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This study assesses future change of surface runoff due to climate change over Korea using a regional climate model (RCM),
namely, the Global/Regional Integrated Model System (GRIMs), Regional Model Program (RMP). The RMP is forced by future
climate scenario, namely, A1B of Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4). The
RMP satisfactorily reproduces the observed seasonal mean and variation of surface runoff for the current climate simulation. The
distribution of monsoonal precipitation-related runoff is adequately captured by the RMP. In the future (2040–2070) simulation,
it is shown that the increasing trend of temperature has significant impacts on the intra-annual runoff variation. The variability of
runoff is increased in summer; moreover, the strengthened possibility of extreme occurrence is detected in the future climate. This
study indicates that future climate projection, including surface runoff and its variability over Korea, can be adequately addressed
on the RMP testbed. Furthermore, this study reflects that global warming affects local hydrological cycle by changing major water
budget components. This study adduces that the importance of runoff should not be overlooked in regional climate studies, and
more elaborate presentation of fresh-water cycle is needed to close hydrological circulation in RCMs.

1. Introduction

The surface runoff is one of the major components of the
terrestrial hydrological cycle along with the precipitation and
evaporation, which affects human activities by determining
the water supply. Since the hydrological cycle is responsive
to the climate change [1], the consequent impacts on sur-
face runoff contribute to various social problems related to
changes in the availability or absence of water, for exam-
ple, flooding or drought (e.g., [2, 3]). For the formulation
of regional policies on preventing possible water resource
problems, predictions of the future surface runoff conditions
and their variability are preferentially required.

One of widely used methods for assessing the impacts of
future climate change on surface runoff is employing global
climate models (GCMs) with climate change projection
scenarios [4]. There are three different kinds of approaching
method to the surface runoff from the GCM results: (1) using

direct output of GCM which includes a land surface model
(LSM) or simple water budget (e.g., [5–7]), (2) adapting
hydrological single column model, which calculates surface
and subsurface water budget, for statistically downscaled
GCMdata (e.g., [8–10]), and (3) dynamical downscaling with
a nested regional climatemodel (RCM) for target area such as
a river basin (e.g., [11, 12]).

The GCM is a valuable tool for future climate prediction;
however, its coarse spatial resolution (generally > 100 km)
restricts adequate representation of anomalous surface forc-
ing. The direct output of GCM is insufficient to represent
regional scale hydrological cycle. The abovementioned sec-
ond and third methods are excogitated to overcome such
limitation of GCM. It is arguable which one shows higher
reproducibility of regional climatology; however, the statis-
tical downscaling could be improper for future climate sim-
ulations because of inflexible empirical relationship between
GCM-simulated circulation and local features, which is hard
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to be adapted to the future climate if there is a significant
alteration of circulation [13].This erroneous result penetrates
to the hydrological single column model, declining the
predictability of hydrological features. On the contrary, the
dynamical downscaling method is likely to respond to the
changing large-scale climate even in the future simulation
since it explicitly represents mesoscale processes and terrain
influences by the RCM (e.g., [14–17]).

As computational growth covers expensive computation
of the RCMs which was a weak point of the dynamical
downscaling, RCMs have been intensively adapted to studies
regarding climate change impacts on surface runoff. For
instance, Kjellström and Lind [12] investigated changes of
water budget in Northern Europe using Rossby Centre
regional atmospheric climate model forced by GCM which
follows Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) scenarios and showed that
the hydrological cycle in that region will likely become more
intense in the future. Sanchez-Gomez et al. [11] studied
changes in theMediterraneanwater budget usingmultimodel
ensemble of RCMs with a GCM of IPCC AR4 scenario
run.They predicted progressive drying of the Mediterranean
region which consequently increases the salinity of the
Mediterranean. Shi et al. [18] assessed future change of hy-
drological budget over Tibetan Plateau usingRegCM3model.
These studies denoted that RCMs provide credible represen-
tation of current surface runoff and are capable of apprais-
ing its future change.

In this study, a transition of surface runoff by future
climate change over Asia and Korea is investigated using a
RCM. We perform dynamical downscaling by the Regional
Model Program (RMP) of the Global/Regional Integrated
Model System (GRIMs; [19]) with the European Centre
Hamburg Version 5 (ECHAM5; [20]) as a large-scale forcing.
Experiments are conducted for the current (1980–2000) and
future (2040–2070) climate. As a prerequisite for future cli-
mate change assessment, the RMP’s ability is evaluated to pro-
vide regional scale details embedded within a low-resolution
global model, and consequently, the future climatology is
compared to the current climatology.This paper is organized
as follows. The model description and experimental setup
are given in Section 2. Section 3 provides evaluations of the
downscaled results from the RMP for the current climate.
A comparison of future and current climates is presented
in Section 4. Finally, summary and conclusions appear in
Section 5.

2. Model and Experimental Setup

2.1. Regional Climate Model. In this study, the GRIMs-RMP
(hereafter RMP) is applied as a RCM. The spectral represen-
tation of the RMP is a two-dimensional cosine series for per-
turbations of pressure, divergence, temperature, and mixing
ratio but a two-dimensional sine series for the perturbation
of vorticity. Linear computations of horizontal diffusion and
semi-implicit adjustment are only considered as perturba-
tions, and thus the error due to the reevaluation of the linear
forcing from the base fields is eliminated [21, 22].The physics

package of the RMP employs the Simplified Arakawa-
Schubert (SAS) convection scheme [23] for convective
parameterization, a diagnostic microphysics scheme [24],
the Yonsei University planetary boundary layer (YSUPBL)
scheme [25], the National Centers for Environmental Pre-
diction (NCEP)—Oregon State University—US Air Force-
National Weather Service Office of Hydrologic Development
(NOAH) land surface model (LSM) [26, 27], and the short-
wave [28] and long-wave [29] radiation parameterizations. To
prevent the distortion of large-scale fields, the revised Scale
Selective Bias Correction (SSBC) method is applied, which
has contributed to enhance the performance of precipitation
simulation in the RMP [30].Thismodel has been successfully
employed for numerous regional climate studies, especially
for East Asian monsoon studies (e.g., [31–33]), and GCM
downscaling studies for future climate projection [34] and
added value identification [35].

2.2. Experimental Design. The model domain includes East
Asia, India, theWestern Pacific Ocean, and the northern part
of Australia, as shown in Figure 1. Climatology analyses are
conducted in Analysis Zone, while skill scores are tabulated
for Northeast Asia. Intra-annual variation is analyzed over
Korea (Figure 1). The number of grid points in Cartesian
coordinates is 241 (west-east) by 198 (north-south) with
nominal horizontal resolution of 50 km. A 28-level of terrain-
following (sigma) vertical grid is used.The RMP experiments
are conducted for current (1980–2000, hereafter 20C) and
future (2040–2070, hereafter A1B) climates. Lateral boundary
and sea surface temperature (SST) conditions are given from
ECHAM5 simulation results at six-hour interval during the
RMP simulation. Future change in radiative forcing follows
the A1B emission scenario from the Special Report on
Emission Scenarios (SRES) by the Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment Report (AR4)
[36]. For detailed description for the experimental setup, it is
recommended to refer to Chang and Hong [37].

2.3. Evaluation Data. The modeled runoff is calculated by
the NOAH LSM in the RMP. NOAH LSM tabulates surface
runoff using Simple Water Balance model [38]. It defines
surface runoff (𝑅) as a difference between throughfall rate
of precipitation (𝑃) and infiltration (𝐼); that is, 𝑅 = 𝑃 −
𝐼, where 𝐼 is decided as a function of soil moisture and
texture [26].Themodeled runoff obtained from theRMP20C
experiment is compared with the regridded observational
analysis dataset, namely, the International Satellite Land-
Surface Climatology Project, Initiative II (ISLSCP II), and the
University of New Hampshire (UNH)/Global Runoff Data
Centre (GRDC) Composite Monthly Runoff ([39]; available
at http://daac.ornl.gov/cgi-bin/dsviewer.pl?ds id=994; here-
after ISLSCP2). The ISLSCP2 data are generated based on a
composite of satellite and station observation and are partly
adjusted using the water balancemodel.This dataset contains
monthly runoff analysis that has a spatial resolution of 0.5∘ ×
0.5
∘ and covers global land region. It provides a detailed

distribution of runoff. Since the ISLSCP2 partially covers
the period of the 20C experiment, modeled monthly runoff
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Figure 1: Regional model domain and orography (m). Primary, sec-
ondary inner, and innermost boxes indicate analysis zone excluding
buffer zone, Northeast Asia, and Korea, respectively.

is evaluated for 1986–1995 period. The ISLSCP2 data are
interpolated onto the RMP model grids for the evaluation.

3. Evaluation of Current Climate Simulation

It is generally agreed that downscaled surface variables such
as precipitation and temperature should be comparable to
observations of the same in order for the projected scenarios
to be considered credible [40, 41]. Since Chang and Hong
[37] confirmed the RMP’s ability in representing precipitation
and near-surface temperature, we focus on evaluating surface
runoff obtained from the RMP 20C experiment.

Figure 2 compares the seasonally averaged surface runoff
obtained from the ISLSCP2 dataset and that simulated by the
RMP. It is apparent that spatial distribution patterns of runoff
are highly correlated with precipitation. For the present sum-
mer, June-July-August (JJA), two major strong runoff areas
are observed; one is over the tropics, and the other is extended
from southern China to Korea and Japan, which is related
to the East Asia summer monsoon (EASM) precipitation
(Figure 2(a)).TheRMP captures EASM related runoff pattern
well, while surplus runoff generally appears over the conti-
nental region, and deficient runoff appears over the tropics
(Figures 2(b) and 2(c)). On the other hand, strong runoff
regions in western side of India and Indochina are sufficiently
reproduced by the RMP (Figure 2(b)).Throughout themodel
domain, there is general overestimation that is related to
systematic wet bias due to excessively simulated precipitation
of the RMP (see Figures 3(c)-3(d) in [37]). For winter,
in December-January-February (DJF), the RMP adequately
captures runoff pattern over Southern China, Korea, and
Japan even though general overestimation appears. Here, DJF
for a given year designates the period from December of that
year to February of the following year.The pattern of tropical
runoff is reproduced by the RMP, but its spatial deviation
is much larger than that in the observation (Figure 2(f)).
Despite the generally appearing wet bias in both summer

Table 1: Pattern correlation coefficient (PC) and root mean square
error (RMSE, unit in mm/d) scores of simulated runoff from
ECHAM5 run and RMP 20C experiment to the ISLSCP II reanalysis
over Northeast Asia.

Season Model PC RMSE

JJA RMP 0.70 1.25
ECHAM5 0.43 0.98

DJF RMP 0.74 1.19
ECHAM5 0.34 0.32

and winter, the spatial pattern of the simulated runoff is well
reproduced against the ISLSCP2 data.

Figure 3 shows runoff climatology fields as well as
Figure 2, but they are obtained from ECHAM5 simulation
results. Comparing to the RMP results in Figure 2, it is clear
that ECHAM5 shows inferior performance to that of the
RMP. For JJA, runoff is overestimated over Northeast Asia
and concentrated runoff distribution along the west coast
of India and Indochina Peninsula is not captured by the
ECHAM5 (cf. Figures 2(a) and 3(a)). ForDJF, runoff is under-
estimated especially for Southern China (cf. Figures 2(d) and
3(b)). Commonly, the ECHAM5-simulated runoff distribu-
tion is too smoothed to capture the observed climatology.

Table 1 summarizes the basic statistics for pattern cor-
relation (PC) and root-mean square error (RMSE) of the
runoff fields, obtained from ECHAM5 and RMP, against the
ISLSCP2 dataset. To compute the skill scores, the ISLSCP2
data on half resolution latitude-longitude grid are interpo-
lated onto the ECHAM5 and RMP model grids of approxi-
mately 180 km and 50 km resolutions, respectively.TheRMSE
scores are seemed to be slight better for the ECHAM5 than
for the RMP; however, there is noticeable difference for PC
scores between the RMP and ECHAM5. The PCs for RMP
are above 0.7 in both JJA andDJF, while the PCs are below 0.5
for ECHAM5 results. This result indicates that the reliability
of the RMP model results is much higher than that in the
ECHAM5 result.

4. Future Climate Changes

To assess changes on runoff in the future climate, analyses
of downscaled ECHAM5-A1B emission scenario by RMP are
performed from 2040 to 2070. According to Chang andHong
[37], near-surface temperature shows a distinct increase in
future climate of both JJA and DJF, while precipitation of
future climatology is similar to the current climate over
East Asia. Based on the results of Chang and Hong [37],
analyses are focused on changes in water budget components
and runoff pattern over Korea in this study. Future climate
experiment (A1B) is compared to those from the current
climate experiment (20C), respectively.

To examine the impact of temperature change on runoff,
differences in seasonal runoff between the A1B and 20C
climatology are analyzed in Figure 4. There is remarkable
increment of runoff over India and Indochina, while north-
western part of India, inland region of Southern China,
and Korea show decreased runoff in summer (Figure 4(a)).
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Figure 2: Seasonally averaged runoff (mm d−1) obtained from (a) observation (ISLSCP2), (b) model 20C experiment, (c) and their difference
(model minus observation) for JJA. (d) to (f) are same as (a) to (c) but for DJF.
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Figure 3: Seasonally averaged runoff (mm d−1) obtained from ECHAM5 simulation for (a) JJA and (b) DJF from 1986 to 1995.
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Figure 4: Differences of seasonally averaged runoff (mm d−1) of the A1B run from the 20C run for (a) JJA and (b) DJF.

However, east coast of Southern China, south coast of
Korea and Japan show increased runoff, which is related to
EASM (Figure 4(a)). In DJF, continental region shows slight
decrement of runoff, while runoff is increased in Korea and
south coast of China (Figure 4(b)). Tropical region shows
increased runoff in both JJA and DJF. Focusing on Korea, it is
remarkable that change in opposite directions appears in JJA
and DJF.

Figure 5 shows quantitative changes in main components
of a water budget over Korea. In JJA, runoff and evaporation
are increased by 9.1% and 5.9%, respectively, while precipita-
tion is decreased by 20.7%. In DJF, runoff and precipitation
are increased by 7.9% and 80.9% in the future climate, while
evaporation is decreased by 1.6%.Here, increment of runoff is

distinctly influenced by large increment of precipitation. On
the other hand, incremental percentage looks too large due
to small absolute value of precipitation.These results indicate
that the pattern of hydrological cycle is changed in the future
climate.

Monthly variations of modeled water budget compo-
nents: precipitation, evaporation, and runoff in current and
future climate over Korea are shown in Figure 6. It is clearly
shown that variation of runoff is highly correlated with
variation of precipitation (cf. Figures 6(a) and 6(b)).There are
remarkable intensified peak points in July of A1B experiment
for both runoff and precipitation, while they are decreased in
August and September compared to those of 20C experiment
(Figures 6(a) and 6(b)). On the contrary, runoff in May
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Figure 6: Monthly variations of simulated (a) runoff, (b) precipitation, and (c) evaporation (mm d−1) obtained from 20C (closed circle) and
A1B (open circle) experiments, over land of Korea (innermost box of Figure 1).

and June is intensified (Figures 6(a) and 6(b)). In the future
climate, evaporation is generally increased in May to August
(Figure 6(c)), and it is a natural outcome of temperature
rising (see Figures 7(c)-7(d) in [37]). These imply that tem-
perature warming has a significant influence on intra-annual
distribution of runoff. Moreover, it increases variability of
runoff in summer and shows strengthened possibility of
extreme occurrence. Since these results are derived from
50 km resolution simulation and quantities are area-averaged
over Korea, they cannot provide accurate quantitative value
of change. However, through these comparative analyses of

current and future climatology, it is able to access relative
changing patterns of water budget components due to climate
change.

5. Summary and Concluding Remarks

This study investigated potential future changes in the climate
over Korea with focus on surface runoff and its intra-annual
variation. For this purpose, current climate and future cli-
mate projection scenario were dynamically downscaled using
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the GRIMs-RMP. The A1B scenario driven by ECHAM5
simulation provided large-scale forcing to the RMP simula-
tions, which were configured with an approximately 50 km
grid over the Asian and tropical region. Simulations were
conducted for the current (1980–2000) and future (2040–
2070) climates.

As a prerequisite for the assessment of future runoff
change, modeled surface runoff obtained from the cur-
rent climate simulation was evaluated by comparing with
observation-based reanalysis dataset, namely, ISLSCP2. Since
reproducibility of the RMP for precipitation and near-surface
temperature is confirmed in Chang and Hong [37], we
focused on analyzing simulated surface runoff. The evalu-
ation results indicated that the RMP is able to reproduce
major characteristics of climatology of runoff distribution,
even though there is wet bias.

To identify potential future climate change, the A1B sce-
nario of IPCC AR4 generated by ECHAM5 was downscaled
and compared with the current climate. Here, we concen-
trated on changes of water budget components including
runoff, precipitation, and evaporation and their intra-annual
variation over the Korean region. Increasing temperature
trends in future climate have shown that they have significant
impacts on the intra-annual runoff variation. The variability
of runoff is increased in summer, andmoreover, strengthened
possibility of extreme occurrence is detected in the future
climate.

The result of this study reflects that global warming affects
local hydrological cycle by changingmajorwater budget com-
ponents. Considering some fundamental limitations of this
study—uncertainties of global and regional climate model,
low horizontal resolution of the model, consideration of only
one type of future climate scenario assuming stabilization of
warming in the future without overshooting, and focusing on
the Korean region only, it is hard to assure that future runoff
change would occur as it did in our study. Nevertheless,
this study adduces that the importance of runoff should
not be overlooked in the regional climate studies. Runoff is
one of the major input components of river discharge, and
consequently, rivers flow into the ocean reducing salinity
and changing sea-surface temperature. Naturally, varying
ocean conditions influence the atmosphere. The coupling
of ocean and atmospheric model in regional scale is in
infancy stage in regional climate research community, and the
interaction of heat fluxes is a major concern at the interface
of ocean and atmosphere. It is emphasized that the loading
of full hydrological cycling processes including runoff and
river discharging should be the goal for the next-generation
regional climate modeling.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors thank anonymous reviewer(s) for valuable com-
ments and suggestions to improve the quality of this paper.

They also thank Ms. Hyun-Soo Kim in the University of
Pittsburgh for helping the authors to revise the paper. This
work was funded by the Korea Institute of Science and
Technology Information (KISTI) under Grant no. K-14-L01-
C04-S01. The use of a computing system from the KISTI
(Project no. KSC-2013-G3-003) is also greatly appreciated.

References

[1] N.W. Arnell, “Climate change and global water resources: SRES
emissions and socio-economic scenarios,” Global Environmen-
tal Change, vol. 14, no. 1, pp. 31–52, 2004.

[2] R.W.Higgins, A. Leetmaa, Y. Xue, and A. Barnston, “Dominant
factors influencing the seasonal predictability of U.S. precifica-
tion and surface air temperature,” Journal of Climate, vol. 13, no.
22, pp. 3994–4017, 2000.

[3] V. Mishra, K. A. Cherkauer, and S. Shukla, “Assessment of
drought due to historic climate variability and projected future
climate change in the Midwestern United States,” Journal of
Hydrometeorology, vol. 11, no. 1, pp. 46–68, 2010.

[4] C.-Y. Xu, “Climate change and hydrologic models: a review
of existing gaps and recent research developments,” Water
Resources Management, vol. 13, no. 5, pp. 369–382, 1999.

[5] G. E. Liston and Y. C. Sud, “Evaluating GCM land surface
hydrology parameterizations by computing river discharges
using a runoff routing model: application to the Mississippi
basin,” Journal of Applied Meteorology, vol. 33, no. 3, pp. 394–
405, 1994.

[6] D. M. Wolock and G. J. McCabe, “Estimates of runoff using
water-balance and atmospheric general circulation models,”
Journal of the AmericanWater Resources Association, vol. 35, no.
6, pp. 1341–1350, 1999.

[7] K. Fraedrich, F. Sielmann, D. Cai, L. Zhang, and X. Zhu, “Vali-
dation of an ideal rainfall-runoff chain in a GCM environment,”
Water Resources Management, 2014.

[8] N. S. Christensen and D. P. Lettenmaier, “A multimodel ensem-
ble approach to assessment of climate change impacts on the
hydrology and water resources of the Colorado River Basin,”
Hydrology andEarth SystemSciences, vol. 11, no. 4, pp. 1417–1434,
2007.

[9] K. Hayhoe, C. P. Wake, T. G. Huntington et al., “Past and
future changes in climate and hydrological indicators in the US
Northeast,” Climate Dynamics, vol. 28, no. 4, pp. 381–407, 2007.

[10] M. M. Elsner, L. Cuo, N. Voisin et al., “Implications of 21st
century climate change for the hydrology of Washington State,”
Climatic Change, vol. 102, no. 1-2, pp. 225–260, 2010.

[11] E. Sanchez-Gomez, S. Somot, and A. Mariotti, “Future changes
in the Mediterranean water budget projected by an ensemble of
regional climate models,” Geophysical Research Letters, vol. 36,
no. 21, Article ID L21401, 2009.

[12] E. Kjellström and P. Lind, “Changes in the water budget in the
Baltic Sea drainage basin in futurewarmer climates as simulated
by the regional climate model RCA3,” Boreal Environment
Research, vol. 14, no. 1, pp. 114–124, 2009.
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