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Abstract: In several areas, many social, economic, and physical subsystems interact around water
resources. Integrated water management is applied to maximize economic and social welfare in an
equitable manner without compromising the sustainability of vital ecosystems, mainly in hydrologic-
stressed areas. The Souss-Massa basin, with its semi-arid climate, has a significant demand for
agricultural, industrial, tourism, and domestic water. It constitutes a complex system where the
lack of knowledge of all the interacting subsystems has led to a shortage of water in quantity and
quality. The objective of this study is to investigate the interactions between supply and demand
at different stages using a System Dynamics (SD) approach. The model developed promotes a
holistic understanding of the interactions between the different problem indicators that operate in
water resources management in order to support decision-making action and successfully manage
water resources at the Souss-Massa basin scale. The chosen performance indicator is based on the
achievement of a baseline sustainability index (SI) defined as the ratio of available water to supply
water that should be higher than 20% to avoid a water stress situation. The multisource data were
gathered from different government agencies for the period spanning between 2007 and 2020. The
results showed that the current policies do not lead to sustainable water management. Groundwater
withdrawals have increased considerably, from 747 Mm3 in 2007 to 4884 Mm3 in 2020. The balance
between water supply and demand is only reached for three years, 2010, 2015, and 2018, without
ever reaching an SI of 20%. The sensitivity analysis showed that the sustainability of water resources
in the Souss-Massa basin is mainly impacted by the availability of surface water, irrigated areas,
and irrigation efficiency. This study will be of great interest to policymakers to provide optimal and
sustainable water management strategies based on improved water use efficiency, and to contribute
to the sustainable development agenda in arid and semi-arid regions.

Keywords: systems dynamics; water resource management; sustainable development; global changes;
Souss-Massa basin

1. Introduction

Water scarcity is an urgent issue that can impose significant constraints on develop-
ment. According to the World Water Assessment Program established by UNESCO [1],
nearly half of the world’s population will live in areas of high water stress by 2030, and
only 60% of our planet’s water needs will be met. In addition, drought in arid and semi-
arid regions will push between 24 and 700 million people to move, leading to growing
inequalities and tensions [2]. Africa is a continent of water paradoxes. Although it has
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abundant renewable water resources estimated at more than 5400 billion m3 per year, only
4% of this potential is mobilized for current uses, and more than 300 million people do not
have access to drinking water [3]. Increasing water demand due to population growth and
water uses threatens to increase pressure on water resources [4]. Climate change makes
the situation even more critical [5]. This vulnerability is related to the importance of the
agricultural sector and food security, their place in the economy, and the lack of effective
mitigation and adaptation measures [6].

Numerous integrated water resources management (IWRM) models have been devel-
oped to determine water supply, to estimate the evolution of water demand, and to apply
evolution scenarios in order to evaluate the satisfaction of needs in the future.

On a global scale, the most widely used model is the WaterGAP (Water Global Analysis
and Prognosis) model. This model compares the availability and demand of water resources
on a global scale, taking into account climate change and anthropogenic effects [7]. The
spatial resolution of this model does not allow it to be used at the watershed scale, which is
the local unit of water resource management.

On a local scale, there are many models that work in a similar way. These models aim
to compare the water supply and demand of different users, to take into account ecological
needs, to provide methods for managing dams for storage in anticipation of needs, and to
support low water flows. Some of these models apply optimization methods, while others
are based solely on simulation. An example of a model for understanding water demand
satisfaction is the Mike Basin model [8]. This model evaluates the distribution of water
resources to meet demand and stream quality but does not provide prioritization rules
between users. The Water Evaluation And Planning (WEAP) model [9] is one of the most
widely used models [10] and has been shown to be one of the most successful models for
reporting on the capacity to meet water demands. The model simulates a baseline water
demand and supply management scenario and then evaluates the change in the demand
satisfaction rate. It also includes a water quality module, an ecosystem preservation module,
and an economic module to evaluate the costs of water supply systems. The RIBASIM
model [11] is a set of generic models to simulate the behavior of watersheds under various
hydrological conditions. The model compares current and future water supply and demand
at different time horizons [12]. It also assesses agricultural production and crop damage
in the event of water shortage. The SWAT model [13] analyzes numerous hydrologic and
agronomic data to predict the effects of land management on water resources. WAPOR,
which stands for Water Productivity through Open access of Remotely sensed data, uses
satellite data to measure water productivity in different sectors. As part of water accounting,
WAPOR provides water managers with an overview of water use, identifies areas of high
pressure on water resources, and assesses potential impacts on the environment and local
communities. This will enable more effective and sustainable water management measures
to be planned and implemented.

While all of these models are powerful tools for water management, they have limi-
tations that must be considered when using them and interpreting the results. They are
complex and require technical expertise to be used effectively. In addition, they require
accurate and timely data and sometimes depend on the quality of satellite data that can
be affected by adverse weather conditions and instrumentation errors. Furthermore, they
are costly and have limitations in modeling some aspects of water management, such as
groundwater management, water quality, agricultural practices, soil quality, and interac-
tions between different water users.

Morocco, like many developing countries, is strongly affected by water scarcity. Its
water resources are characterized by temporal irregularity and spatial variability. They
are highly concentrated in the north of the country, and the remaining 49% is shared by
92.4% of the country [14]. In recent years, sustainable development has become a global
ambition. The United Nations’ sustainable development goal (SDG) 6 aims to ensure the
availability and sustainable management of water and sanitation for all people [15]. In
Morocco, a sustainable water supply will need to be ensured to avoid excessive groundwa-
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ter depletion [16] and, ideally, with effective wastewater treatment [17]. Morocco is one
of the major arid climate countries whose water resources are highly vulnerable to global
changes [18–21]. Most of Morocco’s watersheds suffer from water stress, and planners
are generally challenged in achieving a sustainable water supply [22]. For example, the
basins of Oum Er-Rbia, Souss-Massa, and Tensift suffer from an annual deficit of 560 Mm3,
271 Mm3, and 168 Mm3, respectively [23]. This challenge is particularly prevalent in the
arid and semi-arid areas of Morocco [24,25]. Watersheds are faced with the dilemma of
meeting the growing demand for water for domestic, agricultural, industrial, and touristic
uses while preserving the sustainability of water resources as well as the environment [26].

The socioeconomic changes that Morocco has experienced in recent years in most
sectors are expected to continue in the future [27,28]. There is, therefore, a real concern
about balancing the growing demand for water while protecting the resources and the
associated ecosystems [29,30]. For several years, Morocco has been implementing a policy
of water mobilization and control [31]. Various measures have been adopted, including
decentralized watershed management and the search for nonconventional water sources,
such as seawater desalination and wastewater reuse [32]. Morocco has developed the na-
tional drinking water supply and irrigation program (2020–2027) within the national water
plan (2020–2050). Resource planning is currently based on a master plan for sustainable de-
velopment of the different basins (PDAIRE), which is evaluated and updated in accordance
with the national water plan and the national water strategy. In the agricultural sector,
Morocco adopted a new agricultural development strategy in 2008, The Green Morocco
Plan (GMP), which was consolidated by the Green Generation Strategy (2020–2030) [33].

At the scale of the Souss-Massa basin, many studies have been conducted to assess the
variability of water supply and demand. Seif-Ennasr et al. [34] analyzed the water balance
of the Souss and Chtouka aquifers and found a deficit that varies from 100 Mm3/year to
370 Mm3/year and 60 Mm3/year, respectively. Hssaisoune et al. [35] have shown that the
future of the basin’s water resources depends on good planning and coordinated man-
agement focused on conservation and preservation. The legislative framework should be
strengthened, and nonconventional water use should be supported for regional sustain-
ability and climate change mitigation [36]. Diaz and Perez [37] studied climate change
projections in the Souss-Massa basin for the periods 2045–2055 and 2090–2100. The results
confirmed that for the RCP 4.5 and RCP 8.5 scenarios, maximum and minimum tempera-
tures will increase by 1.5 and 2.5 ◦C over the period 2045–2055. In 2090–2100, temperatures
will likely increase by 3 and 6 ◦C. The main changes in precipitation were observed in
the period 2090–2100, with a reduction of 40 mm/year and 120 mm/year, respectively.
Seif-Ennasr et al. [38] showed that the most pessimistic 2030–2050 simulations predict a
reduction in Youssef Ibn Tachefine dam storage of 77% and 80% under RCP 4.5 and RCP
8.5 scenarios, respectively. In addition, the natural aquifer recharge will decrease by 54%
and 80% under RCP 4.5 and RCP 8.5 scenarios, respectively.

Agriculture in the Souss-Massa occupies an important place in the regional and
national economic sectors. Several studies have been conducted to evaluate water use by
agriculture. Elame et al. [39] showed that water pricing on surface water forces farmers
to use water more efficiently, but those who combine surface and groundwater have no
restrictions on water pumping, and, therefore, value this resource less. Seif-Ennasr et al. [40]
showed that suitable land would decrease by 23% under RCP 8.5 and 9% under RCP 4.5.
On the other hand, Choukr-Allah et al. [41] showed that global changes are determining
factors for holistic water management in the Souss-Massa basin. In the face of water scarcity
in the basin, the authors established a management master plan discussion based on three
scenarios: no action, catastrophic social and economic disaster, and moderate intervention
that stabilizes groundwater volume. Mansir et al. [42] used physical and socioeconomic
variables to develop a vulnerability map that shows that the Souss-Massa basin is highly
vulnerable and has reached high levels of overexploitation of water resources.

The traditional methods of water resource management used in the Souss-Massa basin,
and in Morocco in general, remain technical and have limitations. This is because decision-
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makers use a linear mental model of problems, which assumes simple cause-and-effect
relationships between system components and focuses on progressively narrower model
boundaries to isolate components [43]. Such isolation exposes any analysis to the risk
of not adequately recognizing the root causes of problems or incorporating all relevant
factors at play, which could lead to biased recommendations regarding strategy or policy
implementation [44,45]. Selecting an appropriate water resource management policy is
complicated by climate characteristics (variability in precipitation amount and distribution
patterns), connectivity between surface and groundwater, storage in natural and artificial
reservoirs, population growth, and demand, among other factors [46,47].

Moreover, conventional methods do not provide a clear understanding of how the
different systems that influence water resources management are interconnected and do
not consider the feedback process and the nonlinear dynamic behavior of the system [48].
Furthermore, they are largely based on a reductionist and mechanistic approach and
are considered ill-equipped to deal with the inherent complexity of the many systems
involved in water resources management [49,50]. Challenges stem primarily from the
integration of socioeconomic perspectives with technical elements, making systems difficult
to simplify [51–53].

Our study, the first of its kind in Morocco, used the SD approach to evaluate sectoral
policies applied to the period spanning between 2007 and 2020, and will serve as a basis for
developing future sustainable scenarios. A sustainability index (SI) was used to diagnose
the sustainability of water resources in the Souss-Massa basin. Then, a conceptual model
regrouping the different interconnected parameters acting on water supply and demand
was developed to help decision-makers identify appropriate solutions to meet a variety
of development needs while maintaining sustainability objectives. Finally, a sensitivity
analysis was performed to identify the parameters that most influence the system in order
to move from a global model to a robust and reliable model.

2. Materials and Methods
2.1. Study Area

The area of Souss-Massa basin is approximately 27,800 km2. It is bounded to the north
by the Tensift basin, to the east and south by the Draa basin, and to the west by its 200 km
long Atlantic coastline. The climate of the region is mainly arid, mitigated by the proximity
of the ocean and the influence of the cold current. Average annual rainfall varies from
600 mm in the north, on the peaks of the High Atlas, to 150 mm in the south, in the eastern
part of the Anti-Atlas. The plain receives about 200 mm of rainfall [54–56]. According to
the latest census of 2014, the study area has a population of 2,800,035 inhabitants, which
is nearly 8% of the total population of Morocco, with an average growth rate of 1.41%
per year [57]. In order to secure water demand over the basin, Souss-Massa has 8 major
dams (Figure 1) with an estimated overall storage capacity of nearly 718 Mm3. These dams
regulate 364 Mm3/year of total surface water inflow. The main basins in the region are
Souss, Massa, Tamri and Tamraght, and Tiznit-Sidi Ifni (Figure 1).

The Souss-Massa basin has a natural supply of 1023 Mm3/year (668 Mm3/year of
surface water resources and 425 Mm3/year of groundwater resources). Water withdrawals
in the basin amount to 425 Mm3/year for surface water and 696 Mm3/year for groundwater,
resulting in water stress of 271 Mm3/year. In addition, 93% of the basin’s water resources
are exploited for agriculture, of which 65% is extracted from groundwater, while only 7% is
available for drinking water and industrial use. Available water per capita is about 300 m3

per capita per year, which is significantly below the scarcity threshold set by the United
Nations at 1000 m3 per capita per year [58].
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2.2. Modeling Approach

SD modeling is an approach for studying the evolution and behavior of system com-
ponents and their interactions [59–62] first proposed by J. W. Forrester at the Massachusetts
Institute of Technology (MIT) in 1950 and subsequently developed by [63–66]. The first SD
model incorporating water resource management relationships was developed in the World
3 model [67] and updated by [68,69]. Currently, SD has evolved from continuous applica-
tions and stability of differential equations to continuous nonlinear group actions [70,71].
The main idea is feedback on the operation of processes [72–75].

The choice of the SD approach is justified by the fact that it has several advantages.
SD is a flexible method for studying complex behavior over time by transforming the
entire system into an interconnected series of stocks and flows [76,77]. Stocks represent
accumulations [78,79]. Inputs and outputs change the stock level during the given time
step and are influenced by the current stock levels of the system [80,81].

Auxiliary functions can take many mathematical functions and lags, each connected
by an information link. The clouds represent the limits of the model, while the shadows
represent the variables used. The symbol “R” represents reinforcing (or positive) feedback,
while the symbol “B” represents balancing (or negative) feedback processes [82–85]. When
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the model is difficult to simulate with adequate software, it is necessary to proceed with
dynamic modeling by analogy, which consists in substituting the initial model with a model
of the same structure but less cumbersome [86,87].

Integrated models can be developed to be truly complete with the application of
scenarios leading to technical optimization [88–90]. Three basic steps need to be followed
to achieve satisfactory results: (1) problem identification and definition, (2) system concep-
tualization, and (3) model formulation [91–95]. Once the model is defined, simulation and
calibration tests should be performed before the model is validated, then scenarios should
be developed and evaluated, and finally, the system should be approved, and the most
appropriate strategy should be designed [96–98]. The model established is intended for
modeling the water resources of the Souss-Massa basin and can be extended to other water-
sheds. It is a hydro-socioeconomic model that can provide complete integrated modeling
of quantitative and qualitative indicators. It uses many feedback relationships between
different subsystems. It will explicitly highlight the dynamic feedback between the physical
characteristics of the water balance, population growth, and agricultural and industrial
development with the use of other nonconventional resources.

2.3. Literature Review on SD for Water Resources Management

SD is a promising option that offers several qualitative and quantitative tools to iden-
tify and explain the behavior of systems over time [99,100]. It provides an opportunity to
explore new tools for representing the complex relationships associated with water resource
systems [101–105]. Scientists have been using SD for water resources management since the
1980s with applications on small-scale hydroelectric analyses [106]. The various applications
of SD to water resource management problems can generally be classified into two categories:
(1) watershed-scale water resource planning problems (to better understand the current situa-
tion and/or inform stakeholders of the current state of the system) [107–113] and (2) scenario
analyses of economic or policy impacts on water resources (to explore the behavior of the
current system given changed conditions or alternative strategies) [114–120].

In real-world situations, planning and analysis are often performed in tandem, as
they are each a step in the resource management process. Compared to integrated water
resources management, the SD approach is more advantageous for indicating how different
baseline changes affect the system in the future [121–123]. It is, therefore, particularly
useful for representing complex systems with strong influences from social or economic
elements [124,125]. Most applications of SD in the water resources domain [126–132] have
focused on the use of the qualitative modeling tools of this method. Authors [133,134]
consider the conceptualization or reflection phase of integrated water resources studies to
be of paramount importance, as it provides a fundamental understanding of the options
that can be used to achieve sustainable solutions. Authors [135] and [136] show that
reliable qualitative models can be developed to help identify trends and provide insight
into the drivers of multifaceted water resource problems, thus facilitating the formulation
of preventive and sustainable strategies.

2.4. Data Collection

The design of the conceptual framework and feedback loops requires a clear definition
and collection of the key factors that affect sustainable development, as well as ways
to visualize the relationships between them. However, there are multiple interacting
subsystems that tend to influence the sustainable development of water resources, namely:
population growth, technological advances, industrial development in agriculture and
tourism, trade, and economic growth (Table 1).
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Table 1. Variable and constant parameters integrated in the System Dynamics model.

Factors Key Variables Stocks

Surface water supply

Desalination water: DW
Interbasin transfer water: TRW
Recycled water: RW
Rate of increase of recycled water: αR
Interbasin transfer water rate: αTR
Rate of increase of desalination water: αD
Rate of industrial development: rin,i
Total natural inflow surface water: Total NSW
Precipitation: P
Flow: Q
Evaporation: E

Available
surface water supply ASW

Groundwater supply Natural incoming groundwater: NGW
Returned groundwater after use: RGW Available groundwater supply AGW

Water demand

Water demand per capita: WP
Population: POP
Rate of decrease in per capita water consumption: rwp
Population growth rate: rp

Domestic
water

demand Dom,D

Water demand per tourist: WT
Tourists: TOUR
Rate of water demand per tourist: rwt
Growth rate of tourists: rt

Tourism
water

demand Touris,D

Water consumption by industry: WI
Rate of growth of industrial development: rin

Industrial
water

demand Ind,D

Irrigation water consumption/ha: IRE
Area of irrigated farmland: IrrA
Rate of change of irrigated area: rAi
Rate of change of water consumption per hectare: rAgri

Agricultural water
demand Agri,D

The hydro-climatic data were collected from the Souss-Massa Hydraulic Basin Agency
(ABHSM). The data received are the historical daily rainfall of 16 rain gauges. From these,
we obtained the monthly rainfall, and then the annual rainfall of each rain gauge. The
surface waters (m3) are those of the 8 main dams in the Souss-Massa region. The population
census data between 2004 and 2014 (conducted every 10 years) were collected from the
High Commission for Planning (HCP), while considering the urban and rural populations
following the new administrative division of the region. The water consumption per
capita (m3/capita) was obtained from the National Office of Drinking Water and Electricity
(ONEP). The connection rates in rural and urban areas were provided by the Agadir
autonomous multiservice company (RAMSA). The data on the number of tourists were
recorded by the Ministry of Tourism and the Regional Tourism Centre (CRT). The water
consumption per tourist (m3/tourist) in the main tourist establishments was provided by
RAMSA. For recycled water (m3), the quantity treated and reused were considered, not the
quantity treated alone. The data collection allowed us to identify the different subsystems
that influence water resources management in the Souss-Massa basin and to highlight the
parameters on which each of them depends. This will allow the development of a global
conceptual framework based on the key equations of the water balance.

2.5. Data Analysis
2.5.1. Quantitative Data Analysis

Once the data were collected, they were analyzed. Justified estimates were made to
fill in data gaps to address the research problem.
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There is a lack of evenly spaced rain gauges throughout the basin. In order to solve
this issue, the Thiessen method was used to calculate for each subbasin the monthly
precipitation data. This method is defined as follows:

Pmoy =
∑ PiSi

S
(1)

where:

• Pi: rainfall at station i (mm).
• Si: area of influence of rain gauge i (Km2).
• S: watershed area (Km2).

Data on groundwater recharge from precipitation are limited. In order to solve this
issue, the following formula was used:

GWR = β× P (2)

where:

• GWR: groundwater recharge (m3).
• β: the average of the ratio of precipitation infiltration to total groundwater input

during the years of record for each aquifer.
• P: annual precipitation (mm).

Ref. [137] estimates groundwater recharge from riverine inflow at 20% of dam inflow
and the average participation of infiltration in the recharge of the Souss, Massa, and Tiznit
aquifers at 20.12%, 32.4%, and 37.25%, respectively. These three aquifers represent about
55% of the total recharge of the basin. For the percolation of surface water to groundwater,
an infiltration coefficient of 20% was retained on average for all dams.

Data on the annual water consumption of each industrial unit are limited. To fill this
data gap, an industrial development rate of 5% estimated by the HCP between 2007 and
2020 was used. This rate will have to be revised according to future major projects in the
Souss-Massa region. The irrigated areas took between 148,640 ha in 2007 and 154,540 ha
in 2010. Water consumption per hectare varied from 6687 m3/ha in 2007 to 6151 m3/ha
in 2020 according to the project plan for the conversion of irrigated land. Evaporation has
been estimated at 10% of the water stored in the dams. The groundwater contract provides
for a halt to the expansion of irrigated areas. Although this measure has not been respected
by the GMP and, due to the lack of precise data on surfaces each year, the model was
simulated using data from the PDAIRE (2007) of the Souss-Massa basin, which provides
for a freeze on irrigated areas and a switch to localized or gravity irrigation. This led to an
overall decrease in irrigation water demand in the area (from 994 Mm3 in 2007 to 870 Mm3

in 2020).

2.5.2. Model Equations

It is necessary to formalize the problem to simulate it. This involves defining the
equations that represent the system in motion. The water supply and demand balances are
developed in the model. The stock–flow relationship can be represented mathematically as
follows:

Stock(t) =
∫ tn

t0
[Inflow(t)− Outflow(t)]dt + Stock(t0) (3)

where the inflows and outputs are the values of the inputs and outputs of the model
between the initial time t0 and the current time t.

The total water demand equation is represented as follows:

WD(t) = Dom, D(t) + Touris, D(t) + Agri, D(t) + Ind, D(t) (4)

where:
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• WD: total water demand.
• Dom, D: domestic water demand.
• Touris, D: tourism water demand.
• Agri, D: agricultural water demand.
• Ind, D: industrial water demand.

The total water supply equation is represented as follows:

WS(t) = ASW(t) + AGW(t) (5)

The available surface water supply is represented as follows:

ASW(t) = NSW(t) + RW(t) + DW(t) + TRW(t) − E(t) − P(t) (6)

The available groundwater supply is represented as follows:

AGW(t) = NGW(t) + IRW(t) + P(t) (7)

where:

• WS: total water supply.
• NSW: natural surface water.
• RW, DW, and TRW are the recycled, desalinated, and transferred water supplies.
• E: evaporation.
• ASW: available surface water supply.
• NGW: natural groundwater supply.
• IRW: irrigation return water.
• P: percolation.
• AGW: available groundwater supply.

We conclude that:

WS(t) = NSW(t) + RW(t) + DW(t) + TRW(t) + NGW(t) + IRW(t) − E(t) (8)

The availability index assesses the availability of water. It is defined as follows:

AI = WS(t) − WD(t) (9)

The sustainability index assesses the sustainability of water. It is defined as follows:

SI =
WS(t)− WD(t)

WS(t)
(10)

Ref. [138] suggested that a sustainability index greater than 20% belongs to water
basins with little or no water stress. Detailed coding equations have been added to
Appendix A.

3. Results
3.1. Modeling

The modeling process involves two main steps. The first step is the development of
a conceptual model or Causal Loop Diagram (CLD) of the problem in which the model
elements and the causal relationships between them have been identified. The second step
is the development of a simulation model or Stock and Flow Diagram (SFD) of the problem
based on the conceptual model and the actual data recorded in the area. At this level, the
behavioral patterns of the various parameters can be observed in graphical and figure form
to validate the CLD of the problem and build confidence in the model.
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3.1.1. Qualitative Model

Through field observations and a review of scientific articles, two major subsystems
are considered for water resources management in the Souss-Massa basin. The hydro-
logical subsystem and the socioeconomic subsystem. In the hydrological subsystem, the
variables are surface water supply, available groundwater, and water availability. In the
socioeconomic subsystem, the variables are agricultural water demand, industrial water
demand, tourism water demand, domestic water demand, water availability, water supply,
and population. Two CLDs were developed (Figures 2 and 3). The combination of these
two CLDs were the qualitative model.
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The key parameters that affect domestic, tourism, industrial, and agricultural water
demand are shown in Figure 2, as well as the actions that decision-makers should take
to minimize water demand. To balance the demand for domestic water (loop B1), due to
population growth, it is necessary to minimize the rate of population growth by acting on
the birth rate, mortality, and immigration as well as the reduction of water consumption
per capita (loop R1); for this, it is necessary to act on the repair of leaks in the network,
impose taxes on high water consumption, and act, above all, on user awareness. To balance
the demand for tourist water due to the increase in the number of tourists (loop B2), it is
necessary to act on the balancing loop R2, which attempts to minimize the amount of water
used excessively by tourists, especially in SPAs, golf courses, and swimming pools, as well
as to modernize the distribution network. To balance the industrial water demand (loop
B3), due to industrial development, it is necessary to act on the balancing loop (loop R3),
which minimizes water consumption per industrial unit by using technology and opting
for water reuse. Finally, to balance the demand for agricultural water (loop B4), due to
agricultural development and (loop B5) due to the increase in irrigated areas, it is necessary
to act on loop R4, which minimizes water consumption per hectare by using technology,
but, above all, by choosing a crop that consumes less water and is adapted to the nature of
the soil to improve irrigation efficiency.
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Figure 3. Causal loop diagram mapping the key parameters that impact water supply in the Souss-
Massa basin.

Figure 3 shows the main parameters that affect water supply. This is subdivided into
the available surface water supply and available groundwater supply. This comprehensive
integrated model clarifies the interaction of the different parameters and factors of the
problem and could be useful in different management and decision-making processes
regarding water problems in the basin.

3.1.2. Quantitative Model
Model Structure

The qualitative phase of constructing the CLDs is followed by the quantitative phase.
Quantitative modeling consists of developing a stock–flow diagram (SFD) to better charac-
terize system processes graphically, as the CLD fails to capture the stock–flow structure
of systems. The variables are either stocks or flows. Stocks are accumulations that charac-
terize the state of the system and generate the information on which decisions are based.
Flows represent the rates that can change the stock variables. Two SFDs were developed
(Figures 4 and 5). The combination of these two SFDs would be the quantitative model.
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The stock variables (available surface water and groundwater) constitute the total
water supply, water availability, and total water demand. The stock variables are increased
by inflows and decreased by outflows. Available surface water is increased by total natural
surface water entering dams, recycled water, desalination water, and possible interbasin
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transfers and decreased by percolation to groundwater (recharge), evaporation, and surface
water withdrawals. Available groundwater is increased by natural groundwater inflow
(input), consumer return to groundwater (input), and surface water percolation variables
(input) and decreased by evapotranspiration and groundwater withdrawal variables (out-
put: pumping and natural discharge).

Model Simulation

A quantitative model with an annual time step was developed to assess the water
resources of the Souss-Massa basin based on the CLD and SFD of the problem. The
geographical boundaries of the model correspond to the watershed boundaries. The
simulation period of the model was 14 years (2007–2020). The choice of this period is
related to the availability of the required hydrological and socioeconomic data to run the
model. However, the model remains flexible and focuses on understanding trends and
behaviors rather than numbers. The model was constructed using Vensim research software
(Ventana Systems, Inc., Harvard, MA, USA) (Figure 6).
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The originality of Vensim is that it has a graphical modeling interface that allows
interactively plotting the behavior of the model through causal links and uses a declarative
programming language to automate quality control experiments on the models [139,140].
The model ran simulations throughout the defined period. At the end of each year, some
of the variables in the model were updated to represent the consequences of changes that
occurred during the previous simulation step [141,142].

3.2. Simulation Results

The SD model developed at the scale of the Souss-Massa basin will serve as a basis for
the simulation of scenarios proposed by decision-makers and can be adjusted for applica-
tion to other basins. The quantification of the hydrological, sociopolitical, and economic
elements of the model was very theoretical. However, it allowed us to understand the in-
teractions of the different factors of the problem at different scales. This SD model allowed
us to test current management strategies and to evaluate the strengths and weaknesses
of each.

The simulation results show how changing one parameter can affect the model. The
data collected were used to run the model and see the various very interesting interpre-



Water 2023, 15, 1506 14 of 29

tations that could be made. The focus should be on the recognition of the model, not
the numbers and results generated. Scenarios were simulated and aligned with govern-
ment policies for each sector. Figure 7 shows the change in the two important parameters,
groundwater drawdown (GWD) (A) and sustainability index (SI) (B), in the Souss-Massa
basin between 2007 and 2020, respectively. Other interesting curves can be visualized, such
as domestic, industrial, tourism, and agricultural water demands (C), as well as different
water supplies, population, and water availability.
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The analysis of the main results of the simulation shows that water stress was a
constant feature in all simulation years, except for three rainy years, 2010 (SI = 11), 2015
(SI = 5), and 2018 (SI = 9), when the supply was slightly higher than the demand, without
reaching an SI higher than 20%, which means low or no water stress. The SI remained low
during most of the simulation years, showing that the policies adopted do not guarantee
the sustainability of water resources.

The groundwater drawdown for the simulated scenarios clearly shows that the ground-
water volume decreased from 747 Mm3 in 2007 to 4884 Mm3 in 2020, or an annual average
of 295.5 Mm3 (Table 2). The situation is alarming; hence, there is a need to reconsider the
adopted strategies.

The decrease in tourism water demand was due to the decrease in the number of
tourists associated with the COVID-19 pandemic. Regarding surface water components,
only four wet years were able to achieve surface water contribution above 35%. These four
years are 2010 (48.42%), 2015 (44.28%), 2018 (42.14%), and 2019 (36.26%), with an average
of 24.6%. For the remaining years, surface water contribution remained low and reached
a critical threshold of 5.68% in 2014. This directly resulted in an excessive withdrawal of
groundwater to cope with the deficit.
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Table 2. Summary of System Dynamics model results.

Years
Water Demand (m3) Water Supply (m3)

SI
GWD
(Mm3)Domestic Industrial Tourism Agricultural WD AGW ASW ASW/WD

(%) RW WS

2007 69,849,318 658,000 885,619 994,000,000 1,092,410,853 227,740,000 114,600,000 7.34 0 342,340,000 −215.92 746.62
2008 71,743,214 689,913 861,446 979,792,917 1,079,338,925 234,060,000 128,820,000 8.35 0 362,880,000 −195.96 1461.26
2009 73,653,457 721,826 824,744 965,500,668 1,066,792,066 452,720,000 439,340,000 28.83 0 892,060,000 −23.67 1665.44
2010 755,880,048 753,739 916,598 951,123,253 1,056,874,390 513,960,000 731,010,000 48.42 0 1,244,970,000 10.9 1536.19
2011 77,522,986 785,652 889,166 936,660,673 1,040,770,052 412,290,000 500,010,000 33.63 0 912,300,000 −18.76 1700.61
2012 79,482,272 817,565 920,881 921,906,960 1,031,267,621 195,320,000 140,240,000 9.52 0 335,560,000 −207.5 2396.5
2013 81,457,906 849,478 946,388 915,453,611 1,024,717,546 353,810,000 396,580,000 27.09 0 750,390,000 −41.45 2696.76
2014 83,449,886 881,391 961,529 909,000,263 1,020,408,259 146,280,000 82,790,000 5.68 0 229,070,000 −335.29 3482.75
2015 85,458,215 913,304 944,498 902,546,914 1,015,209,965 481,590,000 642,210,000 44.28 0 112,380,000 5.4 3424.84
2016 87,482,891 945,217 972,451 896,093,565 1,011,276,682 263,380,000 184,250,000 12.75 0 447,620,000 −128.47 3993.48
2017 89,523,914 977,130 1,051,989 889,640,216 1,008,744,224 1,906,640,000 122,720,000 10.8 23 × 106 313,350,000 −198.95 4664.8
2018 91,581,285 1,009,043 1,147,207 883,186,868 1,006,597,901 551,700,000 573,160,000 42.14 23 × 106 1,124,860,000 8.81 4567.61
2019 93,692,518 1,040,956 1,190,071 876,733,519 1,003,054,229 455,120,000 486,780,000 36.26 23 × 106 941,900,000 −7.93 4641.29
2020 95,821,585 1,072,869 333,220 870,121,200 975,752,266 359,260,000 369,790,000 29.4 23 × 106 729,040,000 −33.1 4883.92

The SD model allowed us to see the instantaneous results of the influence of the change
of a parameter on the system. The combination of SD with the study of uncertainties will
allow us to move from a macro model to a micro model that considers the key parameters
that largely influence the management and sustainability of water resources in the Souss-
Massa basin. It will allow us to have a global understanding of the complex problem of
water resources management in the Souss-Massa basin in order to consider alternative so-
lutions to redress the current state. Table 3 shows the ranges of variation of each parameter
between 2007 and 2020 according to the actual data identified and according to the policies
planned by the different sectors.

Table 3. Range of variation of the System Dynamics model parameters.

Parameters Value
Rate of Change between

2007
and 2020

Urban population 1,181,537
1,580,897 2.60%

Rural population 1,239,034
1,118,228 −0.75%

Water consumption per urban
inhabitant (m3/year)

48.4
52.35 0.62%

Water consumption per rural
inhabitant (m3/year)

10.22
11.68 1.10%

Number of tourists 885,619
1,190,071 3.20%

Water consumption per tourist
(Mm3)

189
99 −1.10%

Industrial water consumption
(m3)

658,000
1,186,902 5%

Irrigated area (ha) 148,640
150,540

From 148,640 ha in 2007 to
154,540 ha in 2010

Water consumption per
hectare (m3/ha)

6687
6151

A reduction of 536 m3/ha and
an improvement in irrigation

efficiency of 8.7%.

Water recycling (m3)
2007–2017: 0

2017–2019: 23,000,000
2020: 28,000,000

2.18%

Desalination water (m3) 0 Desalination plant in progress

3.3. Sensitivity Analysis

Most SD software has a limited set of tools for dealing with uncertainty and risk [143–146].
In order to identify the model inputs that most influence the outcome, we first randomized
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the input parameters and ran repeated simulations to calculate the output parameters and
then performed multivariate regression on the constructed dataset. This technique involved
creating new features using combinations of features from the original data set [147]. Then,
the parameters that were the subject of the simulations were alternately changed within an
appropriate range. This was determined for each parameter based on its definition range and
uncertainty. Each simulation took into account the modification of a single input with respect
to the globality of the model parameters. The effect of each variation was analyzed at the
level of the outputs selected as the object of analysis. The results of the sensitivity analysis are
presented in Figure 8.
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The sensitivity analysis allowed us to evaluate the response of the model to variations
in the input parameters and to classify the factors, namely those that have the greatest
influence on the model results and those that require more precision. It also allowed us to
simplify the model by neglecting the least influential parameters to move from a global
model to a robust model. The results of the sensitivity analysis show that among the
13 parameters analyzed, four parameters significantly influenced the objective function of
the model in the following order of influence: (1) natural surface water, (2) irrigated area,
(3) recycled water, and (4) irrigation efficiency. These four parameters give sensitivity
indices ranging from 0.0049 to 1 (Figure 9). This results in high uncertainties in these
parameters that can greatly influence the model outputs; hence, there is a need to pay
special attention to their estimates.
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4. Discussion

The Souss-Massa basin suffers from a decrease in water availability due to increased
demand, decreased inflow, and anthropogenic activities, which have led to an increase in
water stress. According to Bouchaou et al. [16], the response of water resources to climate
change, as well as agricultural and irrigation practices, may have significant consequences
for groundwater recharge in agricultural regions. In addition, climate change will affect the
amount of groundwater pumping in the basin. On the other hand, farmers are adopting
water-demanding crops (bananas and forage crops) that increase water withdrawals, which
will have a negative impact on agricultural land. In this regard, several farmers have left
their crops dry on the Ouled Teima and El Guerdane perimeters [148]. Berger et al. [149]
have shown that the livelihoods of rural populations in the Souss-Massa are strongly
linked to climatic conditions, water availability, and security. To address this situation,
Hirich et al. [150] proposed new approaches for sustainable water planning and manage-
ment. Indeed, these new strategies, including the Chtouka desalination plant project, will
allow a 20% increase in water supply from 901 Mm3/year to 1171 Mm3/year by 2030.
Belabhir et al. [151] demonstrated that the reuse of treated wastewater in agriculture in the
Agadir region could save conventional water. On the other hand, Azemzi and Erraoui [152]
showed that a good participatory management system incorporates the knowledge and
skills of farmers, as well as their active involvement in the transition from community-
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based management to participatory management. On the other hand, the Souss-Massa
will also benefit from new development plans, namely the new Green Generation strategy
(2020–2030) and the 2020–2027 plan for water-saving programs in the agricultural sector.

Despite all these efforts for water management, the water situation in the Souss-Massa
basin needs more investigation to support the sustainable decision system [153,154]. Indeed,
there are still several gaps in the understanding of the complex interaction between pro-
ductivity, sustainability of water resources, and different environmental and socioeconomic
factors. Davies and Simonovic [155] demonstrated that the failure to design solutions for water
resources management systems is based on a lack of knowledge of the many interconnections
and dynamics of the different components of the system. Faced with this situation, it is
necessary to first assess the sectoral policies that have led to this potential imbalance between
water supply and demand and develop management strategies to adapt to the risks associated
with the expected changes.

The use of modeling has emerged as a fundamental approach to evaluate water
resources management policies to ensure a balance between supply and demand [156,157].
Several models have been developed at different spatial scales: WaterGAP [7], Mike
Basin [8], WEAP [9], RIBASIM [11], and SWAT [13]. None of these conventional models
have been able to encompass all the parameters that impact water resource management
at the watershed scale and visualize how they are interconnected to achieve a holistic
view of water resource sustainability. Thus, the SD model established will not only allow
decision-makers to have a realistic vision of the water supply–demand balance during the
simulation years but will also contribute to the sustainable development of water resources
in the Souss-Massa basin and even to the search for other nonconventional sources to fill
the deficit in future years. In addition, it is necessary to take stock of the achievements and
weaknesses of the actions carried out within the framework of the policies to focus on the
actions with positive results and to correct those that work less well. In this way, coherence
with a sustainability objective will be guaranteed.

In our SD model, domestic, tourism, industrial, and agricultural water demands
constitute the main subsystems of the global water demand at the Souss-Massa basin scale.
These demands should be minimized as much as possible by acting on the parameters
introduced in the developed model. Although agriculture in the Souss-Massa contributes
to 6.6% of the national GDP, it consumes more than 80% of the total water demand. The
main parameters to be taken into account are those related to the modernization of the
irrigation process, the adoption of more profitable and less water-consuming crops, and the
reduction of irrigated areas that have been extended by the GMP, which have contributed
to the increased exploitation of groundwater resources.

On the other hand, the demand for domestic water, even if it represents less than 10%,
should be minimized by repairing leaks in the distribution network and introducing a tax
on excessive consumption, while giving priority to the notions of solidarity and equity for
a better rationalization of water use. The natural supply of surface water depends only on
the climate of the region and the percentage of greenhouse gas emissions. This requires a
joint effort by the government and stakeholders to minimize future temperature increases
by imposing carbon taxes. In addition, natural surface water should not be lost to the
sea and should be stored. The average siltation of existing dams is 5.4 Mm3/year, which
will reduce dam capacity to 556 Mm3 in 2050 and the regulated volume will be less than
204.8 Mm3/year [38]. In this sense, dams and weirs need to be built. As for groundwater,
withdrawals should be more controlled and declared, and excessive pumping should
be limited to avoid drastic depletion of aquifers. In addition, nonconventional waters
will have to be strengthened to cope with the water deficit and the growing demand.
Wastewater should be further treated and used for urban and tourist irrigation, as well
as for groundwater recharge. Since the Souss-Massa region is a coastal area, it will be
necessary to opt for a water supply by desalination. The planned desalination plants will
improve the total water supply [150].
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The objective of this SD model is to test policies and strategies that address the issue
of water resources management in the Souss-Massa basin. The current version is limited
to the available data. The quantification of the socioeconomic parameters of the model
is speculative and difficult. However, it will be of great help to understand the first
investigations of the system responses at different levels. This SD model has shown a
great failure of the policies applied in the management of water resources at the scale
of the Souss-Massa basin. Thus, the issue of water management should be at the center
of future development policies. It will be necessary to decompartmentalize policies and
adopt a participatory approach involving decision-makers, citizens, industrialists, farmers,
and operators.

The sensitivity analysis has shown the key parameters that need to be addressed
to readjust the model and move from a macro model to a micro and robust model. A
hydrological study will have to be carried out to predict future flows at the scale of the
Souss-Massa basin. This study will be integrated into the model simulation between 2020
and 2050 for future strategies. Over the last decade, water scarcity in the Souss-Massa
basin has resulted in significant economic losses for agriculture. Good water governance,
wastewater reuse, seawater desalination, the use of cost-effective and water-efficient crops,
and the modernization of irrigation processes are all interesting scenarios that should now
be considered by the relevant ministries for good water management in the coming years.
Finally, SD models have some limitations. They cannot decide the optimal scenario for
the future. Moreover, spatially distributed data cannot be modeled easily. Therefore, it is
important that SD models are updated to improve their consistency.

5. Conclusions

SD modeling has allowed us to evaluate regional solutions and can provide answers
to various policy questions. Qualitative and quantitative models have allowed us to better
understand the problem of water resources management at the scale of the Souss-Massa
basin and to predict the behavior of the system variables over time as a function of the
different decision variables of the system. Based on the reaction of the likely behavior of
key parameters to the adopted strategy, managers can make the best decisions considering
hydrological, environmental, sociological, and economic aspects. This model will be
very useful for studying the system’s responses to different futures and strategies. There
is no single solution to water problems. A combination of approaches is needed, and
several actions should be considered to address potential weaknesses in the current water
resources management system. Because of the inherent strengths of the SD method, this
model provides a valuable framework for studying water resource management problems,
both independently and in tandem with other types of conventional and technical models
and disciplines.

The overall conceptual framework and integrated dynamic modeling presented here
will serve as the basis for defining the potential subsystems influencing the model to redress
the current critical situation. The strength of SD models is that they provide an experimental
simulation platform for the analysis of an interconnected strategic problem, which is not
the case with traditional water resource management approaches. It is a rapid approach
to explore the dynamics of the basin and the different scenarios that can be developed to
understand the behavior of the system. This macro model remains very flexible, involves
the key parameters that act on the water resources management system in the Souss-Massa
basin, and can be easily improved into a robust and reliable micro-model. This SD model
can simulate scenarios proposed by decision-makers and see the instantaneous results
of how the change of a parameter affects the system as a whole. The SD approach is,
therefore, a promising tool for conducting transdisciplinary research that addresses the
most pressing problems.

SD modeling draws a comprehensive picture of water resource management at the
watershed scale. This holistic approach requires accurate data collection. However, the
data of the Souss-Massa basin reveal gaps and discontinuities. Concerning hydro-climatic
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data, many stations do not have reliable data. The breaks noted at several periods are
due to malfunctions of measuring devices, changes in the environment of the station, or
a lack of management of hydrometric data. In addition, most of the flow measurements
in the basin are made at a daily time step. However, the daily time step is speculative for
understanding flood events in the watersheds. As for socioeconomic data, they are limited
and difficult to process due to their nonlinearity, nonstationary nature, and fluctuations
due to unpredictable changes (inflation, COVID-19, etc.). In order to improve the databases
and provide water resource managers with a reliable model, we recommend filling hydro-
climatic gaps with remote sensing products and permanent maintenance of measuring
devices. In addition, modeling studies for hydrological forecasting and analysis of hydro-
climatological processes should be conducted to understand the response of hydrological
elements to climate stress. For socioeconomic data, we recommend that decision-makers in
the relevant departments be made aware of the issue of data quality and availability.

Because of the inherent limitations of the SD approach, this SD model provides a valu-
able framework for studying water resource management problems, both independently
and in tandem with other types of conventional and engineering models and disciplines.
Nevertheless, all three dimensions of sustainability (environmental, economic, and social)
should be considered to ensure sustainable development for future generations.

Future prospects would be to expand the scope of the study beyond 2020 and include
“what if” scenarios, the environmental subsystem such as water quality and the energy
subsystem as part of a NEXUS. However, due to the sensitive nature of most of these
models, the inclusion of these parameters can have a significant impact on the behavior and
results of the model. Finally, to create more sophisticated and powerful methods, future
studies should combine the SD method with other simulation or optimization methods,
which will significantly improve the decision-making processes as well as the performance
of these models.

Finally, agriculture’s contribution to value added and its economic participation should
not deter authorities from regulating the use of groundwater resources. The benefits of
overexploitation remain relatively small, while the loss of these resources poses unbearable
social and economic risks to the Souss-Massa region and to Morocco, particularly in the
event of severe and prolonged drought. The sectoral strategies initiated by the ministerial
departments in Morocco are multiple. It remains for the government to consider the
coherence and convergence between these different strategies through an evaluation that
brings them together to determine the level of effectiveness and the degree of achievement
of the objectives set. Indeed, the evaluation of public policies can be considered as a
lever for efficient management of projects and programs. This SD model will allow for
efficient and integrated management and will lead to the implementation of new public
management that involves all stakeholders concerned, including public, semi-public, and
private actors, because any successful evaluation process should adopt a pluralist and
participatory dimension based on a compromise between all the actors concerned to better
appropriate the results of the evaluation undertaken. Finally, the issue of dissemination and
valorization of the results of the evaluation is crucial, which will subsequently allow for the
readjustment of actions or the evolution of organizational practices with a view to achieving
the desired objectives of sustainability and resilience in water resources management.
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Appendix A. Detailed Coding Equations

(1) Domestic water demand equations

D Dom(t) = Wp(t) × POP(t)

where:

• Wp(t): the per capita water demand at time t.
• POP(t): the population at time t.

To balance this loop, we must act either on the population growth rate or on the per
capita water consumption rate.

W(t) = rwp(t) × Wp(t0) + Wp(t0)

PO(t) = rp(t) × POP (t0) + POP(t0)

where:
rp(t): the rate of population growth at time t.
rw(t): the rate of change of the water demand per capita at time t.

Stock(t) =
∫ t

t0
(In f low(t)− Out f low(t))dt + Stock(t0)

So:

W p(t) =
∫ t

t0
(rwp(t)× W p(t − 1))dt + W p(t0)

POP(t) =
∫ t

t0
(rp(t)× POP(t − 1))dt + POP(t0)

If we want to work with updated rates every year, we will have:

D Dom, i = Wpi × POPi

Wpi = Wp0 × (1 + rwp1)(1 + rwp2) . . . (1 + rwpi)

POPi = POP0 × (1 + rp1)(1 + rp2) . . . (1 + rpi)

where:
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• Wpi: the per capita water demand of the i-th year.
• Wp0: the initial per capita water demand.
• P0Pi: the population of the i-th year.
• P0P0: the initial population.
• rwpi: the growth rate of the per capita demand of the i-th year.
• rpi: the growth rate of the population in the i-th year.

(2) Tourism water demand equations

D Touris (t) = WT(t) × TOUR(t)

where:

• WT(t): the water demand per tourist at time t.
• TOUR(t): the number of tourists at time t.

It must be taken into account that the number of tourists increases during certain
seasons like summer.

To balance this loop, technology must be used to modernize the distribution systems,
which will reduce the total consumption per tourist/year.

W(t) = rwt(t) × WT(t0) + WT(t0)

TOU(t) = rt(t) × TOUR(t0) + TOUR(t0)

where:

• rw(t): the growth rate of water demand per tourist at time t.
• rt(t): the growth rate of tourists at time t.

Also:

WT(t) =
∫ t

t0
(rw(t)× WT(t − 1))dt + WT(t0)

TOUR(t) =
∫ t

t0
(rt(t)× TOUR(t − 1))dt + TOUR(t0)

(3) Industrial water demand equations

Industrial development increases the number of industrial units. Consequently, the
demand for industrial water increases and the availability of water decreases. To balance
this loop, we will use in the coding equations the quantity of water used per industrial unit
and introduce a parameter that is the technology index to reduce the quantity of water per
industrial unit.

D Ind, i = INPi × WI0(1 − αii)

INPi = INP0 × (1 + rin1)(1 + rin2) . . . (1 + rini)

where:

• WI0: the initial water demand per unit of industrial production.
• αii: the rate of reduction in water demand per unit of output in the i-th year.
• INPi: the industrial output in the i-th year.
• rin: the growth rate of industrial production.

(4) Agricultural water demand equations

DAgr, i = IRD, i × Airr, i × Ki

Airr, i = Air(0) × (1 + rA1) . . . (1 + rAi)
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rAi = KMi − Kobsi

IRD, i = IR(0) × (1 + αA1)(1 + αA2) . . . (1 + αAi)

where:

• IRD,i: the water demand per hectare in year i.
• AIrr,i: the area of irrigated land in hectare in the i-th year.
• Ki: the agricultural development index.
• rAi: the growth rate of the irrigated area in year i.
• KMi: the multiplier factor of land in year i.
• Kobsi: the conservative factor of land in year i.
• αAi: the rate of decrease in irrigation demand per hectare at the i-th year.

If we want to partition the water consumption per hectare by crop type, we keep the
same equation and introduce an index j. The equation becomes:

DAgri, ij = IRD, ij × Airr, ij × Kij

Then the water consumption for all crops is summed.

(5) Surface water supply equations

TISF = NF + ITF + RSF + DF

ASW = TISF + S − (E + P)

where:

• TISF: the total incoming surface water.
• NF: natural inflow.
• ITF: transferred inflow.
• RSF: recycled water flow.
• DF: Desalination water flow.
• ASW: available surface water.
• S: seepage.
• E: evapotranspiration.
• P: percolation to groundwater.

Also:

TISF(t) =
∫ t

t0
(NF(t) + ITF(t) + RSF(t) + DF(t))dt + TISF(t0)

ASW(t) =
∫ t

t0
(TISF(t) + S(t)− (E(t) + P(t)))dt + ASW(t0)

(6) Groundwater supply equations

TIGW = NIGW + RGWP

AGW = TIGW + P − (S + EGW)

where:

• TIGW: total incoming groundwater.
• NIGW: natural groundwater inflow.
• RGWP: recycled groundwater flow.
• AGW: available groundwater.
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• EGW: evaporation from groundwater.

Also:

TIGW(t) =
∫ t

t0
(NIGW(t) + RGWP(t))dt) + TIGW(t0)

AGW(t) =
∫ t

t0
(TIGW(t) + P(t)− (S(t) + EGW(t)))dt + AGW(t0)

(7) Balance sheet

â Total water demand:

D = DDom + DInd + DAgr + DTouris

â Total water supply:
A = ASW + K × AGW

where K: the drainage coefficient of the water table.
â The durability index SI is calculated:

SI =
A − D

A

In order not to have water stress, we must have a sustainability index SI > 20%.
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