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Abstract: This research delves into the crucial role of groundwater in underpinning ecosystems and
human resilience amidst drastic and unpredictable climate change, particularly as water resources
face increasing sustainability concerns due to population surges and climate change. Utilizing
a combined approach of SWAT-MODFLOW models, we estimate the streamflow discharge and
groundwater recharge in the Choushui River Alluvial Fan, Taiwan. These models allow evaluation of
the distribution and proportion of recharge areas as well as the accuracy and the potential influence
of future climate change scenarios on groundwater recharge. The findings show a strong correlation
between the simulation and actual observations, evidenced by the Nash-Sutcliffe model efficiency
coefficients (NSE) of 0.920 and 0.846 for calibration and validation in the Choushui River, and 0.549
and 0.548 for the Pei-Kang River, respectively. The model demonstrates a reliable representation of the
watershed response, supported by robust statistical performance. The analysis reveals the variable
impacts of climate change on groundwater recharge, dependent on the chosen scenario and period.
Some scenarios indicate that the maximum observed increase in groundwater recharge is 66.36%
under the RCP2.6 scenario in the long-term period (2061-2080), while the minimum observed increase
is 29.67% under the RCP4.5 scenario in the initial time frame; however, all demonstrate a decrease
ranging from 23.05% to 41.92% across different RCPs in the impact of climate change over time,
suggesting a potential long-term decrease in the impact of climate change on groundwater recharge.
This study provides indispensable insights into the spatial hotspots in the top fan and the potential
range of impact rates of climate change on groundwater recharge, underscoring the importance
of continuous research and the thorough evaluation of multiple scenarios. Moreover, we establish
a primary framework for using a top-ranked MIROCS5 projection of general circulation models
(GCMs) to delineate an essential premise that facilitates the advanced exploration of alternative
scenario augmentations, bolstering the comprehensive investigation of climate change impacts on
groundwater recharge. It is proposed that these findings serve as a guidepost for sustainable water
resource management and policy-making in the face of climate change and escalating water demand.

Keywords: hydrological modeling; climate change impact; surface water; groundwater recharge;
SWAT-MODFLOW

1. Introduction

Groundwater is an essential part of the climate system [1], but many of the possible
implications of climate change are unknown since the system is complex [2]. Understand-
ing the potential implications of climate change on groundwater resources is crucial for
ensuring the long-term viability of groundwater management in a changing environment.
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Moreover, groundwater is significant for supporting ecosystems and assuring human
resilience to significant and unpredictable climatic change, especially as surface water
systems become more unsustainable due to fast population expansion and climate change.
To manage water resources sustainably, locating the recharge in certain areas where ground-
water substantially contributes to the water supply is important. Furthermore, the climate
is the key factor driving spatial and temporal recharge variation. Precipitation and tem-
perature are key climatic factors that determine the availability and movement of water
in the environment, which in turn influences groundwater recharge rates despite the fact
that there are other pathways for groundwater recharge. To accomplish this work, one
must deal not only with the hydrology of the surface but also with the subsurface. The
inappropriate management and excessive usage of diverse water supply portions influence
the long-term viability of the watershed and the environments it supports. It would be
helpful for the authorities to know where and when groundwater recharge is expected
to decline so that they can make appropriate provisions and establish a proper plan for
managing water resources.

There have been very few investigations into the links between climate change and
groundwater until recently [3-8]. The inadequacy in comprehending groundwater response
to climate change forcing is partly accounted for by the challenges associated with exploring
the nature and features of subsurface water. Water cycle vulnerability assessments and
management for long-term use will come to a standstill unless we increase our knowledge
of hydrology systems. Quantifying water resources on a regional scale has required
the development of various strategies and approaches, such as large-scale watershed
models. Because the vast majority of models focus their attention primarily on surface
water [9-11], they consequently disregard the accessibility of groundwater as well as the
substantial influence it has on surface water [12-14]. A new generation of models use an
approach that is more complex in linking the hydrologic processes that occur on the ground
surface and underneath it, such as ParFlow [15], GSFLOW [16], SWAT-MODFLOW [17],
HydroGeoSphere [18], CATHY [12], and FEFLOW [19]. Significantly, modeling is an
essential tool for comprehending the circumstances of the past and the present, as well as
for forecasting and, eventually, exercising control over the future outcomes of geophysical
and earth systems, which include climate patterns, land use, soil profile, and processes.
This is further substantiated by The Soil and Water Assessment Tool (SWAT) [20,21], which
was recognized as the most common model in watershed management, soil, and water
from a list of 73 different models [22-25].

SWAT has historically focused on surface operations since it only provides a rudimen-
tary depiction of groundwater dynamics, and its outcome is not spatially comprehensive.
Therefore, this study expanded the soil profile in the root and vadose zones. The surface
water model uses DEM to divide the basin into sub-basins; each sub-basin is further sepa-
rated into hydrologic response units (HRUs), possible soil-type variations, land use, and
slope characteristics. In addition, integrating the MODFLOW-NWT (a Newton—-Raphson
formulation for MODFLOW-2005) [26] into the framework of the SWAT model can signif-
icantly expand both models” utility. SWAT is known for its ability to simulate complete
rainfall runoff and water quantity, while MODFLOW is known for its rigorous modeling of
subsurface flow. Since each model has advantages and disadvantages of its own, Sopho-
cleous et al. [27] were the first to suggest combining the beneficial features of the models.
MODFLOW has been used in various research projects to analyze groundwater through the
surface water supply [28,29]. The approach of the groundwater module converts ground-
water level fluctuation with hydraulic conductivity and storativity. MODFLOW can be
combined with surface water models such as SWAT to acquire spatially and temporally
variable recharge rates. Using the SWAT may simulate recharge from the surface because
MODFLOW would not mimic land and atmosphere interactions, agricultural operations,
or surface runoff [30,31]. Therefore, the groundwater flow calibration with an automatic
PEST approach in MODFLOW may provide reliable results of the recharge dynamic of
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SWAT. These simulations are being utilized to find solutions to various groundwater
management-related issues.

The widespread use of general circulation models (GCMs) in groundwater assessment
and prediction highlights the importance of climate patterns to groundwater. Dry circum-
stances may have the reverse effect, leading to decreased recharge and storage, whereas
wet conditions almost always result in greater recharging and storage [32,33]. McKenna
and Sala [34] assessed the anticipated changes in recharge under future climate predictions.
They found a net gain owing to the expected increases in precipitation countering a re-
duction in recharge due to increasing temperatures. Maxwell et al. [35] demonstrated that
aquifers impact the atmosphere, particularly in regions with shallow aquifers where surface
water and groundwater interact. The Intergovernmental Panel on Climate Change (IPCC),
in its Fifth Assessment Report (AR5), summarized the lack of subsurface and climate stud-
ies by introducing the innovations and consequences of its methodology, which expands
study across sectors and geographies. The AR5 considers more severe significant effects
on humanity and societal factors from climate-related risks and vulnerable societies and
systems [2]. Furthermore, a paucity of research relating to groundwater has been indicated
in the AR5, with “very few studies on the climate change’s impact on groundwater” [36,37].

Building on the need for in-depth study, there is a possibility that evapotranspiration
(ET) will impede penetration below the root zone; thus, slight rainfall is hard to perco-
late to groundwater recharge. The quantity of rain is not the only factor that determines
the amount of water reabsorbed by the ground; its intensity is also essential [38,39]. It
was discovered that projected recharge estimates in a future climatic scenario are quite
sensitive to the amount of rainfall that occurs [40,41]. Even in karst terrain, less than 15
mm of precipitation is considered inconsequential for recharge, whereas 30 mm or more
leads to considerable groundwater recharge [42]. In a recent study by Hersi et al. [8], in
a data-scarce catchment with steep slopes, a 15% reduction in rainfall led to a decrease
in recharge by up to 24%, whereas in gentler slope areas, a 25% increase in rainfall cor-
related with an increase in recharge by up to 123% compared with the baseline period.
Therefore, locations at which rainfall intensity would be anticipated to grow may witness
future recharge increases, providing rainfall intensity does not surpass soil capacity and
prohibits further groundwater recharge. In addition, Meixner et al. [43] found that dif-
ferent recharge processes react differently to climate change, and an area’s susceptibility
to climate change relies on its groundwater recharge. Diffuse recharge is anticipated to
diminish for the several layers below the subsurface due to declining precipitation, rising
temperature, and increased ET [44]. Alterations in the flow behavior between the land sur-
face and subterranean aquifers may potentially constitute the first and most visible direct
groundwater-related repercussions of climatic variability. The connection between surface
water and groundwater is complex and multidimensional, with the climate significantly
impacting geological formations, landforms, and physical variables [44]. The impact of
climate manifests through its control over precipitation patterns, erosion dynamics, and
the permeability characteristics of soil and rock formations, underscoring the paramount
importance of comprehending and integrating these interdependencies into water resource
management practices. The systems are connected by a shared link comprising recharge
and outflow, and the interaction between them is an essential component of the hydrologic
cycle [45,46]. The most effective water resource management strategies for augmenting
the diminishing surface and groundwater reserves, as underscored by Karki et al. [7],
emphasize the criticality of evaluating climate change impacts in heavily irrigated water-
sheds through integrated surface and groundwater modeling. Concurrently, a forecasted
decrement in groundwater levels may exacerbate the strain on the region’s water resources,
which are vital for irrigation purposes, and consequently pose a risk to the sustainability of
agricultural practices. Furthermore, groundwater recharge rates are known to be intricately
linked to a range of environmental factors. As highlighted by Moeck et al. [47], these
rates are not only highly dependent on precipitation and temperature but are also signifi-
cantly influenced by vegetation cover and soil structure. This interdependency underscores
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the need for comprehensive models that can accurately account for these diverse factors
when assessing groundwater recharge under varying climatic conditions. To find solutions
to groundwater management-related issues, the objectives of this study are to employ
SWAT-MODFLOW models, which estimate streamflow discharge and assess the impact of
climate change scenarios’ influences on groundwater recharge in the future to identify the
most effective and practical water resource management strategies for refilling the severely
reduced surface water and groundwater supplies.

2. Materials and Methods
2.1. Study Area

The Choushui River Alluvial Fan (CRAF) is located in the central western region of
Taiwan and encompasses the downstream section of the Choushui River watershed. This
area predominantly includes the northern part of Changhua County, situated north of the
Choushui River, and Yunlin County, which lies south of the river (Figure 1). This study
covers an area of 2013.33 km? that has a subtropical monsoon climate that characterizes
central Taiwan, which is close to the Tropic of Cancer. The pluvial period extends from May
to October, constituting 79% of the total annual precipitation. In contrast, the arid phase
persists from November to April of the subsequent year, owing to the interrelation between
typhoons and diurnal heat convection. A decline in annual rainfall can be observed across
the gradient from the highlands to the coastal regions. In the hilly eastern area, annual
precipitation may exceed 1825 mm; with a range extending from 1120 to 2808 mm; centrally,
within the alluvial plain, rainfall varies between 795 and 1994 mm, averaging at 1350 mm;
and along the shore, the range narrows to 467 to 1772 mm, with an average of 1156 mm
(Water Resources Agency, Taipei, Taiwan, 2009-2022). The annual average temperature is
around 21.9 °C.

o Observation wells

% Water gauging stations
— Rivers

[ Subbasins

-

CZi County

DEM (m a.s.l)
B -18-50
51-100
101 — 150
151 -200
m >201

Figure 1. Location of the Choushui River Alluvial Fan and the delineation in SWAT and MODFLOW.
Numerical identifiers in the figure correspond to each sub-basin.

The mean watershed elevation is 100 m above mean sea level (AMSL), ranging from
—18 to 460 m. The land use is dominated by arable agricultural land, constituting approxi-
mately 69% of the total area. The remaining land is diversified among forest, pastures, and
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wetland areas, each constituting 1%, 1%, and 3%, respectively, as well as pasture and vari-
ous urban categories: urban—industrial (7%), urban—high density (2%), urban—medium
density (11%), and urban—low density (1%). Additionally, water bodies represent 6% of
the land use. Soil types in the vadose zone are loam, sandy clay loam, fine sand, etc. The
groundwater storage system along the CRAF is Taiwan Island’s biggest alluvial fan and has
the most copious groundwater reserves. For instance, crop seedlings require a water supply
for a considerable time. In cases where surface water availability is inadequate, agricultural
water demand may necessitate the extraction of groundwater resources. However, the
rampant exploitation and utilization of groundwater resources over a prolonged period
have led to a drastic decline in the groundwater table, resulting in severe land subsidence,
seawater intrusion, and soil salinization [48]. Aquaculture, agricultural irrigation, indus-
trial growth, and heavy water consumption cause significant groundwater outflow over
extended periods, which causes groundwater levels to continue to fall. Hsu [49] discovered
that the groundwater level has been declining since an initial observation in 1968 after
analyzing the groundwater level data from the mixed-layer observation wells in the Yunlin
region on the southern edge of the CRAF.

Moreover, as indicated by Ke [50], Changhua and Yunlin counties have 40% of Taiwan’s
irrigation areas. Changhua County used 2272 million m3/year of water from 2004 to 2009,
including 1423 million m3/year of surface water and 849 million m3/year of groundwa-
ter. According to the Consuming Water Resources Database, in this county, agricultural
demands has access to 98% of the available surface water and 29% of the groundwater re-
serves. Concurrently, alternative sectors leverage a considerable 71% of the groundwater, of
which aquaculture singularly consumes 43%. Over in Yunlin County, a substantial 96% of
irrigation necessities are satisfied by surface water resources. Moreover, the groundwater
here predominantly underpins local industries and aquaculture, accounting for 36% and 26%,
respectively. Without abundant groundwater, surface water barely covers agricultural water
needs. This suggests the necessity of controlling surface water and groundwater in the studied
region. Therefore, it is imperative to comprehend the potential quantity of water that will be
restored in the forthcoming period to formulate effective management strategies.

2.2. Methodology
2.2.1. SWAT Model Set-Up

The QSWAT3 version 1.5 interface was employed, a component integrated within the
Quantum Geographic Information System (QGIS) 3.22.10 platform, exhibiting compatibility
with the latest iteration of the SWAT Editor. The investigative approach incorporated
various input parameters for the SWAT model, including topographical features, land
utilization, soil composition, climatic conditions, well locations, and stream discharge data.
To synthesize the SWAT model before calibrating and validating it to display streamflow
outcomes under climate changes, QSWAT permitted the spatial definition of the catchment
area and the variables impacting the watershed hydrological features.

The watershed was divided into 36 sub-basins (Figure 1), where the whole sub-basin drains
to the sub-basin outlet, based on the 30 m pixel size digital elevation model (DEM) provided
by Academia Sinica (2019). HRUs represent a homogeneous land area within a watershed,
delineated based on the unique combination of land use, soil type, and slope. It is assumed
that each HRU exhibits a uniform response to hydrological processes, such as precipitation,
evapotranspiration, surface runoff, and groundwater recharge. For the construction of HRUs, a
soil map was employed, derived from the Construction and Planning Agency Minister of the
Interior Database (2020), featuring a 30 m grid resolution. Land-use classification adhered to the
United States Geological Survey (USGS) database, requisite for SWAT model preparation (shown
in Figure 2). Slope categories were stratified into three distinct bands (2%, 2-6%, and >6%),
contingent upon the field properties, such as soil infiltration capacity and land utilization. The
slope attributes demarcate discrete gradations, for instance, delineating overflow or drainage
channels to eliminate excess water from cultivated regions; even in areas with a modest slope of
2-6%, farming grounds may infiltrate 10% of the annual rainfall [51]. The slope distinguishes
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levels based on field structures like soil infiltration and land utilization. Groundwater recharge
is controlled not only by hydrologic processes but also by the physical properties of the soil
profile and the land surface. Factors such as urbanization and climate change can significantly
affect recharge rates. Based on the combination of land use, soils, and slope, the catchment was
discretized into 2568 HRUs. By dividing a watershed into multiple HRUs, the hydrological
model can more accurately simulate the spatial variability of these processes.

(2)

Soil
Fine sand

" Loamy fine sand

Bl Very fine sand

" Sandy clay loam

7 Clay loam

7 Loam

B Sandy loam

Bl Gravel

(b)

Landuse
I AGRL
| WELT
Bl PAST

% URML
Il FRST

Bl uibu

Bl WATR
[ URHD
I URMD

Figure 2. Distribution and proportion of (a) soil and (b) land use, after classification employing the
HRU delineation defined within the SWAT framework.
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The primary objective of soil classification is to transform user-supplied soils into
SWAT databases (or grid properties). Following the process, Taiwan’s soil taxonomy
was converted into Food and Agriculture Organization (FAO, Rome, Italy) terminology.
Consequently, the relevant United States Department of Agriculture (USDA, Washington,
USA) words are specified. Moreover, the soil profile database was considered following
the depths of the vadose zone to the shallow aquifer. Then, each soil-type hydrologic soil
group was determined. The physical characteristics of soil are mainly shown in Figure 2.

The streamflow and velocity were measured to determine the flow rate of surface water
bodies. As a result, surface water levels are included in the observed data gathered monthly
at five stations, shown in Figure 1. We postulated that automatic irrigation management
was implemented within the HRUs, as ascertaining the precise water quantity supplied for
irrigation proved challenging. Infiltration estimation was conducted utilizing the curve
number method (USDA, 1972) [52], which is contingent upon land use, soil permeability,
and hydrological conditions. Precipitation drives the vadose zone soil water budget, which
recharges groundwater. However, precipitated water is susceptible to various processes,
including evaporation, interception, and surface runoff. These processes are influenced by
rainfall intensity, surface runoff, and temperature. There is also a possibility that some of
the water may seep into the ground, where the plant roots will absorb it and then exhale
it as water vapor via the leafy covering of the plants. The activities of absorption and
evaporation, as well as potentially significant processes like streamflow and throughfall,
all affect recharge, which is influenced by land use. When the water volume within a
terrain surpasses its retention capacity, the percolating water is subject to one of two
possible pathways: channeled to streams through lateral flow or continuing its downward
movement into the groundwater. Hence, the interplay of diverse parameters and complex
conditions inherent in the calibration process plays a crucial role in understanding the
impact of climate change on groundwater recharge.

2.2.2. MODFLOW-NWT Model Set-Up

A transient MODFLOW-NWT model is constructed for the CRAF with a hydro-
stratigraphic shallow aquifer and a discretization of grid cells 500 m x 500 m (Figure 3).
The data sources utilized in the first layer (shallow aquifer), including the hydraulic con-
ductivity, storativity, and aquifer thickness, were provided by the Water Resources Agency,
Ministry of Economic Affairs, Taiwan [53]. For the model set-up, the interpolation of stora-
tivity and hydraulic conductivity via the Kriging method was employed and subsequently
validated. The validation process involved comparing the Kriged estimates against a set
of observed data points that were withheld from the initial interpolation process. The
performance of the Ordinary Kriging was quantified using the RMSE (NSE), which resulted
in values of 2.45 m (0.89) for hydraulic conductivity and 0.30 m (0.90) for storativity, respec-
tively. Furthermore, cross-validation techniques were also implemented, where each data
point was removed in turn, and its value was predicted using the remaining data points.
The predicted values were then compared with the actual observed values, contributing
to the confidence in the Kriging method’s predictive capability. The boundaries of the
research domain encompass hydrological attributes, such as groundwater subdivisions
and physical elements. In Figure 3, the left-hand border is configured as a specified head,
wherein the head value along the edge is established at a known value. The upper portion
of the right-hand boundary is designated as a no-flow condition where the flow across the
boundary is zero. The lower segment of the right-hand side is assigned a general head
status, owing to the gradient disparity between a specified head external to the boundary
and the head calculation at a nodal point situated on or proximate to the boundary. It is
postulated that the entirety of the water percolated from the SWAT model will ultimately
contribute to the recharging of the shallow aquifer. The mean annual recharge rate, derived
from SWAT outcomes spanning 1989 to 2017, was employed as input data for the recharge
package. The transient model’s calibration was facilitated by 62 head observations (shown
in Figure 1) amassed between 2005 and 2011 and validated from 2012 to 2017.
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Figure 3. Boundary conditions set-up in MODFLOW model.

2.3. Model Calibration and Validation Procedure
2.3.1. SWAT Calibration

Assessment of the hydrologic balance is a prerequisite for SWAT application and is
often presented independently of the analysis focal point. Stream discharge performance
was evaluated by employing the sequential uncertainty fitting algorithm (SUFI2) [54],
integrated within the SWAT-CUP software suite. This study utilized the most recent
iteration of the software, version 5.1.6.2. The Nash—Sutcliffe efficiency metric [31] served
as the primary objective function throughout the calibration process. The data used for
calibration spanned from January 1989 to December 2017, encompassing monthly discharge
measurements and a model warm-up period before the commencement of the calibration
process. The initial value ranges for basin-wide and sub-basin parameters associated with
streamflow were ascertained. Additionally, it should be noted that the multiple monitoring
stations within the study area exhibited hydrological interconnectivity. Firstly, the locations
of these stations in Choushui River are the outflow of sub-basins 6, 35, and 36, respectively
(marked in Figure 1). Secondly, two gauging stations are situated in the Pei-Kang River,
which includes sub-basin 15 (Tun-Kun station) and sub-basins 16 and 18 (Pei-Kang (2)).

Considering Chun-Yun station is positioned upstream of the top fan (sub-basin 6),
its water flow affects Chi-Chou and Tzu-Chiang stations, which are located downstream
of Chun-Yun station (sub-basins 35 and 36, respectively). Therefore, the inlet source
flow from upstream was what the Chun-Yun station (sub-basin 6) was discharging as its
discharge. The simulated discharge of station Chi-Chou was first calibrated by conducting
five iterations with 500 simulations each. Two stations of the Choushui River cannot be
calibrated simultaneously since the Tzu-Chiang station does not have data after 2000, which
was used to provide a preliminary estimate. After the last iteration for station Chi-Chou, the
sub-basin parameters for the area station Tzu-Chiang were fixed, and the final ranges of the
basin-wide parameters were utilized in the subsequent calibration of station Tzu-Chiang.
After the Chi-Chou calibration was finished and the parameters were set, the simulation
was run from January 2005 to December 2011, with the first 16 years serving as a warm-up
period (1989-2005). After calibration, the model was tested using a separate dataset, then
validated from January 2012 to December 2017. This methodology ensured that the sub-
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basin-level values represented each station’s respective regions. Additionally, the water
stress threshold required manual calibration so that a simulation of the auto-irrigation
quantity could be carried out. The method for calibration and validation was also similar
to the Pei-Kang River. These metrics included the Pearson correlation coefficient (r), the
coefficient of determination (R?), the Nash-Sutcliffe efficiency coefficient, and the percent
bias (Pp;ias) based on the best cognitive remedy. The simulation uncertainties of hydrologic
response were analyzed by optimal values auto-calibration parameters close to observed
streamflow to build a fundamental prediction of future development scenarios (shown
in Table 1). However, within the calibration process of complex hydrological models
like SWAT, a negative adjustment factor does not necessarily denote a negative physical
quantity of water. Instead, it functions as a calibration index to fine-tune the model’s output
to match observed data. This index can offset other model parameters or assumptions that
might have been initially overestimated.

Table 1. Initial ranges and calibrated values for the parameters specified for SWAT model.

Calibrated Values
Parameters Description Initial Range Sub-Basin: 6, 15 Sub-Basin: 16, 18, 35,
(Upstream) 36 (Downstream)
Initial SCS runoff curve
CN2.mgt number for moisture —0.3t00.3 —-0.279 0.137
condition IT
Baseflow alpha factor for
Alpha_BF.gw shallow aquifer (days) 0-1 0.453 0.6953
ESCO.bsn Soil evaporation 0-1 0.466 0.931
compensation factor
EPCO.bsn Plant uptake 0.01-1 0.163 0.254
compensation factor
SOL_AWCsol ~ ‘\vailable water capacity of the —0.81t00.8 —0.674 0.786
soil layer (mm Hp,O /mm soil ")
SOL_BD.sol Moist bulk density 021002 —0.067 —0.025
(gem™)
GW_DELAY.gw Groundwater delay (days) 0-200 116.12 121.23
SURLAG.bsn Surface runoff lag 1-10 1.747 6.379
coefficient (days)
GW_REVAP.gw Groundwater "revap 0.02-0.1 0.092 0.0313

coefficient

2.3.2. MODFLOW Calibration

In order to calibrate MODFLOW, parameter values were compared against the mea-
surements of groundwater table, and the results were utilized to perform a combination
of auto-calibration using the PEST pilot method and manual calibration. To initiate a pro-
cess for calibrating the model based on pilot points, this will be supplemented by applying
geostatistical-based restrictions on the values of the parameters via the utilization of the regu-
larization capabilities provided by the PEST. The time periods that were used for the model’s
“warm-up” period (initial head for calibration period) lasted for two years (2003—2004). The
periods employed for SWAT were also utilized for the calibration and validation processes of
the MODFLOW model. After each iteration of a PEST run, the PEST optimization algorithm
(the Levenberg—Marquardt method [55]) adjusted the values of the model parameter variables
to optimize the value of the objective function. Therefore, the hydraulic conductivity and
storativity were two parameters automatically calibrated by the PEST approach for 10,000-time
iterations, and the pumping rate was manually calibrated, ranging between 0.5 billion and
1 billion m3/year, following the Central Geological Survey, Taiwan.
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2.4. Climate Change Scenarios

The accuracy of climate risk assessments mainly relies on the forecasts that GCMs
make on the future climate. There are many GCM datasets available; however, it is not
practical nor required to employ all of the datasets available for undertaking climate risk
assessments. CMIP5 (Coupled Model Intercomparison Project Phase 5) contains the re-
sults of several different GCMs that have been constructed, continually improved, and
reported. Lin and Tung [56] revealed that GCM ranking for a single weather station using
the weighted average ranking (WAR) [33] and demerit point system (DPS) techniques
independently ranks all GCMs that are available for use with the particular weather station.
As a result, the WAR approach and the DPS analysis both considered the recommendation
list MIROCS5, one of the GCMs, which ranks first on the central climatic zonation when
the suggestion list was used to reconstruct the historical mean precipitation and temper-
ature trend for the study area. Analysis of the MIROCS5 dataset was carried out by The
University of Tokyo’s Atmosphere and Ocean Research Institute, the National Institute for
Environmental Studies, and the Japan Agency for Marine-Earth Science and Technology.
Such frameworks, including the introduction of the MIROCS5 projection of GCMs in this
study, lay the groundwork for its future utilization and underscore this study’s advanced
holistic assessment of future groundwater recharge impacts.

Climate data, comprising the daily precipitation and temperature data with the dis-
tribution stations inside the whole watershed with the finest practical spatiotemporal
resolutions of five kilometers over 100 years, were selected to accommodate the historical
and future climatic conditions of catchment features, which Taiwan Climate Change In-
formation Knowledge Platform (TCCIP) downscaled from AR5 [57]. The finer resolution
of detail can capture microclimatic variations that might be lost at coarser scales, which
is particularly important in complex terrain where climate impacts can vary significantly
over short distances. It also allows for accounting for possible changes in land use, ur-
banization, and other factors that could affect hydrological responses at these finer scales.
The scenarios were developed to predict the effect of climate change using 45 years of
actual historical climate data as a reference. Throughout the research spanning 100 years,
each simulation parameter was adjusted accordingly. This research aims to simulate and
observe the general behavior of the system in response to variations in the model’s input
parameters based on the commonly accepted predictions. These potential developments
have been attempted to be captured by RCP2.6, RCP4.5, RCP 6.0, and RCP 8.5, which are
representative concentration pathways employed in climate research to delineate distinct
trajectories of greenhouse gas concentrations. These scenarios encompass a spectrum
of emissions scenarios, spanning from stringent mitigation efforts (RCP2.6) to moderate
(RCP4.5, RCP6.0) and high-emission scenarios (RCP8.5). By capturing a range of potential
future climate conditions, these pathways facilitate rigorous analysis and evaluation of the
possible climatic impacts associated with varying greenhouse gas concentration trajectories.
The concentrations in the near—term (2021-2040), mid—term (2041-2060; 2061-2080), and
long—term (2081-2100) are referred to by the numerical values of the RCPs.

3. Results and Discussion
3.1. Parameters Sensitive Analysis of SWAT

In this research, before the model was ready for use in any scenario analysis, all these
sensitive input parameters were considered during the calibration and validation steps
included in the watershed modeling. Under the assumption that both local and global
sensitivity analyses yield reliable sensitive input parameters when their values approach
zero, parameters are deemed sensitive. Table 2 presents a comprehensive analysis of the
findings when comparing local and global sensitivities. For each variation in the SWAT
input parameters, 500 iterations were run through the simulation to comprehend the most
sensitive parameters and control the runoff when calibrating the model. The concept of
local sensitivity illustrates how sensitive a variable is to changes in a single parameter while
requiring that other parameters remain unchanged at some values. Global sensitivity refers
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to the average changes that will occur in the objective function as a direct consequence of
changes made to each parameter when all of the other parameters are also being altered.
The evaluation of the sensitive parameters in SUFI-2 is carried out by using the t-stat
values, and a parameter is considered more sensitive if it has a larger absolute t-stat value.
p-values are utilized to assess whether or not a parameter is significant, with significance
being conferred on the parameter if the p-values are near zero. Therefore, there were five
parameters (i.e., CN2, GW_delay, Alpha_BF, SOL_BD, SOL_AWC), which emerged as the
primary determinants in the regulation of surface runoff.

Table 2. The sensitivity analysis results during calibration.

Local Sensitivity ¢-Stat Global Sensitivity ¢-Stat

No Parameters t-Stat p-Value t-Stat p-Value
1 r_CN2.mgt —8.4630 0.0000 —4.1010 0.0010
2 v_Alpha_BF.gw 4.8934 0.0017 —0.0560 0.4782
3 v_ESCO.bsn 2.9230 0.0084 0.9840 0.1754
4 v_EPCO.bsn 3.1308 0.0060 1.1080 0.1482
5 r_SOL_AWC:.sol 4.6790 0.0213 14.7550 0.0000
6 r_SOL_BD.sol —1.8920 0.0455 —33.6700 0.0000
7 v_GW_DELAY.gw 9.9718 0.0000 —1.6530 0.0663
8 v_SURLAG.bsn —1.8720 0.0469 0.4660 0.3261
9 v__GW_REVAP.gw 2.3410 0.0219 0.0640 0.4751

v_ denotes replacing a parameter value with a specified one, and r_ means multiplying the existing parameter
value by (1 + a specified value).

3.2. SWAT Model Transient Performance

The calibration is more reliably described physically by comparing the observa-
tion and the simulation of the typical streamflow in a large-scale distributed watershed.
Therefore, the patterns of the hydrographs of the simulated streamflow for four stations
(Figures 4 and 5) were comparable to the observed data for those locations. The statisti-
cal performance values for the monthly stream discharge (Table 3) were determined in
four stations, including Tzu-Chiang, Chi-Chou, Tun-Kun, and Pei-Kang (2). The find-
ings showed that the calibrated and validated SWAT model in the Choushui River were
0.920 and 0.846, respectively, for the Nash—-Sutcliffe model efficiency coefficients. For
the case of the Pei-Kang River, the NSE values for calibration and validation were 0.549
and 0.548, respectively. The NSE values for calibration and validation in the Pei-Kang
River revealed a small efficiency coefficient because of an unknown data source upstream;
however, it demonstrated generally good statistical performance for the temporal pat-
tern of streamflow, with RMSE, NSE, RZ, and Ppias- The streamflow in the Choushui
River was accurately simulated compared with the observed values because the upstream
inlet of the Chang-Yun bridge controlled it. The results showed that the SWAT model
adequately reproduced the streamflow hydrographs throughout the calibration and val-
idation period and demonstrated that it could more accurately predict the high peak
flow event. The precise simulation of surface runoff can contribute to diminishing uncer-
tainty when analyzing the repercussions of prospective climate alterations on groundwater
replenishment processes.

Table 3. Performance of the quantitative indicators for monthly discharge at sub-basin outlets during
the SWAT-CUP calibration and validation (in brackets) periods.

Outlets Pearson Correlation Coefficient RMSE (m) R? Ppias (%) NSE
Tzu-Chiang 0.979 (0.971) 2.742 (1.194) 0.959 (0.943) —0.003 (—0.131) 0.942 (0.866)
Chi-Chou 0.959 (0.930) 0.020 (0.114) 0.920 (0.865) —0.001 (0.010) 0.920 (0.846)
Tun-Kun 0.865 (0.857) 0.354 (0.056) 0.749 (0.734) 0.289 (—0.029) 0.549 (0.469)
Pei-Kang (2) 0.865 (0.857) 0.354 (0.605) 0.749 (0.679) 0.289 (0.181) 0.549 (0.548)
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Figure 4. The hydrographs illustrate the monthly best simulated, observed streamflow, and precip-
itation at the outlet of the Tzu-Chiang bridge throughout the calibration time (1989-1994) and the
validation period (1995-2000).

3.3. MODFLOW Transient Model Calibration

Groundwater level observation data series are compared with the simulated head
of four boreholes, for example, as shown in Figure 6. They demonstrate that the model
captures the general trends of the groundwater levels with commendable precision, which
is particularly evident during periods of significant hydrological stress. They address the
need for continued monitoring and model refinement to account for the dynamic nature of
groundwater systems and the uncertainties inherent in model predictions. Following each
iteration of a PEST run, the optimization algorithm will modify the values of the model
parameter variables in order to obtain the optimal value for the objective function. It also
engages with broader implications, such as the validation of the model as a reliable tool for
groundwater management and policy formulation.

3.4. MODFLOW Transient Model Performance

Model calibration involves determining parameters and boundary conditions that
align with past field observations within an acceptable margin of error. PEST iterations
modify model parameter values to achieve the best objective function value. The primary
goal is to construct the shallow aquifer by assuming that all surface water ultimately reaches
the shallow aquifer via deep percolation. Therefore, total groundwater recharge is assumed
to occur in the shallow aquifer. The NSE, MAE (mean absolute error, meters), and RMSE
summary statistics for MODFLOW performance (illustrated in Figure 7) were proof of
the model’s reliability, particularly throughout the validation period, during which time
performance was enhanced.

These results may validate the reliable results of the groundwater recharge dynamic
from the SWAT model. A strong association exists between simulation and actual observa-
tions, as shown by the calibration and validation of the output parameters (groundwater
level) results from the input parameters (such as groundwater recharge, storativity, hy-
draulic conductivity, and boundary condition). The validation model facilitates a rigorous
and accurate assessment of the input parameters, thereby corroborating the compatibility
of the employed hydrogeological model with the groundwater recharge observed in the
study area.
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Chou, Tun-Kun, and Pei-Kang (2) during the calibration (2005-2011) and validation time (2012-2017).
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Figure 6. The simulated variation and observation data of groundwater level at four boreholes.
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Figure 7. The correlation between the simulated and observed data during (a) calibration period
(2005-2011) and (b) validation period (2012-2017).

3.5. Spatial Patterns of Groundwater Recharge Simulation

To make accurate projections of groundwater resource management, one needs to have
an extensive comprehension of the geographically dispersed recharge process to precisely
forecast the variations in recharge rate over time. The intricate relationship between
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changing climatic factors and groundwater can be attributed to the recharge process and
the interaction of surface water resources such as rivers and lakes. Therefore, assessing
climate impact on groundwater supplies, precise projections of changes in primary climatic
variables, and an accurate computation of the recharge rate are very important. This study
proposes a technique based on HRUs that can explain the spatial aspect of groundwater
recharge as percolation and the reflection through a lumped module in an individual
sub-basin, contributing to the stream network as baseflow.

The analysis of the groundwater pattern revealed significant spatial variations across
different geographic regions and has shown hotspots of groundwater potential among
these HRUs (Figure 8). The results of this study revealed that the top fan area is the primary
location for groundwater recharge, encompassing several high-potential recharge locations
previously identified as sensitive areas for groundwater recharge by the Geological Survey
and Mining Management Agency, Taiwan (indicated by the black polygon in Figure 8).
Moreover, the rating levels of the recharge rate based on a probability-based model of
aquifer vulnerability constructed by Chen et al. [58] are also depicted, with a high rating
observed for the recharge rate in the proximal fan. Therefore, this study has identified
several highly recharge-sensitive areas, caught up to almost all areas compared with the
findings of the references, and provided a comprehensive understanding of the spatial
distribution of groundwater recharge. This approach enables stakeholders and decision-
makers to identify areas with higher or lower groundwater recharge rates and develop
effective strategies for preserving and managing water resources.

“Groundwater recharge
(mm/year)

<100
100 — 200
0 10 20 = 200 - 300
EEN | Km 300 — 400
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. > 500

[ Sensitive recharge by CGS

Figure 8. Annual recharge rate in CRAF.

In evaluating the mechanism of groundwater recharge, it is influenced by a com-
plex interplay of sophisticated parameters and multiple circumstances, such as moist
bulk density and water capacity. The quantification of the drainage systems to capture
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stormwater runoff depends on the kind of land use, soil type, and moisture in the soil.
The parameters, such as SOL_BD (soil bulk density) and SOL_AWC (soil available water
capacity), also play a significant role in enhancing the accuracy of percolation estimation
after analyzing the parameter sensitivity during calibration. The unsaturated zone soils
often exhibit heterogeneity, characterized by layered sands, silts, and clays, resulting in
non-uniform moisture distribution. Even areas with similar soil characteristics can expe-
rience significant differences in recharge rates due to topographical influences, leading
to localized depressions that concentrate the water supply. Shallow groundwater levels
also impose constraints on recharge by regulating the quantity of infiltrating water into
the soil. Last but not least, anthropogenic activities, particularly urbanization, significantly
impact recharge rates through increased impervious cover and modified water distribution
systems. Therefore, the delineation of distinct HRUs based on their unique hydrological
characteristics and responses offers a framework for elucidating the spatial heterogeneity
of groundwater recharge across diverse regions. This approach enhances the accuracy
and depth of knowledge regarding groundwater recharge dynamics, providing valuable
insights for sustainable water resource management and land-use planning strategies in
various geographical contexts.

3.6. Temporal Variability of Groundwater Recharge Scenarios Simulation

The potential impacts of climate change on groundwater recharge rates and supplies
underscore the need for effective water resource management and long-term planning.
Capturing spatial and temporal data pertaining to groundwater recharge is crucial for
informed decision-making. The simulative data analysis offers substantial insights into
the temporal variability of groundwater recharge, such as this study using the MIROC5
projection under the baseline and four RCP scenarios. Such an examination is imperative for
the global scientific community as it aids in comprehending the potential impacts of climate
change on groundwater resources, hence assisting in effective resource management and
strategic planning.

In comparison with previous research, Wang et al. [6] estimated groundwater recharge
amounts in the same areas that varied from 0.549 x 10° to 1.189 x 10° (m3/ year) based on
the stable baseflow approach and under the AR4 climate change scenario. Additionally, the
Central Geological Survey, Taiwan, estimated an annual amount of groundwater recharge
of approximately 1.312 x 10° (m3/year) for the study area by combining geophysics and
geochemical methods (Ministry of Economic Affairs, 2014). Although many studies using a
variety of methodologies have attempted to estimate groundwater recharge in the region, the
majority of these studies only offer an average of groundwater recharge over an extended
period. However, differing from other methods, the model proposed herein integrates atmo-
spheric and surface water interactions, providing not only annual estimates of groundwater
recharge but also specifying values for each HRU. This precision is paramount in planning
and management, allowing for adaptation to varying scenarios and reinforcing resilience
against climate change. The results demonstrate groundwater recharge volumes and rates
during the baseline period, ranging from 0.650 x 10° to 1.190 x 10° (m3/year). Projections for
the future indicate groundwater recharge scenarios for the CRAF varying from approximately
0.543 x 107 to 1.555 x 107 (m?/year), contingent upon extreme events, such as the dry and
wet years. These projections, in agreement with extant empirical research, offer a more re-
fined approach by accounting for hydrologic response variability at the sub-basin scale, thus
providing a detailed framework for assessing the potential impacts of climate variability
and change.

This study analyzed the impact of future groundwater recharge scenarios on the study
area in terms of near-term (2021-2040), mid—term (2041-2060, 2061-2080), and long—term
(2081-2100) effects. The impact rate of each scenario was determined by calculating the
percentage change in effect amount relative to the baseline quantity, as shown in Figure 9.
This study aimed to determine the potential range of impact rates of climate change on
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groundwater recharge in the study area from the 2020s to the 2100s under four scenarios,
including identifying the maximum and minimum recharge rates.
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Figure 9. The impact rate of four RCPs’ groundwater recharge against the baseline quantity for
(a) near—term (2021 —2040), (b) mid —term (2041-2060), (c) mid—term (2061-2080), and (d) long—term
(2081-2100) periods. The color schemes indicate the different predicted periods.

In the initial time frame, it is discernible that the RCP6.0 scenario presents the most
pronounced increase in groundwater recharge at 52.86%, with RCP2.6 and RCP8.5 follow-
ing at 49.74% and 33.50% respectively. The least increase is noted under the RCP4.5 scenario
at 29.67%. Conversely, each scenario exhibits a comparable percentage decrease in ground-
water recharge, with values oscillating between —39.85% (RCP8.5) and —41.92% (RCP2.6).
Upon progression to the mid-term period, a noticeable shift in the groundwater recharge
pattern occurs. The RCP4.5 scenario depicts the most substantial percentage increase at
51.86%, trailed by RCP6.0 and RCP8.5 at 35.28% and 32.75% respectively. RCP2.6 yields
the lowest increase at 31.96%. Intriguingly, all scenarios signify a diminished percentage
decrease in groundwater recharge relative to the near-term duration, with a range between
—19.99% (RCP2.6) and —36.78% (RCP8.5).

The temporal window between 2061 and 2080 witnesses RCP2.6 leading in percent-
age increase in groundwater recharge (66.36%), succeeded by RCP6.0 (56.11%) and RCP8.5
(35.67%). RCP4.5 displays the smallest percentage increase (29.68%). Simultaneously, there is
a consistent reduction across all scenarios in the percentage decrease in groundwater recharge
compared with the mid-term period, with values spanning from —23.05% (RCP4.5) to —34.96%
(RCP2.6). In the long-term span, RCP8.5 surfaces as the scenario with the greatest percentage
increase in groundwater recharge (48.92%), followed closely by RCP2.6 (47.62%) and then
RCP4.5 (39.02%). RCP6.0 exhibits the least percentage increase (30.89%). Similarly, each
scenario highlights a decrease in the percentage reduction in groundwater recharge relative to
the preceding period, varying from —23.85% (RCP2.6) to —32.76% (RCP4.5).

The results illustrate that the impact rate of climate change on groundwater recharge
varies across different scenarios and over time. Some scenarios show an increase in ground-
water recharge, while others decrease it. However, all the scenarios indicate a reduction in
groundwater recharge impact rates over time, indicating that the impact of climate change
on groundwater recharge may reduce in the long-term.

A comparative analysis performed by Wang et al. [6] revealed that the impact of climate
change on groundwater systems may be positive, with an increase of 32.6% or a decrease
of 28.9% on average. However, this perspective, under the AR4 report, compared with the
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findings presented herein, based on the more recent AR5 framework, elucidate a complex
and varied impact rate of climate change on groundwater recharge across more historical
data and progress worldwide. The divergence in results highlights the intricate nature of
climate change and underscores that its impact on groundwater systems is multifaceted,
subject to change, and dependent on the selected framework and assumptions. This detailed
examination of temporal variability is instrumental in advancing our understanding of the
impact of climate change on groundwater recharge rates and supplies. It emphasizes the
necessity for strategic water resource management and extensive planning. The results not
only provide guidance for local applications but also make a substantial contribution to the
global understanding of the impact of climate change on groundwater recharge. As such,
the presented study can inform global efforts for effective water resource management
under varying future climatic conditions. Through the incorporation of high-resolution
spatial and temporal data, a more nuanced understanding of groundwater dynamics
is offered.

4. Conclusions

The global community grapples with the pressing challenges of sustainable ground-
water management, as these reserves play a pivotal role in supporting ecosystems and
human livelihoods, especially against the backdrop of unpredictable climate change. The
application of SWAT-MODFLOW models has been widely used to address these issues
worldwide. Nevertheless, the uniqueness of this study lies not in the use of the models
themselves but in the comprehensive application and combination of these models to
assess the potential impacts of climate change on groundwater recharge. The approach is
particularly valuable for regions similar to the CRAF, Taiwan, but the methodology can
also be extrapolated to understand the effects of climate change in other varied geographic
contexts. The objectives of this study were successfully met, as the models were able to
estimate streamflow discharge and assess the potential impact of climate change scenarios
on groundwater recharge in the future. The calibrated model’s credibility is bolstered
by validation and characterized by strong statistical performance in capturing watershed
responses. Moreover, the automatic PEST calibration in MODFLOW effectively captures
groundwater head temporal patterns and highlights the importance of optimizing bore-
holes and methodologies for uncertainty management. This role is particularly accentuated
in the context of this study, which underscores how modeling underpins evidence-based
decision-making processes within the realm of water resource management. The results
also revealed that the spatial distribution of the recharge rate mainly occurs in the prox-
imal fan area, encompassing several high-potential recharge locations with previously
delineated sensitive areas for groundwater recharge in literature. The spatial distribution
insights, while rooted in the study area, set the stage for researchers elsewhere to refine their
understanding of high-potential recharge locations. The temporal variability analyses shed
light on the evolving impacts of climate change on groundwater recharge, emphasizing
the need for proactive and strategic global water resource planning. While some scenarios
show an increase in groundwater recharge, all scenarios indicate a decrease in the impact of
climate change on groundwater recharge over time. These results suggest that the impact of
climate change on groundwater recharge may decrease in the long-term, although the rate
of this decrease may vary across different scenarios. Through its detailed methodology and
findings, this research fortifies the existing body of knowledge, refining methods to project
groundwater recharge variability amidst shifting climate scenarios. The incorporation of
high-resolution data provides a blueprint for other researchers to attain a deeper grasp on
groundwater dynamics and its susceptibility to climatic changes. The employment of the
top-ranked MIROCS projection of GCMs in our study sets a benchmark, introducing an
avenue to evaluate further GCM projections for an exhaustive appraisal. In conclusion, the
insights gleaned from this research necessitate concerted actions from policy-makers and
stakeholders. By aligning our groundwater management strategies with the ever-evolving
climate paradigms, we can aspire for a sustainable coexistence with our environment.
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