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Abstract The Soil and Water Assessment Tool model
was applied to assess the potential climate change impact
on snowmelt and the non-point source pollution discharges
in a 6,640.0 km? high-elevation watershed of South Korea.
For the snowmelt parameters of the model, Terra Moderate
Resolution Imaging Spectroradiometer image was used to
obtain the snow cover depletion curve. The model was
calibrated using 11 years of data from 2000 to 2010 that
included daily runoff and monthly sediment, total nitrogen
(TN), and total phosphorus (TP). The climate change
impacts on snowmelt in the watershed were evaluated for
Special Report on Emission Scenarios A2, A1B, and Bl,
scenarios (HadCM3) and Representative Concentration
Pathway (RCP) 4.5 and 8.5 scenarios (HadGEM3-RA).
With the temperature increase of 4.33 °C during the
snowmelt period in 2080s (2060-2099) RCP 8.5 scenario
based on baseline period (1981-2010), the future snowmelt
decreased to 39.9 % during snowmelt period (November—
April). Turning the reduced snowmelt discharges into rain-
runoff discharges under the 45.7 % increase of precipita-
tion caused increase of future sediment, TN, and TP loads
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to 53.0, 118.2, and 137.5 % respectively. The future
increases of TN and TP loads can stimulate the algal bloom
and the eutrophication of the dam reservoir.
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water quality - Climate change - SWAT

Introduction

It is widely accepted that although seasonal snow cover
forms only a small fraction of world’s fresh water, its
hydrologic contribution is significant. In high and mid-
latitudes, runoff from shallow snow cover often provides
80 percent or more of the annual surface runoff (Maidment
1993). In Korea, the snowmelt by winter snowfalls con-
tributes considerably to water resources in high-altitude
regions. For example, the frequency of heavy snowfall
event (>20 cm in depth) is often greater than 40 % of the
total events in mid-eastern mountainous areas, and the
snowmelt from these regions supplies a considerable
amount of stream discharge during spring period. However,
a quantitative analysis of watershed snowmelt is generally
difficult to perform because of the insufficient spatial snow
information and complexity of the physical processes
involved with snowmelt and runoff generations (Shin et al.
2007).

As climate change appearance has affected recent pat-
terns in frequency, strength, spatial range, and duration of
snowfall, the snowmelt changes will provoke various
problems in hydrology and water quality. For example, as
the snow decreases in the Rocky mountains of American
west, river stages become lower and policy decisions
related to spring water resources were questioned (Stewart
et al. 2005; Regonda et al. 2005). Moreover, while snowfall
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of deep drifts during the winter melt in early spring, the
forest fire frequency and strength increase (Westerling
et al. 2006). In the context of assessing the impacts of
climate change on water resources, it is important to ade-
quately evaluate the impacts of climate change on snow-
melt and the subsequent flow changes.

Recently, many studies have evaluated the effects of
climate change on the hydrology of snowmelt-driven
watersheds. Vicuna et al. (2010) showed climate change
impacts on the hydrology of a snowmelt-driven basin in
Chile. Tahir et al. (2010) simulated snowmelt runoff under
various climate scenarios in a large mountainous watershed
in Northern Pakistan by employing the snowmelt runoff
model (SRM), which is based on a simple degree—day
method for snowmelt simulation. Kobierska et al. (2011)
investigated the climate change effects on snowmelt dis-
charge of a glacierized watershed. In the study, two dif-
ferent models including a detailed energy balance model
and a conceptual runoff model were used to compare the
benefit of each model for snowmelt simulation.

Many models that deal with snowmelt and snow accu-
mulation have been developed (Martinec 1960; Anderson
1968, 1976; Rango and Martinec 1979; Bloschl and Kir-
nbauer 1991; Jordan 1991; Coughlan and Running 1997;
Fontaine et al. 2002; Garen and Marks 2005). Soil and
Water Assessment Tool (SWAT) is one of the many
models that include snow processes with simulation of

water balances. It was initially developed for comprehen-
sive modeling of the impacts of management practices on
water yield, sediment yield, crop growth, and agricultural
chemical yields in large ungauged basins (Arnold et al.
1998).

This study is to assess the impact of potential climate
change on snowmelt and its non-point source pollution
loads to stream in a 6,640 km? high-elevation watershed
using SWAT model. The Terra MODIS (moderate reso-
lution imaging spectroradiometer) image is used to obtain
the snow cover area (SCA) and determine the snow
depletion parameters using 11-year (2000-2010) data.
After the SWAT model is set up using the observed dam
inflow, sediment, TN, and TP data, the model is applied to
evaluate the future climate change impact on the snowmelt
runoff and the nutrients load to the dam reservoir under five
scenarios (HadCM3 SRES A2, A1B, and B1 and Had-
GEM3-RA RCP4.5 and 8.5). Figure 1 shows the schematic
flow chart of this study.

Data and method
Study area

A 6,640 km? mountainous watershed was selected. It is located
in the north-eastern part of South Korea within the latitude—

Fig. 1 Schematic flow chart of
the study process
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Fig. 2 The study area: a heavy snowfall area of South Korea and b Chungju dam study watershed

longitude range of 127.9°E-129.0°E, 36.8°N-37.8°N. The
watershed is one of the heavy snowfall areas in South Korea.
Figure 2a shows the snowfall area in South Korea with the
heavy snowfall frequency over 20 cm during 30 years
(1981-2010). The study watershed is marked with slashed
lines, and Fig. 2b shows the enlarged study watershed with the
subwatershed boundaries for modeling and the locations of
weather and gaging stations. The watershed elevation ranges
from 112 to 1,562 m, with average slope of 36.9 %. The annual
average precipitation is 1,261 mm, and the mean temperature is
9.4 °C over the last 30 years (1981-2010). For model cali-
bration, 10-year (2000-2010) data at six weather stations, three
stream water level gaging stations (YW #1, YW #2, and CD),
and two stream water quality measuring stations (YW #1 and
YW #2) were used.

SWAT snow hydrology description

The SWAT model, developed by Arnold et al. (1998), is a
physically based continuous, long-term, distributed
parameter model designed to predict the impact of land
management practices on hydrology, snowmelt, sediment,
and agricultural chemical yields in large watersheds with
varying soils, land use, and management conditions over
long periods of time (Srinivasan and Arnold 1994; Ro-
senthal et al. 1995; Arnold et al. 1998, 1999).

In the SWAT model, snowmelt hydrology is realized on
an hydrologic response unit (HRU) basis. The model has
the function of snow mass routing and areal depletion
estimation. Depending on data availability and modeling
accuracy, one sub-basin may have one or several HRUs.
When the daily mean air temperature is below a defined
value, the precipitation within an HRU is classified as snow
and the liquid water equivalent of snow precipitation is

added to snowpack. The snowpack increases with addi-
tional snowfall but decreases by snowmelt or sublimation.
The mass balance for the snow pack on a daily basis is

SNO = SNO + Ryay — Equiy — SNOp, (1)

where SNO is the water content of snow pack (mm), Ryay is
the amount of precipitation (mm), Egy, is the amount of sub-
limation (mm), and SNO,; is the amount of snowmelt (mm).

The amount of snow is expressed as depth over the total
HRU area. The factors that contribute to variable snow
coverage are usually similar across years, making it pos-
sible to correlate the areal coverage of snow with the
amount of snow present in the sub-basin at a given time.
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Fig. 3 Snow depletion curves (2000-2010) derived from Terra
MODIS images
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Table 1 Snow depletion curve shape factor (2000-2010) derived
from Terra MODIS images

Table 2 Changes in annual and snowmelt periods precipitation and
temperature with the five climate change scenarios

Dataset cov; cov, SNO50COV
2000-2001 7.03 10.56 0.70
2001-2002 0.60 3.78 0.40
2002-2003 0.18 4.39 0.45
2003-2004 7.03 10.56 0.70
2004-2005 0.82 4.02 0.42
2005-2006 7.03 10.56 0.70
2006-2007 1.18 4.39 0.45
2007-2008 1.58 4.81 0.48
2009-2010 7.03 10.56 0.70
Average 3.61 7.07 0.56

SNO50COV fraction of SNOCOVMX that provides 50 % cover, cov;
and cov, values for determining the shape of snow depletion curve

This correlation is expressed as an areal depletion curve,
which is used to describe the seasonal growth and recession
of the snow pack as a function of the amount of snow
present in the sub-basin (Anderson 1976).

The areal depletion curve requires a threshold depth of
snow, SNO o, to be defined above which there will always
be 100 % cover. The threshold depth is unique to the
watershed depending on factors such as vegetation distri-
bution, wind loading of snow, wind scouring of snow,
interception, and aspect. The equation for the curve based
on a natural logarithm can be expressed as

_ SNO
SHOcoy = SNO 0o
SNO SNO \\ !
: (SNOIOO + exp <cov1 — Ccovy - SN0100)> ,

(2)

where sno.oy is the fraction of the HRU area covered by
snow, SNO is the water content of the snow pack on a
given day (mm), SNOqg is the threshold depth of snow at
100 % coverage (mm), and cov; and cov, are coefficients
that define the shape of the curve. The values used for cov,
and cov, are determined by solving the equation and using
two known points: 95 % coverage at 95 % SNOq and
50 % coverage (SNOS0COV) at a user-specified fraction
of SNO . As the value for SNO, g increases, the influence
of the areal depletion curve will assume more importance
in snowmelt processes.

Snow coverage from Terra MODIS NDSI (Normalized
Difference Snow Index)

To obtain the SCA by HRU base in study watershed, Terra
MODIS image was used. MODIS is an imaging spectro-
radiometer to provide imagery of the Earth’s surface and
clouds in 36 spectral bands from 0.4 to 14.0 um (Barnes
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Period Scenarios PCP TMN T™MX
variation (%) difference (°C) difference (°C)

AP HadCM3 A1B

2040s 5.8 0.63 2.26

2080s 8.0 1.86 3.51
HadCM3 B1

2040s 7.6 1.45 3.11

2080s 10.1 2.32 4.00
HadCM3 A2

2040s 53 0.59 2.25

2080s 8.2 2.10 3.79
HadGEM3 RCP4.5

2040s —6.0 1.40 1.11

2080s 2.4 2.43 2.04
HadGEM3 RCP8.5

2040s —53 1.98 1.66

2080s 15.2 4.65 4.30

Sp HadCM3 A1B

2040s 44 0.16 1.79

2080s —6.6 1.31 3.10
HadCM3 B1

2040s 11.8 1.04 2.64

2080s —5.8 223 3.84
HadCM3 A2

2040s 3.7 0.25 1.85

2080s —-13.5 1.65 3.26
HadGEM3 RCP4.5

2040s 9.2 1.43 0.83

2080s 32.0 2.30 1.64
HadGEM3 RCP8.5

2040s 0.6 1.84 1.19

2080s 45.7 4.64 4.02

PCP precipitation, TMN minimum temperature, 7MX maximum
temperature, AP annual period (November—October), SP snowmelt
period (November—April)

et al. 1998). The MODIS/Terra Snow Cover 1-Day L3
Global 500m Grid (MOD10A1) for 10 years from 2000 to
2010 during the snow season (November—April) was used
in this study. The data were developed using MODIS bands
4 (0.545-0.565 pm) and 6 (1.628-1.652 pum) by calculat-
ing the normalized difference snow index (NDSI) (Hall
et al. 1995):

NDSI = (band 4 — band 6)/(band 4 + band 6). (3)

Meanwshile, the distribution maps by snow depth during
the snow period are necessary to determine the snow
depletion parameters of Eq. (2) for the watershed. Thus, a
set of snow depth distributions (SDD) in time series was
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Table 3 The calibrated SWAT model parameters at three stations
Parameter Definition LB UB Adjusted value
Hydrology YW #1 YW#2 CD
ALPHA_BF Baseflow alpha factor (days) 0 1 0.35 0.50 0.30
CH_N Manning coefficient for channel 0.01 0.3 0.01 0.01 0.01
CH_K2 Effective hydraulic cond. of main channel —0.01 150 50 70 70
CN2 Curve number adjustment ratio -20% +20% 9 2 9
ESCO Soil evaporation compensation 0 1 0.8 0.8 0.4
GW_DELAY Groundwater delay time (days) 0 500 120 110 110
SOL_AWC Available water capacity —20% +20% 5 - -
Snowmelt

SFTMP Snowfall temperature 0 5 2

SMTMP Snowmelt base temperature 0 5 1.5

SNOCOVMX  Min. snow water content that corresponds to 100 % snow cover 0 500 1

SNO50COV Fraction of SNOCOVMX that provides 50 % cover 0 1 Each (Table 1)

TIMP Snowpack temp. lag factor 0 1 1

SMFMX Max. snowmelt factor 0 10 4.5

SMFMN Min. snowmelt factor 0 10 4.5
Parameter Definition LB UB Adjusted value
Water quality YW #1 YW #2
SS

SPCON Channel re-entrained linear parameter 0.0001 0.01 0.0002 0.0001

SPEXP Channel re-entrained exponent parameter 1 2 1 1

PRF Peak rate adjustment factor for sediment routing in main channel 0 2 1 0.02

LAT_SED Sediment concentration in lateral flow 0 5000 0 10

USLE_P USLE P factor 0 1 0.005 0.02

CH_COV Channel cover factor —0.001 1 0.7 0.8

CH_EROD Channel erodibility factor —0.05 0.6 0.04 0.02

BIOMIX Biological mixing efficiency 0 1 0.7 0.01
T-N

SOL_OrgN Initial organic nitrogen concentration in the soil layer 0 100 1 0.01
T-P

PSP Phosphorus availability index 0.01 0.7 0.69 0.01

GWSOLP Soluble phosphorus concentration 0 1000 0.0001 0

SOL_ORGP Initial organic phosphorus concentration in soil layer 0 100 100 0

LB lower bound, UB upper bound

made from the inverse distance weight (IDW) interpolated
map using the six ground snowfall data by masking it with
the MODIS SCA map. As in Eq. (2), the areal snow
depletion curve requires the threshold depth of snow,
SNO ;oo and the coefficients covy; and cov,. By analyzing
the SNO1¢p and the corresponding SCA, and the fractions
from the SDD set of each year, the snow depletion curve
was determined as shown in Fig. 3. Table 1 shows the
derived parameters for snow depletion curve of each year
(2000-2010). The key parameter SNOS0COV for deter-
mining the depletion shape, the 50 % coverage at a fraction

of SNO o ranged from 0.42 to 0.70. This means that the
watershed main snowfall area usually covers 42-70 % at
high elevation of the watershed as seen in Fig. 2a and the
snow is depleted as time passes. The average SNO5S0COV
for nine datasets was 0.56. The average value of the
parameters was applied for future snow cover depletion.

Climate change scenarios

The Intergovernmental Panel on Climate Change (IPCC)
published future scenarios in its Special Report on
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Fig. 4 Hydrograph comparison between observed and simulated discharges by varying snowmelt parameters of each year (Sim A) and fixing

parameters (Sim B) at CD (2000-2010) location

Emissions Scenarios (SRES) document (Nakicenovic
2000). Among all SRES scenarios, four marker scenarios
(A1, A2, BI1, and B2) are commonly used (Van Vuuren
and O’Neill 2006). The Al and Bl scenarios emphasize
ongoing globalization and project future worlds with
fewer differences between regions, whereas the A2 and
B2 scenarios emphasize regional and local social, eco-
nomic, and environmental development and project more

@ Springer

differences (IPCC 2007). The three Al groups are dis-
tinguished by their technological emphasis: fossil inten-
sive (A1FI), non-fossil energy sources (AlT), or a
balance across all sources (A1B). In this study, the SRES
A1B, A2, and B1 scenarios of HadCM3 by the Hadley
Centre at UK Meteorological Office (HC-UKMO) were
used since Korea Meteorological Administration (KMA)
has cooperated with HC-UKMO. The future data
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Table 4 Summary of the SWAT model calibration and validation statistics for daily runoff with and without snowmelt parameters during the
snowmelt period at CD location

Year (Nov—Apr) Snow depth (cm) P (mm) Q (mm) SM (mm) NSE R?
Obs. Sim. Obs. SimA  Sim.B Sim.,A Sim.B Sim.A Sim.B Sim.A Sim.B

2000-2001 128.6 170.2 1725 90.7 87.5 81.3 100.7 18.1 0.44 0.43 0.10 0.03
2001-2002 56.5 257.0 2485 83.5 100.6 96.0 354 27.2 0.71 0.75 0.61 0.66
2002-2003 129.7 3543 3738 191.6 163.8 149.8 66.8 30.1 0.26 0.19 0.72 0.70
2003-2004 59.6 230.0 231.8 100.5 89.1 85.7 52.1 42.5 0.64 0.67 0.26 0.29
2004-2005 86.9 2134 1877 1013 81.3 78.5 53.7 7.3 0.33 0.28 0.60 0.54
2005-2006 52.2 177.0 187.1 105.0 91.4 85.6 38.1 33.1 0.50 0.50 0.75 0.67
2006-2007 49.7 2629 2424 1313 1399 135.9 20.8 6.7 0.56 0.50 0.83 0.82
2007-2008 80.5 189.4 1555 82.6 69.5 67.2 39.8 19.6 0.69 0.64 0.58 0.48
2008-2009 33.1 196.1 1372 553 63.2 64.6 25.8 20.3 0.81 0.80 0.50 0.47
2009-2010 92.5 3725 3306 1814 1564 146.2 52.6 349 0.35 0.23 0.47 0.38
Mean 76.9 2423 2267 1123 1043 99.1 48.6 24.0 0.53 0.50 0.54 0.51

P precipitation, Q runoff, SM snowmelt, NSE Nash—Sutcliffe model efficiency, R? determination coefficient, Sim. A with snowmelt parameters,

Sim. B without snowmelt parameters
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Fig. 5 Comparison between observed and simulated stream water quality at YW #1 (left) and YW #2 (right) stations

(2011-2100) of 96 km x 73 km grid size were spatially
corrected to ensure that the observed data (1981-2010,
baseline) and the scenario of the same period have similar
statistical properties by the methods of Alcamo et al.
(1997) among various statistical transformations. The
monthly data to daily generation were downscaled using
the LARS-WG downscaling method. LARS-WG is a
stochastic weather generator which can be used for the

simulation of weather data at a single site (Racsko et al.
1991), under both current and future climate conditions.
Details for the downscaling process are found in Park
et al. (2011).

Recently, the IPCC (2013) has published new climate
change scenarios based on Representative Concentration
Pathways (RCPs) with a possible range of radiative forcing
values in 2100. The RCP 2.6 scenario is characterized by
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Fig. 6 The effects of climate change on monthly snowmelt from two SRES (fop) and RCPs (bottom) climate change scenarios

very low greenhouse gas concentrations, producing forc-
ings around 3.1 W/m? mid-century, and dropping to
2.6 W/m? by 2100. In order to achieve such radiative
forcing levels, greenhouse gas concentrations are reduced
substantially over time. The RCP4.5 (medium low) and
RCP 6.0 (medium high) are stabilization scenarios on the
assumption that technologies and strategies for reducing
greenhouse gas emissions are stabilized, where the total
radiative forcing levelis stabilized before 2100 and after
2100 by employinga range of technologies and strategies
for reducing greenhouse gas emissions. The RCPS8.5 is
characterized by high greenhouse gas concentration levels,
stabilizing emissions post-2100 and atmospheric concen-
trations post-2200 (Moss et al. 2010). In this study, RCP4.5
and RCP8.5 scenarios of HadGEM3-RA were used. Had-
GEM3-RA is a regional atmospheric model based on the
atmospheric component of HadGEM3, the latest model
developed by HC-UKMO. The KMA regenerated the
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scenarios with 12.5 km x 12.5 km resolution using the
dynamic downscaling method.

For the five scenarios (HadCM3 SRES A1B, Had-
CM3 SRES A2, HadCM3 SRES BI1, HadGEM3-RA
RCP4.5, and HadGEM3-RA RCPS8.5), the future chan-
ges of climate variables were arranged for the 2040s
(2020-2059) and 2080s (2060-2099) using the baseline
(1981-2010).

Table 2 summarizes the results of statistical analysis for
the trends of average precipitation and temperature in
annual and snowmelt period (November—April) for the five
scenarios. The biggest changes in temperature and pre-
cipitation were +4.64 °C at minimum temperature and
+45.7 % in 2080s snowmelt period under HadGEM3
RCP8.5 scenario. The future precipitation and temperature
of RCPs (ARS) showed bigger changes than those of SRES
(AR4). This result may come from the temporal and spatial
resolutions between AR4 (monthly, 2.5° x 3.75°) and ARS
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Table 5 Summary of the future predicted annual and snowmelt period runoff ratio and snowmelt ratio for the five climate change scenarios

Scenario Period P (mm) Q (mm) QR (%) SM (mm) SMR (%)
Baseline (1981-2010) AP 1,305.4 767.6 58.8 115.1 8.8 (43.6)
SP 264.0 110.5 41.9 115.1
HadCM3
Al1B
2040s AP 1,380.5 846.5 61.3 114.3 8.3 (41.3)
SP 275.7 110.7 40.2 113.9
2080s AP 1,409.6 879.2 62.4 89.7 6.4 (36.4)
SP 246.6 82.8 33.6 89.7
HadCM3
B1
2040s AP 1,404.7 868.1 61.8 121.6 8.7 (41.0)
SP 295.1 128.2 43.4 121.1
2080s AP 1,436.7 902.9 62.8 121.6 8.5 (37.5)
SP 248.8 85.3 343 934
HadCM3
A2
2040s AP 1,374.2 840.4 61.2 114.6 8.3 (41.7)
SP 273.9 109.6 40.0 114.2
2080s AP 1,413.0 882.4 62.4 97.1 6.9 (42.5)
SP 228.3 74.6 32.7 97.1
HadGEM3-RA
RCP4.5
2040s AP 1,227.3 449.9 36.7 65.8 5.4 (22.8)
SP 288.4 614 21.3 65.8
2080s AP 1,336.2 521.8 39.0 574 4.3 (16.5)
SP 348.4 108.4 31.1 574
HadGEM3-RA
RCP8.5
2040s AP 1,236.6 536.3 434 53.8 4.4 (20.3)
SP 265.5 63.9 24.1 53.8
2080s AP 1,220.8 437.8 35.9 45.9 3.8 (11.9)
SP 384.6 102.9 26.8 45.9

P precipitation, Q runoff, QR runoff ratio (=Q/P), SM snowmelt, SMR snowmelt ratio (=SM/P), AP annual period (November—October), SP

snowmelt period (November—April)

(daily, 0.125° x 0.125°). The averaged characteristics at
coarse resolution may be resolved to represent the spatial
variation at finer resolution.

Results and discussion
SWAT model calibration and validation
The SWAT model was calibrated for 10 years (2000-2010)

of daily runoff data at three locations (YW #1, YW #2, and
CD) and monthly stream water quality (SS, TN, and TP)

data at two locations (YW #1 and YW #2). Table 3 shows
the calibrated parameters for hydrology, snowmelt, and
stream water quality. The snow parameters, SFTMP and
SMTMP were referenced by analyzing the temperatures of
snowfall and rainfall days.

With the help of SNO50COV value fixed for each year,
the other snow parameters were calibrated. Figure 4 shows
the observed versus simulated runoff using the SNOS50-
COV value (Sim A) of each year and fixing SNO5S0COV
with 0.56 (Sim B) at CD station (2000-2010). As seen in
Fig. 4, the runoff from melting snow is detected to increase
in March and April. Table 4 summarizes the statistical

@ Springer



566

Paddy Water Environ (2015) 13:557-569

Table 6 Percentage changes of SS, TN, and TP loads in annual and
snowmelt periods with the five climate change scenarios

Scenario  SS (%) TN (%) TP (%)
AP SP AP SP AP SP
SRES
HadCM3
AIB
2040s —29.8 —430 —10 —11.2 17.3 9.3
2080s —24.5 —464  —62 —10.7 89  —24
Bl
2040s —18.2 —264 7.9 4.1 307 311
2080s —24.7 =255 05 —04 213 —15.7
A2
2040s -89 —125 -89 —154 —133 —208
2080s —127 —132 —11.6 —166 —167 —203
RCP
HadGEM3-RA
45
2040s —24.1 —169 474  98.1 952 152.6
2080s —13.8 157 636 1201 1150 1714
8.5
2040s 4.1 444 645 1452 1140 2257
2080s 199 530  69.6 1182 1108 1375

results for the SWAT-simulated snowmelt (SM) and runoff
(Q) during the snowmelt period (November—April),
respectively. The 10-year average Nash—Sutcliffe model
efficiency (NSE) for the snowmelt period was 0.53 (Sim A)
and 0.50 (Sim B), respectively. The runoff considering
snowmelt parameter SNO50COV in each year was simu-
lated well compared to the results of fixing the parameter
and the NSE was enhanced by 0.03. Although the snow-
melt is a function of many variables, the relatively low
NSE value during the snowmelt period in SWAT modeling
may come from the uncertainty of SDD generated by six
ground snowfall data, snow water equivalent (SWE) by wet
or dry snowpack, and the air temperature (cool or warm)
for the snowmelt.

Figure 5 shows the calibration and validation results
for water quality at YW #l, YW #2 with snowmelt
parameters. The NSE for SS, TN, and TP during the
calibration and validation periods were 0.72, 0.54, and
0.70 at YW #1, and 0.75, 0.85, and 0.70 at YW #2,
respectively. The coefficients of determination (R*) for
SS, TN, and TP were 0.87, 0.74, and 0.85 at YW #1, and
0.61, 0.88, and 0.62 at YW #2, respectively. Other
detailed discussion for parameter sensitivity and model
results of the study watershed can be found in Park et al.
(2011).

@ Springer

Fig. 7 The changes of 2040s and 2080s monthly sediment load, TN, »
and TP by SRES and RCP climate change scenarios

The future climate change impact on snow hydrology
and stream water quality

Using the SWAT calibrated parameters in Table 3 and the
average values of SNO50COV, cov;, and cov, in Table 1,
the five future climate change scenarios were applied to the
study watershed. Figure 6 shows the future 2040s and
2080s monthly snowmelt for the five climate change sce-
narios. The future snowmelt amount decreased for all
scenarios as it goes to 2080s compared to baseline.
Meanwhile, the future snowmelt during the melt period
decreased largely for the two RCP scenarios than the three
SRES scenarios. This may come from the big increase of
future minimum temperature in RCP scenarios as seen in
Table 3. The future temperature condition turned the
snowfall to rainfall and increased the 3-month overall
water yields not by melt flow but by rain runoff from
November to January.

Table 5 summarizes the future snowmelt and the runoff
during the snowmelt period for the five climate change
scenarios. Looking at the results of HadCM3 scenarios, the
future runoff by snowmelt (SMR) showed similar values
ranging from 37.5 to 42.5 % compared to the value of
43.6 % of the baseline period. Meanwhile, the results of
HadGEM3-RA showed different patterns for the snowmelt-
induced runoff. The future snowmelt decreased up to
459 mm (39.9 %) in 2080s HadGEM RCPS8.5 scenario
from 115.1 mm (100 %) in baseline period (1981-2010).
For this scenario, the runoff discharge from November to
April decreased by 15.1 from 41.9 % in baseline to 26.8 %
in 2080s, while the 1-year whole discharge decreased by
22.9 from 58.8 % in baseline period to 35.9 % in 2080s. As
mentioned above, the snowmelt ratio in 2080s HadGEM
RCP8.5 scenario decreased up to 11.9 % on account of
snowfall reduction by temperature rise during snowmelt
period. Thus, the future runoff by rainfall from November
to April becomes more important even when the amount is
relatively low comparing with the remaining period runoff.

After the evaluation of future snow hydrology, the
impact of future snowmelt change on stream water quality
was evaluated in terms of SS, TN, and TP at the watershed
outlet. Figure 7 shows the changes of future monthly SS,
TN, and TP loads, and Table 6 summarizes the percent
changes in future annual and snowmelt period for the five
climate change scenarios. Looking at the results of the
three SRES scenarios in Fig. 7, the future monthly SS, TN,
and TP loads during the snowmelt period showed similar
trends of big increase in April with the baseline loads. On
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the other hand, the two RCP scenarios showed different
trends of big increases in March for SS and from February
for TN and TP.

As seen in Table 6, the future SS, TN, and TP loads
during snowmelt period under RCP scenarios showed big
increases in annual total, while the SRES scenarios showed
overall decreases for the three loads. This was primarily
caused by the big differences of precipitation during the
snowmelt period between the RCP and SRES scenarios as
listed in Table 2. In addition, due to the big differences of
snowmelt between SRES and RCP scenarios as shown in
Fig. 6, much more runoff discharges turned the snowmelt
discharges into the rainfall-runoff contribution in RCP
scenarios. The three SRES precipitation changes of —
13.5 % in 2080s B1 scenario to +11.8 % in 2040s Bl
scenario during the snowmelt period resulted in the chan-
ges of —46.4 % in 2080s AlIB scenario to —12.5 % in
2040s A2 scenario for SS, —16.6 % in 2080s A2 scenario
to +4.1 % in 2040s B1 scenario for TN, and —20.8 % in
2040s A2 scenario to +31.1 % in 2040s B1 scenario for
TP, respectively, while the two RCP precipitation changes
of +0.57 % in 2040s RCP8.5 scenario to +45.7 % in
2080s RCP8.5 scenario during the snowmelt period resul-
ted in the changes of —16.9 % in 2040s RCP4.5 scenario to
+53.0 % in 2080s RCP8.5 scenario for SS, +98.1 % in
2040s RCP4.5 scenario to +145.2 % in 2040s RCPS8.5
scenario for TN, and +137.5 % in 2080s RCP8.5 scenario
to +225.7 % in 2040s RCP8.5 scenario for TP, respec-
tively. The future increases of sediment, TN, and TP loads
flowed in the dam reservoir during the snowmelt period
may contribute to the algal bloom in spring period with the
nutrients rise by turnover of the water and the eutrophi-
cation problem for the long time progress under the con-
dition of future temperature increase.

Summary and conclusions

This study evaluated the potential climate change impact
on snowmelt and stream water quantity for a 6,640 km?
high-elevation watershed in South Korea using SWAT
model. To determine the SWAT snowmelt parameters,
Terra MODIS images were used to obtain the SCA, and the
SDD was developed using snowfall data of ground mete-
orological stations to determine the shape of snow cover
depletion curve (SCDC) of the study watershed. For 10
datasets (2000-2010) during the snowmelt period
(November—April), the SNOS0COV parameter, that is, the
50 % coverage at a fraction of SCDC that determines the
shape of snow depletion process, showed values of
0.42-0.70 and an average value of 0.56. Using the snow
parameters of each year, the SWAT model was calibrated
using daily runoff discharge data at three locations and

@ Springer

monthly stream water quality (SS, TN, and TP) data at two
locations. The 10-year NSE for runoff was 0.54 during the
snowmelt period. The snow on the ground is affected by
the wind especially at high elevation, and the compaction
and melting processes are certainly different by the terrain
aspect with steep slopes. These two factors can improve the
snow hydrology when incorporated in the snowmelt mod-
eling process.

Using the SWAT calibrated parameters and the average
value of SNOS0COV, the five future climate change sce-
narios of were applied to the study watershed and the future
projection results were arranged for the 2040s (2020-2059)
and 2080s (2060-2099) using the baseline (1981-2010).
Among the five tested scenarios, the future snowmelt
decreased to 45.9 mm (39.9 %) in 2080s HadGEM RCP8.5
scenario from 115.1 mm (100 %) in baseline period. For
the RCP scenarios, more discharges turned the snowmelt
discharges into the rainfall-runoff contribution by the
future temperature and precipitation increases during the
snowmelt period. The 2 RCP precipitation changes of
+45.8 to +54.5 % during the snowmelt period resulted in
the changes of —16.9 to +53.0 % for SS, +98.1 to
+145.2 % for TN, and +137.5 to +225.7 % for TP,
respectively. The future increases of sediment, TN, and TP
loads flowed in the dam reservoir during the snowmelt
period may contribute to the algal bloom in spring period
with the nutrients rise by turnover of the water and the
eutrophication problem for the long time progress under
the condition of future temperature increase. The exami-
nation of various climate change scenarios to high-eleva-
tion watershed hydrology is to be considered for the
changes of winter snowfalls and the impacts on the spring
snowmelt. Even though the results of this study give
plausible clue for the future snowmelt impact on hydro-
logic water cycle and the stream water quality, there may
be other factors that need to be considered to explain the
impact by the future land-use change and the eco-hydro-
logical changes like the changes of soil environment, leaf
canopy inception of snowfall, and snowmelt mechanism
considering the litter fall and humus soil layer.
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