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Abstract: Agriculture is the most important sector with regard to water resources management due
to its social, economic, hydrological, and environmental aspects, and many scholars and researchers
have been driven to investigate the dynamic interrelationships among hydrological, environmental,
and socioeconomic factors affecting agriculture. The system dynamics (SD) approach has become
widely used because of its merits and benefits as a tool to deal with complex, dynamic problems
and systems with many aspects and components that are involved and must be understood to
ensure sound decisions regarding water and hydrological systems. Although agricultural water
management needs to be studied as a main part of water management, socioeconomic management,
and environmental management requiring the use of SD, this review shows that SD is currently used
to a limited extent in terms of agricultural water management. This paper sheds light on the studies
and investigations on the use of SD in the water sector and highlights the strengths of SD in order to
encourage researchers to use this promising method to manage such a vital resource. Accordingly,
this review seeks to include a comprehensive and up-to-date survey of existing publications and
scholarly papers on the use of SD modeling as an effective technique for dealing with different
problems associated with planning, management, and analysis of hydrology and water resources
systems. Recent trends in the integration of SD with other modeling systems, such as artificial
intelligence systems, are discussed along with the limitations and challenges facing application.
This article makes a new contribution by giving a foundation of references and studies for scholars,
researchers, and academics which encourages future investigation in employing the SD approach to
hydrology and water resources management and planning, especially with agricultural water.
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1. Introduction

Water is at the heart of economic development and is essential for food and energy sustainability,
ecosystem integrity, and human life. According to the Food and Agriculture Organization [1],
agriculture is the major consumer (70% of all water consumption) of ground and surface water
worldwide. The term “agricultural water” broadly describes the water used in agriculture to cultivate
and irrigate agricultural field crops, vegetables, fruits, aromatic and medicinal plants, and to raise and
conserve livestock, poultry, and fish. Agricultural water also includes water used in applications of
pesticides, fertilizers, frost/freeze protection, and cooling of crops. Accordingly, as the backbone of
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agriculture, water must be managed and used in a sustainable, efficient, and balanced manner for
sustainable agriculture.

The UN and UNESCO predicted that by 2050, about 5.7 billion people worldwide would face
water shortages [2]. Water, in general, is an invaluable economic resource in which it is regarded as a
cornerstone in a number of major economic industries such as oil and gas, chemical, petrochemical,
electrical and electronics, food, and even healthcare and pharmaceutical industries. Water shortage
and scarcity can therefore have a serious effect on agriculture, business, and economic development,
and can generate many financial, health, environmental, and ecological problems [3-5]. All of these
problems greatly intensify the need to consider and predict the actions and relationship of water
resources systems and their consumers. In particular, finding new, quick, and effective management
methods for both water, in general, and agricultural water is essential to maintaining and promoting
the development of water. Moreover, the investigation and management of water systems needs
the integration and adoption of a long-term view of processes and procedures that are hydrological,
natural, environmental, and social [6-8]. Therefore, water resources development should usually adopt
a systems philosophy and consider dynamic relations among environmental, socioeconomic, natural,
and ecological components which are portrayed and described by nonlinear feedback loops [9-12].
Particularly, the management of agricultural water is a complex dynamic process and includes
hydrological, natural, and socioeconomic dimensions. Agricultural water also affects strategic sectors
such as health, economic development, and poverty alleviation. As a result, agricultural water
management should consider these dimensions and factors as well as their interactions and effects in
order to better understand complex interrelationships and give a holistic picture of agricultural water.

Many mathematical techniques and models have been proposed to manage these hydrology
and water sector interactions. Some have proven useful, yet many water and hydrology models still
experience shortcomings regarding methodology, usage, and capacity to comprehensively incorporate
the relevant systems [7,9,13-17]. The difficulty and uncertainty included in water systems makes
their study, analysis, management, and planning an immensely difficult task, especially when using
traditional and classical tools. These tools and methods such as regression, work breakdown structures
(WBS), critical path method (CPM), or program evaluation and review technique (PERT) are not able
to deal with problems of a dynamic nature, such as those with water systems, and do not take into
account the interaction between different variables and subsystems, and require a relatively long
time and big data to develop models [18-20]. Additionally, traditional modeling methods, such as
general multiple regression, are dependent on linear causal reasoning and, thus, cannot introduce the
rational and fundamental frameworks needed to face issues at advanced levels of difficulty [19,20].
Thus, new tools and techniques are required to face this challenge and address these issues. With
advancements in mathematical modeling and computational technology, the usage of system dynamics
(SD) with hydrology and water resources could yield results that are not easily obtained with classical
and traditional modeling methods using mental model simplifications of the real world through
methods such as WBS/CPM/PERT, while SD models can use computing power to capture more
complexity [18,21,22].

System dynamics was proposed by Forrester in 1958 [21] for the use of simulating industrial
dynamics, and there has been considerable development in the use of SD for understanding, analyzing,
managing, and planning of hydrology and water systems in the course of recent decades [23-40]. SD is
a technique aimed at examining and analyzing the practices of a system over time by transforming
it into associated chains of stocks and flows which influence each other via negative and positive
feedback loops. SD methodology tries to analyze and investigate the dynamic connections within
whole systems. The strength of SD methodology is its capability to represent the behavior and
performance of a system without the need to examine and test the system in advance [16,18,26,31-35].
In addition to saving time and effort, these features make SD’s approach able to manage large, diverse,
interconnected systems such as water systems in general [28,33] and agricultural water systems in
particular. There are currently numerous studies dealing with the application of SD modeling to
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different water management systems and their economic, political, social, environmental, and technical
aspects. Although at least one recent paper has reviewed and categorized water and SD [29], there are
surprisingly few useful scientific papers that comprehensively review, collect, and compile published
studies and research practices in the realm of water resources and SD [36-38], and there is a particular
dearth of papers that compile agriculture water and SD studies. To our best knowledge, however,
little previous work has holistically used the SD approach to evaluate, plan, and manage agricultural
water, such as [12,39,41-43], despite the importance of this vital water resource, which accounts
for the largest share of global water consumption and reflects important community and economic
realities. Although these few efforts represent beneficial directories for using and applying the SD
approach with agricultural water, there is no doubt, however, that there is still a long way to go
and that further efforts are required, including new ideas that take advantage of past experiences
of SD with water systems in general. Thus, this review paper seeks to fill this gap by addressing
multiple objectives and highlighting the importance and technical aspects of the SD approach with
a focus on promising applications of the SD method in the water sector that may serve and benefit
agricultural water management. It compiles, reviews, and summarizes the objectives, characteristics,
and features of previous SD water resources studies and modeling experiments to work as a reference
when conducting and implementing SD research for water management, especially in the agricultural
sector. This paper allows scientists, modelers, and researchers to quickly identify uses of SD for water
and hydrology topics. Beyond serving as a review, this paper seeks to provide useful perspectives
for SD modeling applications in the water resources sector and encourage researchers and scholars
to use SD for agricultural water applications. By achieving the objectives above, this paper will
contribute to opening up new horizons for wide applications of SD in agricultural water management.
The approach to this review is as follows. First, it provides a historic overview and analysis of different
techniques, types, and applications of water system dynamics models. Second, SD model performance
and suitability are assessed as tools for management, analyzing, planning, and evaluation by tracing
different developments and applications of SD methodology in the water sector. Third, recent trends
to combine system dynamics with other modeling systems, such as artificial intelligence (AI) and
geographic information system (GIS), are discussed to ensure the highest levels of accuracy, reliability,
and quality in water resource modeling. Fourth, the most important SD software programs used in
water applications are provided and analyzed. Last, challenges and limitations of the SD methodology
are provided, including concluding remarks and directions for future work.

2. System Dynamics (SD) Methodology

SD is a tool for modeling and simulating complex dynamic systems and used to define, analyze,
and simulate feedback structures, making it appropriate for simulating and modeling natural, ecological,
hydrological, and water systems issues [17,23-25,34,40-50]. Richardson [26] stated that SD is instituted
on boundaries and structure, positive and negative feedbacks, and stock (level) and flow (rate).
Boundaries are main elements in analyzing systems and central in recognizing the dynamics for
determining subsystems [26]. The feedback loop concept is the most important property of SD, which
encourages modeling the conduct of problematical issues, mainly when the purpose is to simulate
and forecast durable results and attain sustainability [26]. Stock and flows are the cornerstones
of SD models, distinguishing overall system status and offering necessary information helping to
understand the system and taking appropriate decisions [26]. Stocks are changed by the flows. Stocks
are also the foundation for systems decisions and behavior, and can be defined by ordinary differential
equations [23,25,28]. The mathematical expression of the stock—flow relationship is presented in the
following equations [34]:

Stock(t) = ft [Inflow(s) — Out flow(s)]ds + Stock(ts) (1)
ts

dStock(t) /ds = Inflow(s) — Out flow(s). (2)



Water 2020, 12, 1432 4 of 23

where Inflows and Outflows are the inflow and outflow values at any specific time (s) between the
original (ts) and present (¢) time [34]. The change rate is the difference between inflow and outflow,
and the stock value at time (t) is the stock value at time (fs) in addition to the integral of difference
between inflow and outflow from fs to t [34].

To simulate a problem, the system is frequently divided into various spatially and temporally
dynamic subsystems which are applied to create a grid of stocks, flows, and feedbacks [41,42,45].
The capability of any SD model to effectively offer a well-organized, precise, and efficient way to simulate
a system relies on identifying the key parameters and feedbacks in the system [10,15,16,32,45-105].
Many studies have shown that feedbacks are necessary and pivotal for analyzing, assessing,
and managing problems related to water issues [43,47,60,74,80,81,85,88,106]. Overall, models using
the SD technique are created by building a causal loop diagram (CLD) and transforming it into a
stock-and-flow diagram [22,25,26,34]. The process of creating SD models commonly begins with goals
identification and recognition of modeling parameters and their interactions by means of polarity
analysis and dynamic hypothesis, in which the CLD is drawn and the dynamic interactions among
the various modeling parameters are hypothesized [34,59,70]. It has been found that integration of
qualitative and quantitative simulation techniques can considerably improve model effectiveness [34,70].
As a result, an approach for SD modeling has been introduced [59] with the suggested modeling
steps [22,34,35,40,41,58,70,87], which are objective determination, polarity analysis, model structure,
simulation and theory building.

3. System Dynamics and Water Systems

As a useful modeling and simulation technique, SD integrates many hydrological, scientific,
scientific, ecological, economic, political, and social variables and parameters into models to find
suitable and effective solutions to complex and challenging water resources issues. Employment of SD
in analyzing and managing hydrology and water systems has developed over the course of recent
decades [25,28,40]. According to Mirchi et al. [29], there are three common approaches to water systems
dynamics modeling that can be found: predictive simulation, descriptive, and participatory modeling.
It has also been noted in several studies and analysis in recent times that researchers prefer to use other
combined SD modeling systems to enhance modeling efficiency and more accurately and clearly define
and analyze hydrology and water systems [3,13,67,107-118], and this adds a new SD type. This paper
thus deals with four SD types in depth, describing their characteristics and being accompanied by
examples. Figure 1 illustrates the four types of different SD models discussed in this study that are
used in hydrology and water systems modeling with elaboration of the combined modeling techniques
that have been integrated and combined with an SD approach.

There are at least 119 studies and investigations that have explicitly used SD methodology for
water resources management, evaluation, analyzing, and planning around the world since 1996.
The SD model type has varied in recent studies, with 64% of the studies using a single descriptive
integrated model, 16% used predictive simulation models, 8% participatory and shared vision models,
and 12% SD combined with other methods (Figure 2). There has been considerable interest in using SD
with water issues over the last 25 years (Figure 3). From 1996 to 2019, the largest number of studies
was achieved in 2015, while the lowest number was achieved between 1996 and 2002, at the rate of one
paper per year (Figure 3). This indicates a growing trend in the use of systems with water issues.

These studies were carried out to apply SD methodology for the field of hydrology and water
resources in different applications in different countries around the world in the period 1996-2019
(Figure 4). The country was determined based on the case study addressed in each paper. The United
States and China lead the list of countries in the use of SD modeling techniques in research on water
issues with a total of 50 published papers (42%), as indicated in Figure 4. In Canada and Iran,
SD has also been considerably used for modeling different water issues and applications. In general,
many water issues and problems have been addressed, as detailed below.
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countries during the years 1996-2019.

3.1. SD Potential in Water Predictive Simulation Models

Predictive simulation models use SD methodology to model systems based on historical
performance data and to use the calibrated and validated model to extrapolate or predict the
effects of water problems and issues in the future [13,30,45,46,50]. Predictive simulation models have
been used and utilized with many water and hydrology issues covering hydrologic cycle modeling,
aquifer and groundwater modeling, river basin modeling, irrigation water modeling, hydropower
generation modeling, ecological modeling, and water quality modeling in many different regions of
the world [30,52,57,58]. The capabilities of the predictive simulation models have been reliable in
improving the prediction of water availability, flood management, and climate change impacts, which
improves the resilience of agricultural water systems and enables more detailed water management
interventions to reduce production risks [51,53,56,57]. The capability to investigate different feedbacks,
interactions, and predictions helps researchers to increase the precision of developed models for water
systems and decrease the number of modeling variables, as many studies published in this field have
shown [55-57].

SD methodology with predictive simulation models is a suitable simulation tool for examining
hydrology and water resources problems as well as watershed processes such as flooding [13,45,46].
One of the most dynamic predictive issues addressed is flood management because of its importance in
flood control, forecasting and mitigation, and understanding the development of flooding and related
factors. For instance, Ahmad and Simonovic [45] applied the SD approach to demonstrate hydrologic
cycle components for reservoir operations and flood management. Influences on reservoir’s flood
capacity are investigated by modeling gated and unregulated spillways. The developed model can
be expanded from one reservoir to a series of reservoirs considering different inflows and outflows.
The smooth modification of the model to test the expected changes and the high capability to conduct
sensitivity analysis makes this approach effective. Simonovic and Li [46] used an SD model in creating
flood system evaluation methodology. The SD model used is dependent on flood flow levels and
flood capacity at various points in a river basin system. The outcomes showed that the ability of
the current flood protection procedure is adequate and suitable under conditions of future climate
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change fluctuation. Ahmad and Simonovic [13] introduced a new technique called spatial SD to
model feedback impacts and dynamic interactions governing flood reproduction. The suggested
approach was successfully utilized in flood management and assessing floodway operation considering
spatial variability and different parameters such as depth, extent, and discharge of flooding. Based
on the above, it is clear that SD modeling is a suitable simulation tool for examining hydrology and
water resources problems and watershed processes such as flooding. In addition to those mentioned,
listed below in Table 1 are a few more examples and studies of predictive simulation models that have
been successfully applied in the water and hydrology sector.

Table 1. Examples of predictive simulation SD models used with different water problems.

Application References SD Modeling Objectives Results with the SD Method
Using SD for groundwater flow, Influences of climate change and
Groundwater ; L2 .
. hydraulic redistribution, groundwater water use on spatial and temporal
and aquifer [52-55] . . . . .
modeling storage, and sustainable aquifer differences in groundwater flow, with
management. insights for management and policy.
Hvdroelectric Hydrologic influences and impacts on
y ower [56,58] Hydropower and hydraulically hydroelectricity production, with
powe ’ reservoir regime modeling. performance measures to quantify
evaluation . ) .
multi-reservoir regimes.
Water Simulating water quality, total Water quality control, increased
uali [30,44,50,51, maximum daily load, salinity, environmental functions, and urban
quatity 57,119] treatment, vegetation cover, planning to improve water quality
assessment s o
and eutrophication. and reduce salinity impacts.

3.2. SD Potential in Water Descriptive Integrated Models

The current literature in SD recognizes major feedback loops in descriptive integrated models of
water and hydrology systems [10-12,17,39,56—62], and it includes topics related to social, economic,
and hydrological modeling [77,81-83]. By using descriptive integrated models, scholars and modelers
have embraced a comprehensive method that aims to find and describe the feedbacks for different
systems, such as ecological, environmental, social, political, hydrological, and economic systems.
In fact, many of the latest SD uses in water and hydrological systems belong to descriptive integrated
models [17,39,56-62,66], and address topics related to social, economic, and hydrological modeling.
Descriptive integrated models can be used for integrated modeling of water resources, and this is due
to the fact that integrated modeling of a water resources system involves many facilities, clarifications,
and simplifications for various nonlinear relationships and feedbacks between several subsystems.
Descriptive integrated models present many advantages that have made it a common simulation tool
for integrated water resources planning, analysis, and management. The following sections review
several hydrology and water resources systems studies and investigations using SD methods to define
and analyze the feedback structure and behavioral trends of water descriptive integrated models.

Descriptive integrated models have been employed to help specify, study, and understand what
the sociohydrology system is, what it does, and how it does this. For example, Di Baldassarre et al. [77]
proposed an SD methodology for expressing feedbacks and interactions among sociohydrology
processes to recognize the internal relationships of the human—flood system and the influence of
changing individual characteristics, and found SD is capable of reproducing reciprocal impacts
between floods and humans. The challenges in hydrological and socioeconomic processes have been
overcome by developing a dynamic perception for floodplains and considering them to be associated
with human activity. Maxwell et al. [81] introduced a comprehensive SD approach for simulating
hydrosocio-environmental processes, interactions, and feedbacks for reducing the resulting effects
of sediment transport, drought occurrence, and floods risk in an arid environment. A water budget
methodology was employed as the cornerstone for the developed model, which simulates groundwater
recharge and stormwater reuse and illustrates the strategies needed for managing stormwater runoff
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and groundwater storage. The findings demonstrated the importance of management strategies and
trade-offs in managing watershed restoration and soil water storage.

Additionally, descriptive integrated models have been used with water applications related to
hydrologic—socioeconomic aspects. For instance, Karamouz et al. [83] presented a comprehensive
economic framework using SD methodology of every possible profit and expense emerging from
current actions, procedural applications, and application of procedures and policies for a basin
plain. The costs involved in modeling process are capital and operating costs, crop production costs,
pumping costs, and ecological costs. The study provides a general framework for evaluating the
administrative policies of water resources, taking into account the economic and environmental
interactions, their overlaps, and their implications for crop productivity, cultivated areas, and water
efficiency. The SD’s results showed how merging many techniques and methods alongside an economic
structure could successfully help stakeholders to know the outcomes of an applied policy on water
resources. De Stercke et al. [17] developed an SD model with a clear demonstration of the water—energy
nexus of domestic application and consumption and their effect on future demand in London, UK.
The proposed methodology is based on a climate change mitigation policy and involves reducing
demand via price. It covers water systems and their capacity and supply. Interactions and interferences
among water supply, demand, available sewage system, energy intensity, and their implications for
water resources scarcity have also been taken into account. The findings revealed a conspicuous need
in policy evaluation to consider the water—energy nexus. This methodology can be used efficiently
with the overlapping and branched economies found in industrialized countries. Langarudi and
his colleagues [43] introduced an SD model to investigate the effect of water use dynamics on the
agriculture, population, and economy along with their feedbacks for lower Rio Grande (LRG) region
in New Mexico, USA. The developed LRG model is an offshoot model that acts as an extension
to the New Mexico dynamic statewide water budget model (NMDSWB) that uses a mass balance
methodology to assemble monthly water storages and flows for counties, water planning regions,
river basins, and statewide in New Mexico [120]. Seven subsystems represented the developed LRG
model, namely hydrology, water use, agricultural production, non-agricultural production, wage,
labor, and population. The results showed that the model offered an important starting point for any
attempt at modeling the sociohydrology. The authors concluded that in water modeling issues, it is
important to evaluate the effect of socioeconomic parameters such as population, economic output,
and irrigated area.

There are several research advances and applications illustrating and explaining the importance
of integrated descriptive models using SD in the water and hydrological field. For example,
Liu et al. [82] described the development of a model-based SD approach able to precisely simulate the
economic growth, resource consumption, and ecological influences in Beijing, China. The dynamic
model was mainly based on hydrological, economic, demographic, and environmental parameters.
The methodology used lists the expected negative impacts on human welfare, environmental safety,
and urban development. Statistical evaluations, calibrations and validations, along with dynamic
interactions and feedbacks, will help support different required policies, scenarios, and analyses.
The model showed that water is the dominant component of the sustainable development process.
The results of their SD model will enable policymakers to understand interactions and impacts on urban
development and economic growth. Wang et al. [88] developed integrated SD-based methodology for
managing water resources considering water supply and demands as well as different socioeconomic
and environmental scenarios. A new index has been generated to assess the various interactions based
on water balance, and this creates a complete and strong representation of river basin environment.
The results of the various trade-offs have shown and contributed to the development of a general
vision of water security in the river basins, which has helped to develop the performance of integrated
management of water resources and pave the way for the concept of the water sustainability in basins.
Additionally, Table 2 demonstrates some of the different issues and applications of water descriptive
integrated models.
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Table 2. Examples of issues and applications of descriptive integrated SD models used with different water problems.

Application

References

SD Modeling Objectives

Results with the SD Method

Groundwater
modeling

Surface
water
management
modeling

Holistic
water
resources
management

Water
scarcity and
shortage
simulation

Water
desalination
and
treatment

Acequia
(Irrigation
canal)
Modeling

[7,11,61,75,
121,122]

[12,15,39,40,
58,63,66,123,
124]

[10,14,60,68,

69,71-73,76,

79,95,97,119,
125-128]

[8,74,93]

[62,80,92,
129]

[41,47,130]

SD modeling for treating uncertainty with integrated
hydroeconomics, considering the mutual relations among
accessibility and growing uses of water, investigating groundwater
dynamics under various economic conditions and studying

hydrologic and socioeconomic relationships of groundwater balance.

Developing a model for evaluation of groundwater polices.

Comprehensive SD approach for managing for the lake basin,
evaluating the river system, and investigating reservoir balance
considering hydrological and socioeconomic parameters.

Presenting sociohydrological models based on SD methodology for
integrated water management. Considering different parameters
and subsystems such as population, demographic extension, water
supply-and-demand, economic development, climatic conditions,
water sustainability and water balance.

Using SD methodology to study water scarcity and alleviating water
shortages based on the dynamics of sociohydroeconomic processes.

Introducing SD methodology for combining hydrological, economic,
social, and technical scenarios and polices to analyze different
dimensions of desalination and treatment processes.

Providing SD methodology for integrating hydrology, economic,
social, environmental, and natural systems in acequia areas.
The challenges in conventional irrigation communities have been
described and analyzed in a dynamic way based on feedbacks.

The developed methodology effectively analyzed the effects of
different management techniques, water stress, aquifer dynamics,
economic behavior, area climatology and economic policies and rising
groundwater withdrawal. The results showed the best strategies and
scenarios for efficient groundwater management and decision-making
related to this vital water resource.

The results showed the different positive aspects of SD in accurately
understanding and expressing water demand, water supply,
hydroelectricity generation, human-water systems, and climate
change based on different scenarios and conditions. Assessments of
population change effect, agricultural demand, and production and
irrigation impacts for water, economic, energy, and food concerns
using feedback processes and interactions were clearly demonstrated.
The developed model determined the socioeconomic, environmental,
natural and ecological changes and impacts on water management.
The results are used to identify and understand the potential for
feedbacks between social and hydrological systems. This greatly helps
in sustainable water management.

The developed conceptual models were accurate in showing
interactions and integrating several subsystems. The obtained findings
were effective in assessing different water policies analytically and
quantitatively. The urban expansion index and the feedbacks among
human, ecological, and hydrological systems were analyzed, and their
importance for understanding water scarcity shown.

They illustrated and demonstrated that desalination provides a
feasible, practical, and safe water supply alternative. The results help
to understand the relationship between water availability and use and
will be a benefit in the processes of formulating water supply policies.
The results indicate the ability of system dynamics to express the
various interactions and feedbacks in acequias, as well as the
important role of relations and links between natural and human
systems and provide a solid basis for economic and political modeling
of acequias in the future.
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Ultimately, descriptive integrated methodology can be effectively applied to create models that
can simulate and make predictions for a wide range of hydrological, environmental, ecological,
economic, and political parameters. It is clear to us through all these reviewed studies that
descriptive integrated modeling is efficient in water problems associated with social, economic,
ecological, or environmental impacts. With increased attention to studying the sociohydrological
aspects, as stated earlier, several researchers have used descriptive integrated modeling approaches
to establish comprehensive sociohydrological models. SD-integrated models are able to cover a
variety of components and subsystems and perfectly simulate interactions among several variables
and parameters. The effectiveness of such a modeling method, in which the researcher should have
sufficient know-how to create an integrated model covering all aspects, causes, variables, parameters,
inputs, and relationships between external and internal and dynamic effects, must be taken into account.
The value of using descriptive integrated models of agricultural water management is to ensure the
correct balance of agriculture, climate, and water systems for resources sustainability without any
environmental, economic, and social changes adversely affecting the agricultural sector’s efficiency.

3.3. SD Potential in Water Participatory and Shared Vision Models

Participatory and shared vision modeling is the approach of integrating stakeholders, community,
and decision makers in an analytical modeling process to assist critical decisions related to hydrology
and water resources. SD modeling has been utilized as an effective way for boosting shared vision
planning and learning modeling by different stakeholders in the water sectors [98-100]. Participatory
and shared vision models support the process of the joint comprehension of a water and hydrological
systems and enhance the social, economic, ecological, and environmental aspects of water management
policies and decisions by engaging policymakers and stakeholders. Decision makers” involvement
in the modeling process promotes understanding of the problem and its different aspects, increases
confidence in the results obtained, supports the chosen strategies and provides a strong modeling
framework for water resources systems [10,131,132]. There are many examples of participatory
water resources modeling employing system dynamics. However, some studies which address and
discuss participatory modeling of water resources systems using SD methodology are presented in the
upcoming section.

Many researchers and scholars have used SD as participatory and shared vision models in the
water sectors. For example, Ford [102] designed a computer simulation model based on an SD approach
for the Snake River, US. The model simulates the annual flows in the Snake River at major points of
importance for agrarian groups, ecology groups, and the power industry. The proposed model also
shows problems related to water rights and falling water levels and can be used to check the possible
solutions to resolve these problems. Karamouz et al. in Iran [103] proposed an SD dispute resolution
model for monthly allocation of waste in river systems, where stakeholders and decision makers
take into account their relative authorities and address the expectations and dissatisfactions with one
another. Spatial and temporal variations were considered in the developed SD model which offers
a good solution for assessing water quality. The findings demonstrated that the developed model
can successfully incorporate the preferences of the stakeholders and decision makers in providing a
final agreement.

Kotir et al. [106] presented participatory and methodological processes contributing to creating
an SD model to support integrated water resources management, environmental development,
and sustainable agricultural development. The proposed model offers a detailed understanding of the
principal biophysical and socioeconomic elements and processes in the Volta River Basin, West Africa.
Assessing the SD findings obtained from a stakeholder perspective has helped to comprehensively
evaluate various feedbacks and interactions of the water resources in the basin. Additionally,
participatory and shared vision models have been utilized for an extensive variety of water applications
and modeling, including public water management [131], community-based water planning [132], water
supply and demand [101], river basin management [99], aquifer dynamics [100], wetland modeling [6],
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hydrological, environmental and socioeconomic systems [104], and drought management [105]. It is
evident from the above articles that participatory and shared modeling can be used for a range of
purposes, including decision support, information management, and forecasts of complex and difficult
water systems for modelers, researchers, and policymakers. Participatory and shared modeling is mainly
consistent with the growing focus on comprehensive water resources management, which includes
systems theory and takes into account economic, social, and environmental parameters. Multiple water
problems have been widely and successfully studied with participatory and shared vision models,
such as watershed management, surface and groundwater planning, drought management, water
conflict, and climate change. It is clear to us that participatory and shared models have become of
great importance due to the complexities of the water systems and their urgent need to incorporate
various efforts to create an effective vision that serves all parties and takes environmental, economic,
and social aspects into consideration.

3.4. SD Potential in Water Combined Models

Combining SD methodology with other modeling approaches helps to analyze, represent,
and understand complicated and difficult problems, issues, and systems as well as to discover potential
solutions and policies. Although SD modeling has important advantages, it is unavoidably subject to
some limitations. In addition, SD cannot find the perfect choices, outcomes, and solutions on its own.
Modeling uncertainty using SD is a daunting task, and modeling processes in the case of spatially
distributed data [13,108-110] will be difficult. Many studies and investigations have illustrated that
SD modeling of complex problems can be improved by integrating with other modeling procedures
and methods. One of the benefits of combination is the ability to deal comprehensively with water
problems and issues and to draw stronger conclusions than standard or usual SD methods [5,111].

Generally, SD modeling can be employed to combine descriptive and numerical parameters
of a complex circumstance. There are six stages and phases by which SD modeling methodologies
are combined and incorporated with other approaches and techniques. The first step, according to
Sterman [34] and Zolfagharian et al. [110], is to identify the initial problem, which allows researchers to
know if SD can be used to solve the problem. The second stage involves analyzing the issue in terms
of kind, the key parameters, and their causal relationships. The third step deals with why a specific
combination should be acceptable. The fourth step is the way the intended combination is actually
implemented. The fifth step is to get the combined model, while in the sixth step, it is assessed and
strengthened. As a result, several researchers have suggested combining SD with other water sector
simulation, modeling, or optimization techniques. Nevertheless, given the abundance of literature
on the combination method, there is no simple and concise study, description, or review of when
and how SD is combined with other techniques, or findings of different combinations used for water
land issues and uses. The key reasons for combining the SD technique with other approaches can be
illustrated in the water problem, its complexity and multiple levels, the difficulty in formulating causal
relationships, and the variability and ambiguity of the causes, variables, and parameters involved.
Table 3 shows combined system dynamics models in some studies and their modeling objectives,
results, and findings.

This review found that SD approaches have been successfully combined with many other modeling
techniques (Table 3). In short, there is promise for combined systems because of the great benefits
derived from the combination process, summed up as improving SD’s ability to express the water
problem clearly, increase the confidence and accuracy in the modeling process, and incorporate new
features and characteristics of water and hydrological models.
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Table 3. Some studies for combined system dynamics models in the water sector.

Combined Method  References Modeling Objectives Results and Findings
Geographic Introducing a new SD and GIS-based method for The ewr methodolo.gy can be employed to model an.assortment o f
> . . . hydrological and environmental parameters, and consider space-time
Information System [13] spatiotemporal simulation of flood damage . . .
interaction, for example, in water resources processes and
(GIS) assessment processes.
catastrophe management.
Suggesting a process for combining SD method and TA The suggested model could be used to understand the interactive
to assess water strategy methodically and quantitatively — influence between the intensity of water shortage and financial spending
Impact Analysis (IA) [3] and formulating a suitable approach to examine an for planning water demand in the future. In central Taiwan,
equilibrium among alleviating water scarcities or the usefulness of the suggested approach is successfully checked by
shortages and capital expenditure. solving a water scarcity problem and total expense.
Agent-Based Comparing and analyzing SD and ABMS techniques They concluded that the SD-ABMS approach is considerably and
Modeling and [113] and determining the potential interfaces to build effectively suitable with modeling issues such as that in
Simulation (ABMS) effective expert systems. sociohydrological models.
Artificial Developing a novel sociotechnical modeling approach The developed methodology takes into account the socioeconomic
Intelligence (Al) and [114] to investigate the relationships between socioeconomic parameters to be involved in the evaluation of awareness-raising
Agent Based environment and hydrologic unit using SD, Al, campaigns for hydrological systems. This study also provides a detailed
Modeling (ABM) and ABM methods. demonstration for the urban water resources cycle.
Offering an approach for studying and analyzing the In a decision tree, the results are discussed to help enforce the correct
challenges to freshwater management using innovative approaches and policies for the analysis and management groundwater
[115] SD and EMA techniques and presenting a methodology in coastal areas. The research will help clarify the future path of
Exploratory for a coastal area relies on groundwater to analyze a population growth, economic activities, agricultural systems,
Modeling and saline water intrusion problem. and techniques for water purification for coastal aquifers management.
Analysis (EMA) Exploring and gtu.d ying the limits on global use of The authors demonstrated that under extreme water stress or restricted
freshwater. Identifying the best and worst water stress . . .
[116] o . . population growth the global water usage can be effectively studied and
conditions and world population development using a evaluated usine the developed methodolo
combination of SD and EMA. & p &Y
Combining SD and A,HP to develop a simulation model The findings of this investigation could be used for developing
[67] and an assessment index system for the local water . ; . . .
N . . . socioeconomic solutions and addressing hydroecological problems.
Analytic Hierarchy environmental carrying capacity.

Process (AHP)

They concluded that this innovative approach could be used for many
other related issues around the world where decision makers and
policymakers need to make strategic decisions that have significant
long-term consequences for water and hydrological systems.

Proposing new integrated decision support model
[117] based on the synergy of SD and AHP techniques for
relieving the dangers of urban flooding.
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Combined Method References Modeling Objectives Results and Findings
. Presenting the SD technique coupled with FL for Thg novel mode} demonstrated to be a precise methoq for forecasting
Fuzzy Logic (FL) [109] . . spatiotemporal difference of water elevation for flood risk management
analyzing flood risk. .
and evaluation.
Introducing a methodology to support decision making T.h e key purpose (.)f this study was to incorporate hydrolo.gl.cal a.nd
socioeconomic relations and to address the problems and difficulties of
[118] based on the approaches of SD and BN for the o . . .
. . reconciliation between sustainable aquifer management and productive
Bayesian Network management of groundwater—-agricultural systems. agricultural yield
(BN) Developing an incorporated model dependent on a The outcomes show the developed methodology could offer decision
[111] combination of SD with BN to simulate and analyze making tool for watershed management to avert water
water quality. quality impairments.
Water scarcity analysis and modeling using SD and NN The results give us an overview of how water supply and demand can
Neural Network 5] methods to explain how environmental, ecological, be changed. Water scarcity was successfully estimated and predicted,
(NN) and social parameters influence water demand and and using the suggested approach, the most influential elements such as
supply. precipitation, population, and runoff were identified.
The developed model is able to help in addressing water conflict in the
river systems and showed a high capability with complexity and
Introducine modeline methodoloey based on an uncertainty conditions in the hydrological systems. This approach is also
Game Theory (GT) [107] & & 8y fairly simple to use when assessing and managing essential water

integration of SD with GT for water conflict resolution.

resources. This provides all the priorities and choices for stakeholders
and decision makers on water resource systems management
and planning.
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4. System Dynamics Software Packages used in Water and Hydrological Sectors

One of the success criteria of the SD modeling process is the appropriate and proper selection of
software used in the development of the SD model [131-140]. However, numerous modeling packages
have been developed to ease structuring and implementing SD models in different fields such as
AnyLogic, DYNAMO, Exposé, Forio, IThink/Stella, MyStrategy, Powersim, Simile, True, MapSim,
and Vensim. Through the review of various publications and papers related to the application of
SD in the water sector, the most used software packages are Vensim, IThink/Stella, and PowerSim.
More information on these packages is listed in Table 4. In general, these packages are simple to use
and provide a diversity of functions and offer optimization and validation techniques. Moreover,
they boost cooperative modeling and connection with very large datasets. According to our review,
the largest number of studies and research was carried out using Vensim software by 52% of the total
studies in the field of water, while the IThink/Stella software was used in about 39% of all studies
(Table 4). Only 9% of the total studies were conducted using PowerSim, and this may be due to the fact
that PowerSim is more suitable for business solutions, and requires more experience and has a higher
cost compared to Vensim and IThink/Stella packages.

Table 4. System dynamics software packages commonly used in the water sector.

Software Vensim IThink/Stella PowerSim
Issued year 1990 1985 Mid-1980s
Developer Ventana Systems isee Systems PowerSim Software AS
Website www.vensim.com www.iseesystems.com WWWw.powersim.no
Origin United States United States Norway
Works on Windows and Macintosh Macintosh and Windows A Windows-based
PCs. Provides dynamic functions computers. Visualize and environment. Facilitates
such as arrays, uncertainty analysis, communicate complex packaging as learning
Main Features statistics and graphical user interface.  systems. Supports hierarchical environments. Boosts
Supports data series, validation, models, multidimensional multidimensional data,
optimization and Markov chain data, sensitivity, and Monte optimization, and Monte
Monte Carlo (MCMC) methods. Carlo simulation. Carlo analyses.
% of Usage 52% 39% 9%
Examples of Use [55,63,95] [39,81,84] [41,43,48]

5. Challenges and Limitations of System Dynamics

It is evident from the above that many researchers and modelers performed extensive studies on
water issues and water systems and achieved substantial outcomes and progress using SD approach.
Even though there is much research and experience, there are still some difficulties, constraints,
and challenges that limit the comprehensive use of the SD modeling approach in issues related to and
specialized in water resources systems. We can summarize the challenges and limitations facing SD
with water applications as presented in Figure 5, and each challenge is explained separately below.

Knowledge
and
Experience

Challenges
and
Limitations

Validation

Sub-
Systems
Integration

Figure 5. The main challenges and limitations of system dynamic modeling in the water
resources applications.
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5.1. Knowledge and Experience

In order to establish an integrated system of water management, substantial, multifaceted
knowledge, and great experience are required to recognize the relations among different systems.
Describing causality relation among many variables and factors is handy and simple using the system
dynamics approach. However, this convenience and ease may cause incorrect results due to simplistic
models that may be focused on unnecessary and irrelevant details. Consequently, knowledge and
experience are required to prevent these cases by performing causality checks, evaluations, and causal
relationship assessments. These tests and checks help to ascertain the existence of causal relationships
for validation and calibration processes, which considerably increase the reliability of the integrated
modeling process.

5.2. Model Validation

Validation is extremely relevant in issues relating to water resources that are addressed by
mathematical modeling and, in particular, by the approach of SD modeling. Unfortunately, according
to Barlas [112], the validation of an SD model is much more difficult than that of a black box model.
The reason for this is that the verifying procedure for the internal model frame is largely philosophically
and technically complex. Barlas [112] concluded that it is philosophically problematic because it is
directly connected and closely linked to the irreplaceable philosophical problem of testing the validity
of the scientific argument. Moreover, the issue is technically complicated and this is because there are
no recognized validations, such as the tests of statistical hypothesis, which can be used to determine
whether or not the model frame is, in reality, close to the problem frame.

5.3. Subsystems Integration

While subsystem integration is of great importance in water resource modeling, in most
published works, only two or three subsystems are used and treated. Models of efficiently integrated
water management systems involve careful consideration of hydrological, ecological, environmental,
political, social, economic, and technical parameters and variables in order to shape and cover a
number of subsystems that are critical for improving and updating the overall implementation
of the integrated modeling process. To be integrated in an evolutionary and holistic manner,
some of the critical contemporary issues such as water security, water conflict, water scarcity,
water footprint, water sustainability, water pollution control, and conjunctive groundwater and
surface water management and wastewater management strategies must be considered in the water
resources modeling process.

5.4. Combining Necessity

In many water-related problems, the SD modeling approach alone cannot comprehensively
describe, analyze. and understand the water system. Accordingly, there is an urgent need for
combination with other modeling methods and procedures to expand certainty and confidence
when obtaining and measuring parameters, including different features, directions, and patterns
of impacting components and building structures in addition to direct procedures to assist the SD
modeling. Combining the SD method with other procedures, such as exploratory modeling and
analysis, geographic information system, artificial neural network, fuzzy logic, agent-based modeling
and simulation, Bayesian network, analytic hierarchy process, impact analysis, game theory, and Delphi
method will lead to a stronger framework capable of understanding and modeling hydrology and
water management systems more effectively and sufficiently because it can combine its advantages
with those of these techniques.
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6. Concluding Remarks and Directions for Future Work

Effective agricultural water management includes integrating a number of hydrological,
environmental, social, economic, administrative, and political factors into the decision-making process
for exploiting, managing, and maintaining available water for agricultural sectors. In this study, a new,
comprehensive review of research scientific papers and articles is presented on the application and
usage of SD modeling approach in sustainable water management. By examining and analyzing the
various applications of SD in hydrological and water systems, we attempted to demonstrate how
SD may provide a potentially useful modeling tool for agricultural water management. Issues and
problems such as water quality management, water footprints, water conservation policies, regional
water resources, environmental water management, drainage water quantity, wastewater reuse, salinity
reduction, modeling surface water and groundwater, urban water resources, water scarcity assessment,
flood risk, transboundary systems, sustainable management of municipal water, and climate change
have been reviewed. Using examples, we addressed the various forms, measures, advantages,
and drawbacks of the SD method.

In general, the SD approach is able to provide a complete understanding for relations, influences,
and feedbacks among several interrelated subsystems in a hydrological or water system. It is a
promising technique to manage emerging complicated issues and relationships while modeling and
analyzing hydrological systems. The SD approach can integrate numerical and descriptive techniques,
systematically investigate and evaluate complex systems, and realize different internal relations for
water resources systems. However, the SD strategy is subject to certain obstacles, issues, and difficulties
that need to be tackled and resolved. It requires a thorough understanding of the water management
system being studied, and before beginning the modeling process, the modeler or researcher needs to be
familiar with the basic parameters and factors that affect the system. In addition, the SD method poses
some challenges when dealing with structures and systems with high levels of complexity and changes
in different social and environmental conditions. Nevertheless, a number of studies and investigations
suggested that the SD modeling methodology be combined with other modeling techniques to resolve
these issues and increase performance. Several studies combined the SD modeling approach with
artificial neural network, fuzzy logic, geographic information system, agent-based modeling and
simulation, Bayesian network, analytic hierarchy method, impact analysis, game theory, exploratory
modeling and analysis, and Delphi method. By combining the SD modeling approach with these
methods, the findings have improved considerably, and the modeling capacities of the SD approach
have expanded, thereby positively impacting water resource systems decision-making, planning,
management, and research. Through our analysis, it can be inferred that SD can be used successfully
in applications relating to water and agriculture water management economics, policies, and strategies.
This will resolve many of the main problems of great importance to agricultural water management,
such as groundwater management in agriculture, crop water relations, rainwater harvesting, saline
agriculture, farm-level water management, and global climate change.
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