selected and modified with a set of real data provided by the
Laboratory of Chemical and Environmental Engineering (LEQUIA) to represent industries
discharges. Among the outputs the model provides the Effluent Quality Index (EQI) and the
Influent Quality Index (IQI), both are a weighted calculation of the amount of pollutants
(i.e. carbon and nitrogen in different forms) present in both the influent and the effluent of
the model. They are used for the plant performance evaluation based on the total kilograms
of pollutants present in the effluent and the influent (Copp [2002]). We have essentially
considered the EQI and IQI values for the evaluation of the auction system. Likewise, the
outcome of the benchmark permits us to observe the effects of the coordination mechanism
on the quality of the treated wastewater.

3.2 Constraints

In order to coordinate the industrial discharges and improve the effluent quality, the
following constraints have been defined:

* Hydraulic capacity constraint. This constraint ensures that the total flow arriving
to the WWTP (from the influent and industrial discharges) does not exceed a
certain threshold at any time. This threshold is called the Maximum Flow (MF).

DtD[o,Tj:ﬁ“ﬂovx{l <MF (2)

whereT is the final time of the simulatiolN is the set of industries (including the
influent) andflow; is the flow discharged by industry (or influengt timet.

» Pollution constraints. These constraints ensure that the concentrations of certain
components arriving to the WWTP do not exceed their respective thresholds at any
time. There are 4 constraints, for the following components: COD (Chemical
Oxygen Demand), BOD (Biological Oxygen Demand), TKN (Total Kjeldhal
Nitrogen) and TSS (Total Suspended Solids). Each constraint is defined as
follows:

N
> cong,, [flow,, 3)
0t0[0, T): 0cOC: 42— <MC

> flow,, :
i=0

whereC is the set of components (COD, BOD, TKN and TSS) @nt;., is the
concentration of componentproduced by the industiyor influent at time. MC,
is the maximum concentration threshold for component

1374



Murillo et al. / Improving Waste Water Treatment Quality through an auction-based management of wastes

4. EXPERIMENTAL SETUP

To test the coordination mechanism we have implemented a prototype of the system, using
Repast, a free open source software framework for creating agent based simulations using
Java language. The simulation reproduces the process and the communication between the
plant and the industries performing discharges. We have created one agent to represent the
plant and another for each of the industries. The free linear programming kit*GiaBK

been used to solve the winner determination problem related to each auction.

In order to compare the results obtained with and without auction-based management, three
different scenarios have been defined.

e The first scenario considers the influent (dry) without industrial discharges. This
scenario shows the wastewater 1QI and EQI when simulating with only domestic
wastewater (i.e. BSM1 default influent file).

* The second scenario adds to the influent the industrial discharges, without using
the auction-based management mechanism. This scenario is useful to calculate the
impact of industrial discharges in the WWTP effluent. None of the discharges
violate current legislation but there is a deterioration of water quality (increase of
IQI and therefore EQI) due to industrial discharges. We have measured such
deterioration.

e The third scenario is the same as the second one but using the auction-based
management mechanism. This scenario is useful to determine the benefits of the
proposed system in terms of EQI.

5. AUCTION-BASED MANAGEMENT MECHANISM PERFORMANCE

The experimental results have been obtained with the simulation protocol BSM1 in the
three different scenarios previously described. In order to evaluate the system the effluent
quality has been considered.

1QI EQI Increment
Kg pollminit Kg pollinit Kg pollnit Reduction Constraints
day day day
Influent (scenario 1) 42042,81 7556,54
(20195,42) (2219,93)
w/o auction
iy, | 2022 | 9| s
(scenario 2) ’ ’
59163,90 8958,64
(16527,12) (1935,64) 1402,11 10,74% R1
59139,67 8901,23 o
. (16225.36) (1931.82) 1344,70 14,40% R2
Influent With auction 59157 73 8900.13
and based mng. ' ' 1343,60 14,47% R3
industries | (scenario 3) (15854,09) (2073,70) ’ e
59126,16 8886,15 o
(16086.98) (1906.97) 1329,61 15,36% R4
59158,62 9043,95
(18489,36) (2162,55) 1487,42 5.31% RS
59132,39 8797,63 o
(13378.48) (1729.65) 1241,10 20,99% R6

Table 1. Results obtained with the benchmark BSM1 in different scenarios.

Table 1 shows the results obtained with the different simulations. The first column is the
Influent Quality Index IQI) measured with BSM1, integrating the last seven days of

2 REPAST Agent Simulation Toolkit, http:/repast.sourceforge.net
¥ GLPK Gnu Linear Programming Kit, http://www.gnu.org/software/glpk
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weather simulation (Copp [2002]) with the standard deviation in brackets. The second
column corresponds to the EQI measured by the benchmark with the standard deviation too.
The third column lhcrement) represents the difference in B@l value between the first

and the other scenarios; this value represents the impact of the industrial discharges in the
wastewater. The fourth column shows the reduction in percentage on théneatraent

when using the coordination mechanism. Finally, the fifth colu@wmnsétraint$ indicates

the set of constraints thresholds used for the coordination.

Six different constraints have been consideRRtlis related to the maximum flow (MF),
setting it to 25000 ftday; R2 sets the Maximum TSS to 275 md#3 dictates a Maximum
TKN of 55 mg/l; R4 states BOD = 234 mg/R5 states Maximum COD = 575 mg/l and
finally R6 contains these constraints: Maximum flow = 3256ay, Maximum TSS = 275
mg/l, Maximum TKN = 50 mg/l, Maximum BOD = 260 mg/| and Maximum COD = 100
mg/l (Copp [2002]).

The results show that the value BRI obtained in the first scenario is 7556,54 Kg
poll-unit/day. When the industrial discharges are added to the influent in scenario 2 the
value of EQI becomes 9127,37 Kg poll-unit/day, therefore the industries are causing an
increase of 1570,83 Kg poll-unit/day. The other data of the table corresponds to the
executions of the benchmark in the third scenario with coordinated data and using different
sets of constraints, showing that when the auction-based management mechanism is used the
EQI is reduced and consequently, the impact of industrial dischdngesrfent) is smaller.

In the best case (set of constraiRf) the impact is reduced up to 20,99%. Accordinty to

test the values of the mean and standard deviatidBQIfin the second scenario and the

bestEQI obtained in the third scenario (set of constralR@s are statistically extremely
significant.
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Figure 3. 1QI during the 7 days (a), EQI during the 7 days (b).
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Figure 3 (a) shows the valuesI@fl during the seven days with and without auction-based
management. This picture shows that the auction-based management has lowered the upper
values and raised the lower values. The steadiness itQtherofile is important as it
improves wastewater treatment by reducing the variability of the influent composition. This
circumstance allows the WWTP to process more efficiently the pollutants and consequently
achieve better results regardig@!. Figure 3 (b) shows the comparison betweenBQé

values during the seven days with and without auction-based mechanism. Analogously to
the Influent Quality IndexIQl), the values have also been homogenized.
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6. CONCLUSIONS

In this work, the use of an auction-based management mechanism has been proposed in
order to coordinate the industrial discharges. In this auction the WWTP assumes the role of
the auctioneer that is selling its capacity as a resource, and the industries assume the role of
bidders that want to buy the WWTP capacity. The auction determines which industries are
going to be allowed to discharge to the sewage system and which are not. This process is
repeated each times the hydraulic capacity constraint or the pollution constraints would be
violated by the discharges in a given time (if they were not coordinated). The results
obtained with the IWA/COST simulation shows that the auction-based management
mechanism using pollution and hydraulic capacity constraint reduces the impact of
industrial discharges up to 20,99%. This fact has been possible due to the 1QI variability
reduction, since it has made the WWTP able to process the pollutants more efficiently.
Although the simulations do not completely match the treatment system in reality, it is a
good starting point for showing to the public authorities and to the industries that the
auction-based management approach could help improving both the WWTP operation and
the water quality.
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Abstract: Predictability is an important aspect of the dynamics of hydrological processes.
The predictability of streamflow processes can be estimated based on the multivariate
approach, which takes multiple explanatory variables into consideration, or, based on a
univariate time series approach, which measures the predictability on the basis of
univariate streamflow itself. In this study we investigate the predictability of 31 daily
average discharge series with different drainage areas observed in 8 river basins in Europe
and northern America on the basis of univariate time series approach. The results show that,
although the existence of long memory is detected in the daily streamflow processes, the
predictability of the streamflow process is more dominated by short-range autocorrelations
than by the existence of long-memory in the streamflow process; the predictability is
positively related to watershed scale, that is, the larger the watershed scale, the better the
predictability of the streamflow process, and this kind of relationship mainly stems from
the positive relationship between autocorrelation and basin scale. Because of the impacts of
many factors, the predictability is dynamic rather than invariable, and there are many
uncertainties present in the estimation of streamflow predictability.

Keywords: predictability; time series; long memory; ARFIMA model; AR model.

1. INTRODUCTION

Predictability refers to the ability to make predictions of future events based on either past
information or a theoretically complete knowledge of the physical system. The
predictability of streamflow processes can be estimated based on the multivariate approach,
which takes multiple explanatory variables into consideration, or, based on a univariate
time series based approach, which measures the predictability on the basis of univariate
streamflow itself. The efforts in evaluating predictability of real-world processes so far are
in fact concentrating on improving long-term forecasting accuracy by finding better
predictors, which is essentially a multivariate approach. Although making forecasts is
normally an inevitable step in the procedure of assessing predictability, the issue of
forecast accuracy should not be confused with the issue of predictability, and efforts to
improve forecasts should not be confused with approaches to understanding the
predictability, because predictability is a physical system property that depends on intrinsic
dynamics. It is believed [Bloschl and Zehe, 2005] that to learn how to separate the
predictable and the unpredictable would be an exciting research field in hydrology in the
coming years. It would be also interesting to investigate how each factor, such as El Nin"o-
Southern Oscillation (ENSO) and the Arctic Oscillation (AO) [Hastenrath, 1990; Maurer
and Lettenmaier, 2003; Berg and Mulroy, 2006], contributes to the overall predictability of
streamflow processes. On the other hand, because river runoff gives an integral measure of
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the hydrometeorological conditions in a catchment as a whole, it would therefore be
interesting to investigate how the signal of previous streamflow, a basic predictable
component of hydrologic systems at watershed scale, contributes to streamflow
predictability. However, that is an issue not well recognized.

In addition, the evidences of the presence of long memory property has been revealed
in many observed hydrological time series [e.g., Mandelbrot and Wallis, 1969; Hosking,
1984; Wang et al., 2007; Mudelsee, 2007]. The calculations based on comparing the
innovation variance and unconditional variance of stationary series suggest that long-
memory fractionally integrated autoregressive moving average (ARFIMA) processes often
have quite long predictable memory and that fractional integration extends the prediction
memory of an ARMA (integrated autoregressive moving average) process [Andersson,
2000]. Hence, a special concern in the present study is that whether we can see long
predictability in an observed hydrological series even though we can detect the existence of
long-memory.

Because the streamflow flow series is often treated as a univariate time series and can
be modelled conventionally with ARMA type models, we therefore take a univariate time
series based approach [Wang, et al., 2004] to measure the predictability of univariate
streamflow time series in the present study. The paper is organized as follows. In Section 2,
the theoretical predictability of ARMA process and ARFIMA process will be analyzed as a
basis for comparing with the univariate streamlfow processes. In Section 3, the
predictability of 31 univariate streamlfow series at various sites over the world will be
analyzed. Some discussions will be given in Section 4 and the results are concluded in
Section 5.

2.  MEASURING PREDICTABILITY OF A TIME SERIES
2.1 Definition of time series predictability

Clements and Hendry [1998] define a random variable x; to be unpredictable with
respect to an information set Q. if the conditional distribution Fx(x; |Q¢1) and the
unconditional distribution Fx(x;) of x, coincide, i.e. if

Fxe(X; [Qt1) = Fxi(X)- Q)

This notion of unpredictability implies that the information set Q,.; does not improve
the prediction of x;. If Q. is restricted to past realizations of x;, then (1) implies that past
realizations do not help to predict x;.

A weaker condition would only require that the conditional variance of the residual
series {e.} equals the constant unconditional variance ., i.e.,

Var(edQu.1) = Var(e) = o,’. (2
for all t. The mean value as well as the volatility of a time series is said to be predictable if
(2) does not hold [Raunig, 2006].

2.2 Theoretical predictability for ARMA process or ARFIMA process with known

formula
To see if random variable x; is predictable, we need to know the conditional variance
Var(e]Qw,), or simply Var(e), in (2), and the constant unconditional variance o’
Theoretical formulae are available for calculating both of them for the ARFIMA model and
its reduced version ARMA model. Consequently, we refer to the predictability obtained in
this way as the theoretical predictability.

The general form of ARFIMA(p,d,q) model is given by

(1-¢B-L ¢,B")1-B)'x =(1+6B+L 6,B%)a, (3)
where |d| < 0.5, B is the back shift operator, i.e., Bx; = X1 and a; is i.i.d. with mean zero and
variance of . When d = 0, the ARFIMA model is reduced to an ARMA(p,q) model. If q =

0, the ARMA(p,q) model if further reduced to an AR(p) model.
According to the Wold decomposition theorem, under stationarity, the process

variance O'X2 and h-step ahead optimal forecast error variance £(h) of (3) are given as:
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ot =atS vy =1
@

h-1
sy=02d vl v, =1
=0

where y; are given by:
(1+6B+L Hqu)
(1-#B-L ¢,B")(1-B)’
Granger and Newbold [1986, p. 310] proposed a measure of predictability for

covariance stationary series, as the ratio of the variance of the forecast error to the variance
of the original time series. According to the definition of Granger and Newbold [1986],

predictability is given by Rﬁlx =1-¢&(h)/ o’ . with the increase of h, £(h) and & will

(1+w,B+y,B*+L )=

get close. At a certain lead time H, they get sufficiently close so that f(H)/O'X2 <c,
where c is a constant close to 1 (say, 0.95), whereas for lead times larger than H (i.e., H+),
E(H +)/sz >c, ie, R%., <1-c. Therefore, given a c, we could get a H, which

H+x —
satisfies
E(H) <co? <E(H +1). (5)
The estimate given by (5) means that the model forecasts are not more accurate than
the mean value of the process after H steps at a given level 1-c. Consequently, instead of
using the general definition in (1) or (2), we can define the predictability of a stationary
process more precisely as the predictable horizon H after which the prediction is no better
than the mean value. Because the predictability defined in this way is based on theoretical
formula, we refer it to as theoretical predictability (TP).

2.3 Sample predictability for a process with unknown formula

As mentioned above, TP is calculated based on the known model of covariance stationary
series, for which the formula are available for calculating the variance of the process and
the variance of multi-step forecast error. However, the true model of a given time series is
rarely known, especially for real-world processes. Alternatively, we may take a forecast
error based approach, which measures the predictability based on forecast errors.
Correspondingly, such type of predictability is referred to as sample predictability (SP),
because it is estimated from forecast error samples.

To measure the SP, we may use the coefficient of efficiency (CE) proposed by Nash
and Sutcliffe [1970] which is widely adopted as a model performance measure in the
hydrology community, given by

(@ -0)?
CE=1_iZn1:(—)' (6)
:Z:((%'_Cj)z

where n is the data size, Q, is the observed value, Q, is the predicted value, Q is the mean

value of the observed data. When measuring predictability for a observed processes, we
should split the entire data into two parts: one calibration data set which is used to build a
model, and another validation data set (or out-of-sample data) that is used for calculating
CE at different lead times. Notice that, in calculating CE for measuring predictability, the
mean value Q should be calculated on the basis of calibration dataset rather than validation

dataset, because by definition, the predictability is the degree that the past can be used to
predict the future. This is what differs between measuring predictability from evaluating
hydrological model performance, in which @ is calculated based on the validation dataset.

In fact, the predictability measure Rﬁlx proposed by Granger and Newbold [1986] is

essentially the same as CE. The difference between halx and CE is that the former is
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calculated based on theoretical formula whereas the latter is calculated based on forecast
errors for sample data. With CE, the predictability of a stationary process is re-defined as
the predictable horizon H after which the prediction is no better than the mean value for the
process at a given level CE = CEy, where CEy is a small value less than 1 (say, 0.1 or 0.5),
which is related to ¢ by ¢ = 1-CE,.

3. PREDICTABILITY OF UNIVARIATE STREAMFLOW PROCESSES

3.1 Daily streamflow data used

Daily average discharge series recorded at 31 gauging stations in eight basins in Europe,
Canada and USA are analyzed in the present study. The data come from Global Runoff
Data Centre (GRDC) (http://grdc.bafg.de), US Geological Survey Water Watch
(http://water.usgs.gov/waterwatch), and Water Survey of Canada
(http://www.wsc.ec.gc.ca). We generally have the following three rules to select gauging
stations in each basin:

(1) The basins where the stations are located covers different geographical and
climatic regions;

(2) The drainage area of each station is basically at 5 different watershed scales,
namely, > 10° km?; 10° ~ 10° km?; 10° ~ 10* km?% 10* ~ 10° km?; < 10% km?;

(3) The stations are located in the main river channel of the river if possible. When
stations at the main channel are not available, stations at major tributaries are used.

For each station, we select a segment of historical daily streamflow records of mostly
30 years long. However, because of data limitation, the shortest series covers a period of
only 14 years. The segments are chosen with following criteria:

(1) The series should be approximately stationary, as least by visual inspection. We
have stationarity as our primary criterion because, when certain types of nonstationarity are
present, many long-memory parameter estimators may fail.

(2) The recording period of the data should be as early in time as possible, assuming
that the influence of human intervention would be less intensive in early period (in early
20™ century or even late 19" century) than in later period.

(3) The temporal spans of streamflow series at different locations in one basin should
be as close as possible, so as to mitigate possible impacts of regional low-frequency
climatic variations.

The selected stations and corresponding daily streamflow series are listed in Table 1.

3.2 Calculation of sample predictability of daily streamflow processes

Because CE is a measure comparing the predicted values with the overall mean value, it is
not effective enough to evaluate the predictions for those series whose mean values change
with seasons, which is almost always the case for hydrological processes like streamflow
processes. Therefore, a seasonally-adjusted coefficient of efficiency (SACE) [Wang et al.,
2004] is used here for evaluating the predictability. SACE is calculated by

ji((z _(jdz
SACE=1--2 (")
Z(Q| _(jm)2

where m is the “season”, m = i mod S (mod is the operator calculating the remainder),
ranging from 0 to S-1; and S is the total number of “season” (Note that, a “season” here is
not a real season. It may be a month or a day depending on the timescale of the time series.
For daily streamflow series, one season is one day over the year.); Q_ is the mean value of

season m.

In the present study, we use SACE to measure SP of daily streamflow processes. Each
daily streamflow data series are split into two parts: a calibration data set which is used to
build a model, and a validation data set (or out-of-sample data) that is not used for model
fitting. Q, for each day in (7) is calculated based on the calibration dataset. We estimate

the predictability at two SACE levels 0.1 and 0.5, corresponding to ¢ = 0.9 and 0.5 in (5).
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To measure SP of a process, we need a suitable forecasting model together with the
model performance measure. In the present study, we use autoregressive (AR) model for all
streamflow series. Each AR model is built based on the calibration dataset, then applied to
the validation dataset for make predictions of different lead times.

For each out of the 31 streamflow series, the long-memory parameter (or fractional
differencing parameter) d is estimated [Wang et al., 2007] with the method implemented in
S-Plus. For a stationary long-memory series, 0 < d < 0.5. The larger d, the longer memory
the stationary process has.

The results of both the long-memory parameter estimates and predictability estimates
that are represented by predictable horizon are reported in Table 1. The following facts
could be revealed from Table 1:

Table 1 Selected daily streamflow time series and the estimates of their predictability

Predictability

Basin Location of gauging stations Areza Period ACF(2) d
(km*) SACE SACE
=0.1 =0.1

Colorado  Colorado River At Lees Ferry 289,400 1922-1951 0.9738 0.4478 98 8
Colorado River Near Cisco 62,390 1923-1952 0.9627 0.4506 18 5
Colorado River Near Kremmling 6,167 1904-1918 0.9431 0.4863 17 5
Williams Fork Near Parshall 476 1904-1924 0.9549 0 34 11

Columbia Columbia River At The Dalles 613,565 1880-1909 0.991 0.4615 45 15
Columbia River at Trail 88,100 1914-1936 0.9966 0.4187 26 13
Columbia River at Nicholson 6,660 1933-1962 0.9778 0.4392 21 9
Columbia River Near Fairmont 891 1946-1975 0.9676 0.4213 20 9
Hot Springs

Danube Danube river at Orsova 576232. 1901-1930 0.9931 0.2634 55 17
Danube river at Achleiten 76653. 1901-1930 0.9577 0.3598 26 4
Inn river at Martinsbruck 1945, 1904-1933 0.9326  0.4059 9 2

Fraser Fraser River at Hope 217,000 1913-1942 0.9772 0.3878 32 8
Fraser River at Shelley 32,400 1950-1979 0.9734 0.3529 12 3
Fraser River at Mcbride 6,890 1959-1988 0.9582 0.1886 9 3
Canoe River below Kimmel 298 1972-1994 0.9294 0.3100 5 1
Creek

Mississippi Mississippi River At Vicksburg 2,962,974 1932-1961 0.9961 0.3909 73 15
Mississippi River at Clinton 221,608 1874-1903 0.9921 0.4001 33 13
Minnesota River At Mankato 38,574 1943-1972 0.9917 0.4847 17 7
Minnesota River At Ortonville 3,003 1943-1972 0.9563 0 49 10

Missouri  Missouri River at Hermann 1,353,000 1929-1958 0.9711 0.4238 28 4
Missouri River at Bismarck, 482,776 1929-1953 0.9805 0.4124 15 2
Missouri River at Fort Benton 64,070 1891-1920 0.9165 0 38 7
Madison River near McAllister 5,659 1943-1972 0.9522 0 45 7

Ohio Ohio River At Metropolis 525,500 1943-1972 0.9723 0.2983 15 7
Ohio River at Sewickley 50,480 1943-1972 0.9547 0.2581 8 2
Tygart Valley River At Colfax 3,529 1940-1969 0.9291 0.2263 7 2
Tygart Valley River Near Dailey 479 1940-1969 0.8985 0.3324 1 0

Rhine Rhine at Lobith 160,800 1911-1940 0.9897 0.4254 46 8
Rhine at Rheinfelden 34,550 1931-1960 0.9715 0 43 9
Rhine at Domat/Ems 3,229 1911-1940 0.9048 0.4176 7 1
Emme River at Emmenmatt 443 1915-1944 0.8739 0.3447 7 1

Note: The estimates of long memory parameter d are adopted from Wang et al. [2007].

(1) The predictability is closely related to autocorrelations at lag 1, ACF(1). An
exponential relationship between ACF(1) and the predictability at different CE levels
can be seen by visual inspection at Figure 1.

(2) The estimates of d with the S-MLE method versus the predictability at two level
(SACE = 0.1 and 0.5) are plotted in Figure2 (Note that the zero estimates of d are
removed in the plot). We can discern a exponential relationship between the two, but
the relationship is less clearer than that between the predictability and ACF(1).

(3) There is a positive relation between the predictability and the watershed scale. It is
shown in Figure 3a, and Figure 3b that, the larger the watershed scale, the better the
predictability. Because it has been found that the relationship between the long-
memory parameter d and the basin scale is very weak [Wang et al., 2007], whereas
ACF(1) has a good relationship with the basin scale (shown in Figure 4), therefore, it
seems that the increase of predictability with the increase of basin scale mainly results

1382



W .Wang et al. / Measuring Predictability of Daily Streamflow Processes ...

from the increase of autocorrelation with the increase of basin scale.
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4. UNCERTAINTIES IN THE ESTIMATION OF PREDICTABILITY

Predictability is impacted by many factors, including meteorological factors (such as how
river flow is fed, temporal and spatial variability of precipitation processes), and basin
characteristics (such as the size, topography, control structures, and drainage network of
the basin, and land cover types). These factors may vary from event to event, from season
to season, and from region to region, which make the predictability more or less dynamic,
rather than an invariable value, albeit it is generally a stable physical feature of a
streamflow process.

Apart from the temporal and spatial variability in various factors that impact the
predictability, there are several sources of uncertainty in measuring SP of real-world
processes, including:

(&) Uncertainty in model selection, especially when different mechanisms may act
simultaneously underlying a time series. We suggest using AR model to estimate
predictability for the purpose of a “fair” comparison, because of its easiness for using and
simplicity for building.

(b) Uncertainty in model parameter estimation, especially when the data size is not
big enough. Generally, the larger the data size, the better the parameter estimates because
the availability of larger samples allows one to better inspect the asymptotical properties of
model parameter.

(c) Uncertainty in data selection. Due to possible long-term variation in climate
system and the change of basin characteristics mainly due to human activities, watershed
system may exhibit long-term variation. In turn, the mean values of streamflow processes
may change over time, thus resulting in the exaggeration of predictability if the mean value
of the calibration dataset differs significantly from that of the validation dataset. Therefore,
different data selection may give different predictability estimates.

(d) Uncertainty in data quality, which may results in slight exaggeration of
predictability. For example, for some gauging stations, the gauged discharges are often the
same for two weeks or even over a month continuously, especially when the discharge is
very low. For instance, Minnesota River at Ortonville, MN, the discharge kept to be 58
cubic feet per second (cfs) for 17 days (1945.1.12 ~ 1945.1.28); 0.7 cfs for (December 28,
1964 ~ February 5, 1965); 3 cfs for 49 days (1968.1.6 ~ 1968.2.24), 11 cfs for 44 days
(1971.1.11 ~ 1971.2.16). While in some cases, this may be true, but most probably this is
due to the limited measurement accuracy or even error, which may lead to an slight
exaggeration of predictability.

Above uncertainties make it impossible to make precise estimates of predictability,
even for the specific approximately stationary period of time that we chose for each
streamflow process in the present study.

Due to the seasonality in precipitation and vegetation coverage, streamflow processes
usually exhibit strong seasonality, not only in the mean values and variances but also in the
autocorrelation structures [see e.g., Wang et al., 2006]. Therefore, the presence of
seasonality makes the estimation of predictability of streamflow processes more
complicated, and would more or less result in seasonal variation of predictability of
streamflow processes. But the seasonality of predictability is not treated in the present
study.

5. CONCLUSIONS

In the present study, the predictability of 31 daily average discharge series observed in 8
river basins in Europe and northern America are estimated with univariate time series
approach that is based on time series analysis techniques. The results show that, Although
the existence of long memory is detected in the daily streamflow processes [Wang et al.,
2007], the predictability of these streamflow processes is more similar to that of short-
memory AR processes than to that of long-memory ARFIMA processes, indicating that the
predictability of the streamflow process is more dominated by short-range autocorrelations
than by the existence of long-memory. Possible explanation for that may be in that, the
presence of more profound short range memory and seasonality dominate the estimation of
predictability albeit the existence of long-memory, which make the effect of long-memory
cannot show itself in the predictability measurement. It is also shown that the predictability
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is positively related to watershed scale, that is, the larger the watershed scale, the better the
predictability of the streamflow process, and this kind of relationship is mainly resulted
from positive relationship between autocorrelation and basin scale.

Predictability is impacted by many factors, which make the predictability more or less
dynamic, rather than a invariable value. In the present study, the data set were chosen
elaborately so as to make the data series approximately stationary and avoid significant
impacts of climate change and human interventions (e.g., reservoir impoundment). But
many uncertainties still exist, which make it impossible to make precise estimates of
predictability.
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