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Abstract: Climate change can directly or indirectly influence groundwater resources. The mechanisms
of this influence are complex and not easily quantified. Understanding the effect of climate change
on groundwater systems can help governments adopt suitable strategies for water resources. The
baseflow concept can be used to relate climate conditions to groundwater systems for assessing the
climate change impact on groundwater resources. This study applies the stable baseflow concept to
the estimation of the groundwater recharge in ten groundwater regions in Taiwan, under historical and
climate scenario conditions. The recharge rates at the main river gauge stations in the groundwater
regions were assessed using historical data. Regression equations between rainfall and groundwater
recharge quantities were developed for the ten groundwater regions. The assessment results can be
used for recharge evaluation in Taiwan. The climate change estimation results show that climate
change would increase groundwater recharge by 32.6% or decrease it by 28.9% on average under
the climate scenarios, with respect to the baseline quantity in Taiwan. The impact of climate change
on groundwater systems may be positive. This study proposes a method for assessing the impact of
climate change on groundwater systems. The assessment results provide important information for
strategy development in groundwater resources management.

Keywords: groundwater resource; recharge rate; stable baseflow analysis; climate change effect;
Taiwan island

1. Introduction

Taiwan has had a problem with water resources for several decades [1]. This problem
has become much worse in recent years, due to climate change [2]. Insufficient water re-
sources have resulted in an increase in groundwater consumption, which has induced land
subsidence [3,4]. The effects of climate change on water resources have been extensively
studied worldwide (e.g., [5–10]) including in Taiwan (e.g., [11–16]). However, fewer studies
have been conducted on the impact of climate change on groundwater resources [7,17–21],
especially in Taiwan [22]. According to a literature review [9], four methods are commonly
used to study the impact of climate change on groundwater, namely the empirical ap-
proach, analytical modeling, the application of climate change factors to numerical flow
models, and top-down linked modeling. It is difficult to accurately estimate the impact of
climate change on groundwater systems, because it could be direct or indirect [9]. For ex-
ample, an increase in air temperature increases evapotranspiration, which in turn decreases
the groundwater recharge quantity, whereas an increase in rainfall directly increases the
groundwater recharge quantity. Anthropogenic factors, such as an increase in groundwater
use due to a lack of surface water supply, must also be considered. Therefore, even if all

Water 2021, 13, 1153. https://doi.org/10.3390/w13091153 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-7616-2343
https://doi.org/10.3390/w13091153
https://doi.org/10.3390/w13091153
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13091153
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13091153?type=check_update&version=2


Water 2021, 13, 1153 2 of 22

the mechanisms of climate change that influence a groundwater system are known, it
is still difficult to accurately quantify the impact of climate change on the groundwater
system. Uncertainty also results from the projections of future climate scenarios, which are
commonly used in the assessment of climate change impact [23]. Therefore, a method for
relating the conditions of climate change to a groundwater system should be developed
and an uncertainty assessment should be conducted.

Baseflow is the sustained low flow in a river; it includes contributions from interflow
and groundwater flow discharge [24]. Over a long period of time, the inflow equals the
outflow in a groundwater system (i.e., the system is in a steady state), and thus the storage
effect can be ignored [25]. Baseflow at a river gauge station is the main contribution to
groundwater recharge in the catchment area above that river gauge station. Therefore,
baseflow can be used to estimate the groundwater recharge quantity [26–30]. The baseflow
concept can be related to climate conditions by using a simulated river discharge in a
hydrological model with climate data. The baseflow separation method was thus adopted
in this study to evaluate the groundwater recharge with, and without, climate change
effects to estimate the impact of climate change. However, given the influence of the high
topographic variations, large rainfall quantity and intensity, and humid climate conditions
in Taiwan, the groundwater recharge quantity evaluated using baseflow recession will be
overestimated [27]. A stable baseflow concept is thus adopted.

This study uses the method of stable baseflow analysis to connect climate and ground-
water systems and assesses the impact of climate change on groundwater recharge in ten
groundwater regions in Taiwan. The proposed method for estimating the groundwater
recharge rate, recharge quantity, recharge–rainfall relationship, and the impact of climate
change on a groundwater system can be used in studies that require groundwater recharge
and climate change effect estimation.

2. Methodology

Figure 1 shows the flowchart of this study. The stable baseflow method with historical
data for at least ten years, from the period 1980–1999, was used to estimate the historical
groundwater recharge. Climate scenario data, namely rainfall and air temperature data for
the period 2020–2039, were spatiotemporally downscaled and then used to simulate the
river discharge quantities and estimate the groundwater recharge under the climate change
effects, using the same method. Accordingly, the climate change impact on groundwater
recharge, calculated between groundwater recharge for the baseline and climate scenarios,
were estimated to show the climate change influence in different regions. Ten groundwater
regions in Taiwan, with largely different climate and hydrological conditions, were selected
as the study area to assess the impact of climate change on groundwater recharge.

2.1. Stable Baseflow Analysis and Groundwater Recharge Assessment

The groundwater balance in a watershed can be generally written as:

R = ET + qb + qN + ∆S (1)

where R is the recharge, ET is the evapotranspiration, qb is the baseflow (groundwater
discharge to surface water), qN is the net flux of any other groundwater entering or leaving
the system, and ∆S is the change in storage. The units of the terms in Equation (1) are all
LT−1. In a groundwater system, the evapotranspiration quantity is small. The net flux can
be human-induced extraction and injection, or the interflow and groundwater flow out of
the groundwater system in a watershed. Over a long period of time, the human-induced
effects and the change in storage in a groundwater system can be ignored due to a steady
state situation [31]. If the interflow and groundwater flow out of the groundwater system
are assumed to be relatively small values, corresponding to the quantities of groundwa-
ter recharge and baseflow, respectively, then the groundwater balance equation can be
simplified to:

R ≈ qb (2)
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This equation indicates that the quantity of baseflow is approximately equal to that of
groundwater recharge over the long term [25]. This concept has been widely applied in
groundwater recharge studies, with results showing good agreement compared with those
obtained using other recharge estimation methods (e.g., [26–30]). As baseflow can be easily
related to climate and hydrological conditions, it was adopted in this study to assess the
climate change impact on groundwater recharge.
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Figure 1. Flowchart used for the assessment of climate change impact on groundwater recharge.

The quantity of baseflow was evaluated using the baseflow separation technique, which
estimates a continuous or daily record of baseflow under the streamflow hydrograph [32,33].
For baseflow separation [27] daily data of river discharge are required and linear interpola-
tion is used to estimate groundwater discharge during the period of surface runoff. The
steps of baseflow separation are as follows [27]. A one-dimensional array of the daily mean
river discharge data is created. From this array, days that fit the requirement of the an-
tecedent recession are found. On each of these days, baseflow is assumed to be equal to the
river discharge, as long as it is not followed by a daily decline of more than 0.1 log cycle [34].
A daily decline of more than 0.1 log cycle of river discharge could indicate interflow or
surface flow. Linear interpolation of the groundwater discharge on the remaining days is
used to estimate the baseflow. In some record periods, the interpolation might make the
calculated baseflow exceed the river discharge. Thus, the last step is to correct for this error
by reassigning the baseflow to river discharge.

The variation of river discharge under no hydrological events depends on the inter-
action of river water and groundwater, and its pattern resembles that of baseflow. The
variation of baseflow under hydrological events is mainly due to the variation of ground-
water recharge from rainfall. Therefore, heavy rainfall in a short period of time might not
be able to induce effective groundwater recharge, but instead might increase the river
discharge quantity, and thus will not have a significant influence on baseflow [35]. Long-
term hydrological events give sufficient time for groundwater recharge and can induce a
significant increase in baseflow. That is, the patterns of river discharge and baseflow might
not match under hydrological events.

Based on the assumption of water balance, this study used the observed river dis-
charge data of the main rivers in different groundwater regions in Taiwan to estimate the
groundwater recharge, using the baseflow recession method proposed by the United States
Geological Survey (USGS) [36]. The code for baseflow assessment proposed by the USGS
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was adopted in the analysis. The baseflow quantities of the catchment were estimated at
each river gauge station and the baseflow index was calculated. The procedure of baseflow
separation is as follows:

1. prepare the daily river discharge data,
2. separate the baseflow from the river discharge history,
3. calculate the recharge length from the catchment area, and
4. obtain the baseflow index using Equation (3).

Baseflow index = (baseflow/river discharge) × 100% (3)

To prevent overestimation caused by heavy rainfall events, Rutledge [37] (1993) sug-
gested using the baseflow in the winter time to represent the behavior of groundwater
recharge. Zektser [38] (2002) suggested using the baseflow in the two months with the
lowest rainfall as the average value for the year. Therefore, the concept of stable baseflow
was used in this study to obtain reliable results [27]. In the stable baseflow analysis, the
cumulative monthly baseflow is rearranged to obtain a data trend based on the grey theory
concept [27]. The stable baseflow analysis can be used to estimate the trend of the low, stable,
and high flow from the rearranged cumulative baseflow [27]. Then, the stable baseflow can
be obtained via a linear extrapolation of the stable-flow trend. This trend can be different at
different locations on a river. The low-flow trend is not obvious near the estuary of a river,
and obvious upstream. The procedure of the stable baseflow analysis is as follows [27]:

1. obtain monthly baseflow from the baseflow record estimation,
2. obtain long-term mean monthly baseflow,
3. perform data processing by sorting and accumulating the long-term mean monthly

baseflow to obtain a new series of long-term mean monthly accumulated baseflows,
4. choose the most stable (near-linear) segment, and obtain the slope of the stable base-

flow, and
5. apply linear interpolation to the remaining months to obtain the mean annual baseflow.

This study used different segments for the stable baseflow extrapolation to estimate
the groundwater recharge under various climate conditions for groundwater regions in
Taiwan. The estimation for Choushui River alluvial fan was set as the standard reference
of the stable baseflow. The rearranged cumulative monthly baseflows from the third to
the fifth lowest were chosen as the annual averages of stable baseflow. Then, a linear
line is extrapolated to the 12th month to obtain the recharge depth of baseflow. In the
northern region of Taiwan, the months for the stable baseflow estimation were chosen
from the second to the fourth months of the rearranged cumulative monthly baseflow, due
to the continuous rainfall conditions in the winter (November to April). The regions in
the northern region are the Taipei Basin, Taoyuan-Zhongli Tableland, Hsin-Miao Region,
Taichung Region, and Lanyang Plain. In the southern region of Taiwan, the months for
the stable baseflow estimation were chosen from the fourth to the sixth month of the
rearranged cumulative monthly baseflow, due to the very dry conditions in the winter. The
regions in the southern region are the Chianan Plain, Pingtung Plain, Hengchun Plains,
and Hua-Tung Longitudinal Valley Area.

After the recharge depth of the stable baseflow is obtained at a river gauge station, the
average recharge rate of groundwater in the catchment of that river gauge station can be
calculated by dividing the recharge depth by the total rainfall as:

Recharge rate = Annual recharge depth/Annual rainfall (4)

Then, the recharge rate can be used to estimate the quantity of groundwater recharge
with a given rainfall and a control area as:

Recharge quantity = Rainfall × Recharge rate × Control area (5)
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where the control area is the area of the representative watershed of a river gauge station.
If a groundwater region includes several main rivers and river gauge stations, the total
recharge quantity can be calculated by summing the results for the separate areas.

2.2. River Discharge Estimation under Climate Scenarios

The Intergovernmental Panel on Climate Change (IPCC) developed general circulation
models (GCMs) for projecting climate variations through the prescribed CO2 emission
scenarios [39]. The original GCMs have a coarse resolution in the spatial domain, making
them unsuitable for studies on the catchment scale. The Taiwan Climate Change Projection
Information and Adaptation Knowledge Platform (TCCIP) (official website: https://tccip.
ncdr.nat.gov.tw/ (accessed on 15 April 2021)) uses spatial statistical downscaling methods
based on CMIP3 experiments (the experiments in the Coupled Model Intercomparison
Project Phase 3) to downscale the monthly rainfall and air temperature from GCMs to the
catchment scale [40,41]. In the temporal domain, the changes of monthly rainfall and air
temperature were downscaled using a weather generator [16] to produce daily data. The
first-order autoregressive equation proposed in [42] Pickering et al., (1988) was used to
calculate the daily air temperatures. A Markov chain was used to determine the occurrence
of wet and dry days, to generate daily rainfall data. Daily rainfall on wet days was then
determined by sampling from the Weibull distribution [43]. This study used the monthly
variations of rainfall and air temperature data generated by the TCCIP and used the
baseline data (1980–1999) as the input data of the weather generation model. The daily
data of rainfall and air temperature were then generated based on the climate scenarios
(2020–2039). Detailed descriptions of the climate scenarios are given in a later section.

After the daily rainfall and air temperature were obtained from the downscaling
calculations, a hydrological model was used to simulate the river discharge under climate
scenarios. The hydrological model was based on the Hydrologiska Byråns Vattenbal-
ansavdelning (HBV) model [44,45]. Yu and Yang [46] (2000) modified the HBV model to
estimate the daily river discharge in the catchments of Taiwan. This model can consider
the rainfall and air temperature variations due to climate change and estimate the river
discharge for the baseflow analysis. In the HBV model, upper and lower tanks are used to
simulate the rainfall–runoff behavior. The HBV model includes three parts [39]: (1) a soil
moisture model, (2) a runoff response mechanism, and (3) water balance functions. This
study used the modified HBV model to simulate rainfall–runoff and generate the river
discharge under climate change scenarios for each catchment. The HBV model includes
calibration and simulation steps. For the calibration step, historical observation data, e.g.,
rainfall, air temperature, and river discharge, are required. The flow duration can be
calculated as the input data for the hydrological model. After the calibration process, the
best-fit parameters are obtained and used to simulate the 200-year daily river discharge
under the conditions of climate scenarios. The continuous daily river discharge results for
the period 2020–2039 could be obtained by analyzing the 200-year daily data. Detailed
descriptions and the procedures for calibration and validation of the modified HBV model
can be found in [16,46].

Note that, although the period of the climate scenarios was 20 years (2020–2039), the
time length of the climate data generated by the weather generating model should be longer
than this period to maintain the statistical properties of rainfall and air temperature [16].
Therefore, this study produced 200 years of daily rainfall and air temperature data, to
represent the climate conditions of the baseline and climate scenarios. The impact of
climate change can be estimated from a comparison of the mean properties of the baseline
and climate scenarios. For example, the groundwater recharge estimated using 200-year
baseline climate data represents the baseline recharge and that estimated using the 200-
year climate scenario represents the recharge under climate change. The impact of climate
change on groundwater recharge can be obtained from the recharge difference between the
baseline and climate change scenarios.

https://tccip.ncdr.nat.gov.tw/
https://tccip.ncdr.nat.gov.tw/
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Four indices were used in this study to assess the performance of the results of the
modified HBV model, namely the flow ratio (Rflow), correlation coefficient (CC), root–mean-
squared error (RMSE), and coefficient of efficiency (CE). These indices are defined below.

Rflow =
n

∑
t=1

Qs(t)/
n

∑
t=1

Qo(t) (6)

CC =
∑n

t=1
[
Qo(t)− Qo

][
Qs(t)− Qs

]√
∑n

t=1
[
Qo(t)− Qo

]2
∑n

t=1
[
Qs(t)− Qs

]2 (7)

RMSE =

√
∑n

t=1[Qs(t)− Qo(t)]
2

n − 1
(8)

CE = 1 − ∑n
t=1[Qo(t)− Qs(t)]

2

∑n
t=1
[
Qo(t)− Qo

]2 (9)

where n is the total number of days, Q0 and Qs are the observed and simulated river
discharge, respectively, and Q0 and Qs are the mean of observed and simulated river
discharge in the nth day (mm/day), respectively.

3. Study Background
3.1. Study Area

Taiwan island has a length of 394 km in the north–south direction and a width of
144 km in the east–west direction. The total area is 36,188 km2. The topography varies from
0 to 3952 m (Mt. Jade) and two thirds of the island is mountainous. Therefore, the climate
and hydrology in different regions have different patterns due to the high variations of
topography and monsoon climate conditions. The average rainfall (from 1949–2018) was
2926, 2154, 2546, and 2554 mm/year in the northern, central, southern, and eastern regions
of Taiwan, respectively. The annual rainfall quantity in Taiwan is 2508 mm/year [47] which
is ~2.5 times the average global rainfall (986 mm/year in 2020) [48]. The rainfall quantities
in different regions are not very different; however, the distributions of monthly rainfall
are quite different. The rainfall distribution in the temporal domain shows large variations
in the dry season (November to April) and wet season (May to October), especially in
the southern region of Taiwan. Rainfall in the wet season accounted for 65%, 77%, 89%,
and 78% of the total annual rainfall in the northern, central, southern, and eastern regions,
respectively, based on the monthly average data for the period 1949 to 2018 [47]. The
northern region has a nearly uniform distribution of monthly rainfall, whereas the southern
region has large variations, which leads to a lack of water in the dry season.

There are nine groundwater regions in Taiwan, namely the Taipei Basin, Taoyuan-
Zhongli Tableland, Hsin-Miao Region, Taichung Region, Choushui River Alluvial Fan,
Chianan Plain, Pingtung Plain (including Hengchun Plains), Lanyang Plain, and Hua-
Tung Longitudinal Valley Area, as shown in Figure 2 and Table 1. For clarity, Hengchun
Plains is listed independently in the following assessment, and thus the total number of
groundwater regions in this study is ten. As these groundwater regions are located in
different regions of Taiwan, the hydrological conditions are highly varied.
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Table 1. Number of observation stations in each groundwater region.

Groundwater Region Abbreviation Climate Stations Main Rivers River Gauge Stations Area (km2)

Taipei Basin TPB 9 1 27 395.5
Taoyuan-Zhongli Tableland TZT 11 1 1 1074.3

Hsin-Miao Region HMR 16 3 14 919.6
Taichung Region TCR 14 3 19 1195.1

Choushui River Alluvial Fan CRAF 9 2 16 2301.3
Chianan Plain CNP 20 7 28 2527.7
Pingtung Plain PTP 16 2 19 1059.5
Lanyang Plain LYP 8 1 4 447.5

Hua-Tung Longitudinal Valley HTLV 16 3 23 978.8
Hengchun Plain HCP 4 1 1 113.4

Total 123 24 152 11,012.6

3.2. Historical Data Collection

This study collected climate and hydrological data from the Taiwan Water Resources
Agency (WRA) and the Central Weather Bureau (CWB), including air temperature, rainfall,
and river discharge. The distributions of the main rivers and river gauge stations are shown
in Figure 2. The number of observation stations in each groundwater region is listed in
Table 1. A main river is a river managed by the central government. This type of river is
the target in this study. The total number of main rivers is 24. There are 152 river gauge
stations. River discharge was the main data set used for groundwater recharge assessment
based on the baseflow recession method.
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The resolution of the adopted digital element model (DEM) was 40 m × 40 m. The
spatial analysis and hydrology modules in ArcGIS software were used to analyze the river
flow direction and flow path to construct the catchments of the rivers based on the DEM
data and river gauge stations. For a given river gauge station, all climate stations in the
catchment were used to calculate the mean rainfall and air temperature for the area. Mean
rainfall was used to assess the average groundwater recharge rate using Equation (4). The
total area of a groundwater region was used to assess the total amount of groundwater
recharge based on the rainfall quantity multiplied by the obtained recharge rate. The mean
rainfall and air temperature were used to develop the modified HBV model by calibrating
the river discharge quantity. The catchment area for a river gauge station was also used
to estimate the grids of the climate scenarios and calculate their mean rainfall and air
temperature, which were then used in the modified HBV model to simulate the river
discharge under climate scenarios.

3.3. Scenarios of Climate Change

The climate change scenarios were given by the IPCC as air temperature and rainfall
ratios between a future period and the baseline period. For example, the scenarios of the
near future were defined as the period 2020 to 2039, based on a baseline period of 1980 to
1999. GCMs are commonly used to assess the impact of climate change on water resources.
Different scenarios of greenhouse gas emissions are used to simulate the conditions of the
atmosphere and ocean. Future climate change scenarios are mainly given by the IPCC
Special Report on Emissions Scenarios (SRES). The scenarios refer to the greenhouse gas
emission scenarios set by the IPCC. Possible developments of the economy, population,
industry, and environment are predicted to produce a possible trend of greenhouse gas
emissions. GCMs are then used to simulate the associated climate variations. In this study,
the adopted scenarios were from the Fourth Assessment Report (AR4), which uses four
storylines to illustrate the greenhouse gas emission scenarios that may result from different
developments in the future. The four storylines yield four family sets, named A1, A2, B1,
and B2, respectively [49]. In this study, the main goal was to assess the climate change
impact on groundwater resources and provide a reference for water resources management.
Therefore, the adopted climate scenarios should represent the mean condition. Scenario
A1B, a relatively average carbon emission scenario, was thus selected in this study.

The climate change scenarios given by the IPCC have a grid resolution from 100
to 300 km. The resolution of the GCM grids is much larger than the normal scale of a
watershed in Taiwan. The climate condition on a watershed scale cannot be captured by
the original GCMs. The TCCIP thus used the GCM proposed by the IPCC to analyze the
spatially downscaled climate change scenarios and then generated monthly rainfall and
air temperature variations in Taiwan under the storylines of greenhouse gas emissions.
The spatially downscaled resolution of the monthly rainfall and air temperature scenarios
provided by the TCCIP for Taiwan is 25 km × 25 km, with 88 total grids (Figure 3). The
grids that cover the catchment of a river gauge station were adopted to calculate the mean
quantity of the scenario rainfall and air temperature, to represent the climate conditions
of that catchment. Then, the climate conditions were used in the modified HBV model to
generate the river discharge under these climate conditions.

The TCCIP provides the spatially downscaled climate scenarios in two periods, namely
the near future (2020–2039) and the end of the century (2080–2099), respectively. The climate
scenarios for the near future period (2020–2039), with the baseline period (1980–1999), were
used in this study. The results for the downscaled rainfall are given as percentages and those
for the downscaled air temperature are given as variations. The exact quantity of rainfall
and air temperature can be generated using the historical data in the baseline period with
the variations of climate scenarios. However, the spatially downscaled climate scenarios
provided by the TCCIP are monthly variations, and thus the temporal resolution was
insufficient for the hydrological model. A weather generation model was adopted for the
temporal downscaling calculation. Daily resolution climate scenarios were thus obtained.



Water 2021, 13, 1153 9 of 22

Water 2021, 13, x  9 of 24 
 

 

B1, and B2, respectively [49]. In this study, the main goal was to assess the climate change 
impact on groundwater resources and provide a reference for water resources manage-
ment. Therefore, the adopted climate scenarios should represent the mean condition. Sce-
nario A1B, a relatively average carbon emission scenario, was thus selected in this study. 

The climate change scenarios given by the IPCC have a grid resolution from 100 to 
300 km. The resolution of the GCM grids is much larger than the normal scale of a water-
shed in Taiwan. The climate condition on a watershed scale cannot be captured by the 
original GCMs. The TCCIP thus used the GCM proposed by the IPCC to analyze the spa-
tially downscaled climate change scenarios and then generated monthly rainfall and air 
temperature variations in Taiwan under the storylines of greenhouse gas emissions. The 
spatially downscaled resolution of the monthly rainfall and air temperature scenarios pro-
vided by the TCCIP for Taiwan is 25 km × 25 km, with 88 total grids (Figure 3). The grids 
that cover the catchment of a river gauge station were adopted to calculate the mean quan-
tity of the scenario rainfall and air temperature, to represent the climate conditions of that 
catchment. Then, the climate conditions were used in the modified HBV model to generate 
the river discharge under these climate conditions. 

 
Figure 3. Adopted river catchments and 25 km × 25 km grid distribution (red points) for the cli-
mate scenarios given by the TCCIP. The numbers beside the red dots are the data number pro-
vided by the TCCIP (data from National Science and Technology Center for Disaster Reduction, 
NCDR). 

Figure 3. Adopted river catchments and 25 km × 25 km grid distribution (red points) for the climate
scenarios given by the TCCIP. The numbers beside the red dots are the data number provided by the
TCCIP (data from National Science and Technology Center for Disaster Reduction, NCDR).

There were 19 to 24 assessment GCMs in each grid depending on the scenario settings.
Figure 4a shows the monthly projections of all GCMs of rainfall in the A1B climate scenario
as an example. The dashed line is the mean of the 24 GCMs in each month, and the solid
lines in the top and bottom parts, corresponding to the mean line, are the mean plus/minus
one standard deviation of the 24 GCMs, respectively. The data in each month show that the
24 GCMs have huge variations. For data from a single GCM for 12 months, the variation is
still large. These large variations will induce a large uncertainty in the calculation of the
modified HBV model. In addition, each GCM may be the climate condition in the near
future, and thus it was impossible to choose one to represent the future climate condition in
the study areas. Therefore, the research group at the TCCIP compared the historical climate
data with those simulated by the GCMs and selected nine GCMs that can well simulate the
monsoon climate characteristics in east Asia. This selection reduced the number of GCMs
and maintains a good performance for the climate conditions in Taiwan. The selection
procedure and detailed descriptions can be found in [50].
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Figure 4. (a) Monthly projections by 24 GCMs of rainfall. Monthly projections by nine GCMs of (b) rainfall, and (c) air
temperature at Ziqiang Bridge in the A1B climate scenario.

The condition of a climate scenario includes a lot of uncertainty. In addition, the
difference between GCMs is obvious. The uncertainty was thus estimated using the mean
and variance of GCMs. In addition to the mean condition of GCMs, their uncertainty was
considered in the assessment of climate change impact on a groundwater system. This
study used the mean and mean plus/minus one standard deviation of the rainfall and air
temperature data from the nine GCMs as the conditions for the climate change scenarios.
Figure 4b,c show an example of GCM projection of rainfall and air temperature at Ziqiang
Bridge. If the climate scenarios obey the normal distribution, the statistical meaning of the
mean plus/minus one standard deviation will include 68% of the GCM data. Therefore,
the following four scenarios were adopted for assessment:

• Scenario—S0: Mean of the nine GCMs in the A1B storyline,
• Scenario—S1: Mean plus one standard deviation of the nine GCMs in the A1B storyline,
• Scenario—S2: Mean minus one standard deviation of the nine GCMs in the A1B

storyline, and
• Scenario—Baseline: The historical scenario.

4. Results and Discussion

The study area includes ten groundwater regions in Taiwan. Choushui River alluvial
fan is chosen as an example to demonstrate the assessment results. Then, the results of the
ten groundwater regions are listed for comparison and discussion.

4.1. Groundwater Recharge Assessment
4.1.1. Baseflow Analysis

Based on the assumption that long-term baseflow can represent the groundwater
recharge, a monitoring period of at least ten years was set for the river discharge. In the
region of Choushui River alluvial fan, six river gauge stations were adopted, as shown
in Figure 5 and listed in Table 2. A baseflow analysis was conducted as described in the
previous section. The results are shown in Figure 6. From the baseflow separation results,
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baseflow varies with river discharge, and the quantity is large in the wet season and small
in the dry season. The difference between river discharge and baseflow is small in the dry
season, which means that river discharge in the dry season is mainly from groundwater
discharge (baseflow). The ratio between baseflow and river discharge is the baseflow index,
which ranges from 33.7% (Ziqiang Bridge) to 60.2% (Beigang-2) in Choushui River alluvial
fan (Table 3 and Figure 5). The baseflow index decreases from upstream to downstream
(from Zhangyun Bridge, Xiluo, to Ziqiang Bridge) in the Choushui River, which indicates
that groundwater discharge in the downstream is less than that in the upstream. The
baseflow in the dry season and the baseflow index are high in the Beigang River watershed
and low in the Choushui River watershed, which indicates that the river discharge in the
Beigang River is mainly from groundwater discharge.
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Table 2. Adopted river gauge stations in the Choushui River alluvial fan.

Watershed Station TMX YMY Catchment Area (km2) Monitoring Period

Choushui River
Zhangyun Bridge 212,103.2 2,631,755 2906.32 1985–2012

Xiluo 195,616.5 2,635,602 2975.52 1968–2012
Ziqiang Bridge 187,913.0 2,637,267 2988.88 1986–1999

Beigang River
Tuku Bridge 189,892.4 2,620,065 253.22 1984–2012

Xikou 187,866.2 2,612,026 129.38 1972–2012
Beigang-2 177,833.8 2,606,983 597.46 1968–2012
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Figure 6. Results of baseflow separation for (a) Zhangyun Bridge, (b) Xiluo, (c) Ziqiang Bridge, (d) Tuku Bridge, (e) Xikou,
and (f) Beigang-2 in the Choushui River alluvial fan.

Table 3. Assessment results of baseflow index and recharge rate in the Choushui River alluvial fan.

Watershed Station Baseflow Index (%) Recharge Rate (%)

Choushui River
Zhangyun Bridge 50.9 22.8

Xiluo 46.2 14.1
Ziqiang Bridge 33.7 14.0

Beigang River
Tuku Bridge 47.6 49.1

Xikou 54.5 12.8
Beigang-2 60.2 38.6

4.1.2. Stable Baseflow Analysis

From the baseflow separation results, the baseflow is low in the dry season and high
in the wet season. The stable baseflow concept was adopted for the separated baseflow
results. The baseflow quantities were rearranged from low to high values and accumulated
monthly. The concept described in the previous section was applied, and the third to fifth
accumulated baseflow quantities were selected for the linear regression. The regression
curve was extrapolated to the twelfth month to obtain the stable baseflow quantity (see
Figure 7). The cumulative stable baseflow quantity is the annual recharge depth of the area
in the upstream catchment of the station. The trends of the accumulated baseflow are steep
in the Choushui River watershed and gentle in the Beigang River watershed. These trends
reflect the different characteristics of the river systems. River discharge quantities in the dry
and wet seasons have a larger difference in the Choushui River than in the Beigang River.
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Figure 7. Results of stable baseflow analysis for (a) Zhangyun Bridge, (b) Xiluo, (c) Ziqiang Bridge, (d) Tuku Bridge, (e)
Xikou, and (f) Beigang-2 in the Choushui River alluvial fan.

4.1.3. Groundwater Recharge Assessment

Using Equation (4), the average recharge rate can be obtained (Table 3), based on the
assessed stable baseflow and the calculated catchment rainfall. To simplify the groundwater
recharge calculation, the river gauge station in the downstream was adopted to represent
the recharge condition in the groundwater region. Therefore, the recharge rates at Ziqiang
Bridge and Beigang-2 stations, in the downstream area, were adopted to represent the
average recharge rate for their control areas in their groundwater region. The recharge rates
are 14.0% and 38.6% for the areas of the Choushui River and Beigang River, respectively.

Using the river catchment concept, the control areas of the Choushui River and Beigang
River were estimated as 1725 and 576 km2, respectively (Figure 5). Based on the average
rainfall quantity in the control area and the recharge rate, the average recharge quantity can
be calculated using Equation (5). The recharge quantities for the areas of the Choushui River
and Beigang River were 532.51 × 106 and 394.42 × 106 m3/year, respectively. Therefore, the
total recharge quantity in the Choushui River alluvial fan is the sum of those for these two
areas, namely 926.93 × 106 m3/year.



Water 2021, 13, 1153 14 of 22

In previous studies, the groundwater recharge quantities in the Choushui River alluvial
fan, obtained with different methods, had large differences. The WRA [51] (2014) collected
21 assessment results of groundwater recharge from reports and papers (mainly in Chinese),
and found that the recharge quantities varied from 525 × 106 to 2312 × 106 m3/year. The
assessment results of this study are in the range of these values. Some of the results collected
in by the WRA [51] (2014) were obtained using empirical equations (e.g., electricity usage or
land usage), some were from a numerical model (MODFLOW), some were from a baseflow
assessment, and some were obtained using groundwater recession inversion. The first
two methods require a lot of data and manpower, and the latter two methods depend on
observations and experimental data. The baseflow concept uses observation data and is
easily related to climate data, and was thus adopted in this study.

4.1.4. Recharge in Dry and Wet Years

Since the rainfall quantity in Taiwan greatly varies from year to year, an average
recharge quantity is not suitable for describing a single year. Considering the rainfall
quantities in different years, dry, normal, and wet years are defined as:

Dry year: rainfall quantity < mean − 1σ

Normal year: mean − 1σ ≤ rainfall quantity ≤ mean + 1σ

Wet year: rainfall quantity > mean + 1σ

where mean and σ are respectively the mean value and standard deviation of the rainfall
quantities in the catchment area within the assessment period (>10 years). The recharge rate
obtained in the previous section represents the recharge in a normal year. The recharge rate
at Ziqiang Bridge and Beigang-2 stations in dry and wet years was calculated. The results
are shown in Table 4. The recharge rate is highest in a dry year and lowest in a wet year. The
recharge rates can be used to calculate the recharge quantity based on the rainfall quantity
in a given year. For example, the rainfall quantities in 2011 and 2014 in the Choushui River
alluvial fan were for a dry year; the corresponding recharge quantities are 825.5 × 106 and
856.3 × 106 m3/year, respectively. The rainfall quantities in 2012 and 2013 were for a wet
year; the corresponding recharge quantities are 1116.7 × 106 and 1135.4 × 106 m3/year,
respectively. The recharge rates in dry, normal, and wet years for the representative river
gauge stations in the ten groundwater regions in Taiwan are listed in Table 4 for reference.

Table 4. Catchment rainfall and recharge rate under various situations.

Groundwater Region River Gauge Station Rainfall (mm)/Recharge Rate
Wet Year Normal Year Dry Year

Taipei Basin >4317 2937–4317 <2937
Wudu 12.6% 16.5% 18.3%

Xiulang 11.9% 12.5% 12.7%
Sanying Bridge 2.6% 3.5% 3.9%

Taoyuan-Zhongli Tableland >2906 1838–2906 <1838
Xinpu-2 16.9% 19.5% 22.3%

Sanying Bridge 3.1% 3.4% 4.1%
Hsin-Miao Region >2972 1814–2972 < 1814

Jingguo Bridge 11.1% 13.6% 16.2%
Ping’an Bridge 12.2% 14.4% 16.8%
Beishi Bridge 8.0% 8.9% 10.7%

Taichung Region >2947 1901–2947 <1901
Yili 6.1% 7.8% 13.5%

Dadu Bridge 24.1% 25.7% 26.8%
Choushui River Alluvial Fan >2852 1799–2852 <1799

Ziqiang Bridge 10.9% 14.0% 21.0%
Beigang-2 36.2% 38.6% 40.6%
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Table 4. Cont.

Groundwater Region River Gauge Station Rainfall (mm)/Recharge Rate
Wet Year Normal Year Dry Year

Chianan Plain >3132 1841–3132 <1841
Suantou 5.5% 5.8% 6.8%

Yizhu 16.6% 17.3% 19.4%
Xinying 9.2% 9.3% 10.3%

Mashan Bridge 2.2% 2.7% 4.1%
Xinshi 11.6% 12.4% 13.6%

Nanxueng Bridge 16.5% 19.1% 21.4%
Pingtung Plain >4088 2492–4088 <2492

Jiuqutang 17.0% 23.0% 26.3%
Chaozhou 23.5% 29.4% 36.4%

Xinpi 5.5% 7.3% 13.2%
Lanyang Plain >3613 2330–3613 <2330

Lanyang Bridge 23.9% 24.7% 26.7%
Hua-Tung Longitudinal Valley >3069 1979–3069 <1979

Hualien Bridge 30.5% 31.7% 32.9%
Ruisui Bridge 25.1% 26.1% 27.7%
Taitung Bridge 11.2% 13.6% 16.1%

Hengchun Plain >3326 2299–3326 <2299
Shimen Bridge 10.5% 10.7% 10.9%

4.1.5. Rainfall–Recharge Relationship

For convenient evaluation, the groundwater recharge quantities were calculated based
on the rainfall quantity in each year in the assessment period. The results for the Choushui
River alluvial fan are shown in Figure 8. The following regression equation can be used to
evaluate the recharge quantity under a given rainfall quantity:

Recharge quantity (CRAF) = 28.885 × Rainfall quantity0.4614 (10)

where CRAF indicates the Choushui River alluvial fan. The unit for groundwater recharge
is million m3/year and that of rainfall quantity is mm/year. The recharge quantity increases
with rainfall quantity, although the recharge rate is small in a wet year. This equation can
be used to approximately evaluate the groundwater recharge for a given rainfall quantity
for dry, normal, and wet years in the Choushui River alluvial fan.
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Figure 8. Relationship between groundwater recharge and rainfall in the Choushui River alluvial fan.
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The same procedure was applied to the other groundwater regions in Taiwan. The
following equations for groundwater recharge estimation were obtained:

Recharge quantity (TPB) = 0.7766 × Rainfall quantity0.6556

Recharge quantity (TZT) = 1.3198 × Rainfall quantity0.7215

Recharge quantity (HMR) = 2.7923 × Rainfall quantity0.5876

Recharge quantity (TCR) = 1.6357 × Rainfall quantity0.7569

Recharge quantity (CNP) = 1.1782 × Rainfall quantity0.8128

Recharge quantity (PTP) = 9.0910 × Rainfall quantity0.5507

Recharge quantity (LYP) = 0.2973 × Rainfall quantity0.8769

Recharge quantity (HTLV) = 0.9427 × Rainfall quantity0.8282

Recharge quantity (HCP) = 0.0184 × Rainfall quantity0.9465

where the abbreviations in brackets indicate the groundwater regions (see Table 1). These
equations allow researchers to approximately calculate the groundwater recharge quantity
for a given annual rainfall quantity in a specific region.

4.2. Groundwater Recharge under Climate Scenarios

To assess the groundwater recharge quantity under the effect of climate change using
the stable baseflow method, the river discharge under the climate scenarios is required. The
modified HBV model was adopted to simulate the river discharge under the climate scenar-
ios. The climate data were generated using spatial and temporal downscaling techniques
from GCMs, with variations in air temperature and rainfall quantity. The analysis results
for the Choushui River alluvial fan are illustrated below as an example. The results for the
ten groundwater regions are listed at the end for comparison and discussion.

4.2.1. Rainfall–Runoff Assessment

Nine GCMs in the A1B scenario were adopted in this study as climate scenarios.
The number of grids for the area of the Choushui River alluvial fan was 122, 123, 124,
125, 135, 136, 137, 138, 151, and 152 (Figure 3). The grids were spatially downscaled by
the TCCIP, with a resolution of 25 km × 25 km. The mean and standard deviation of air
temperature and rainfall quantity in each month were calculated (e.g., Figure 4b,c). The
climate scenarios were defined as baseline, A1B-S0, A1B-S1, and A1B-S2. Table 5 shows
the monthly rainfall and air temperature with one standard deviation variations in the
Choushui River watershed. The climate data were input into the weather generation model
to assess the daily climate data, and then the results were input into the modified HBV
model to estimate the daily river discharge. The hydrological model has data calibration
and data simulation steps. The former adopts the observed historical data to calibrate the
hydrological model and the latter uses the calibrated model to predict the river discharge
quantities with the given climate scenarios.

Calibration of Modified HBV Model

The calibration results of river discharge in the Choushui River and Beigang River
are shown in Figure 9, with the calibrated parameters and model evaluation index listed
in Tables 6 and 7, respectively. The simulation results fit well with the observation data,
especially in the Choushui River watershed. Both the peak and low quantities of the
simulation results and observations perfectly match each other in the Choushui River
watershed. In the Beigang River watershed, the peak quantities do not perfectly match at a
later time. The simulation results are higher than the observation data.
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Table 5. Representative future climate variations of rainfall and air temperature in the Choushui
River watershed.

Month
Rainfall (%) Air Temperature (◦C)

Mean Mean + σ Mean − σ Mean Mean + σ Mean − σ

1 8.57 38.65 −21.52 0.92 1.35 0.48
2 12.38 40.31 −15.55 0.75 1.20 0.30
3 −1.64 23.21 −26.49 0.67 1.07 0.27
4 −4.65 11.83 −21.14 0.70 0.95 0.45
5 0.87 13.07 −11.34 0.75 1.09 0.42
6 4.96 14.87 −4.95 0.76 1.04 0.49
7 9.65 38.51 −19.21 0.87 1.18 0.56
8 1.20 22.17 −19.78 0.79 1.20 0.38
9 1.36 14.95 −12.23 0.86 1.17 0.54

10 −6.88 16.69 −30.44 0.72 1.01 0.43
11 −3.68 22.59 −29.94 0.82 1.16 0.47
12 2.78 23.73 −18.17 0.84 1.25 0.43
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Table 6. Parameter calibration results for the modified HBV model in the Choushui River alluvial fan.

Catchment
FC β LP/FC PERC UZL K0 K1 K2 Ce
mm — — mm mm day−1 day−1 day−1 —

Choushui River 259.094 1.242 0.003 1.267 200 0.337 0.294 0.012 1.570
Beigang River 210.084 9.999 0.005 3.222 85.42 0.152 0.026 0.008 0.501

Table 7. Evaluation index of the modified HBV model in the Choushui River alluvial fan.

Catchment
Flow Ratio Correlation Coefficient Root-Mean-Squared Error Coefficient of Efficiency

Rflow CC RMSE CE

Choushui River 0.93 0.90 3.53 0.81
Beigang River 0.94 0.71 5.77 0.51

Simulation of Modified HBV Model

The parameters obtained from the calibration were input into the modified HBV model
to simulate the river discharge quantities, with climate data generated by the downscaled
model. The simulated river discharge included 200-year results to represent the climate
situation in the period 2020–2039. Based on the observed historical data, the daily river
discharge quantities could be calculated for the period 2020–2039. The statistical results for
monthly baseline, A1B-S0, A1B-S1, and A1B-S2 for the Choushui River and Beigang River
are shown in Figure 10.
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Figure 10. Estimated monthly river discharge under various future climate conditions in (a) the
Choushui River, and (b) Beigang River catchments.

4.2.2. Groundwater Recharge under Climate Change

Using the same procedure as that in the previous section, the baseflow separation,
stable baseflow analysis, recharge rate assessment, and recharge quantity calculation were
performed. The results for groundwater recharge assessment under climate effects in the
Choushui River alluvial fan are listed in Table 8. The recharge rates under the climate
scenarios were 9.8% to 14.1%, and 27.6% to 43.6% for the Choushui River and Beigang
River, respectively. The changes of recharge rate between the climate scenarios and the
baseline scenario were around 2% and 8%, respectively. The variations are large in the
Beigang River and small in the Choushui River due to the river discharge quantities being
more stable in the Choushui River than in the Beigang River. The recharge quantities
under the climate scenarios in the Choushui River alluvial fan ranged from 548.96 × 106

to 1189.33 × 106 m3/year. Note that the results of the baseline scenario are not the same
as those of the historical data because the former were also obtained from the simulation
results of 200 years in the hydrological model. To provide the same baseline for comparison,
the results in Table 8 are used for the impact assessment in the following section. The effects
of climate change on groundwater recharge in the ten groundwater regions in Taiwan are
listed in Table 9.

Table 8. Groundwater recharge calculation in the Choushui River alluvial fan under various climate scenarios.

Scenario River
Watershed

Recharge Rate
(%) Rainfall (mm) Control Area

(km2)
Local Recharge
(×106 m3/year)

Regional Recharge
(×106 m3/year)

Baseline
Choushui River 12.4 2205 1725 469.97

835.47Beigang River 35.8 1774 576 365.50

A1B-S0
Choushui River 11.1 2264 1725 434.73

808.28Beigang River 35.5 1829 576 373.55

A1B-S1
Choushui River 14.1 2683 1725 651.24

1189.33Beigang River 43.6 2143 576 538.09

A1B-S2
Choushui River 9.8 1844 1725 311.83

548.96Beigang River 27.6 1490 576 237.13

4.2.3. Climate Change Impact

The climate change impact on groundwater recharge is defined as the change between
the recharge quantity for the climate scenarios (under climate change conditions) and that
for the baseline scenario (based on historical observed climate conditions). For example, the
groundwater recharge quantity under the baseline scenario was 835.5 × 106 m3/year in the
Choushui River alluvial fan, and those under the A1B-S1 and A1B-S2 scenarios were 1189.3
and 549.0 × 106 m3/year, respectively, as listed in Table 9. Therefore, the climate change
impacts were 353.9 and −286.5 × 106 m3/year, respectively. A positive (negative) value
indicates an increased (decreased) quantity. The impact rate can be calculated as the impact
quantity divided by the baseline quantity, and is presented as a percentage. Therefore, the
impact rates of climate change on groundwater recharge in the Choushui River alluvial
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fan were 42.4% and −34.3%, respectively. These results indicate that climate change could
increase groundwater recharge by 42.4% or decrease it by 34.3% in the Choushui River
alluvial fan under the adopted climate scenarios. Using the same procedure, the climate
change impact and impact rate were calculated for the ten groundwater regions in Taiwan.
The results are listed in Table 9.

Table 9. Impact analysis of groundwater recharge under the effects of climate change in nine groundwater regions.

Groundwater
Region Baseline

Climate Scenario Climate Impact Impact Rate (%)
A1B-S1 A1B-S2 A1B-S1 A1B-S2 A1B-S1 A1B-S2

TPB 124.4 167.2 100.0 42.8 −24.4 34.4 −19.6
TZT 327.0 395.3 225.0 68.3 −102.0 20.9 −31.2

HMR 249.3 362.4 152.8 113.2 −96.4 45.4 −38.7
TCR 546.4 695.3 409.1 148.9 −137.3 27.3 −25.1

CRAF 835.5 1189.3 549.0 353.9 −286.5 42.4 −34.3
CNP 634.6 827.8 508.2 193.2 −126.4 30.4 −19.9
PTP 678.8 849.9 487.0 171.1 −191.8 25.2 −28.3
LYP 325.5 431.8 251.1 106.3 −74.4 32.7 −22.9

HTLV 503.6 676.7 330.6 173.1 −173.0 34.4 −34.4
HCP 33.7 49.9 15.3 16.2 −18.4 48.1 −54.6

Total 4225.3 5601.2 3005.3 1376.0 −1219.9 32.6 −28.9

Note: Units in the table are × 106 m3/year, except for the impact rate. A1B-S1 is the scenario that considers the mean plus one standard
deviation. A1B-S2 is the scenario that considers the mean minus one standard deviation. Climate impact is calculated as the results for
climate scenario minus those for the baseline scenario. Impact rate is calculated as climate impact divided by the baseline and shown as
a percentage.

From the assessment results, the hydrological conditions under the climate scenarios
could on average increase groundwater recharge in Taiwan by 32.6% or decrease it by 28.9%.
However, the influences are different in different regions in Taiwan; they depend on the
climate and hydrological conditions. For groundwater recharge, the decreased quantity
is greater than the increased quantity in Taoyuan-Zhongli Tableland, Pingtung Plain, and
Hengchun Plains, whereas these quantities are similar in the Hua-Tung Longitudinal Valley
Area. The other regions have an increased quantity that is larger than the decreased quantity.
There is no significant pattern for the distribution of climate change effects in Taiwan.
Accordingly, climate scenarios can increase or decrease groundwater recharge in different
regions in Taiwan. The effects are not always negative. This information can provide Taiwan’s
government with a reference for water resource management.

5. Conclusions

The stable baseflow concept was applied in this study to assess the climate change
impact on groundwater resources. Historical data and climate change scenarios in ten
groundwater regions in Taiwan were used to assess the groundwater recharge based on
the proposed method. The net recharge rates of rainfall in wet, normal, and dry years
were calculated. Regression equations between rainfall and groundwater recharge were
developed for the ten groundwater regions to allow recharge evaluation. Considering
the climate change scenarios, groundwater recharge within the period 2020–2039 in the
ten groundwater regions was estimated. Under the set conditions, the climate change
effects in different groundwater regions in Taiwan were different. The percentage change of
groundwater recharge ranged from an increase of 20.9% to a decrease of 54.6% and varied
among regions, depending on the climate and hydrological conditions. Not all impacts of
climate change were negative. This study proposed a method for quantifying groundwater
recharge under climate scenarios. This method can be applied to different countries. The
study results provide important information for strategic development in groundwater
resource management.
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