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ASSESSMENT OF FUTURE CLIMATE CHANGE

IMPACTS ON WATER QUANTITY AND QUALITY

FOR A MOUNTAINOUS DAM WATERSHED

USING SWAT

J.‐Y. Park,  M.‐J. Park,  S.‐R. Ahn,  G.‐A. Park,
J.‐E. Yi,  G.‐S. Kim,  R. Srinivasan,  S.‐J. Kim

ABSTRACT. The aim of this study was to assess the potential impacts of climate change on hydrology and stream water quality
for a 6642 km2 mountainous dam watershed in South Korea using the Soil and Water Assessment Tool (SWAT). The model
was calibrated for three years (1998‐2000) and validated for another three years (2001‐2003) using daily streamflow data
at three locations and monthly stream water quality data at two locations. For future evaluation, the MIROC3.2 HiRes and
ECHAM5‐OM climate data by Special Report on Emissions Scenarios (SRES) A2, A1B, and B1 of the Intergovernmental
Panel on Climate Change (IPCC) were adopted. The future biased data (2007‐2099) were corrected using 30 years
(1977‐2006, baseline period) of weather data, and downscaled by the change factor (CF) statistical method. The future
(2020s, 2050s, and 2080s) watershed hydrology and stream water quality were evaluated based on the 2000 data. The
MIROC3.2 HiRes A1B 2080s temperature and precipitation showed an increase of +4.8°C and 34.4%, respectively, based
on the 2000 data. The impacts of projected future climate change scenarios on the evapotranspiration, groundwater recharge,
and streamflow were increases of +23.1%, +28.1%, and +39.8%, respectively. The future sediment load showed a general
tendency to decrease in the A2, A1B, and B1 emission scenarios of the two GCM models. The increase of the future T‐N load
may come from the increase of the subsurface lateral flows from January to June and the groundwater recharges from January
to July. The future T‐P load showed an increase of +19.6% in the 2080s under the MIROC3.2 HiRes A1B scenario and a
decrease of ‐48.4% in the 2050s under the ECHAM5‐OM B1 scenario.

Keywords. Climate change, Downscaling, GCM, Nonpoint‐source pollution, SWAT, Watershed modeling.

n South Korea, the climate is intermediate, between
continental  and oceanic climates, and features four dis‐
tinct seasons. It is hottest during June to August, and the
average temperature in August is 25.4°C. The average

temperatures during December to February range from ‐8°C
in the north to 0°C in the south. Annual precipitation aver‐
ages 1260 mm, and about 60% of the precipitation takes place
during the wet season (June to early September), which is a
characteristic of monsoon weather in eastern Asia (Lee and
Lee, 2000). It has been reported that an unequivocal global
average temperature increase of about 0.74°C occurred from
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1906 to 2005. The increase in the temperature in South Korea
has been almost doubled the figure since 1912 (Korea Meteo‐
rological Administration, 2009).

The Intergovernmental Panel on Climate Change (IPCC)
report reaffirms that the climate is changing in ways that can‐
not be accounted for by natural variability and that global
warming is occurring (IPCC, 2007). Climate changes affect
the hydrological cycle, thus modifying the transformation
and transport characteristics of sediment and nutrients (Bou‐
raoui et al., 2002). The scientific consensus is that future in‐
creases in atmospheric greenhouse gas concentrations will
result in elevated global mean temperatures, with subsequent
effects on regional precipitation, evapotranspiration, soil
moisture, and altered flow regimes in streams and rivers
(Wilby et al., 1994; Arnell, 2003, 2004).

In general, assessment of the impacts of climate change on
water quantity and quality will need to combine watershed
models with the results of general circulation models
(GCMs). Recently, several studies have been carried out as‐
sessing climate change impacts on water quantity and quali‐
ty. Bouraoui et al. (2002) evaluated the impact of potential
climatic change on nutrient loads from agricultural areas to
surface water using the Soil and Water Assessment Tool
(SWAT) combined with four GCMs (CSIRO‐Mk2,
ECHAM4, CGCM1, and HadCM2) in the Ouse River basin
in northern England. The simulation results of climate sce‐
narios showed significant effects on water quality and nutri‐
ent loads from agricultural areas as well as crop growth
patterns. Jha et al. (2004) performed an evaluation of the im‐
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pact of climate change on streamflow in the upper Mississip‐
pi River basin by use of a regional climate model (RCM)
coupled with a hydrologic model (SWAT). The combined
performance of SWAT and the RCM (RegCM2) was ex‐
amined using observed weather data as lateral boundary con‐
ditions in the RCM. Marshall and Randhir (2008) evaluated
the impact of warming trends on water quantity and quality
at a watershed scale in the Connecticut River watershed in
New England using the SWAT model. They projected that
climate change had significant impacts on nutrient cycles and
on the N:P ratio of annual loading in the watershed.

Many SWAT applications have focused on agricultural
watersheds (Hanratty and Stefan, 1998; Hotchkiss et al.,
2000; Stonefelt et al., 2000; Vache et al., 2002; Chanasyk et
al., 2003; Stone et al., 2003; Arabi et al., 2008). A single
growth model in SWAT is used for simulating all crops based
on a simplification of the EPIC crop growth model (Williams
et al., 1984). The main reason for this is that SWAT was de‐
veloped primarily for watersheds dominated by agricultural
crops rather than forests. Several researchers have pointed
out that the suitability of SWAT for applications to wa‐
tersheds dominated by forests is limited due to its inability to
accurately simulate forest growth (Kirby and Durrans, 2007).
In recent years, several researchers have modified SWAT to
make it more suitable for watersheds dominated by different
types of forests around the world (Wattenbach et al., 2005;
Kirby and Durrans, 2007; Watson et al., 2008).

SWAT has been applied worldwide for hydrologic and water
quality simulation (Zhang et al., 2008). Putz et al. (2003) re‐
viewed four hydrologic models that were considered for adop‐
tion during the initial stages of the Forest Watershed and
Riparian Disturbance (FORWARD) project (Prepas et al.,
2006): TOPMODEL (Beven et al., 1995), SWAT (Arnold et al.,
1998), DHSVM (Wigmosta et al., 1994), and HSPF (Donigian
et al., 1995). They established 11 criteria as a means to select
the most suitable model for simulating disturbance effects and
recovery in boreal plain forests. Of the four models that were
short‐listed by Putz et al. (2003), it was found that SWAT ful‐
filled more criteria than the other models. Hence, it was selected
as the model of choice for fulfilling the objectives of the FOR‐
WARD project. Further, Putz et al. (2003) also showed that
SWAT can apply not only in agricultural watersheds but also in
forest watersheds. However, few of the SWAT applications were
successfully validated in forested watersheds (Fohrer et al.,
2001; Im et al., 2003; Govender and Everson, 2005; Wu and
Johnson, 2008; Ahl et al., 2008; Ye et al., 2009).

Climate change scenarios can be considered for modeling
future impacts on hydrology and water quality. Climate change
impacts can be simulated directly in SWAT by accounting for:
(1) the effects of increased atmospheric CO2 concentrations on
plant development and transpiration, and (2) changes in climatic
inputs (Gassman et al., 2007). Gassman et al. (2007) reviewed
climate change impact studies that reported on SWAT applica‐
tions and concluded that the model is a flexible and robust tool
that can be used to simulate a variety of watershed processes.
The reported SWAT results focused on approaches that relied on
downscaling of climate change projections generated by GCMs
or GCMs coupled with RCMs (Stone et al., 2001; Muttiah and
Wurbs, 2002; Eckhardt and Ulbrich, 2003; Rosenberg et al.,
2003; Takle et al., 2005; Thomson et al., 2005; Gosain et al.,
2006; Jha et al., 2006). Moreover, several studies reported cli‐
mate change impacts on both hydrology and pollutant losses us‐
ing SWAT, including four studies that were partially or

completely supported by the Climate Hydrochemistry and Eco‐
nomics of Surface‐water Systems (CHESS) project (Bouraoui
et al., 2002; Varanou et al., 2002; Boorman, 2003; Bouraoui et
al., 2004).

However, many of the previous research studies have fo‐
cused on the influence of change in pollutant loss using
SWAT without giving enough representation of the future
change in hydrologic components. In South Korea, most
studies during the past ten years have been conducted to as‐
sess the impact of climate change mainly on streamflow for
several watersheds of South Korea. Many of these studies
have indicated water resource variability associated with cli‐
mate change. This study deals with future climate impact on
watershed evapotranspiration (ET), surface runoff, and
groundwater flow in addition to streamflow. We used a statis‐
tical downscaling approach to assess change in future climate
as modeled by two GCMs, and considered future hydrologic
behavior and stream water quality using SWAT. Park et al.
(2011) evaluated the impacts of future potential climate and
land use changes on SWAT watershed hydrology for the
Chungju dam watershed by applying the MIROC3.2 HiRes
A1B scenario for climate and CLUE‐s (Conservation of Land
Use and its Effects at Small regional extent) for land use.

The aim of this study is to evaluate the impacts of future
potential climate change on water quantity and quality for a
mountainous dam watershed in South Korea, The SWAT
model was adopted for analysis of hydrologic behavior and
evaluation of nonpoint‐source (NPS) pollution loads using
the downscaled MIROC3.2 HiRes and ECHAM5‐OM data
by Special Report on Emissions Scenarios (SRES) A2, A1B,
and B1. The SWAT2005 version with the ArcSWAT 2.0 inter‐
face was used. By applying the A2, A1B, and B1 scenarios
of MIROC3.2 HiRes and ECHAM5‐OM downscaled data,
the future NPS pollution loads for dam inflow are discussed
through analysis of the hydrologic impacts.

STUDY AREA AND DATA
The Chungju dam watershed has a total area of 6642 km2

and is located in the northeast region of South Korea, within
the latitude and longitude range of 127.9° to 129.0° E and
36.8° to 37.8° N (fig. 1). The elevation ranges from 112 to
1562 m, with an average overland hillslope of 36.9% and an
average elevation of 609 m. The large variation of elevation
in the watershed affects surface runoff (runoff volume and
peak runoff rate) by the slope in the calculation of time of
concentration, and sediment yield by the LS (topographic)
factor of the Modified Universal Soil Loss Equation
(MUSLE) in SWAT modeling. The annual average precipita‐
tion is 1261 mm, and the mean temperature was 9.4°C over
the last 30 years. More than 82.3% of the watershed area is
forested, and 12.2% of the lowland area is cultivated. De‐
tailed spatial information and a description of the study wa‐
tershed can be found in Park et al. (2011).

Thirty years (1977‐2006) of daily weather data obtained
for the Korea Meteorological Administration were collected
from six ground stations. In addition, continuous daily
streamflow data were obtained from three gauging stations
(YW #1 and YW #2 located upstream, and CD at the wa‐
tershed outlet) of the Han River Flood Control Office, and
discontinuous (once per month) stream water quality data
(sediment, T‐N, and T‐P) were obtained at two sites (YW #1
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Figure 1. Locations of the Chungju dam watershed and the weather stations, streamflow, and water quality stations.

and YW #2) of the Korean Ministry of Environment. Six
years (1998‐2003) of point‐source data for the modeling was
prepared from each point‐source facility, including discharge
rates and nutrient loads.

The GCM data source used for this study is future climate
data, which were obtained from the MIROC3.2 HiRes and
ECHAM5‐OM model outputs. Among the 24 GCM of the
IPCC Fourth Assessment Report (AR4), we selected the two
GCMs having fine spatial resolution and having opposite
trends for future summer and autumn rainfalls in Korea
(tables 2a and 2b). The MIROC3.2 HiRes model, developed
at the National Institute for Environmental Studies in Japan,
has a spatial resolution of approximately 1.1°. The
ECHAM5‐OM model, developed at the Max Planck Institute
for Meteorology in Germany, has a spatial resolution of
approximately  1.9°. We adopted the MIROC3.2 HiRes (sce‐
narios A1B and B1) and ECHAM5‐OM (scenarios A2, A1B,
and B1) data for 1900 to 2100 using three SRES climate
change scenarios of the IPCC AR4: A2 is the “high” green‐
house gas (GHG) emission scenario, A1B is the “middle”
GHG emission scenario, and B1 is the “low” GHG emission
scenario. These experiments started as 20th Century Climate
in Coupled Models (20C3M) simulations and were run up to
the year 2100.

METHODS
THE SWAT MODEL

SWAT is a physically based continuous, long‐term,
distributed‐parameter  model designed to predict the effects
of land management practices on the hydrology, sediment,
and contaminant transport in agricultural watersheds under
varying soils, land use, and management conditions (Arnold
et al., 1998). It is a public‐domain model supported by the
USDA Agricultural Research Service (USDA‐ARS) at the
Grassland, Soil, and Water Research Laboratory in Temple,
Texas.

SWAT is based on the concept of hydrologic response
units (HRUs), which are portions of a subbasin that possess
unique land use, management, and soil attributes. The runoff,
sediment, and nutrient loadings from each HRU are calcu‐
lated separately using input data about weather, soil proper‐

ties, topography, vegetation, and land management practices
and then summed together to determine the total loadings
from the subbasin. SWAT functions on a continuous daily
time step with input options for hydrology, nutrients, erosion,
land management, main channel processes, water bodies, and
climate data. The SWAT model predicts the influence of land
management  practices on constituent yields from a wa‐
tershed and includes agricultural components such as fertiliz‐
er, crops, tillage options, and grazing; SWAT can also include
point‐source discharges. Further details can be found in the
SWAT theoretical documentation (Neitsch et al., 2001).

BIAS CORRECTION AND DOWNSCALING OF THE 
GCM CLIMATE DATA

In this study, the future weather data were regenerated us‐
ing the bias correction and the change factor (CF) downscal‐
ing methods (Diaz‐Nieto and Wilby, 2005; Wilby and Harris,
2006; Park et al., 2009). The detailed procedures can be
found in Park et al. (2011). The downscaling procedure was
used to apply the percentage changes for weather variables
in the study watershed to the data for 2010‐2039 (2020s),
2040‐2069 (2050s), and 2070‐2099 (2080s) using year 2000
daily weather data as the baseline. The year 2000 data were
selected as the baseline for future assessment because they
had a precipitation and temperature pattern that was similar
to the average values for the 30‐year period (1977‐2006) for
six weather stations.

RESULTS AND DISCUSSIONS
SWAT MODEL CALIBRATION AND VALIDATION

The SWAT model was calibrated for three years
(1998‐2000) of daily streamflow data at three locations (YW
#1, YW #2, and CD) and monthly stream water quality (sedi‐
ment, T‐N, and T‐P) data at two locations (YW #1 and YW
#2), and validated for another three years (2001‐2003).
Table�1 shows a statistical summary of the model calibration
and validation, and figures 2 and 3 show comparisons of the
observed and simulated streamflow and water quality (sedi‐
ment, T‐N, and T‐P), respectively. Detailed calibrated param‐
eters and streamflow results of model calibration and
validation can be found in Park et al. (2011). After flow cal-
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Table 1. Calibration and validation results of streamflow and NPS pollution loads at three calibration points.[a]

Model Output
Evaluation

Criteria

YW #1 YW #2 CD (Outlet)

Cal. Val. Cal. Val. Cal. Val.

Streamflow

RMSE (mm d‐1) 2.80 2.38 2.98 2.67 2.01 1.58
R2 0.76 0.71 0.76 0.69 0.89 0.87

NSE 0.73 0.68 0.64 0.58 0.81 0.78

NPS loads

Sediment R2 0.79 0.95 0.69 0.53

N/AT‐N R2 0.70 0.78 0.81 0.94
T‐P R2 0.82 0.88 0.35 0.88

[a] Cal. = calibration period (1998‐2000), Val. = validation period (2001‐2003), and N/A = not available.

(a)

(b)

(c)

Figure 2. Comparison of the observed and SWAT‐simulated streamflow during calibration (left graphs) and validation (right graphs) periods at three
locations: (a) YW #1, (b) YW #2, and (c) CD.

(a) (b)

Figure 3. Comparison of the observed and SWAT‐simulated sediment, T‐N, and T‐P loads at two locations: (a) YW #1 and (b) YW #2.

ibration, the sediment and nutrient loads were calibrated. In
this study, eight parameters were selected for sediment, total
nitrogen (T‐N), and total phosphorus (T‐P) loads in two sub‐

watersheds (YW #1 and YW #2). Model parameters adjusted
to calibrate sediment loads were the channel cover and erod‐
ibility factors (CH_COV and CH_EROD) and the linear co-
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(a) (b)

Figure 4. Annual (a) temperature and (b) precipitation of the A2, A1B, and B1 scenarios adjusted by using the output from MIROC3.2 HiRes and
ECHAM5‐OM. Observed and 20C3M data for the period 1977‐2006 are shown for comparison before (upper graphs) and after (lower graphs) bias
correction.

Table 2a. Changes in future seasonal precipitation and temperature
with MIROC3.2 HiRes and the CF downscaling method.

Season

Precipitation (%) Temperature (°)

A1B B1 A1B B1

Spring
(Mar.‐May)

2020s +43.9 +57.8 +1.0 +0.9
2050s +58.0 +60.2 +2.4 +2.0
2080s +82.7 +69.4 +3.6 +2.5

Summer
(June‐Aug.)

2020s +11.1 +15.0 +1.4 +1.5
2050s +19.7 +16.4 +3.0 +2.3
2080s +25.9 +15.0 +4.3 +3.1

Autumn
(Sept.‐Nov.)

2020s ‐16.2 ‐11.0 +2.3 +2.3
2050s ‐0.4 +0.1 +3.9 +3.2
2080s +14.4 ‐8.0 +5.3 +4.2

Winter
(Dec.‐Feb.)

2020s +161.6 +132.2 +2.9 +2.8
2050s +138.8 +141.0 +4.8 +4.2
2080s +154.3 +116.0 +6.1 +5.0

Annual
2020s +12.9 +17.1 +1.9 +1.9
2050s +23.1 +21.8 +3.5 +2.9
2080s +34.4 +18.7 +4.8 +3.7

efficient for in‐stream channel routing (SPCON). Nutrient
outputs were calibrated by modifying initial organic N and P
concentrations in the surface soil layer (SOL_ORGN and
SOL_ORGP), initial mineral phosphorus (SOL_SOLP), ni‐
trate concentration in the groundwater (GWNO3), and bio‐
logical mixing efficiency (BIOMIX).

The average Nash and Sutcliffe (1970) efficiency (NSE)
for streamflow during the validation period was 0.68 at YW
#1, 0.58 at YW #2, and 0.79 at CD. This means that the model
made better predictions by 68%, 58%, and 79% compared to
simply using the average streamflow value during that peri‐
od. The average root mean square error (RMSE) for stream‐
flow during the calibration and validation periods was
2.59�mm d‐1 at YW #1, 2.83 mm d‐1 at YW #2, and 1.80 mm
d‐1 at CD. The average coefficients of determination (R2) for
monthly sediment, T‐N, and T‐P loads during the calibration
and validation periods were 0.87, 0.74, and 0.85 at YW #1
and 0.61, 0.88, and 0.62 at YW #2, respectively.

As seen in figure 2, the error for YW #2 streamflow during
winter periods showed the biggest RMSE, and most errors

Table 2b. Changes in future seasonal precipitation
and temperature with ECHAM5‐OM.

Season

Precipitation (%) Temperature (°)

A2 A1B B1 A2 A1B B1

Spring (Mar.‐May)
2020s +47.9 +62.7 +60.3 +0.5 +0.3 ‐0.1
2050s +69.5 +60.4 +53.4 +1.7 +2.0 +1.0
2080s +69.0 +58.7 +81.8 +3.4 +3.1 +2.4

Summer (June‐Aug.)
2020s ‐14.8 ‐10.6 ‐14.6 ‐0.1 ‐0.1 +0.1
2050s ‐7.1 ‐6.6 +0.3 +0.9 +1.8 +0.9
2080s ‐13.4 ‐0.7 ‐13.1 +2.6 +2.6 +1.6

Autumn (Sept.‐Nov.)
2020s ‐35.0 ‐33.1 ‐44.2 +1.7 +1.8 +1.8
2050s ‐33.3 ‐33.3 ‐31.5 +3.2 +3.5 +2.9
2080s ‐23.8 ‐41.0 ‐38.3 +5.2 +4.9 +3.8

Winter (Dec.‐Feb.)
2020s +131.9 +151.6 +161.1 +1.1 +0.8 +1.0
2050s +187.7 +126.7 +182.2 +2.6 +3.3 +1.9
2080s +174.1 +178.8 +192.9 +4.8 +4.6 +3.3

Annual
2020s ‐7.4 ‐2.0 ‐7.4 +0.8 +0.7 +0.7
2050s +2.0 ‐1.1 +4.5 +2.1 +2.7 +1.7
2080s +0.8 ‐+1.7 ‐1.0 +4.0 +3.8 +2.8

came from the difference in the peak runoff for storms.
Therefore, it can be inferred that the YW #2 low flow errors
arose from the uncertainties of the forest humus layer func‐
tion, soil, and groundwater parameters.

The peak runoff errors may be caused by the difference be‐
tween the real and simulated runoff mechanisms in paddy fields.
Unlike the unsaturated flow mechanism in a natural environ‐
ment, a paddy has artificial factors, such as irrigation scheduling
and levee height management, which increase the uncertainty
of the water budget. During paddy cultivation periods, farmers
artificially control levee heights for their own water manage‐
ment. Irrigating before rainfall and draining water after rainfall
also affect streamflows to a significant degree.
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(a)

(b)

Figure 5. Comparison of the downscaled precipitation (mm) and temperature (°C) of the A2 (left graphs), A1B (center graphs), and B1 (right graphs)
scenarios by the CF downscaling method: (a) daily precipitation amounts and (b) monthly mean temperature.

Table 3. Summary of future predicted annual hydrologic components for the A2, A1B, and B1 scenarios of the MIROC3.2 HiRes and
ECHAM5‐OM data in the 2020s, 2050s, and 2080s (values in parentheses are percent change in hydrologic components based on the baseline).[a]

Scenario Years P ET SR LAT GW ST

Baseline 2000 1155.1 407.2 419.2 35.5 232.5 691.2

MIROC3.2 HiRes
(A1B)

2020s 1304.2 (+12.9) 453.9 (+11.5) 470.1 (+12.2) 40.6 (+14.3) 262.8 (+13.1) 772.6 (+11.8)
2050s 1421.6 (+23.1) 479.2 (+17.7) 537.8 (+28.3) 46.3 (+30.2) 278.7 (+19.9) 861.8 (+24.7)
2080s 1552.1 (+34.4) 501.4 (+23.1) 619.1 (+47.7) 49.5 (+39.4) 297.8 (+28.1) 966.0 (+39.8)

MIROC3.2 HiRes
(B1)

2020s 1352.6 (+17.1) 457.3 (+12.3) 504.2 (+20.3) 41.3 (+16.1) 270.6 (+16.4) 815.8 (+18.0)
2050s 1406.5 (+21.8) 479.0 (+17.6) 543.0 (+29.5) 43.4 (+22.3) 270.0 (+16.1) 856.2 (+23.9)
2080s 1371.6 (+18.7) 476.1 (+16.9) 493.8 (+17.8) 46.8 (+31.7) 275.8 (+18.7) 815.6 (+18.0)

ECHAM5‐OM
(A2)

2020s 1069.7 (‐7.4) 444.8 (+9.2) 273.7 (‐34.7) 36.7 (+3.4) 246.8 (+6.2) 555.9 (‐19.6)
2050s 1206.7 (+4.5) 454.5 (+11.6) 360.5 (‐14.0) 42.3 (+19.1) 267.4 (+15.0) 669.2 (‐3.2)
2080s 1143.5 (‐1.0) 475.5 (+16.8) 275.2 (‐34.3) 48.5 (+36.4) 263.5 (+13.3) 585.5 (‐15.3)

ECHAM5‐OM
(A1B)

2020s 1069.5 (‐7.4) 441.9 (+8.5) 284.5 (‐32.1) 36.9 (+3.9) 239.5 (+3.0) 560.1 (‐19.0)
2050s 1178.3 (+2.0) 458.1 (+12.5) 330.9 (‐21.1) 43.8 (+23.4) 266.6 (+14.7) 640.2 (‐7.4)
2080s 1164.4 (+0.8) 473.0 (+16.2) 304.2 (‐27.4) 47.0 (+32.3) 262.8 (+13.0) 612.6 (‐11.4)

ECHAM5‐OM
(B1)

2020s 1131.7 (‐2.0) 447.5 (+9.9) 323.7 (‐22.8) 36.7 (+3.3) 248.2 (+6.7) 607.1 (‐12.2)
2050s 1142.1 (‐1.1) 453.0 (+11.2) 316.2 (‐24.6) 39.3 (+10.6) 253.4 (+9.0) 607.6 (‐12.1)
2080s 1174.1 (+1.7) 467.1 (+14.7) 325.3 (‐22.4) 43.6 (+22.8) 261.4 (+12.4) 629.0 (‐9.0)

[a] P = precipitation (mm), ET = evapotranspiration (mm), SR = surface runoff (mm), LAT = subsurface lateral flow (mm), GW = groundwater recharge
(mm), and ST = streamflow (mm).

DOWNSCALED CLIMATE CHANGE SCENARIOS
Figure 4 shows the future A2, A1B, and B1 scenarios from

MIROC3.2 HiRes and ECHAM5‐OM before and after bias
correction of precipitation and temperature using 30 years of
historical data. The precipitation from 20C3M for the A2,
A1B, and B1 scenarios of two GCM models is less than the
baseline data. However, the temperatures of the two scenar‐
ios (A1B and B1) of MIROC3.2 HiRes have a negative bias
of +2.20°C and +2.19°C, respectively, and the three scenar‐
ios (A2, A1B, and B1) of ECHAM5‐OM have a negative bias
of +1.52°C, +1.39°C, and +1.46°C, respectively.

Table 2 summarizes the changes in seasonal temperature
and precipitation by applying the CF downscaling method. In
addition, figure 5 shows that the differences among the down‐

scaled temperature and precipitation scenarios become even
more apparent at monthly timescales. The future precipita‐
tion in the spring and winter seasons showed an increase re‐
gardless of the MIROC3.2 HiRes and ECHAM5‐OM data.
For the autumn season, future precipitation showed a general
tendency to decrease except in the 2080s under the MI‐
ROC3.2 HiRes A1B scenario. In contrast, for the summer
season, future precipitation showed a tendency to increase in
the MIROC3.2 HiRes data. The biggest change in tempera‐
ture was +6.1°C in the winter season of the 2080s under the
MIROC3.2 HiRes A1B scenario. The biggest differences in
the other three seasons were +5.3°C in autumn, +4.3°C in
summer, and +3.6°C in spring, respectively, for the 2080s un‐
der the MIROC3.2 HiRes A1B scenario. The biggest change
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Figure 6. Change in the future predicted hydrologic components under the A2, A1B, and B1 scenarios of MIROC3.2 HiRes (left graphs) and
ECHAM5‐OM (right graphs) in the 2020s, 2050s, and 2080s: (a) precipitation, (b) evapotranspiration, (c) surface runoff, (d) subsurface lateral flow,
(e) groundwater recharge, and (f) streamflow.

in precipitation was +192.9% in the winter season of the 2080s
under the ECHAM5‐OM B1 scenario. The uncertainty of future
precipitation causes evaluation difficulties for prediction of the
future hydrologic behavior and stream water quality. Three
emission scenarios from the two GCM models adequately re‐
produced the precipitation and temperature distribution during

the whole monsoon season. Overall, the MIROC3.2 HiRes and
ECHAM5‐OM data accurately reproduced the observed data.

HYDROLOGIC IMPACT ASSESSMENT
To evaluate the climate change impact on hydrological

components, i.e., evapotranspiration (ET), surface runoff,
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groundwater recharge, and streamflow, the SWAT model was
run with the future downscaled climate data based on the
2000 data. Table 3 summarizes the future predicted hydrolog‐
ic components for the A1B and B1 scenarios, and figure 6
shows a comparison of the future predicted ET, surface run‐
off, subsurface lateral flow, groundwater recharge, and
streamflow at the watershed outlet.

Surface runoff is directly linked to NPS pollution loads.
As shown in table 3, the future annual surface runoff showed
a large range of changes, between +12.2% and +47.7%, under
the A1B scenario of MIROC3.2 HiRes and between ‐34.7%
and ‐14.0% under the A2 scenario of ECHAM5‐OM. Look‐
ing at the monthly results, as shown in figure 6, we can detect
similar characteristics for future hydrological behavior be‐
tween the two GCM models. The June and July surface runoff
values increase, and the subsurface lateral flow from January
to June and the groundwater recharge from January to July
are increased by the future increase in precipitation. These
three components affected the increase in streamflow from
January to July for both emission scenarios. In the case of the
2020s A2 scenario of ECHAM5‐OM, considerable stream‐
flow changes, within ‐59.5%, were predicted for three
months (August, September, and October) because of the fu‐
ture rainfall decrease and evapotranspiration increase. The
future ET increased in all months except August and Septem‐
ber, with the maximum possible change in ET appearing in
January, as in the 2080s A1B scenario of MIROC3.2 HiRes,
and reaching +260.5%. The decrease of the inflow into the
lake through the decrease of projected precipitation by
ECHAM5‐OM is especially serious from the water use and
control viewpoint because it may lead to a water shortage
problem. Therefore, there is a necessity to consider long‐term
adaptation and mitigation strategies for climate change for
the dam operation and watershed management.

We can infer that the maximum change in January is be‐
cause of the future precipitation increase and the future aver‐
age temperature increase up to 0°C from the negative
temperatures of the present. The rise in temperature associat‐
ed with climate change leads to a general reduction in the pro‐
portion of precipitation falling as snow, and a consequent
reduction in many areas in the duration of snow cover (Nijs‐
sen et al., 2001). This has implications for the timing of
streamflow in such regions, with a shift from spring snow‐
melt to winter runoff. In this study, we defined runoff as the
difference between precipitation and evapotranspiration,
taking into account any storage of water on the land surface
and in the soil. Thus, the projected increase in winter precipi‐
tation will lead to a particularly pronounced increase in run‐
off. This change from snow to rain will have a major effect
on the watershed hydrology (Samuelsson, 2010). The magni‐
tude of the snowmelt peaks in the study area will also be re‐
duced, and there will be a marked shift in the timing as
winters become warmer and spring temperatures increase.

A key for the long‐term planning and management of the
water resources in a watershed, considering future changes in
the patterns of the climate, water demand, and water avail‐
ability, is not only the possible changes in the annual hydro‐
logic components under climate change but also the possible
changes in the seasonal hydrologic components (Park et al.,
2009). Paddy irrigation by release from agricultural reser‐
voirs is mainly started in mid‐May and finished in September
in South Korea. The future decrease in the summer and au‐
tumn streamflows and reservoir inflow will have an impact

on paddy irrigation during this period. Therefore, the reser‐
voir operation has to be more conservative in supplying water
for paddy irrigation. Figure 6f shows the future change in
monthly dam inflow (streamflow at the watershed outlet)
predicted by the climate change scenarios. Discharge from
the Chungju dam is divided into gate discharge, water con‐
sumption for hydraulic power generation, water supply for ir‐
rigation, and water for stream maintenance. Therefore, future
changes will also affect the dam operation, such as deter‐
mination of dam outflow in August and September (a heavy
rainfall period) with regard to flood control, and reservoir
water level management in October to meet irrigation re‐
quirements, which carries over to April of the following year,
i.e. the beginning of agricultural irrigation.

WATER QUALITY IMPACT ASSESSMENT
After evaluation of the hydrologic impact, the impact of

climate change on stream water quality was evaluated in
terms of sediment, T‐N obtained as the sum of nitrate and par‐
ticulate organic nitrogen losses, and T‐P obtained as the sum
of orthophosphorus and particulate phosphorus losses at the
watershed outlet. Table 4 shows a summary of the percent
change in annual sediment, T‐N, and T‐P loads for the A2,
A1B, and B1 scenarios of the two GCM models, and figure
7 shows the future monthly changes in sediment, T‐N, and
T‐P dynamics. The future sediment load showed a tendency
to increase in June and July and to decrease in August and
September, depending on the surface runoff change. In spite
of the increased surface runoff and water yield, the future de‐
crease in the total sediment load may be explained by the
overall decrease in the peak runoff. The two GCM models
showed a tendency to increase the annual T‐N load up to
+87.3% in the 2080s under the MIROC3.2 HiRes A1B sce‐
nario. However, the annual T‐P load showed a change be‐
tween ‐7.8% and +19.6% under the MIROC3.2 HiRes
scenarios and between ‐48.4% and ‐25.1% under the
ECHAM5‐OM scenarios.

Figure 8 shows a comparison of future predicted results
during wet and dry days based on the 2000 data. A wet day
means a day on which surface runoff occurs. As seen in fig‐
ure�8, the future sediment load showed a general tendency to
decrease for the two GCM models in wet days. The biggest

Table 4. Changes in percent for annual NPS
pollution loads at the watershed outlet.

Scenario Years

NPS Pollution Loads (% Change)

Sediment T‐N T‐P

MIROC3.2 HiRes
(A1B)

2020s ‐14.5 +25.2 ‐3.6
2050s +3.4 +57.2 ‐4.1
2080s +27.3 +87.3 +19.6

MIROC3.2 HiRes
(B1)

2020s ‐0.1 +31.0 ‐6.5
2050s +6.6 +41.5 ‐1.3
2080s ‐4.3 +52.4 ‐7.8

ECHAM5‐OM
(A2)

2020s ‐61.2 ‐14.2 ‐44.5
2050s ‐41.3 +7.9 ‐28.8
2080s ‐57.6 +23.2 ‐33.1

ECHAM5‐OM
(A1B)

2020s ‐59.1 ‐15.4 ‐47.6
2050s ‐45.4 +9.4 ‐30.3
2080s ‐46.8 +28.8 ‐25.1

ECHAM5‐OM
(B1)

2020s ‐52.3 ‐8.9 ‐39.9
2050s ‐51.2 ‐4.4 ‐48.4
2080s ‐48.8 +10.5 ‐29.5
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(a)

(b)

(c)

Figure 7. Effects of climate change on monthly (a) sediment, (b) T‐N, and (c) T‐P loads under downscaled A2, A1B, and B1 scenarios of MIROC3.2 HiRes
(left graphs) and ECHAM5‐OM (right graphs).

(a)

(b)

Figure 8a. Changes in the percent of annual NPS pollution loads for wet (left graphs) and dry (right graphs) days by the downscaled (a) A1B and (b)�B1
scenarios of MIROC3.2 HiRes at the watershed outlet.

changes for MIROC3.2 HiRes and ECHAM5‐OM in sedi‐
ment load were +28.3% and ‐61.2% on wet days and ‐67.2%
and ‐64.9% on dry days, respectively. The future decrease in
sediment was directly affected by the decrease in surface run‐
off during the summer and autumn seasons. Meanwhile, the
small change in future sediment on wet days was affected by
the change in rainfall increases in June and July and decreases
in August and September. The future T‐N load showed a gen‐
eral tendency to increase for the three emission scenarios of
the two GCM models on wet and dry days. The biggest
changes for MIROC3.2 HiRes and ECHAM5‐OM in T‐N

load were +99.1% and +18.6% on wet days and +65.8% and
+79.3% on dry days, respectively. The future T‐P load
showed comparatively little change. The biggest changes for
MIROC3.2 HiRes and ECHAM5‐OM in T‐P load were
+20.1% and ‐49.1% on wet days and ‐10.3% and ‐20.6% on
dry days, respectively.

The nutrient (T‐N and T‐P) loads are often correlated with
surface runoff and sediment transport rates (USDA‐SCS,
1972). However, fugitive sediment from the landscape is car‐
ried by overland flow (runoff), although the dominant path‐
way for nitrate loss is through leaching to groundwater and



1734 TRANSACTIONS OF THE ASABE

(a)

(b)

(c)

Figure 8b. Changes in the percent of annual NPS pollution loads for wet (left graphs) and dry (right graphs) days by the downscaled (a) A2, (b) A1B,
and (c) B1 scenarios of ECHAM5‐OM.

then via baseflow or tile drains (Randall and Mulla, 2001).
Thus, as seen in figure 7, the increase in the future T‐N load
from January to July for both emission scenarios may come
from the increase in subsurface lateral flows from January to
June and in groundwater recharges from January to July, as
described earlier in the Hydrologic Impact Assessment sec‐
tion. Nitrate is quickly leached into the soil profile and not
picked up by water runoff. The decrease in the future annual
T‐P load can be explained by the decrease in the sediment
load during wet days. On the other hand, the June and July fu‐
ture T‐P load showed a tendency to increase due to the surface
runoff increase in the corresponding periods (fig. 6). In run‐
off, sediment with high phosphate adsorption capacity can re‐
move phosphate from the solution phase (Ghadiri and Rose,
1992).

The water quality of largest rivers in South Korea is poor
because of industrialization, the tendency of the population
to reside in cities, and NPS pollution loads from agriculture.
Further, seasonal variation in river flow is very large. A large
fluctuation in the river regime coefficients (the ratio of maxi‐
mum flow to minimum flow ranging from 300 to 400) results
in difficulties in supplying water, controlling floods, and
managing water quality (Cho et al., 2004). In the drought sea‐
son, presently from December to May, low flows lead to an
increase in the pollution level. Pollution is a serious problem
in the middle and lower parts of Korean rivers because many
industrial facilities, large cities, and agricultural NPS sources
are located around them. Because adaptation to climate
change is considered as a necessity for the future, watershed
decision makers require quantitative results for the establish‐
ment of adaptation strategies.

SUMMARY AND CONCLUSIONS
This study performed an assessment of the impacts of cli‐

mate change on water quantity and quality for a 6642 km2

forest‐dominated dam watershed in South Korea. A continu‐
ous, distributed‐parameter model (SWAT) was adopted for
the evaluation, and the model was calibrated and validated
using six years (1998‐2003) of daily discharge data at three
locations and monthly stream water quality (sediment, T‐N,
and T‐P) data at two locations.

For future climate data, MIROC3.2 HiRes and ECHAM5‐
OM climate data of IPCC scenarios A2, A1B, and B1 from
1977 to 2100 were adopted, and the data were downscaled by
applying the change factor (CF) statistical method after cor‐
recting the bias of the GCM data by using 30 years of ob‐
served data (1977‐2006). The projected future climate data
of the three emission scenarios showed that the temperature
increased in all seasons, and that the precipitation increased
in the spring and winter seasons.

The downscaled MIROC3.2 HiRes and ECHAM5‐OM
climate data showed that surface runoff increases in June and
July, subsurface lateral flow increases from January to June,
and groundwater recharge increases from January to July.
These three components affect the increase in streamflow
from January to July for the three emission scenarios of the
two GCM models.

The evaluation of future annual NPS pollution loads
showed that the sediment load showed a tendency to increase
in June and July and to decrease in August and September de‐
pending on the surface runoff change. The annual T‐N load
in the A2, A1B, and B1 scenarios showed a tendency to in‐
crease up to +87.3%, but the annual T‐P load showed a
change between ‐48.4% and +19.6%. We inferred that the in‐
crease in the future T‐N load may come from the increase in
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subsurface lateral flow from January to June and in ground‐
water recharge from January to July, and that the decrease in
the future T‐P load can be explained by the decrease in the
sediment load. The monthly changes, especially for the fu‐
ture increase in June and July NPS loads, indicate that there
should be a management plan to conserve watershed soil,
carry out best management practices, and prevent eutro‐
phication of the reservoir about two months in advance
compared to the present situation.

Climate change can affect various socio‐economic sec‐
tors. Higher temperatures may threaten winter tourism in
winter sports areas. The hydrological changes will increase
flood risk during winter, while low flows during summer will
adversely affect inland navigation and reduce water avail‐
ability for agriculture and industry (Middelkoop et al., 2001).
This approach considers the impacts of climate change on
watershed hydrology and water quality. It will enable the re‐
assessment of future irrigation development and dam
construction, and it will help decision makers reconsider the
operating rules of existing reservoirs and investigate adapta‐
tion strategies for reducing the impacts of global warming.
For example, climate change will affect the regional water
supply (e.g., hydraulic power, irrigation and stream mainte‐
nance) and water security (e.g., flood and drought) in the
study area. Thus, it will increase the vulnerability of the water
resource system and further affect the water quality in Lake
Chungju. This result will be further applied to a water quality
model for Lake Chungju, to assess how the changes in lake
water quality will be affected by climate change in the future.

Future hydrologic conditions and water quality cannot be
projected exactly due to the uncertainty in climate change
scenarios and GCMs outputs. However, the annual change
and seasonal variation of hydrological components due to fu‐
ture temperature increases and precipitation changes should
be evaluated and incorporated into water resources planning
and management, in order to promote more predictable water
demand and sustainable water availability for this important
watershed (Ahn et al., 2008).

Finally, we did not consider potential changes in land use
or vegetation cover. Hence, we strongly recommend a thor‐
ough investigation of the combined effects of climate, land
use, and vegetation cover change on the variability of hydro‐
logical processes, water quality, and water resources. To en‐
able adaptation due to climate change as a widely accepted
future occurrence, watershed decision makers require quanti‐
tative results for the establishment of adaptation strategies.
For example, through future research, we can design vegeta‐
tion buffer strips to decrease NPS loads to streams, and we
can take measures to prevent soil loss.
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