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a b s t r a c t

The definition of an effective link between drought indicators and drought mitigation measures in a
regional water supply systems is a complex problem involving environmental, social and economical fac-
tors. The gap between research and practice in this field still limits the application of mathematical mod-
elling tools more than institutional or technological features. In this paper, a methodology is developed to
support the decision making process of water authorities facing droughts in complex water systems. The
methodology is based on a full integration of optimization and simulation tools. The exploratory power of
the optimization allows the rapid estimation of subsets of flow variables related to forecasted demands
supplies and shortages that are used as operative indicators of the drought risk in future hydrological sce-
narios. The simulation model uses these indicators as triggers of mitigation measures in a proactive
approach to drought. In the case of an overly optimistic forecast of the hydrological scenario, the proac-
tive approach does not completely eliminate the risk of shortages. In this case, further measures have to
be implemented in the water system simulation in a reactive approach to drought. These can include
more expensive and higher impact measures to be taken later, after the severity of the drought event
has been highlighted. In collaboration with the regional water authorities in southern Italy, the proposed
methodology is currently being tested in the Agri–Sinni water system. Early applications to the Agri–
Sinni water system are presented in the paper, showing the usefulness of the proposed methodology
in mitigating the impacts of drought and selecting an economically efficient combination of proactive
and reactive measures.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In water resource systems that frequently experience severe
drought events, the definition of drought mitigation measures is
a central feature in the planning and management of the systems.
Even though the standard approach is still to manage water emer-
gencies rather than to prevent them using a set of measures coher-
ently set up in a proactive approach, it appears that the legal and
institutional framework is changing. Nevertheless, at this time,
the practical application of mitigation measures to complex water
systems is frequently limited to a nebulous, ill-defined link be-
tween these measures and drought indicators.

Characterization of complex water supply systems can require
different state indicators to be used as triggers to start mitigation
measures. For example, in multi-reservoir systems the reservoir
storage or the total available water (reservoir storage plus inflow
forecast) at the end of the wet season can be used to trigger the
implementation of measures to prevent shortages during the dry
season. The traditional approach to set these measures requires
the use of iterative simulation models to define seasonal condi-

tioned probability distributions of satisfying demand scenarios.
The definition of this matrix of probabilities can be difficult as a
large number of simulations have to be compared considering,
on the one hand, potential combinations of hydrological and de-
mand scenarios and, on the other hand, alternative management
rules. In addition, normally in this approach the mitigation mea-
sures are statically associated to each scenario. When the matrix
is defined, a validation phase is usually implemented by means
of a further simulation of the water system.

To improve the definition of drought mitigation measures and
the effective links of these measures with drought indicators, Sechi
and Sulis (2007) recently developed a full integration of the simu-
lation model WARGI-SIM (Water Resources Graphical Interface –
Simulation Tool) and the linear optimization model WARGI-OPT.
This mixed optimization–simulation approach was proposed with
the aim of identifying and evaluating mitigation measures in a pro-
active approach that anticipate the trigger of mitigation actions. In
fact, in order to reduce the vulnerability of the system, the proac-
tive approach must include measures implemented before the con-
sequences of drought event on the supply system occur. Yevjevich
et al. (1978) classified drought mitigation measures into three
main categories: supply-oriented measures, demand-oriented
measures, and impact-minimization measures. While the impact-
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minimization measures are basically related to water users and
various factors that can minimize their economic, environmental,
and social impacts, supply- and demand-oriented measures are in-
tended to reduce the risk relating to water shortage. The proposed
mixed optimization–simulation approach aims to implement these
two categories of measures (supply-oriented measures and de-
mand-oriented measures) in a proactive approach considering a
predefined infrastructural configuration of the water system.

In this paper, the mixed optimization–simulation approach is
developed with application to a real system. Thanks to a collabora-
tion with the regional water authorities within a national research
project (PRIN, 2005), the approach has been undergoing testing
using the Agri–Sinni (Southern Italy) water system. The Agri–Sinni
is a multi-reservoir and multiuse system that has frequently expe-
rienced extreme drought events in recent decades. The preliminary
results of the application of the proposed approach to this complex
water system are presented in the paper.

2. Optimization and simulation approach

Since the early 1960s, simulation models have been used to
model complex water resource systems. Examples of recent imple-
mentations that have specifically addressed multi-reservoir simu-
lations and have been applied to complex water systems include,
among others, AQUATOOL (Valencia Polytechnic University) (And-
reu et al., 1996), MODSIM (Colorado State University) (Labadie
et al., 2000), RIBASIM (DELTARES) (Delft Hydraulics, 2006), WEAP
(Stockholm Environmental Institute) (SEI, 2005), and WARGI-SIM
(Sechi and Sulis, 2007).

Simulation models were designed to analyze the water system
behavior using complex specific algorithm rules embedded in the
code (Koutsoyiannis et al., 2003). Moreover, using WARGI a mixed
optimization–simulation analysis can expand the potential use of
the simulation alone (Sechi and Sulis, 2007). The WARGI-SIM mod-
ule defines a set of water allocation rules [r] based on a set of user-
defined preferences and priorities [v]. The user also assigns strate-
gic reservoirs and priority levels for demands. For each strategic
reservoir, a reserved volume can be assigned to high-priority de-
mands as a function of the period of the year. When storage vol-
ume is within the reserved zone, withdraws for demands are
decreased to satisfy those demands only. In such cases, based on
a hierarchical list of resources and demands, additional flows could
be activated to meet low-priority demands from alternative or
marginal resources, or temporary restrictions could limit some of
these low-priority demands.

In the mixed optimization–simulation approach, the optimiza-
tion module WARGI-OPT can dynamically define a set of mitigation
measures under different future hydrological scenarios. WARGI-
SIM is then used to test and validate this set of measures. Particu-
larly in the case of an overly optimistic hydrological forecast, the
proactive approach does not completely eliminate the risk of
drought, and additional measures must also be implemented in
the simulation using a reactive approach. The reactive approach
generally includes more expensive and strong impact measures
to be taken later, during the drought event, without reducing the
system’s vulnerability to future drought events.

2.1. Proactive measures in the mixed optimization–simulation
approach

In the analysis of a water system for a time horizon T with a
time step t (Fig. 1), WARGI-OPT forecasts the system evolution
on a time horizon D at each synchronization period si based on
the current water storages in the system’s reservoirs and a user-se-
lected future hydrological and demand scenario g. When dealing

with hydrological uncertainty, the deterministic optimization
method in WARGI-OPT can be implemented in an implicit stochas-
tic environment (Hiew et al., 1989) with equally likely future
hydrological scenarios. Using the approach described in Sechi
and Zuddas (2008), at the synchronization period t = s, a dynamic
multi-period network is generated by the optimization module
replying the basic graph for each time period @ = 1, D and then con-
necting the corresponding reservoir nodes for consecutive time
periods. A dummy node representing an external-source is in-
serted in the multi-period network to avoid infeasibilities in the
model when deficits occur. Arcs connecting the dummy node to
demand nodes are also added in the multi-period network. Flows
along these arcs (deficit arcs) are associated to dummy water
transfers and highlight the presence of real shortages.

The water system management optimization, at the synchroni-
zation period t = s and considering a time horizon D, can be written
as a Linear Programming (LP) model:

mint¼ðs;sþDÞ½cixi þ cjxj� ð1Þ
s:t: A½xi; xj� ¼ bg ð2Þ
l 6 ½xi; xj� 6 u ð3Þ

In the objective function (1), the set of costs ci represents oper-
ative, maintenance, and replace costs (OMR) or user-defined costs
for transfer arcs in the multi-period network; cj represents costs for
deficit arcs and are based on demand priority ranking. The vari-
ables [xi, xj] are the subsets of the flow variables x related to flows
along the multi-period network and to flows along the deficit arcs,
respectively.

As usual, constraint (2) represents continuity equations at
nodes. Each node has an associated number bg representing supply
if positive, demand if negative and transhipment if equal to zero.
The index g is related to the supply/demand scenario considered
in the optimization.

Bounds l and u for flows [xi, xj] in constraint (3) can be associ-
ated to capacity limits in transhipment arcs and to admissible
shortages given by flows along deficit arcs.

The module WARGI-OPT gives interfaces with solvers of com-
mercial type, as Cplex (1995), and with free solver for LP problems,
as lp_solve (2008).

The exploratory power of the optimization allows for rapid esti-
mations of the subsets of the flow variables [xi, xj] related to fore-
casted demand supplies and shortages that are used as operative
indicators of the drought risk in future hydrological scenarios. In
fact, the simulation module WARGI-SIM uses the variables [xi, xj]
(provided by WARGI-OPT at each synchronization period si) and
the preferences and priorities [v] (provided by the users) to set
up the proactive mitigation measures [zs]. The set up of proactive
mitigation measures in the simulation can be formalized as a func-
tion involving flow variables given by optimization, priorities in
demands and preferences using water sources:

zs ¼ f1ð½xi; xj�; mÞs s ¼ s1; sn ð4Þ

When [xj]s – 0 (implying a scenario of future shortages high-
lighted by the optimization phase), the set [z]s defines the pre-
emptive actions to mitigate water scarcity impact. Pre-emptive ac-
tions belong to two main categories: supply-oriented measures,
demand-oriented measures.

Starting from higher priority demands and following the hierar-
chical preference-list of resources, in the simulation module water
transfers at the t time step are the solution of a minimum cost flow
problem between resource and demand nodes in the graph repre-
senting the water system. The pre-emptive measures [zs] can mod-
ify the water allocations from those originally defined only using
the allocation rules [r] and user-defined preferences and priorities
[v].
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