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Abstract: The management of water in systems where the balance between resources and demands
is already precarious can pose a challenge and it can be easily disrupted by drought episodes.
Anticipated drought management has proved to be one of the main strategies to reduce their
impact. Drought economic, environmental, and social impacts affect different sectors that are often
interconnected. There is a need for water management models able to acknowledge the complex
interactions between multiple sectors, activities, and variables to study the response of water resource
systems to drought management strategies. System dynamics (SD) is a modeling methodology that
facilitates the analysis of interactions and feedbacks within and between sectors. Although SD has
been applied for water resource management, there is a lack of SD models able to regulate complex
water resource systems on a monthly time scale and considering multiple reservoir operating rules,
demands, and policies. In this paper, we present an SD model for the strategic planning of drought
management in the Jucar River system, incorporating dynamic reservoir operating rules, policies, and
drought management strategies triggered by a system state index. The DSS combines features from
early warning and information systems, allowing for the simulation of drought strategies, evaluating
their economic impact, and exploring new management options in the same environment. The results
for the historical period show that drought early management can be beneficial for the performance of
the system, monitoring the current state of the system, and activating drought management measures
results in a substantial reduction of the economic impact of droughts.
Keywords: water management; resources; system dynamics; drought management; drought impacts

1. Introduction
Drought is a natural hazard and, as such, has to be understood as a natural feature of climate.
Whether or not a drought becomes a disaster depends on its social, economic, and environmental
impacts [1]. Therefore, the key to understanding drought is to acknowledge its different dimensions.
Drought affects both surface and groundwater resources and can lead to reduced water supply for
in-home consumption and agricultural and industrial activities. Furthermore, it can deteriorate water
quality by rising nitrate, ammonium, and phosphate concentrations, and disturb riparian habitats [2,3].
Agriculture is the most affected sector by droughts, but many other sectors may suffer relevant
losses, including energy production, tourism and recreation, transportation, urban water supply, and
the environment. Sustained drought can cause social, economic, and energy crises, even leading
to migration from affected zones (often rural and agricultural-focused) to other regions or nearby
countries [4]. Drought is not the only issue that water resource systems have to face regarding water
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availability. Water scarcity refers to continued unsustainable use of water resources and it can be
influenced by water management [5]. Increasing water demand due to population growth and the
development of the agricultural, energy, and industrial sectors has increased the frequency of water
scarcity events that occur when there is a lack of freshwater to meet the demands [6]. Climate change
is expected to further aggravate water scarcity because of the increase in drought frequency, severity,
and duration [7,8].
There is an increasing concern worldwide about the ineffectiveness of most common drought
management practices, largely based on crisis management and on treating symptoms (impacts) rather
than the underlying causes associated with them [7]. The European Union has promoted the move from
crisis management to drought risk management since 2007 [9]. However, there are gaps in the current
water scarcity and droughts policy of the EU, including [10]: conceptual gaps on the understanding of
causal relationships between drivers, pressures, status, and impacts; limited data on current and future
water demand and availability; policy, governance and implementation gaps regarding measures to
increase water supply and to target pressures and impacts caused by droughts.
Drought management plans are tools that aim to reduce the impact of droughts in water resource
systems providing a framework for proactive, risk-based management [9]. A coordinated drought
plan includes monitoring, early warning and information systems, impact assessment procedures, risk
management measures, preparedness plans, and emergency response programs. Without these plans,
nations will continue responding drought in a reactive, crisis management mode [7]. A key feature
of drought management plans is the use of indices to establish a link between the state of the river
basin and the measures to be taken [11]. Drought indices have been developed for assessing drought
parameters including intensity, duration, severity, and spatial extent, and are effective tools in the
monitoring and management of droughts [2,12]. However, traditional drought indexes often fail at
detecting critical events in highly regulated systems, where natural water availability is conditioned
by the operation of water infrastructures such as dams, diversions, and pumping wells. Here, ad
hoc index formulations are usually adopted based on empirical combinations of several significant
hydro-meteorological variables through customized formulations [13]. A system of drought indicators
based on levels or thresholds depending upon the degree of water scarcity, and several management
actions aiming to mitigate critical situations have been developed in the Jucar River system [11,14].
The creation and institutionalization of multi-sector partnerships have reinforced the development of
efficient drought management [15]. To support drought management, scientific approaches including
drought characterization, development of risk indicators, and the analysis of economic instruments
for risk mitigation are involved in conjunction with the identification, selection, and prioritization of
measures to lessen the effects of drought [16]. Decision support systems (DSS) have been developed to
study effective drought management strategies, as they are considered one of the most effective tools
for integrated water resource management [6]. The use of DSS tools for drought risk management has
been increasing during the last decades [17–20]. Studying resource allocation requires the development
of DSS able to apply drought management strategies and to dynamically evaluate the status of water
resource systems [12]. Multi-criteria decision analysis tools (MCDA) are also oriented to assist the
decision-making process in the operation of water resource systems. Nevertheless, a major problem in
developing MCDA processes is to understand the risk associated with persistent drought conditions, as
risk management involves subjective considerations [6]. The water sector’s importance for other sectors
requires policies and management strategies that are aware of the potential widespread impacts [21].
Very often, undesired effects can be derived from the execution of drought management strategies.
For example, increased groundwater extraction to compensate for the reduction of surface water
availability can lower base flows of rivers and streams, and reduce the piezometric level of aquifers [22].
These unexpected consequences can affect river biota, agriculture income, and urban supply in ways
that are more damaging or long-lasting in time than the aforementioned drought. Consequently, there
is a need for management models able to simulate the complex interactions between different sectors
and activities to study the response of water resource systems to drought management strategies.
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System dynamics is a theory of system structure and a set of tools for representing complex
systems and analyzing their dynamic behavior [23]. This methodology is particularly useful for
studying complex water resource systems with interacting elements and policies, whose behavior
cannot be easily predicted [24]. The development of system dynamics models to analyze and improve
water resource management has a tradition that dates back to the late 1960s. Since then, and thanks
to the development of computer technology and user-friendly system dynamics software, all types
of qualitative models have been developed for improving system understanding in water resource
systems. However, system dynamics have not been yet applied to highly regulated and complex
water resource systems for testing drought management strategies with a quantitative approach and
integrating a drought early warning system.
The objective of this paper is to develop a decision support system (DSS) based on system
dynamics for the efficient drought management of the Jucar River system. The DSS simulates the
management of the Jucar multi-reservoir system integrating monthly-defined reservoir operating rules,
stream-aquifer interaction and conjunctive use of surface and groundwater, drought management
measures (linked to a system state index), and all this taking into account current water demands
and allocation criteria. The tool allows studying the effect of policy and management measures in the
system, and it serves as a steppingstone towards the understanding of water resource systems as a
holistic system. The DSS provides quantitative results comparable to the historical records for the
calibration and validation period. The calibrated model facilitates the design, testing, and selection of
new drought management strategies. Section 2 introduces the system dynamics modeling method,
details some applications of the methodology for the management of water resource systems and
describes the Jucar River system case study. Section 2 also introduces and describes the main features
of the system dynamics model developed for the case of study. Section 3 shows and discusses the
results, first validating the behavior of the model and later discussing the hydrological and economic
results for the simulated scenarios. Finally, Section 4 exposes the conclusions.
2. Materials and Methods
2.1. System Dynamics for Water Resource Systems Modeling
System dynamics modeling is a methodology of model development that facilities a holistic
understanding of water resource systems, as it allows analyzing how different elements of a system
relate to one another and permits studying the changing relations within the system when different
decisions are included [25,26]. The usual purpose of the analysis of system dynamics is to understand
how and why the dynamics of concern are generated and to look for managerial policies that can
improve the system performance [27]. In system dynamics, the system structure is determined by
the positive and negative relationships between variables, feedback loops, system archetypes, and
delays [28,29]. The totality of the relationships between the system components constitutes the
system structure, and the system’s structure defines its behavior [30]. This methodology focuses on
understanding how the physical processes, information flows, and managerial policies interact to create
the dynamics of the different variables of interest [31]. To achieve this knowledge, qualitative/conceptual
and qualitative/numerical modeling methods are applied.
Qualitative modeling (e.g., causal loops diagrams and definition of the positive and negative
relationships between variables) improves our conceptual system understanding [29]. This type
of modeling is often seen as a propaedeutic step to quantitative modeling, where the behavior of
the system and the effects of different intervention policies can be visualized through simulation.
Qualitative models can be further developed into quantitative models (Figure 1). This change requires
a deep knowledge of the existing physical, analytical, and statistical relationships between the variables
of the system. In system dynamics, the relationships between variables can be expressed by linear,
non-linear mathematical equations and logical expressions such as IF-THEN statements, to introduce
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surface water to groundwater users, keeping groundwater in storage for later use), water-saving in
agriculture through drip irrigation, new water allocation mechanisms, water banks, water pricing, and
irrigated crop drought insurances (among others), which makes this case a real lab for analyzing risk
management strategies to cope with drought, extreme events, and climate change [43].
The operation of the system, managed by the Jucar River Basin Authority (Confederacion
Hidrografica del Jucar, CHJ), is subject to physical, environmental, and legal constraints. The main
physical constraints correspond to the reservoir, river, and canal capacities. The environmental
constraints are the minimum flows prescribed in certain river reaches and the inflow requirements of
the Albufera wetland. The main legal constraint in the Jucar River system is the Alarcon Agreement,
signed between the Spanish Ministry of the Environment and the senior users of the Jucar River—mainly
farmers—gathered together in the Unidad Sindical de Usuarios del Jucar (USUJ). The agreement
divides Alarcon in two zones by a rule curve. If the water level in Alarcon is above the threshold,
water can be freely allocated, but if the storage is below certain value, water in the system is reserved
exclusively for the USUJ members. In this case, other water users who want to access water from the
Jucar River would have to pay a financial compensation to USUJ. The operators also follow additional
criteria to decide the releases during the irrigation period (May–September): not causing undesired
spills from Tous (the downstream reservoir), not storing more than 450 Mm3 in Contreras to avoid
stability problems, and not storing more than 72 Mm3 in Tous at the end of the summer to avoid flood
damage during autumn due to intense rainfall events [42].
The Jucar River basin, as most Mediterranean and south-eastern basins of Spain, is very vulnerable
to droughts [11]. The recurrence of these events is also an important factor when considering the
management of the system, as a high-frequency appearance of droughts do not allow the system
to properly recover water storage to face future water-scarcity events. The latest drought periods
(1991–1995; 1997–2000 and 2004–2009) were classified as extreme droughts using the SPI index [14].
During the drought period 2005–2008, surface water available for agriculture decreased by up to 40%
compared to the average. Because of this, drought emergency wells in the lower basin were activated.
Despite of these efforts, the drought caused an important economic impact, especially to agriculture
activities. The situation is expected to be exacerbated by the impact of climate change [8,44].
A key feature of drought management plans is the indices that define the different drought stages
and trigger mitigation measures. Drought indices should capture the state of the water resource system
as a whole, allowing the planner to active measures to reduce its impact. Some of the measures for
drought management include conjunctive use of surface and groundwater, awareness campaigns
to promote domestic water savings, economic tools, control of the supply to agricultural demands
from reservoirs, and water reuse [16]. Traditionally, the management of droughts in the Jucar Basin
was regulated as an emergency, and the application of Royal Decrees was necessary to mitigate their
impacts [12]. From 2007, drought management in the Jucar River system is regulated by a drought
management plan [14,40] that establishes a state index to monitor the system and a set of drought
management measures triggered by the different drought stages. This index is calculated using
different variables distributed in the area of the river basin, including reservoir storages, groundwater
levels, streamflow, precipitation, and reservoir inflows. The state index takes values between 0 and 1,
with four system states: normal, pre-alert, alert, and emergency. Then, different drought management
measures are applied depending on the system’s state index. These measures can be divided into 2
groups, (1) control of water supply for urban and agricultural uses and, (2) increase of water availability
by drought emergency wells use and increasing water reuse.
2.3. System Dynamics for the Jucar River System
The system dynamics model developed for the Jucar River system represents its current
management with a monthly time step, including the state index of the system and the management
measures linked to this state. The software Vensim Pro [45] has been used for the creation of the model.
The Jucar model was divided into 5 subsystems:
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The operating rules of the three reservoirs are defined at the monthly scale, mimicking the
operation of the system for the 2003–2013 period, and introducing the constraints that bind the seasonal
operation of the Jucar River system. The rules were obtained using fuzzy rule-based systems (FRB),
co-developed with the experts from the Operation Office of the Jucar River Basin Authority [42].
A series of workshops and surveys were used to extract the decision-making processes followed in
the seasonal operation of the Jucar River system. The implicit operation of the system was encoded
into two FRB systems that were validated against historical records on reservoir storages and releases,
streamflows, and deliveries to consumptive demands for the 2003–2013 period. The developed FRB
were introduced into the SD model through piecewise linear regressions equations (Figure 5). Some
flexibility is lost in the process of transforming the FRB rules into linear regressions, as it can be
observed in the figure.

has been obtained and processed. The main view of the model (Figure 3) captures the water flows
through the Jucar system, including water infrastructures and stream-aquifer interaction with the
Mancha Oriental aquifer. This structure is based on previous models for the area [42], and provides
a general framework to visualize the system’s network and to allow the integration of other subWater
2020, The
12, 1407
8 of 20
models.
model incorporates a submodel that simulates the current operation of the system
(Figure 4), based on historical records and trends of the main variables.
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developed FRB were introduced into the SD model through piecewise linear regressions equations
(Figure 5). Some flexibility is lost in the process of transforming the FRB rules into linear regressions,
Figure 4. Reservoir operating rules subsystem that incorporates the monthly operating rules for each
as it can
be observed in the figure.
reservoir, variables, and seasonal parameters that determine final releases.

Figure 5.
5. Graphical
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simulated operating
operating rule
rule of
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Tous reservoir
reservoir in
in July.
July. Blue
Blue dots
dots
Figure
represent
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of
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using
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Red
crosses
show
values
for
the
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represent the values of releases using fuzzy logic. Red crosses show values for the piecewise linear
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into the
the SD
SD model.
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To compensate this loss of flexibility, the obtained rules for Alarcon and Contreras reservoirs
To compensate this loss of flexibility, the obtained rules for Alarcon and Contreras reservoirs
were adjusted using seasonal factors (depending on whether it was or not irrigation season) and a
were adjusted using seasonal factors (depending on whether it was or not irrigation season) and a
scarcity factor different for both winter and summer seasons, to account for differences observed in
scarcity factor different for both winter and summer seasons, to account for differences observed in
the management of the system that were not correctly captured by the calculated piece-wise linear
the management of the system that were not correctly captured by the calculated piece-wise linear
equations. Releases from Tous were computed as the minimum value between the downstream
equations. Releases from Tous were computed as the minimum value between the downstream
demand and the releases calculated by the piecewise linear equations. This implies that the system
demand and the releases calculated by the piecewise linear equations. This implies that the system
will not release more water from Tous than needed, minimizing unwanted releases to the sea while
will not release more water from Tous than needed, minimizing unwanted releases to the sea while
still capturing the seasonal behavior provided by the operating rules. The Alarcon Agreement was
still capturing the seasonal behavior provided by the operating rules. The Alarcon Agreement was
explicitly introduced into the model’s formulation.
explicitly introduced into the model’s formulation.
The water demands considered by the model are divided into urban and agricultural demands
The water demands considered by the model are divided into urban and agricultural demands
and were located and compiled from the public information provided by the CHJ [47]. Most of them
and were located and compiled from the public information provided by the CHJ [47]. Most of them
are located downstream Tous, although the model also accounts for the demands located in the
middle basin, one of them being a groundwater demand that affects the stream-aquifer interaction.
The current operating rules of the system prioritizes water allocation to urban uses. Environmental
requirements have been considered as a restriction and are captured by the operating rules of the
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are located downstream Tous, although the model also accounts for the demands located in the middle
basin, one of them being a groundwater demand that affects the stream-aquifer interaction. The current
operating
rules of the system prioritizes water allocation to urban uses. Environmental requirements
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3. Results and Discussion
3.1. Model Evaluation
The system dynamics model of the Jucar River system was evaluated using the 2003–2013
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3. Results and Discussion
3.1. Model Evaluation
The system dynamics model of the Jucar River system was evaluated using the 2003–2013 period.
The comparison between the model’s results and historical records showed that the model is able
to capture the observed operation (Figure 8). Residual plots for the same variables can be found in
Appendix
A (Figure A1). Total storage was closely reproduced by the model, as can be observed
in the
Water 2020, 12, x FOR PEER REVIEW
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Once verified that the developed model matches adequately the historical behavior of the Jucar
River system, further simulations were launched to test different management assumptions and
scenarios.
3.2. System State Index and Drought Management Strategies
The SD model has been applied to study the interaction between the previously indicated
drought management strategies and other variables of the system. A comparison between
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Once verified that the developed model matches adequately the historical behavior of the
Jucar River system, further simulations were launched to test different management assumptions
and scenarios.
3.2. System State Index and Drought Management Strategies
The SD model has been applied to study the interaction between the previously indicated drought
12 of 20
management strategies and other variables of the system. A comparison between simulations with and
without the drought management strategies introduced into the management in 2007 was performed.
simulations with and without the drought management strategies introduced into the management
Results obtained when applying the drought management measures show improvements for the state
in 2007 was performed. Results obtained when applying the drought management measures show
index of the system and for the system’s total water storage (Figure 9).
improvements for the state index of the system and for the system’s total water storage (Figure 9).
Water 2020, 12, x FOR PEER REVIEW

(a)

(b)

Figure
Figure9.9.(a)
(a)State
Stateindex
indexand
and(b)
(b)total
totalstorage
storagewith
withand
andwithout
withoutdrought
droughtmanagement
managementstrategies.
strategies.

The
Thesystem
systemstate
stateindex
indexbenefits
benefitsfrom
fromapplying
applyingthe
thedrought
droughtmanagement
managementstrategies
strategiesdefined
definedin
in
the
thestate
stateindex
indexsubsystem.
subsystem.Thanks
Thankstotothem,
them,the
thesystem
systemstate
statedoes
doesnot
notdrop
dropinto
intoan
anemergency
emergencystate
state
during
recovers
earlier
from
thethe
alert
state
during
that
drought,
andand
it
duringthe
the2005–2008
2005–2008drought.
drought.It Italso
also
recovers
earlier
from
alert
state
during
that
drought,
enters
thethe
prealert
stage
months
before
than
the
scenario
it enters
prealert
stage
months
before
than
the
scenariowith
withnonodrought
droughtmanagement
managementmeasures.
measures.
After the system enters a normal state, it is worth pointing out that the state index is higher for the
drought managed model, even when the drought is over (from 2010 onwards). According to the
model, water storage in reservoirs is increased significantly when drought management measures
are applied. The difference is up to almost 100 Mm³ during October 2008. This is the result of the
management strategies taken in anticipation thanks to the state index and the four threshold levels
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After the system enters a normal state, it is worth pointing out that the state index is higher for the
drought managed model, even when the drought is over (from 2010 onwards). According to the
model, water storage in reservoirs is increased significantly when drought management measures
are applied. The difference is up to almost 100 Mm3 during October 2008. This is the result of the
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Results show that the total reservoir storage of the basin improves when drought management
abstractions are activated when the system falls into the alert state, and water abstraction scale up
measures are
applied. It is to expect that the gained storage will benefit the early recovery of the system
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3.3.
Economic
Impact
of Droughts
Results show that the total reservoir storage of the basin improves when drought management
measures are applied. It is to expect that the gained storage will benefit the early recovery of the system
allowing for more regular deliveries to agricultural demands. Indeed, it is possible to calculate the
economic losses associated with the mismanagement of droughts for the 2003–2009 period (Figure 11).
Economic losses were calculated by economically characterizing the monthly demands of the
system defined as targets [47] using demand curves or functions obtained by Positive Mathematical
Programming (PMP) [54] for the different agricultural demands [55]. Benefits were obtained as the
integration of the demand function between zero and the level of supply. It can be observed (Figure 11)
that economic losses concentrate on the drought period (2005–2008), particularly when the system state
index stays in alert for several months (2006–2008). During the irrigation season in drought periods is
when economic losses rise due to water scarcity. The fact that, as defined by the drought management
strategies subsystem, in alert and emergency states the water supply for agriculture is reduced by up
to 40% its original demand could be thought of as detrimental for agricultural interests. However,
according to the simulations, the water saved helps a faster recovery of the system, guarantees urban
water supply, and reduces the long-term impact of droughts. In the model, the economic impact of the
Figure 11. Estimation of economic losses for agriculture compared to the system state index during
the 2000’s drought.

Economic losses were calculated by economically characterizing the monthly demands of the
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Figure 10. Water abstraction from emergency wells during drought compared to the system state index.
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economic losses associated with the mismanagement of droughts for the 2003–2009 period (Figure 11).
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4. Conclusions
Economic losses were calculated by economically characterizing the monthly demands of the
system
defined
targetsa[47]
using
demandDSS
curves
functions
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This
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presents
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for or
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of Positive
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were obtained
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taking into account the combination of a state index and several drought management
strategies.
The resulting DSS showed the potential of system dynamics for simulating the management of
multi-reservoir systems, integrating monthly-defined operating rules for the reservoirs, stream-aquifer
interaction, conflicting water demands, and drought management strategies. The model adequately
reproduces the operation of the system and is able to produce accurate quantitative results, as shown
by the comparison with the historical records.
The DSS takes advantage of the holistic concept that drives the methodology and incorporates
components from different disciplines (hydrology, economics, social sciences, laws, etc.) into its
modular structure. The state index subsystem is an example of how it is possible to integrate policies
and management strategies into a water resource model using a system dynamics approach. Likewise,
water policy or legislation has been incorporated into the model—e.g., the Alarcon agreement.
The DSS opens up the possibility of analyzing different drought management strategies and
assessing the interactions, feedbacks, and impacts within and between multiple sectors and variables.
Results showed that drought management strategies have a net positive effect in the Jucar River
system from both the economic (agriculture) and the water management perspective. The defined
measures lowered agricultural losses for the 2005–2008 drought period and increased the amount of
stored water during drought allowing the faster recovery of the system. Although the model provides
quantitative results similar to the historical data available, the main goal of a system dynamics model
is neither to forecast nor to optimize, but studying patterns, trends, and interactions between different
variables of the model [24]. Modeling and dynamically simulating the change in water resources over
time provides a scientifically defensible basis for proactive management strategies, enhancing our
prospects to maximize the adaptive capacity of the system as a whole [29].

Water 2020, 12, 1407

15 of 20

Moreover, the same methodology used to study drought management strategies can be applied to
study the impact of different realities and inputs into the system. The DSS model developed for the
Jucar River system uses a quantitative approach for its simulation. Consequently, it requires numeric
data and well-tuned equations to capture the behavior of the system in detail. Qualitative variables
and inputs can also be implemented in this kind of model. Qualitative modeling often introduces “soft”
variables to study the general patterns of behavior of the model, rather than precise numbers [56].
In this case, qualitative modeling can be restricted to new subsystems for the testing of different
non-easily quantifiable hypothesis.
The model herein presented was successfully developed for the Jucar case study and it could be
replicated in any basin or system where enough information and data are available. The development
of quantitative system dynamics models requires the use of a large volume of data coming from
different fields (from hydrological to economic and reservoir data) as well as a deep understanding
of the system structure and behavior. Very often, the most complex issue of this type of model is the
development of the monthly operating rules for the reservoirs. In this case, the final rules were inferred
using fuzzy logic, but additional tests showed that it is possible to simulate the operation of the system
using other approaches and calibrating the rules with the historical records for the releases and water
storage of the reservoirs. Although the model is able to reproduce the stream aquifer interaction
between the Jucar River and the Mancha Oriental aquifer, it simulates neither groundwater heads nor
aquifer storage. Groundwater head specifically is a determinant factor for the Mancha Oriental aquifer,
as it has suffered continuous drops in groundwater levels due to intense pumping since the early
1970s. To assess the effect of drought policies on groundwater levels, it would be necessary to apply a
detailed groundwater model, such as finite-difference model, coupling it with the system dynamics
model either through scripting, wrapping, or spreadsheet coupling [57].
The model developed using system dynamics for the Jucar River system has the potential to grow
and increase its scope by integrating new dynamics that can modify the behavior of the whole system.
Future lines of work include linking the agricultural demand subsystem and a land-use subsystem,
which would allow for introducing changes in agricultural land use based on economic benefit from
previous years and on changes in land-use policies. System dynamics provides an excellent framework
to study trade-offs that land use changes can introduce in specific sectors and communities [58].
Furthermore, it is already possible to activate population growths or losses over time to study how
changes in urban demand can affect the system. These functionalities are required to test the effect
of different climate change narratives within the next decades, which is also a future line of research
to explore.
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