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ABSTRACT

The study uses weather generation models to generate future daily rainfall and 
temperature, and incorporates a land coverage model to simulate future land use 
changes. These future scenarios are then simulated by a rainfall runoff model to study 
their impacts on basin discharge, river, and groundwater levels. The Fengshan Creek 
basin in northern Taiwan is selected as test site. The RCP2.6 scenario is adopted to 
project future climate. The hydrological impacts, in the context of groundwater, for 
the near future (2020 - 2039), future (2050 - 2069), and distant future (2080 - 2099) 
are discussed. Simulations indicate that the influence of climate change is more im-
portant compared to local land cover changes at our study site. Both river stage and 
groundwater levels are influenced under future scenarios, but seasonally rather than 
annually; the dry and wet seasons are amplified. The results indicate that future water 
resources will be scarce in the dry season and more abundant in the wet season. In 
addition, changes in groundwater levels for mountainous region are more significant 
than in the downstream flat areas.
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1. INTRODUCTION

Global climate change will result in increases in mean 
air temperature and changes in precipitation, affecting 
temporal and spatial availability of water resources, with 
increasing extreme rainstorms and drought (IPCC 2008). 
Based on the Working Group I contribution to the Fifth 
Assessment Report (AR5) of the Intergovernmental Panel 
on Climate Change, global temperatures have warmed an 
average of 0.85°C (0.65 - 1.06) from 1880 to 2012, as evi-
denced from multiple independently produced datasets (Cli-
mate Change 2013, The Physical Science Basis, Summary 
for Policymakers 2013; IPCC 2013). However, the intensity 
and frequency of heavy rainfall have increased globally and 
are seasonally exacerbated: rainy seasons are wetter and dry 
seasons are drier. Stream flow and groundwater recharge 
is particularly influenced during the wet and dry seasons. 
For instance, average global extreme flood losses in 2005 
were estimated as approximately $6 billion per year, which 
is projected to increase to $52 billion by 2050 with socio-
economic changes (Hallegatte et al. 2013).

Climate change alters the risk of hydrological extremes 
on regional scales, and the hydrological response of a catch-
ment can vary substantially due to location and specific 
catchment characteristics (Veijalainen et al. 2010; Yang et 
al. 2015). Recent studies have found that climate change af-
fects local rainfall amounts, surface runoff, and distribution 
of water resources (Guo et al. 2002; Akhtar et al. 2008; Ar-
nell and Gosling 2013; Kling et al. 2014). Climate change 
is characterized by shifts in temperature and precipitation, 
with regionally specific responses, e.g., alteration of ex-
tremes, intensities, frequencies, and spatial and temporal 
patterns (Easterling et al. 2000; Hay et al. 2011; Wang et 
al. 2013; Hovenga et al. 2016). Hovenga et al. (2016) ad-
dressed the effects of climate change on overland processes, 
river inflow, and sediment loading for the Apalachicola 
River region in Florida, USA. Within the wet seasons, the 
A1B scenario had the largest loadings and A2 was typically 
largest during the dry season. In the same region, Chen et 
al. (2014) indicated that the seasonal responses of runoff 
and sediment loads were slight with contrasting behaviors 
between different models.

In Taiwan, statistical data shows that the warming rate 
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was about 0.14°C per ten years from 1911 to 2009 (Hsu et 
al. 2011). This increase in temperature is higher than the 
global average. In recent decades, extreme typhoon-induced 
floods have occurred all over Taiwan. Rising sea levels 
have induced storm surges, seawater intrusions, and even 
land salinization, all of which affect our living environment 
(Shih et al. 2012b; Hsu et al. 2015). To confront the effects 
of climate change in the future, land use planning has be-
come one of the most important challenges in Taiwan. One 
of the strongest influences on Taiwan’s hydrological envi-
ronment resulting from climate change is water resource 
distribution (Tung 2001). A decrease in medium- and low-
intensity rainfall may lead to insufficient water content in 
the soil and in groundwater, resulting in drought scenarios. 
Therefore, variations in hydrological environments influ-
ence the stability of water supply, and will result in difficult 
operating water and tend to undersupply of water resources. 
In addition, extremely heavy rainfall results in flood-related 
disasters in low-lying areas, and worsens debris flow disas-
ters due to hillside debris avalanches (Shih et al. 2012b).

To better understand the effects of climate and land 
cover changes on basin hydrology, this study proposes a 
method to evaluate effects of future climate and land cov-
erage using the Weather Generator (WGEN) model, Gen-
eral Circulation Models (GCMs), and Conversion of Land 
Use and its Effects over Small Regions model (CLUE-s). 
To relieve computational burden on implementing the 
WASH123D (WAterSHed Systems of 1-D Stream-River 
Network, 2-D Overland Regime, and 3-D Subsurface Me-
dia, Yeh et al. 1998) simulations to the downstream sub-
surface of Fengshan Creek basin, the Hydrologic Model-
ing System (HEC-HMS) is applied to simulate runoffs, and 
the flow distribution in a watershed is modeled using the 
WASH123D numerical model. Climate scenarios generated 
from GCMs or Regional Climate Models (RCMs) are one 
of the most common approaches to estimating future water 
distribution and movement (Menzel et al. 2006; Déqué et al. 
2007; Minville et al. 2008; Prudhomme and Davies 2008). 
Applications of CLUE-s land cover modeling have ranged 
in scale from small regions to entire continents (Verburg et 
al. 2006a, b; Lin et al. 2007; Wassenaar et al. 2007; Hurk-
mans et al. 2009; Trisurat et al. 2010; Britz et al. 2011; Park 
et al. 2011). Moreover, the HEC-HMS is selected as the 
appropriate protocol to conduct rainfall runoff simulation 
because it is widely used and freely available. The HEC-
HMS model has proven reliable and applicable for many 
hydrological simulations (Halwatura and Najim 2013). The 
WASH123D model has been recently applied to several re-
gionally significant projects, e.g., The Comprehensive Ever-
glades Restoration Plan (CERP) and Regional Engineering 
Model for Ecosystem Restoration (REMER) projects. The 
model was also chosen by the U.S. Army Corps as the core 
computational code to model the Lower East Coast (LEC) 
wetland watershed (Yeh et al. 2011). An improved version 

of WASH123D model has been developed and applied to 
many river basins in Taiwan for studies of hydrological 
hazards (Shih and Yeh 2011; Shih et al. 2012a, b; Hsu et 
al. 2015). Therefore, this study integrated aforementioned 
climate and land cover changes with watershed models in a 
new modeling procedure.

2. METHODOLOGY
2.1 Weather Generator (WGEN) and Land Cover 

Models

In this study, the WGEN model was applied to gener-
ate future daily precipitation and temperature with climate 
scenarios. Weather generators based on either Markov 
chains (Richardson 1981) or empirical distributions of wet/
dry spells (Semenov and Brooks 1999) are commonly used. 
The downscaled data of the IPCC RCP2.6 scenario adopted 
in this study was provided by the Taiwan Climate Change 
Projection and Information Platform (TCCIP 2015). Pro-
jected changes in future temperature and precipitation are 
taken into calculations to obtain the ensemble mean of 24 
GCMs. Daily temperature is generated using monthly mean 
and daily records, assuming temperature time series as the 
first-order Markov Chain process (Pickering et al. 1988; 
Wu and Haith 1993). Daily temperature is expressed as 
the function of monthly mean and standard deviation, and 
a random variable is used to generate an extraordinary oc-
currence. Rainfall event identification is determined based 
on historical rainfall probability. The Markov chain process, 
using historical records and a random variable, is applied to 
identify a rainfall event. First, a day is identified as rainy or 
rainless, and then the amount of rainfall is estimated for a 
rainfall occurrence using an exponential distribution. As a 
result, near future (2020 - 2039 years), future (2050 - 2069 
years), and distant future (2080 - 2099 years) temperature 
and precipitation scenarios are generated.

The CLUE-s model provides the probability of regional 
land use change using their spatial distributions. The meth-
od computes land use change incorporating socioeconomic 
and biophysical driving factors based on system theory. The 
model predicts the change in land conditions in design sce-
narios. The structure of a model can be sub-divided into a 
non-spatial demand module and a spatially explicit alloca-
tion procedure. The non-spatial module calculates the area 
change for all land use types at the aggregate level. For the 
land use demand module, different model specifications are 
possible, ranging from simple trend extrapolations to com-
plex economic models. The results from the demand module 
need to specify the area covered annually by different land 
use types, which is a direct input for the allocation mod-
ule. The CLUE-s model, which allows scale and context 
specifications for regional applications, has considered one 
of most flexible and generic landuse modeling frameworks 
(Verburg et al. 2002).
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2.2 HEC-HMS and WASH123D Models

The HEC-HMS rainfall runoff model is a hydrologic 
model used for simulating the rainfall runoff process. The 
model was developed by the Hydrologic Engineering Cen-
ter, U.S. Army Corps of Engineering (USACE 2000, 2008), 
and three major modules are included: the basin, meteoro-
logical, and control specification modules (USACE 2000). 
The parameters in these modules must be determined in ad-
vance to implement the rainfall runoff simulations. In this 
study, the Soil Conservation Service (SCS) Curve Number 
method is selected to calculate the sub basin loss in the 
basin module. The parameters for initial loss, CN (Curve 
Number) value, and impervious percentage of study area are 
regressed based on field measurements. The SCS Unit Hy-
drograph Method is applied to calculate sub basin routings, 
and the discharge lag time is calculated using statistics from 
historical records. For the meteorological module, the HEC-
HMS provides multiple options for providing the rainfall 
distribution in the basin. This study used the rainfall station 
weighting method and provided the weights for various sub 
watershed control rainfall stations based on Thiessen poly-
gons. The control specification module sets the time interval 
for the simulations, in which 15 min and 1 h intervals are 
commonly used.

The WASH123D numerical model is utilized to sim-
ulate the variability in river and ground water levels. The 
watershed system is conceptualized as a 1-D river network, 
2-D overland region, and 3-D subsurface media. The model 
was originally developed by Yeh et al. (1998) to cover den-
dritic river/stream/canal networks, overland regime, and 
subsurface media, including the vadose and saturated zones. 
The WASH123D numerical model is selected as the most 

appropriate protocol for this hydrology research because it 
simulates the flow of various component systems or com-
binations of component systems that comprise a watershed. 
Moreover, it can handle the problems related to various 
spatial and temporal scales, as long as the continuum as-
sumptions are valid. To conduct efficient simulations, the 
following simulated options are adopted in this study: the 
cross section-averaged 1-D diffusive wave equation, depth-
averaged 2-D diffusive wave equation, and 3-D Richards 
equation. The equations are solved with semi-Lagrangian 
and Galerkin finite element methods to determine canal 
network, overland, and variably saturated subsurface flows 
(Yeh et al. 2011). Adequate data regarding initial conditions 
are obtained either from measurements or simulations of 
steady-state versions for the boundary settings.

3. MODELING CONFIGURATIONS

The Fengshan Creek basin in Taiwan is selected for 
this study, shown in Fig. 1. The Fengshan Creek originates 
from Najie Mountain at an altitude of 1320 m. Its trunk 
stream is approximately 45.45 km long, and the catchment 
area is 250.1 km2. Based on historical statistics, the annual 
rainfall ranges from 1754 - 2715 mm, and annual runoff is 
about 376 million m3. The site is important because it is 
located in Hsinchu County, which includes one of the most 
important science parks in Taiwan. In addition, the hill-
side in the Fengshan basin has been subjected to excessive 
land reclamation and golf course construction over the past 
few decades. Hydrological records include flow measure-
ments at the Xinpu Bridge station since 1970 and more than 
30 years of rainfall records (1980 to present) collected at 
the Xinpu and Guanxi stations. The latest land use map is  

Fig. 1. Fengshan Creek basin.
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obtained from the National Land Surveying and Mapping 
Center, Ministry of Interior, Taiwan (NLSC). It is classi-
fied into six coverage groups, and the proportion of land 
use compared to the total area in Fengshan Creek basin is 
listed in Table 1. The agricultural and forest cover the larg-
est areas in the watershed, accounting for 76% of the overall 
area. According to the geology and hydrostratigraphy in-
vestigations by Central Geological Survey (CGS), MOEA, 
Taiwan, the upstream of Fengshen Cekk basin belongs to 
Tamaopu conglomerate, which is mainly composed of con-
glomerate. Chaochin member of Yangmei formation made 
up by sandstone and shale with lower permeability are in-
cluded. Other materials, e.g., general alluvia layer, channel 
fill deposits, Tientzhu formation, and Terrsce formation, are 
also interspersed among watershed.

The watershed modeling structure using the SCS curve 
method and WASH123D is shown in Fig. 2. The HEC-
HMS is used to estimate discharges from zones A and B 
for the mountainous regions of the Fengshan Creek basin. 
Then the WASH123D model is applied to simulate water 
flow among river, overland, and subsurface at the study 
site of zone C. Discharges generated by zones A and B are 
treated as boundary force of upstream and lateral flow for 
river routing of WASH123D. The initial river stage is ap-
plied at the river interfacial nodes to generate boundary 
condition for the steady-state subsurface flow simulation. 
The solutions then serve as the initial conditions for the sub-
sequent transient simulations in the coupled 1-D, 2-D, and 
3-D modeling. The 2-D ground domain is assumed to be 
initially dry for all case runs. Zero depth and fixed pressured 
head depended boundary conditions are assigned in 2-D and 
3-D simulations respectively. More details can be obtained 
in Shih and Yeh (2011). The 1-D river is constructed using 
cross sections, which are taken from field geometry mea-
sured by the Water Resource Agency of Taiwan (Second 
River Management Office). The 2-D surface grid settings 
utilize non-uniform meshes, which are constructed using tri-
angular surface elements. The triangular prism meshes for 
the 3-D groundwater uses the 2-D grid as its surface layer. 
Finally, the core data from different well sites, taken from 
CGS, MOEA, Taiwan, are applied to build the 3-D ground-
water layers. The reference data for the underground hydro-
geology profiles are obtained from wells scattered through-
out the Fengshan Creek basin, shown on Fig. 1. In total, 
there are 61340 grids, 106371 elements, and 9 layers that 
comprise the underground grids, see on the hydrogeology 
classification of Fig. 3.

To determine the appropriate modeling parameters, a 
whole year of simulations for 2013 is conducted to adjust 
model parameters. Periods from January to May of 2014, 
July to October of 2014, and April to October of 2015 are 
used to validate modeling performance. These periods are 
used because some observation data is missing in 2014 and 
2015. The simulated parameters for the SCS curve method, 
including initial loss, curve numbers, non-infiltration areas, 
and runoff lag time, are determined based on the geographic 
properties of area statistical regressions. The calculated curve 
numbers and non-infiltration covers are determined using 
land cover survey data. The results are shown in Table 2. 
The Manning’s coefficients (Mn) for the river are determined 
based on the cross sectional geometry. The Mn for land sur-
faces are classified based on the land coverages, in which 
non-metropolitan areas, metropolitan areas, and others are 
classified. To improve the Mn for the WASH123D model, 
simulations of river and overland flow are conducted to ad-
just values. Initial values are based on field investigations 
(Second River Management Office, Water Resource Agency 
2013), previous literature (Shih et al. 2012a). Then, we use 
trial and error adjustments to tune the results. Surface and 
groundwater simulations are combined to calibrate the satu-
rated hydraulic conductivity (Ks) in the subsurface medium. 
The soil retention curves for the unsaturated zone are gener-
ated using the power-law related model, and assume that the 
saturated hydraulic conductivity of the 3-D subsurface flow 
in the horizontal direction is 10 times that in the vertical di-
rection (Shih et al. 2012a). Values range from 10-3 to 10-8. 
These parameters are shown in Table 3.

4. RESULTS AND DISCUSSIONS
4.1 Model Calibration/Validation

The calibration results reveal a reasonable hydrograph 
for river stage and groundwater level compared to the obser-
vations at Xinpu station, as illustrated in Fig. 4. It shows the 
river stage during early July which Taiwan is suffered by 
Typhoon Soulik (2013), see on Fig. 4a. And Fig. 4b presents 
the groundwater level in whole year simulations for 2013. 
It can be seen that two extreme rainfall events in July and 
August, the simulated results are in agreement with obser-
vations for both the rising and receding limbs of groundwa-
ter levels as extreme rainfall occurred. Simulation results of 
groundwater level further indicate a Nash-Sutcliffe model 
efficiency coefficient (CE) is over 0.49, indicating that the 
simulated and observed data have high positive correlations. 

Agricultural Forestry Traffic Water Buildings Other
Area (km2) 57.3 133.8 8.8 7.8 15.9 27.6

Coverage (%) 22.8 53.3 3.5 3.1 6.3 11.0

Table 1. Status quo land use coverage in Fengshan Creek basin.



Modeling HI of GWL in the Ctx. of Clim. and L.C. Change 345

Fig. 2. Modeling zones (A and B) in HEC-HMS and grid constructions of WAH123D.

Fig. 3. Hydrogeology classifications of Fengshan Creek basin.

Initial loss (mm) Non-infiltration covers (%) Lag time (min.) CN (I)

Zone A 4.0 17.6 131.2 57.9

Zone B 4.0 22.1 147.2 61.1

Table 2. Parameters used in the SCS curve method for Fengshan Creek basin.
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Essentially, an efficiency of 1 (CE = 1) corresponds to a 
perfect match of modeled result to the observed data. More-
over, the RMSE value is 0.36 m, which implies that the 
average modeling errors are very small. River stages during 
Typhoon Soulik (2013) is examined. Simulated hydrograph 
compared to observed data are shown in Fig. 4a, in which 
the R2, RMSE and CE is 0.910, 0.253 m, and 0.895 respec-
tively. The simulations of surface water reveal very minor 
inconsistencies with the observations on the rising and reced-
ing limbs, and the modeling results also match the measured 
flow peak very well. It indicates that using WASH123D to 
implement interactions between surface and groundwater is 
applicable. And surficial rainfall induced groundwater level 
change can be reasonably assessed. In summary, the simu-
lated hydrograph and error indicators both signify the high 
quality of the calibration.

Given the accuracy of the calibration, the modeling set-
tings for all parameters are fixed and a model validation is 

conducted. The simulation results compared to observation 
data are shown in Fig. 5 for the three periods from 2014 - 
2015. As shown, the simulated hydrograph agrees well with 
the observations; the R2 is 0.5, and the RMSE is 0.21 m. The 
simulated hydrograph indicated small discrepancies from 
the observed data, but the general trends are comparable. For 
example, the groundwater level in 2014 and 2015 is slightly 
lower compared to 2013 in the observations, and the simula-
tions showed the same behavior in these periods. Figure 6 il-
lustrated the hydrograph from February 06nd to 16th of 2014. 
It can be clearly seen that flow pattern between river stage 
and groundwater level is different. River stage rises and de-
scend to accompany with precipitation. However, ground-
water level increase with a time lag to rainfalls. It reveals 
about 20 h lag to heavy rainfalls. Flow velocity induced flow 
pattern between surface and groundwater is apparently iden-
tified. Therefore, these parameters are suitable for use in the 
hydrological models.

Channels (1-D) Mn Surface land (2-D) Mn Groundwater Layers (3-D) Ks (m s-1)

0.036 - 0.029
Metropolitan (0.120)

Non-metropolitan (0.280)
Other (0.085)

Gravel (1 × 10-3)
Mud or fine silt (4 × 10-6)
River sediment (2 × 10-5)

Aquifers (1 × 10-3 ~ 1 × 10-5)
Impermeable layer (1 × 10-8)

Table 3. Parameters used in the WASH123D model for Fengshan Creek basin.

(a)

(b)

Fig. 4. Calibration results on (a) river stage and (b) groundwater level.
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(a)

(b)

(c)

Fig. 5. Validation results of groundwater level for periods (a) January to May 2014, (b) July to October 2014, and (c) April to October 2015.

Fig. 6. Simulation of flow lag between surface and groundwater level.
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4.2 Scenario Discussions

Three future land coverage scenarios are generated us-
ing the CLUE-s model. To evaluate the developing process-
es of the Fengshan Creek basin, land-cover use investigation 
maps taking place on the year of 1995 and 2007 are adopted, 
which is the latest available data for this site. Three assumed 
scenarios (Wu 2014) are applied: (1) unrestrained develop-
ment, wherein future site development behavior is based en-
tirely on current city growth; (2) hillside forest conservation 
as a space-constrained development area, so urbanization is 
more apparent; and (3) limitations in building development 
when the average slope is greater than 30%, which concen-
trates city development in the metropolitan area. The details 
for each scenario are listed in Table 4. Results indicate that 
these three scenarios have very similar growth patterns, even 
almost identical. This is due to the lack of variability in the 
metropolitan area land coverage over the past decades. Only 
some local developments have been conducted. To simplify 
subsequent simulations, Scenario 1 is adopted.

In the IPCC fifth Assessment Report (2014), the Rep-
resentative Concentration Pathways (RCPs) were used to 
project the increase of radiative forcing due to the enhance-
ment of greenhouse effect. They describe four possible cli-
mate futures, all of which are considered possible depend-
ing on the amount of greenhouse gases concentrations in the 
years to come. Four RCPs (i.e., RCP2.6, RCP4.5, RCP6.0, 
and RCP8.5) are named after a possible range in radiative 
forcing values in the year 2100 relative to pre-industrial val-
ues (+2.6, +4.5, +6.0, and +8.5 W m-2, respectively). The 
RCP2.6 scenario was adopted for our preliminary studies. In 
short, hydrological measurements from Xinpu and Guanxi 
station were applied as baseline data for comparisons with 
climate scenarios. WGEN stochastic weather generator is 
applied to produce daily precipitation, minimum/maximum 
temperature, and solar radiation with downscaled data, pro-
vided by the TCCIP, in near future, future, and distant future. 
Arithmetic average of above three time periods are shown 
in Table 5. In general, the wet season in Taiwan lasts from 
May to October. The projection of RCP2.6 scenario indicate 
that temperature has an increasing trend, and the rainy sea-
son will get wetter and the dry season will get drier.

Modeling hydrological response including the future 
climate scenarios described previously, near future, fu-
ture, and distant future, and land cover changes (Scenario 
1) are then implemented. Modeling results between river 
stage and groundwater level change, and their percent-
age variance at the location of Xinpu station are drawn in  
Figs. 7 and 8 respectively. In which the variance is calcu-
lated using simulations of water levels of future scenarios 
divide state quo climate scenario. A spatial and temporal in-
terpolation of thiessen polygons method is applied. In which 
precipitation on Xinpu and Guanxi station were generated 
by climate models. Simulations show a slightly increas-

ing trend for river levels in the future, as shown in Fig. 7a; 
the monthly mean river levels increase slightly, averaging 
about 0.10 m. We then calculate the river level variability 
and compare it to the current climate scenario simulation; 
the difference is expressed in percentage and illustrated in 
Fig. 7b. Simulations show the monthly mean river level de-
creases 0.6 m in the dry season, and increases 0.15 m in wet 
season. Discharge of river is also estimated, see on Table 6.  
Monthly mean of river flow has no significant difference 
in designed future scenarios. To calculate discharge on wet 
and dry seasons separately, simulation results show that dis-
charge decreases 0.09, 0.51, and 0.55 cms in the dry season 
of near future, future, and distant future respectively. For 
wet season, it increases 1.02, 1.29, and 2.02 cms of near 
future, future, and distant future respectively. As shown, it 
is clearly seen that water resource becomes wetter in the wet 
season and drier in the dry season; the two seasons show 
contrasting results. Moreover, rainfall distribution of Tai-
wan is characterized as non-uniform in time and space, and 
the slope of rivers are very steep. That results in the water-
sheds become getting difficult to store rain water. Although 
rainfall has identified slightly increased under future sce-
narios, it seems barely to contribute to river discharges. In 
summary, the combination of future land use with various 
future climate changes does not apparent affect the annual 
water level of the river. However, the water resource in the 
dry and wet seasons more clearly diverge, with increasing 
amplitude in their variance.

Simulations of groundwater level and variance percent-
ages are shown in Fig. 8, in which variances are calculated 
the same as those in Fig. 7. The monthly mean groundwater 
levels increase an average of 0.60 m in the dry season and 
1.2 m in the wet season, as shown in Fig. 8a. In compari-
son to status quo groundwater levels (Fig. 8b), the variance 
between different climate scenarios (near future, future, 
and distant future) in the dry season indicate a reduction of 
9.69, 17.71, and 20.40%, respectively; in the rainy season, 
groundwater levels increase 1.30, 3.23, and 7.99%, respec-
tively, in the near future, future, and distant future. That can 
be clearly seen that the future rainfall will become heavier 
in the wet season and drier in the dry season. It is no ques-
tion that less rainfall will lead to groundwater drawn down 
while dry season. To the raining season, although rainfall is 
increased, slope of riverbed in most watershed of Taiwan 
is steep. That will result in rainfall induced surface runoff 
infiltrate underground inefficiently. That is the reason of 
climate change has larger impacts on groundwater than sur-
face water. In summary, groundwater levels have a slightly 
increasing trend given the future climate and land cover 
changes in the Fengshan Creek basin. Furthermore, the sea-
sonal variation will be amplified, with lower groundwater 
levels in the dry season and higher levels in the wet season.

In this study, simulations indicate that the hydrologi-
cal changes are mainly influencing groundwater rather than 
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Scenario 1 Scenario 2 Scenario 3

Non-metropolitan areas (%) 77.42 77.45 77.49

Metropolitan areas (%) 13.59 13.46 13.44

Other regions (%) 8.99 9.09 9.07

Table 4. Scenarios for land cover change based on CLUE-s.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Temp. (°C) 0.76 0.63 0.68 0.57 0.75 0.67 0.69 0.71 0.60 0.46 0.64 0.64

Rainfall (%) 2.16 -0.26 -4.67 -2.42 -3.88 3.91 12.21 11.41 6.19 -6.31 4.69 -6.48

Table 5. Arithmetic means of near future, future, and distant future of temperature and rainfall under the RCP2.6 
scenario.

(a)

(b)

Fig. 7. Modeling results using future land cover and climate scenarios for (a) river stage change and (b) their percentage variance.

surface water. To better understand the spatial distribution of 
the groundwater changes in the future, we take the difference 
between groundwater levels under status quo and future dry 
season conditions; the results are shown in Fig. 9. In the flat 
regions of the watershed, future groundwater level changes 
vary between -20 and 0 cm. In contrast, there is a signifi-

cant decline in groundwater levels in the mountainous re-
gion, with some data indicating > 60 cm decreases compared 
to the seasonal average. In short, the groundwater levels in 
mountainous regions show a more significant decrease than 
lower elevation flat areas in the Fengshan Creek basin under 
future climate and land cover conditions.
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(a)

(b)

Fig. 8. Modeling results using future land cover and climate scenarios for (a) groundwater level change and (b) their percentage variance.

near future future distant future

monthly mean 0.41 0.32 0.53

dry season mean -0.09 -0.51 -0.55

raining season mean 1.02 1.29 2.02

Table 6. Simulation of river flow under future climate (unit: cms 
month-1).

Fig. 9. Spatial distribution of changes in groundwater level under future climate (RCP2.6) and land cover (Scenario 1) conditions.
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5. CONCLUSION

This study proposed a method to use WGEN and GCM 
models to generate meteorological data, the CLUE-s model 
to predict land cover changes, the HEC-HMS rainfall runoff 
model to calculate watershed discharge, and the WASH123D 
model to simulate hydrological effects under future climate 
and land cover conditions. Simulation results suggest that 
the effects of climate change are more relevant compared 
to local land cover changes in this study region. Both river 
stage and groundwater level tend to slightly increase in fu-
ture climate and land coverage scenarios. However, the sea-
sonal differences are amplified, and groundwater levels are 
drier in the dry season and wetter in the wet season. Further-
more, there are spatial differences under future climate pro-
jections; the groundwater levels in the mountainous region 
will decline more than in the flat regions of the Fengshan 
Creek basin.
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