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Abstract: Climate change and population growth have placed increasing stress on groundwater resources. Effective
management of groundwater resources is crucial for promoting sustainable development, especially in areas heavily
reliant on groundwater supply. However, sustainable groundwater management is more complex due to various factors
affecting key drivers and their feedback interactions. In this regard, this study aims to examine the key driving forces
and their interplay concerning fluctuations in groundwater levels within a study area in Illinois, United States, which
heavily relies on groundwater for water supply. To achieve this objective, a system dynamics (SD) simulation model
was developed, utilizing hydrology, climate, and urbanization data spanning from 2010 to 2020. Through calibration
and validation of the SD model with historical data, the model demonstrated reliable simulation capabilities for
groundwater levels. Additionally, sensitivity analysis and exploration of water resource scenarios were conducted to
evaluate the critical factors influencing groundwater levels. Results revealed that population dynamics, agricultural
land, and groundwater recharge were analyzed as key drivers influencing the change in groundwater level for the
study area, among the climate and urbanization factors that had different contributions to the groundwater dynamics. A
10% increase in population, agricultural land, and groundwater recharge led to a decrease of approximately 5.5% and
increases of 4.5% and 4.27% in groundwater levels, respectively. The results of the four-scenario analysis indicated
that both climate change and urbanization exerted significant and adverse impacts on the groundwater level in the
study area. These scenarios represented prominent and worst-case situations, highlighting the potential challenges and
risks associated with the combination of these factors, which resulted in about a 77 mm decrease in groundwater levels
by 2030. Overall, given limited data availability for SD model parameterization, the study emphasizes the need to
consider the effects of both urbanization and climate change on groundwater supplies in decision-making for sustainable
groundwater management, as well as the need for adequate management measures to maintain the long-term usage of
groundwater resources.
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1. Introduction

Groundwater plays a vital role in the hydrologic system, but obtaining precise information about its quantity,
extent, and quality often remains challenging and uncertain. Multiple factors, including climate, geography, and
geological structure, influence the recharge rates and storage capacity of aquifers. These complex interactions
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subsequently impact the overall dynamics of groundwater availability and distribution [1, 2]. Furthermore, the quantity
and quality of groundwater supplies are significantly influenced by human activities like urbanization, groundwater
pumping, and land use and land cover (LULC), which can complicate decision-making on resource management [3, 4].
Groundwater is also a critical water resource for both residential and agricultural use, with agriculture being the world’s
greatest consumer of freshwater [5].

Since groundwater is an invisible resource and its management system is complex (e.g., broad spatial distribution
with contamination entry points and interactions with surface water resources), its depletion and contamination can
pose challenges and require substantial time for remediation [6]. A region’s water balance is monitored and managed
to sustain groundwater supply and related ecosystem services. This approach ensures the availability and quality of
groundwater while also preserving the ecosystems that rely on it. In addition to the environmental needs, groundwater
availability also affects food security and local economic growth because sectors such as agriculture, manufacturing,
and energy consume the groundwater for their food, industrial, and energy production [7].

According to the previous studies [8-11], the components of climate (e.g., increased temperatures and changes in
precipitation patterns) and urbanization (increased water demand and changes in land covers) substantially influence
groundwater availability, especially in terms of maintaining a supply-demand balance. While both factors have an
impact, a previous study found that urbanization can have a more immediate and direct impact on groundwater supplies
compared to climate change [8]. Rapid urbanization leads to an increase in water demand, alters the land cover, and
creates more impervious surfaces, all of which have significant impacts on groundwater recharge and availability.
Changes in hydrological processes caused by urbanization, such as lower infiltration rates and higher surface runoff, can
lead to lower groundwater recharge rates and changed groundwater dynamics [9].

However, it is important to consider that the precise effects of climate change on groundwater supplies can vary
depending on local climatic factors, including modifications to precipitation patterns, temperature, and evaporation rates
[10]. A comprehensive examination is required to understand the implications of climate change and urbanization on
groundwater supply and quality, specifically their impact on groundwater depletion and deterioration.

Sustainable groundwater management is critical for ensuring a reliable freshwater supply across various sectors.
However, many places are already suffering from reservoir depletion, highlighting the critical need for long-term
management strategies [11]. To estimate existing and future groundwater conditions, reliable methodologies and tools
for data extraction and analysis are necessary. Indeed, water resources management is a complex system that involves
dynamic feedback interactions among various interconnected sectors, such as society, finance, and climate. These
interactions play a crucial role in determining the effects of different water management options [12]. Thus, decision-
making in water resources management and understanding its effects require a system modeling approach. In this
regard, system dynamics (SD) models have been employed in several studies to understand the effects of the sustainable
management of groundwater resources within a systems framework. For instance, Barati et al. [13] suggested improving
infiltration and reducing extraction rates as key strategies for successful groundwater management, using an SD model.
Similarly, Ranjan et al. [14] evaluated how groundwater supplies in coastal aquifers are affected by climate and land use
changes using an SD model. The impacts of various economic and climatic change scenarios on groundwater dynamics
and depletion were also examined by Balali et al. [15] using an SD model. Huang et al. [16] also used an SD model
to analyze management options for reducing land subsidence caused by groundwater depletion. They also conducted
simulations to assess the availability and demand for water resources. Even though these studies have made efforts to
evaluate and explain groundwater systems, they have not fully exploited the knowledge of how the groundwater table
has changed over time in response to climate change and urbanization factors. Additionally, for groundwater resource
management (e.g., prioritizing management options), there still needs further investigation to determine whether factors
related to climate or those linked to urbanization are more vulnerable to changes in groundwater.

In this regard, this study investigates the dynamic contributions of climate and urbanization (LULC) to
groundwater balance in supply and demand using the SD modeling approach for a study area in McHenry County in
northern Illinois, United States (U.S.). The contributions of this study include providing an SD-based decision support
model for groundwater supply-demand balance analysis to evaluate the critical drivers and water management effects
and providing insights for policymakers and decision-makers into climate-resilient groundwater management actions,
plans, and policies in the long term.
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2. Materials and methods
2.1 Study area

McHenry County is in the state of Illinois, U.S., with coordinates ranging from 88.200° W to 88.706° W longitude
and 42.155° N to 42.495° N latitude. The county’s primary aquifer is the unconsolidated sand and gravel aquifer, which
covers an area of 1,580 km” [17]. This region has hot and humid summers and cold and snowy winters, and it is highly
prone to extreme weather conditions such as strong winds, blizzards, thunderstorms, tornadoes, and floods [18]. In
recent years, the average annual precipitation in this area has been 959 mm, with temperatures ranging from 12 °C in
January to 29 °C in July [19]. Figure 1 shows the study area’s location and the types of LULC. The McHenry County
watershed is 731 feet to 1,189 feet above sea level. In 2020, McHenry County’s land cover comprised 0.18% forest,
11.53% grassland, 0.61% surface water, 76.67% agricultural land, and 11.01% urbanized area.
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Figure 1. Study area map

2.2 Data collection

The hydrological study of the study area requires the collection of various data types, such as topography data,
metrological data, and hydrological data. The basic topographic data necessary for hydrologic modeling include the
Digital Elevation Model (DEM) and LULC data. To detect changes from 2010 to 2020, all topographic data were
obtained from a publicly accessible internet source and pre-processed in ArcGIS 10.8. DEM data was obtained from the
websites of the U.S. Department of Agriculture-National Resources Conservation Service (USDA-NRCS) through this
link: https://datagateway.nrcs.usda.gov/. The LULC dataset was also obtained from the U.S. Geological Survey (USGS)
Earth Explorer at this location: https://earthexplorer.usgs.gov/.

McHenry County, Illinois, has experienced diverse and dynamic groundwater conditions influenced by factors such
as precipitation, land use, and geology. With 37 wells ranging from 20 to 345 feet deep, groundwater levels undergo
fluctuation over time, including periods of recharge and depletion [20]. The selection of this area for this study was
based on its heavy reliance on groundwater as the primary source of drinking water for both individuals and businesses
in the region. Therefore, it is vital to comprehend the levels and fluctuations of groundwater to ensure a dependable and
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sustainable water supply.

Furthermore, McHenry County is expected to experience a substantial population surge by 2030, with projections
indicating a 47% increase to reach 486,000 compared to the year 2000. Alongside this rapid population growth,
groundwater withdrawal is anticipated to rise significantly to 67.5 million gallons per day, representing a 49% increase
compared to 2000 [21]. Consequently, with such alarming trends in population growth and groundwater consumption,
conducting a comprehensive study on potential future water shortages becomes imperative [22, 23]. Therefore,
continuous research of groundwater will be crucial for ecological preservation, sustainable water management, and
societal well-being. This knowledge will also assist policymakers and stakeholders in developing plans that satisfy
communities’ changing requirements while facilitating successful groundwater management.

2.3 SD model

SD modeling provides a robust and analytical approach for comprehending and managing complex systems by
understanding inherent feedback interactions and the system’s non-linear behaviors [12]. The SD approach depends
heavily on quantitative data to generate feedback models. Through the continuous collection and review of these
feedback models, concepts are organized and categorized to form dynamic hypotheses—feedback interactions among
the system components, which determine the dynamics and non-linearity of system behaviors [24, 25].

In SD modeling, a causal loop diagram is used to evaluate the major components and their feedback loops, which
consist of a positive feedback loop (reinforcing) or a negative feedback loop (balancing) a given change in a system
variable [24]. A feedback loop is a succession of causes and effects (causal links) such that a change in a given variable
travels around the loop and comes back to affect the originating variable. If an initial increase in a variable in a feedback
loop eventually results in an increasing effect on the same variable, then the feedback loop is identified as a ‘reinforcing
or positive’ feedback loop. If an initial increase in a variable eventually results in a decreasing effect on the same
variable, then the feedback loop is identified as a negative, counteracting, or balancing loop. The positive feedback loops
could potentially stimulate unstable exponential growth or collapse patterns in system behavior. For instance, Figure
2 is a causal loop diagram that represents the feedback loops included in a groundwater supply system. It shows how
variables such as land use, population, climate change, and groundwater table change are interconnected and influence
each other.
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Figure 2. A causal loop diagram for a groundwater supply system
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This causal loop diagram forms the foundation of the proposed SD model, which focuses on capturing the dynamic
interactions among water supply, water demand, and land subsidence. By modeling these interactions, the SD model can
provide insights into the complex feedback mechanisms and help assess the potential impacts of different interventions
or policies aimed at mitigating land subsidence.

Overall, the capability of SD modeling to elucidate the endogenous structure of systems and the interplay between
structure and behavior is vital for comprehending the complexity of real-world systems. By understanding the emergent
behavior of these systems and the underlying mechanisms that drive them, decision-makers can develop effective
strategies for optimizing system performance and improving decision-making processes.

Stock-flow diagrams for the study area to quantify the causal loop diagram in Figure 2 were developed in
adherence to the principles of SD modeling, incorporating a series of causal loops and mathematical equations (Figure
3). These diagrams serve as graphical representations of the dynamic relationships between stocks (accumulations)
and flows (rates of change) within the groundwater system in the study area [16]. By employing SD principles, these
diagrams enable a comprehensive understanding of the feedback mechanisms and interdependencies that drive the
behavior of the McHenry County groundwater system, facilitating the analysis and simulation of various scenarios and
policy interventions. The inclusion of causal loops and mathematical equations further enhances the rigor and accuracy
of the SD model, allowing for a more robust exploration of the system’s dynamics and the potential effects of different
factors and policies.
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Figure 3. Stock-flow diagram depicting the groundwater system in McHenry County

The SD model in Figure 3 consists of land use, population, and groundwater sectors. The land use sector considers
three distinct categories: agricultural, urban, and natural lands. Notably, water demand for groundwater supply is
determined by the irrigation water demand depending on the area of agricultural land and the non-irrigation water
demand based on the urban area.

The number of populations evaluated in the population sector affects the change in urban, agricultural, and
natural lands. The birth rate and death rate contribute to population growth or decline. Analyzing these relationships
suggests insights into demographic changes and urban development, which can be useful for urban planning, resource
management, and policy-making purposes.

The groundwater sector in the SD model for the McHenry County groundwater system is influenced by parameters
such as groundwater discharge, recharge, infiltration, percolation, irrigation, and precipitation. Groundwater discharge
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involves the outflow of groundwater, which is affected by natural processes and human activities like irrigation.
Groundwater recharge, on the other hand, represents replenishment and is influenced by infiltration, irrigation, and
precipitation. Adequate precipitation ensures sustainable recharge, while changes in precipitation patterns can impact
groundwater levels. Understanding these relationships is crucial for sustainable groundwater management and enables
decision-makers to optimize resources and address challenges effectively.

2.4 SD model formulations

2.4.1 Land use section

The land use section in the SD model focuses on understanding the relationships between land use categories
(agricultural, urban, and natural lands) and their impacts on groundwater dynamics. The equations in this section are
connected to the groundwater section, as land use influences parameters such as urbanization and infiltration. Equations
1 and 2 in the land use section determine the urbanization of agricultural and natural lands, respectively, based on the
net population change and urbanization factors. These equations quantify the conversion of agricultural and natural
lands into urban areas, considering the impact of population changes.

Urbanization from agricultural land = urbanization factor of agricultural x net population change 1)
Urbanization from natural land = net population change X urbanization factor of natural land 2)

2.4.2 Population section

The population section in the SD model focuses on understanding the dynamics of population growth and decline,
which have implications for land use and groundwater dynamics. The equations in this section are interconnected with
the land use and groundwater sections, as population changes influence land use and water demand. Equations 3 and
4 in the population section calculate population decline and growth, respectively. Equation 3 considers the current
population, death rate, and emigration, while Equation 4 considers the birth rate and the current population. These
equations provide insights into demographic changes affecting urban development, land use patterns, and water demand.
The population changes calculated in Equations 3 and 4 are utilized in Equations 1 and 2 in the land use section
to determine the urbanization of agricultural and natural lands. This demonstrates the interconnectedness between
population dynamics, land use changes, and their effects on groundwater dynamics.

Population decline = population X (death rate + emigration) 3)
Population growth = birth rate x population 4

2.4.3 Groundwater section

The groundwater section in the SD model focuses on understanding the dynamics of groundwater within the
McHenry County groundwater system. This section utilizes a set of equations to explore the relationships and effects
of various variables on groundwater behavior. Groundwater table decrease (Equation 5) calculates the decrease in the
elevation of the water table, considering the contributions from groundwater irrigated and supplied for non-irrigation
purposes. It takes into account the porosity of the aquifer and the overall groundwater discharge fraction. Groundwater
table increase (Equation 6) determines the increase in the elevation of the water table and accounts for percolation
and groundwater recharge. It considers the porosity of the aquifer and the inflow from both percolation and recharge.
Groundwater table discharge (Equation 7) estimates the discharge of groundwater from the system. It considers the
excess groundwater level and the groundwater discharge fraction, which represents the portion of excess groundwater
that is discharged. To consider the precipitation contributing to infiltration and groundwater recharge potentially, this
study considered the effective precipitation coefficient for different land covers. Effective precipitation in natural land
(Equation 8) calculates the effective precipitation that contributes to groundwater recharge in natural areas. It takes
into account the precipitation, the extent of natural and urban areas, and the effective precipitation portion. Effective
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precipitation in agricultural land (Equation 9) determines the precipitation that contributes to groundwater recharge in
agricultural areas. It considers the precipitation, the agricultural area, and the effective precipitation portion.

irrigated groundwater + supplied groundwater for non irrigation

Groundwater table decrease = : (5)
porosity
. ercolation =~ groundwater recharge
Groundwater table increase = P - + g - g (6)
porosity porosity

Groundwater table discharge = (— excess groundwater level) x groundwater discharge fraction (7)

Effective precipitation in natural land = precipitation x (natural area + urban area)
x effective precipitation portion (®)

Effective precipitation in agricultural land = precipitation x agricultural area

x effective precipitation portion )

These equations provide insights into groundwater dynamics, including groundwater extraction, percolation,
recharge, discharge, and the impact of effective precipitation in different land areas. They help analyze the relationships
between these variables and gain a better understanding of the overall groundwater behavior in the system.

2.4.4 Groundwater supply section

Using the SD model, this study investigates the effects of two critical parameters: urbanization and climate change.
Urbanization involves the expansion of urban areas, which leads to increased impervious surfaces such as roads and
buildings. These impermeable surfaces disrupt the natural infiltration of water into the ground, reducing groundwater
recharge. Additionally, urban areas typically exhibit higher water consumption demands due to increased population
and economic activities, intensifying the strain on groundwater resources and contributing to depletion. Combining
these equations provides an understanding of the different sources and factors contributing to infiltration. Infiltration can
occur through irrigation practices, where groundwater is applied to the land, and through precipitation, which affects
both natural and agricultural areas. The infiltration coefficient was estimated to range between 0.32 and 0.54, indicating
the proportion of water that enters the soil. Furthermore, estimates indicate that water losses from groundwater range
between 0.13 and 0.21, representing the fraction of groundwater that is lost or does not contribute to groundwater
recharge [26]. Analyzing the relationships between these variables helps us comprehend the overall water movement
into the ground and its implications for groundwater availability and recharge.

Infiltration = infiltration from irrigation + infiltration from precipitation (10)

Infiltration from irrigation = irrigated groundwater X irrigated infiltration ratio (11)

Infiltration from precipitation = (effective precipitation in natural land + effective precipitation
in agricultural land) x precipitation infiltration ratio (12)

Changes in precipitation patterns, including alterations in rainfall intensity, percolation, irrigation, frequency,
and distribution, directly impact groundwater recharge rates. Shifts in temperature and evapotranspiration rates also
influence the overall water balance, affecting groundwater availability. Equation 18 provides an estimation of the
relationship between temperature and evaporation for the study area [26]. These equations are interconnected and
provide a comprehensive understanding of the factors influencing water demand, groundwater requirements for
irrigation and non-irrigation purposes, and the movement of water through infiltration and percolation processes.
Analyzing these relationships helps gain insights into water management, efficiency, and sustainability in various
contexts, such as agriculture and urban areas. Non-irrigation efficiency and irrigation efficiency coefficients were used to
consider the transmission losses in groundwater irrigation and supply.
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Percolation = infiltration x infiltration percolation portion (13)

groundwater irrigated requirements

Irrigated groundwater =

(14)

irrigation efficiency

Groundwater irrigation requirements = crop irrigation demand — effective precipitation in agricultural land  (15)

Crop irrigation demand = unit irrigation demand x agricultural area (16)
Unit irrigation demand = 5,000 + evapotranspiration a7
Evapotranspiration = (0.142 x temperature + 1.095) x (temperature + 17.8) x 0.036 x 25.4 (18)

. e non-irrigation demand — other water sources
Supplied groundwater for non-irrigation = — - (19)
non-irrigation supply efficiency

Non-irrigation supply efficiency = unit urbanization water demand x urbanization area (20)

Overall, the quantitative understanding of these interconnected components and their relationships using these
equations provides valuable insights into population dynamics, urbanization, groundwater behavior, water management,
and a deeper understanding of the complex groundwater system. By utilizing this knowledge, system managers can
make informed decisions and implement strategies to address the challenges associated with population growth,
urbanization, and water resource management.

2.5 Verifying the developed SD model

The verification of the developed SD model aims to test the model’s ability to achieve a close alignment
between the model’s outputs and their historical data and reproduce the behavior of key components qualitatively and
quantitatively. Comparing the model’s outputs with known or observed data helps evaluate the model’s accuracy and
reliability [27]. In this context, this study evaluated the performance of the SD model by comparing the model outputs
with the observed data for the groundwater level in the study area, urban water demand, total population, and urban area
in the study area between 2010 and 2020. A coefficient of determination (R*) was employed to provide a quantitative
assessment of the SD model’s performance and accuracy [28]. This statistical metric offers a quantified assessment of
the model’s ability to mirror historical data, thus aiding in the assessment of its accuracy and overall performance.

In this study, the model verification process provided new estimations of groundwater recharge and groundwater
discharge. McHenry County is a humid region where groundwater recharge occurs in all inter-stream areas. Recharge
rate estimations for McHenry County are limited to those of Walton [29]. As part of a state-wide study, Walton estimated
recharge in the Kishwaukee River basin upstream of Belvidere, Illinois. This basin includes much of western McHenry
County. Their study estimated recharge in the area for years of below-normal, normal, and above-normal precipitation
at 97,000, 194,000, and 401,000 gallons per day per square mile (gpd/mi’), respectively. They estimated recharge
rates of 125,000 and 127,000 gpd/mi’, respectively [29]. Discharge from the saturated zone primarily takes place in
streams, lakes, wetlands, floodplains, and areas where the capillary fringe intersects the land surface. In these locations,
water flows out of the groundwater system [30]. Additionally, a specific portion of groundwater, which surpasses a
critical discharge level, is annually discharged into freshwater supplies. This discharge contributes to the availability of
freshwater resources. A critical discharge level of -4,500 mm was set as a reference point. The SD model in this study
was simulated using Stella® Architect 2.0 software.

2.6 Identifying critical components

A comprehensive sensitivity analysis was performed, incorporating the hydrologic budget and other pertinent
factors, to determine the critical components that significantly impact groundwater levels within the study area. The
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primary objective of sensitivity analysis is to assess how the input variables of a model influence its output or response.
Thus, the sensitivity analysis can evaluate the relative significance of different variables and their effects on the overall
outcomes [31, 32]. Sensitivity analysis facilitates a deeper comprehension of the system’s behavior, aids in identifying
critical components or parameters, and enables the optimization of decision-making processes. Its ultimate purpose is
to enhance the understanding of complex systems and improve the effectiveness of decision-making [33]. The results
obtained can potentially help guide the analysis of simulation scenarios. In this sensitivity analysis, the focus was on
seven key model variables: precipitation (Pr), temperature (T), groundwater recharge (GR), population (P), agricultural
land (AL), urban land (UL), and urban water demand (UWD). The target variable of interest was the water table level in
the region. To conduct the sensitivity analysis, a one-at-a-time (OAT) strategy was employed [33]. Each input variable
was varied individually while keeping the remaining variables fixed at their nominal values. The aim was to observe
the impact of each variable on the model outputs. To assess the sensitivity of each state variable, the selected variables
were altered by approximately +£10% over the study period from 2010 to 2020. The model was then executed for each
variable’s variation, and the corresponding outputs were collected. By employing this OAT strategy and systematically
varying the variables, the sensitivity of the model to changes in each variable could be evaluated. The +£10% adjustment
allowed for an assessment of the degree of sensitivity for each state variable and provided insights into the influence of
the selected variables on the water table level.

2.7 Analysis of climate and urbanization impacts on groundwater

Using the developed SD model, what-if tests with various climate and urbanization scenarios were conducted to
study how historic or projected changes in climate, population, and land use in combination impacted the groundwater
level in the area. Sun et al. [34] examined six scenarios to study the impacts of climate change, population, land use
change, and their combinations on groundwater water stress in the southern U.S. The intention of this analysis is to
develop an experimental simulation platform that can serve as a valuable tool for water resource planners to address
water shortage problems in the long-term strategic management of water resources in the study region. This paper
presents four scenarios that compare the variations of the groundwater level response to multiple stressors (Table 1). The
base scenario as a reference performance (i.e., water table) of the groundwater system in the study area was considered
to compare the performance under water stress conditions with changes in climate, population, and land cover. The base
scenario represented the observed values (without change) of average historical climate, population distribution, and
land cover conditions in the study area from 2010 to 2020.

Table 1. Different scenarios and descriptions

Scenario Description

Base run * Variables used were the average of the observation data from 2010 to
2020

Scenario 1: Climate changes » Changing climate change variables with constant population and land
cover variables

Scenario 2: Demographical change * Impact of urban water demand increasing under constant climate
conditions

Scenario 3: Combined scenarios 1 and 2 » Impact of climate changes and demographical changes

Scenario 4: LULC changes and increase in water * Impacts of LULC changes with an increase in urban water demand
demand

Scenario 1 tests the impacts of climate change on groundwater levels by 2030 without any changes in population
or land use. It was assumed that the amount of precipitation had reduced to the minimum level recorded in 2012, which
was approximately 650 mm. The average surface temperature in the study area was assumed to increase by about 2 °C,
reaching 11 °C in 2030 [34]. Additionally, groundwater recharge is expected to decrease by about 10% from 2020 to
2030 [29].

Scenario 2 investigates the impacts of demographic change—the increase in annual domestic water consumption,
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specifically driven by population growth—on groundwater levels with constant climate conditions. It was assumed that
domestic water demand would rise by approximately 20% by 2030. This increased demand, primarily stemming from
population growth and urban expansion in the study area, has significant implications for groundwater resources and
supply. As a result, this scenario anticipates a decrease in the overall groundwater level due to the substantial increase
in non-irrigation water demand. Managing water resources effectively and considering sustainable water management
practices will be important in mitigating the potential impacts on groundwater availability in scenarios of demographic
change.

Scenario 3 addresses the combination of Scenarios 1 and 2 to investigate the combined impacts of climate and
demographical changes, i.e., changes in temperature and precipitation and an increase in non-irrigation water demand
due to urbanization. Thus, this scenario considered that the temperature would increase to 11 °C and precipitation would
decrease to the minimum amount of approximately 650 mm. The amount of urban water demand also increases by about
20% at the same time, as described in Table 1.

Scenario 4 examines the impacts of LULC change (deforestation) with a 20% increase in urban water demand on
groundwater levels. It was assumed that the agricultural area would increase by approximately 10% due to the need to
produce more food. This expansion of agricultural land is expected to come at the expense of natural land, which will
decrease in the study area. This scenario considers the trade-off between agricultural needs and the availability of natural
land for agricultural expansion.

3. Results and discussion
3.1 8D model verification

The validation results of the observed and simulated trends of the groundwater level, urban water demand,
population, and urban area were found to be acceptable for the SD model introduced in the previous section. Figure
4 illustrates a commendable agreement between the simulation results and the historical data, signifying a robust
correspondence. This suggests that the developed SD model can reproduce the behaviors of different components within
the groundwater system and be used to investigate the impacts of groundwater management options on groundwater
storage and supply in this study.

3.2 Critical components of the groundwater system

The critical components related to climate, population, water demand, and land use in the study area’s groundwater
system were analyzed through sensitivity analysis. In Figure 5, the individual contributions of various components to
the variation of groundwater level are depicted. These components include precipitation, temperature, groundwater
recharge, population, urban water demand, urban land, and agricultural land. The analysis reveals that a 10% increase
in population leads to an approximate 5.5% decrease in groundwater level. Conversely, a 10% decrease in population
results in a 6.1% increase in the water table level. Furthermore, these changes extend to other factors, such as
groundwater recharge. Specifically, a 10% increase in groundwater recharge results in a 4.27% increase in groundwater
level. Overall, it is noted that population, groundwater recharge (groundwater management option), and agricultural land
in the study area are the critical components to the variation of groundwater levels, rather than the climate components
(temperature and precipitation). In addition, a 10% increase or decrease in the urban area suggested relatively low
impacts on groundwater levels in the study area. These results indicate that human activities such as land use change
(e.g., agricultural land), increasing water consumption from population growth, and groundwater management actions
can substantially contribute to the groundwater balance in the study area, which can be managed in the water supply and
demand domains.
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3.3 Groundwater system under climate change and LULC changes

The groundwater system in the study area was evaluated to understand how the groundwater storage (groundwater
level) changes under the impacts of climate, demographical, and LULC changes. Figure 6 shows the variation of the
water table under the five scenarios (including the base scenario). Overall, it is observed that the worst-case scenario
for the study region is the combination of an increase in domestic water demand and the impacts of climate change, i.e.,
Scenario 3. The behavior of the groundwater level in response to the scenarios indicates that:

1.

It is suggested that domestic water usage can have a significant impact on groundwater levels in the study area
(Scenario 2), potentially leading to a decrease in the groundwater level to 2,810 mm below the land surface by
2030. This indicates that the intensive extraction of groundwater for domestic purposes due to the increasing
water demand with urbanization will contribute significantly to the depletion of groundwater resources in the
study area. Thus, carefully managing and monitoring water demand and implementing water conservation
measures are recommended to effectively mitigate the substantial decline in groundwater levels for the
sustainability of water resources. Exploring more diverse and alternative water resources can also help mitigate
the impacts on groundwater availability. Additionally, Figure 6 indicates that both Scenarios 2 and 4 have nearly
the same impact on the groundwater table. In Scenario 4, the increase in agricultural lands led to groundwater
recharge, while the decrease in natural land reduced the amount of recharge, which is aligned with the study of
Ranjan et al. [14] presenting the impacts of land use changes on groundwater recharge. This suggests that the
changes in LULC have the potential to offset or cancel out their respective effects on the groundwater system.
The investigation of Scenario 1 suggested that the combination of increasing temperatures and changing
precipitation patterns led to a decrease in groundwater recharge, ultimately resulting in a decline in the
average levels of the water table in the study area. Scenario 1 notes that climate change has an effect on the
decrease of the water table in the area; however, its impact is approximately half that of urbanization. Taylor
et al. [10] indicated that the intermittent droughts and decrease in precipitation caused by climate change are
projected to have a significant impact on groundwater recharge and groundwater levels, particularly in areas
with high population densities, during the first half of the 21st century. Their model predicted a decrease of
more than 10% in groundwater recharge and groundwater levels until the 2050s for these regions. According
to the scenario, the groundwater level is projected to decrease to approximately 2,780 mm below the surface
by 2030. This emphasizes the importance of understanding and managing the impacts of climate change on
water resources, as well as implementing sustainable water management practices to mitigate the potential
consequences of declining groundwater levels.

The combination of climate and demographical changes (Scenario 3) produced a worst-case scenario for
groundwater levels. Scenario 3 evaluated the decrease in the groundwater level to approximately 2,830 mm
below the surface by 2030. This highlights the potential compounding effects of multiple climate change
and urbanization factors on the availability and sustainability of groundwater resources. Ranjan et al. [14]
conducted a forecast for coastal aquifers, considering combined climate change and land use scenarios. The
study estimated groundwater recharge using the aridity index, which is calculated by dividing the mean annual
precipitation (mm) by the mean annual temperature (°C). The findings indicated that, in regions characterized
by arid conditions with low precipitation and high temperatures, agricultural lands can play a more significant
role in contributing to higher groundwater recharge. However, this study considered the effects of urban lands,
demographic changes resulting from urbanization, and agricultural land, revealing the substantial impacts of
urbanization on groundwater levels. These impacts are primarily attributed to increased urban water demand
and reduced groundwater recharge. Thus, groundwater management strategies to simultaneously implement the
options for water demand management and climate mitigation and adaptation are needed to effectively manage
the depletion of groundwater and ensure the long-term availability of groundwater in the study area. In addition,
the decision-making on climate resilience or sustainability options for water resources management, which
mainly focuses on climate change impacts, also needs to consider the integrated impacts or interactions of both
climate and socioeconomic components.
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A challenge in SD modeling in this study is the accurate estimation of evapotranspiration under limited data
availability, which can be affected by multiple factors such as humidity, groundwater surface, and surface water
interactions. This will exert a significant influence on the water balance evaluated in the SD models. Additionally,
incorporating recharge from various sources, such as domestic, industrial, and surface water, would provide a more
comprehensive understanding of the groundwater system. Thus, incorporating the various sources of groundwater
recharge with the accurate estimation of evapotranspiration into the SD models of this study will provide a more reliable
assessment of groundwater levels and the effects of groundwater restoration options.

6. Conclusion

Various drivers of climate, socioeconomic components, and LULC have affected groundwater availability and
supply. Decision-making on sustainable groundwater management in short- and long-term periods needs to evaluate
and understand the individual or combined impacts of these drivers on groundwater availability, especially for the water
service areas highly reliant on groundwater resources. In this regard, this study investigated the relative contributions of
climate, demographical, and LULC components to groundwater levels and the potential individual and combined effects
of their changes on groundwater levels.

An SD model was developed to analyze the groundwater balance (between water supply and demand) of the
McHenry County basin, covering the period from 2010 to 2020. The developed causal loop diagram and stock-flow
diagram for the study area’s SD modeling were useful for qualitatively understanding feedback interactions across the
components of groundwater, demographics, climate, and LULC, determining the behaviors of the groundwater system
in the study area.

The results revealed that the critical factors were observed in the components related to population dynamics,
groundwater recharge, and agricultural area. Thus, understanding the dynamic relationships between these critical
components and groundwater availability will suggest effective strategies to monitor and manage groundwater supply
systems under climate and socioeconomic changes. The SD-based groundwater balance model was also useful to
analyze the performance (groundwater levels) of the groundwater system in the study area quantitatively.

This study also evaluated the dynamic impacts of climate, demographic, and LULC changes on groundwater
storage using the SD model. The scenario analysis results indicated that urbanization factors, such as population growth,
domestic water demand, and LULC, have significant and adverse impacts on the groundwater level. In particular, the
scenario combining climate and demographical changes produced a worst-case scenario for the groundwater system
in the study area. These findings suggested a need to consider the combined impacts of critically affecting drivers in a
decision-making process for sustainable groundwater management. Thus, managing and mitigating the effects of climate
change, applying land use practices that promote favorable conditions for groundwater recharge, and implementing
water demand management are crucial to ensuring the long-term sustainability and availability of groundwater resources
in the study area.
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Meanwhile, it is important to note that future changes in precipitation patterns and temperature still carry
uncertainties, making accurate predictions of future groundwater stress challenging. Therefore, the SD models
developed in this study can be further improved by incorporating both the uncertainties in water supply and demand due
to climate and socioeconomic changes.
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