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Abstract: In this study, the regional climate of the Korean Peninsula

(KP) was dynamically downscaled using a high-resolution regional

climate model (RCM) forced by multi- representative concentration

pathways (RCP) scenarios of HadGEM2-AO, and changes in

summer precipitation were investigated. Through the evaluation of

the present climate, the RCM reasonably reproduced long-term

climatology of summer precipitation over the KP, and captured the

sub-seasonal evolution of Changma rain-band. In future projections,

all RCP experiments using different RCP radiative forcings (i.e.,

RCP2.6, RCP4.5, RCP6.0, and RCP8.5 runs) simulated an increased

summer precipitation over the KP. However, there were some dif-

ferences in changing rates of summer precipitation among the RCP

experiments. Future increases in summer precipitation were affected

by future changes in moisture convergence and surface evaporation.

Changing ranges in moisture convergences among RCP experiments

were significantly larger than those in surface evaporation. This

indicates that the uncertainty of changes in summer precipitation is

related to the projection of the monsoon circulation, which deter-

mines the moisture convergence field through horizontal advection.

Changes in the sub-seasonal evolution of Changma rain-band were

inconsistent among RCP experiments. However, all experiments

showed that Changma rain-band was enhanced during late June to

early July, but it was weakened after mid-July due to the expansion

of the western North Pacific subtropical high. These results indicate

that precipitation intensity related to Changma rain-band will be

increased, but its duration will be reduced in the future.

Key words: Climate change, summer precipitation, Korean Peninsula,

regional climate model, HadGEM2-AO, multi-RCP scenarios

1. Introduction

Recently, high-impact weather and climate events are

occurring more frequently with increasing intensities as a result

of climate change (Stocker et al., 2014). In the Korean

Peninsula (KP), the frequency and intensity of disastrous

weather and climate events such as tropical cyclones, heavy

rainfall, drought, and heat wave have changed with global

climate change, and their associated damages are gradually

increasing. Major natural disasters incurring significant damage

in the KP are related to precipitation events such as typhoons,

heavy rainfall, and severe snowfall. In order to prepare

properly for the future natural disasters in the KP, reliable

information on future changes in precipitation is essential.

Most information on future climate change has been based

on model scenarios generated by global climate models

(GCMs), and dynamical or statistical methods to downscale

the GCM’s results have been applied to produce detailed

estimation of climate change for specific regions of interest.

During the summer season in the KP, most precipitation is

related to Changma rain-band, one component of East Asian

summer monsoon rain-bands (e.g., Maiyu and Baiu bands). In

particular, heavy rainfall events associated with meso-scale

convective processes frequently occur within East Asian sum-

mer monsoon (Lee et al., 2004; Kang et al., 2005; Hong and

Lee, 2009; Xu 2013), with occasional torrential rainfall events

accompanied by typhoons (Ahn and Lee, 2002; Zhong, 2006;

Cha et al., 2011b). Since GCMs cannot resolve such meso-

scale meteorological events, statistical downscaling of their

results has limitation to reproduce extreme precipitation events.

Therefore, a dynamical approach using regional climate models

(RCMs), which can resolve small-scale waves embedded

within large-scale waves simulated by GCMs, is necessary for

the future projection of summer precipitation over the KP

(Wang et al., 2004; Hong and Kanamitsu, 2014; Xue et al.,

2014).

Recently, Inter-governmental Panels of Climate Change

(IPCC) has adopted new scenarios, Representative concen-

tration pathways (RCPs) for its Fifth Assessment Report

(AR5). To participate in the Climate Model Inter-comparison
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Program 5 (CMIP5) with new global climate change scenarios

based on RCPs, the National Institute for Meteorological

Science/Korea Meteorological Administration (NIMS/KMA)

conducted several experiments. As recommended by CMIP5,

pre-industrial control run, historical run, and RCP scenarios

(2.6, 4.5, 6.0, and 8.5) were performed for long term projection

using the coupled global atmosphere-ocean model, Hadley

Centre Global Environmental Model version 2-Atmosphere

and Ocean (HadGEM2-AO), from the Hadley Centre, the

United Kingdom (Baek et al., 2013). The regional climate for

the KP has been dynamically downscaled using high-re-

solution RCMs forced by the RCP scenario of HadGEM2-AO

(Lee and Hong, 2014; Hong and Ahn, 2015). Lee and Hong

(2014) examined the potential for added value in dynamical

downscaling by increasing the spatial resolution of the RCM

over the KP. Hong and Ahn (2015) investigated regional

summer precipitation changes over the KP for two RCP

scenarios (4.5 and 8.5). However, there have been no studies

that examine differences in changing rates of summer precipi-

tation in the KP among all available multi-RCP scenarios (2.6,

4.5, 6.0, and 8.5).

To estimate changes in summer precipitation over the KP

under four multi-RCP scenarios, we conducted long-term

regional climate simulation for the present climate and future

climates over the KP and its nearby areas using a high-

resolution RCM. The skill of the regional climate simulation

was evaluated by comparing the present climate simulation

and observation data, and then regional projection (2071-2100)

over the KP was estimated. Section 2 explains model con-

figuration and experiments for regional climate simulations.

Simulated results were analyzed and described in Section 3.

Finally discussions and concluding remarks are given in

Section 4.

2. Model and experiments

The RCM used in this study is the Seoul National University

Regional Climate Model (SNURCM) (Lee et al., 2004), which

is based on the National Center for Atmospheric Research

Mesoscale Model 5 (NCAR MM5) (Grell et al., 1994). For

climate integration, the NCAR Community Land-Surface

Model version 3 (CLM3) was coupled to the SNURCM

(Bonan et al., 2002) and the spectral nudging technique (von

Storch et al., 2000) was employed in the interior domain of the

model (Cha and Lee, 2009; Cha et al., 2011a). The physical

parameterization schemes used in this study were the Reisner

II explicit moisture (Reisner et al., 1998), Kain-Fritsch cumulus

convective parameterization (Kain, 2004), YSU planetary bound-

ary layer (Hong et al., 2006), and CCM2 radiation (Briegleb,

1992).

The SNURCM has been applied in a number of studies on

the regional climate over East Asia. Lee et al. (2004) rea-

sonably reproduced the record-breaking heavy rainfall over

East Asia in the summer of 1998, and Kang et al. (2005)

investigated the mechanisms of extreme flood and drought

events, and Cha et al. (2011a) examined the impact of local sea

surface temperature on East Asian summer monsoon using the

SNURCM. In addition, the model was internationally evaluated

by participating in the Regional Climate model Inter-com-

parison Project for Asia (RMIP) (Fu et al., 2005). Recently,

Lee et al. (2013) reproduced a high-resolution climate change

scenario for East Asia through continuous 70-yr (1980-2049)

regional climate simulation with the SNURCM forced by the

community climate system model 3 in CMIP3. In addition, the

SNURCM has been participated in a project to produce a

regional climate change scenario for the East Asian domain of

the Coordinated Regional Climate Downscaling Experiment

(CORDEX) using multi-models supported by the Korea

Meteorological Administration (Suh et al., 2012).

The model domain covers the KP and consists of 200 by 180

grid points along the zonal and meridional directions, re-

spectively, with a horizontal resolution of 12.5 km (Fig. 1).

The model uses 24 vertical layers with a top level of 50 hPa.

Initial- and boundary-forcing data for driving the regional

climate model were obtained from 6-hourly the HadGEM2-

AO (Baek et al., 2013) based on historical and four RCP (2.6,

4.5, 6.0, and 8.5) scenarios. The HadGEM2-AO model

consists of an atmospheric model with a horizontal resolution

of 1.875
o
× 1.25o and 38 vertical levels with an atmospheric

top at about 38 km and an ocean model with a 1-degree

horizontal resolution and 40 vertical levels. The SNURCM

was integrated using the HadGEM2-AO data from January

1979 to December 2010 for present climate, and with four

RCP scenarios from January 2019 to December 2100 for

future climate. For the period 2006-2010, boundary-forcing

data were obtained from RCP8.5 output because the present

climate simulation was performed by 2005. Hereafter, the ex-

periment for the present climate is referred to as the Historical

run, while the experiments for the future climate using RCP

scenarios are referred to as the RCP2.6, RCP4.5, RCP6.0, and

RCP8.5 runs according to radiative forcing. A 2-yr spin-up

time was applied in both the Historical and RCPs runs. In this

Fig. 1. Model domain with topography (m) and mountain ridges
(solid lines). Boxed area indicates the analysis zone (29

o
-46

o
N,

117o-138oE).
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study, simulation results from two time slices representing the

present day (1981-2010) and the future (2071-2100) were

analyzed. 

For the present climate, CO
2
 concentrations were derived

from a combination of the Law Dome ice core (Etheridge et

al., 1998), NOAA global mean data (Conway et al., 1994), and

Fig. 2. 25-yr (1981-2005) summer mean precipitation (mm d
−1

) (a, c, e) and 850-hPa wind vector (m s
−1

; vector) and 850-
hPa specific humidity (g kg−1; shading) (b, d, f).
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SIO Mauna Kea record (Keeling and Whorf, 2005). For the

future climate, CO
2
 concentrations were taken from the CMIP5

dataset (Meinshausen et al., 2011). The four RCP scenarios

(Moss et al., 2010) are named according to a possible range of

global radiative forcing values in 2100 relative to pre-industrial

values: peak at ~3 W m−2 before 2100 followed by decline to

2.6 W m−2 by 2100 for RCP2.6, stabilizations without over-

shoot pathways to 6.0 and 4.5 W m−2 at stabilization after 2100

for RCP6.0 and RCP4.5, respectively, and a rising pathway

leading to 8.5 W m−2 by 2100 for RCP8.5.

In order to evaluate the performance of the model for 1981-

2005, the simulated precipitation was compared with the Asian

Precipitation-Highly-Resolved Observational Data Integration

Towards Evaluation of the Water Resources project (APHRO-

DITE) gridded daily precipitation, which is generated from

daily rain gauge data with horizontal resolution of 0.25o

(Yatagai et al., 2012). To evaluate simulated synoptic environ-

ments including wind and specific humidity, atmospheric

variables were obtained from the NCEP climate forecast

system reanalysis (CFSR) with a horizontal resolution of 0.5o

(Saha et al., 2010). For a convenient comparison, the obser-

vations and model results were interpolated to a 0.1o
× 0.1o

latitude-longitude grid over the analysis domain (dashed line

box in Fig. 1).

3. Results

a. Evaluation of present model climate in Historical run

In this section, we describe the evaluation of the perfor-

mance of the SNURCM by comparing the results from

Historical run with the observation. Figure 2 shows 25-yr

summer mean precipitation and low-level synoptic fields from

the observation and Historical run. The spatial pattern of

simulated precipitation around the KP is comparable to that of

the observation, while precipitation amount over most of the

East Asian continent (especially China east coastal region)

except for the KP tends to be somewhat overestimated com-

pared to that of the observation. The SNURCM reasonably

simulates precipitation amount over central Korea, although it

has systematic errors such as overestimation over northeastern

Korea (Hamgyong province) and underestimation over south

coastal regions (Fig. 2c). The statistics of the 25-yr summer

mean precipitation over the KP in Table 1 are also comparable

to those from other studies (e.g., Lee et al., 2013; Lee and

Hong, 2014; Hong and Ahn, 2015).

Since summer precipitation over East Asia is affected by

low-level monsoon circulation and moisture distribution (e.g.,

Yhang and Hong, 2008; Niu et al., 2015), we compare low-

level synoptic fields between the simulation and reanalysis to

analyze the cause of the systematic errors of simulated pre-

cipitation. In the reanalysis, a warm and wet southwesterly

transported from the tropical region to the mid-latitude is

dominant over the KP. However, the SNURCM has a

systematic error that the dominant low-level wind is southerly

rather than southwesterly. This erroneous low-level southerly

is associated with that the HadGEM2-AO, large-scale boundary

forcing, cannot properly simulate the intraseasonal evolution

of the western North Pacific subtropical high (WNPSH),

which is considerably related to the East Asian summer mon-

soon. Same as garbage-in garbage-out as indicated in previous

studies (Giorgi and Mearns, 1999; Wang et al., 2004), the

systematic error of monsoonal circulation in the large-scale

forcing could be inherited by the RCM. In addition, it is

possible that the spectral nudging of the wind field applied in

this study can augment the propagation of systematic errors

from the large-scale forcing. Compared with the reanalysis the

SNURCM has easterly bias over most of East Asia as the

systematic error of low-level wind (Fig. 2f). This easterly bias

leads to dry bias at the low-level and underestimated pre-

cipitation over the southern coastal region, namely upstream

Table 1. Statistics of simulated summer precipitation for the period
1981-2005. Bold values denote significant spatial correlation coeffi-
cients at the 99% confidence level based on a Student’s t test.

Region Bias RMSE Spatial corr.

Korean Peninsula 0.3 1.3 0.56

North Korea 1.0 1.5 0.41

South Korea −0.5 1.1 0.45

Fig. 3. Time-latitude cross-sections of 25-yr (1981-2005) mean daily precipitation (mm d
−1

), zonal averaged over the Korean
Peninsula.
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region of the Sobaek Mountains under the observed south-

westerly. On the contrary, the circulation bias induces low-

level wet bias and overestimated precipitation over northeastern

Korea, namely downstream region of the Nangnim Mountains

under the observed southwesterly (See Fig. 1 for location). In

the same manner, the easterly bias gives rise to low-level wet

bias and overestimated precipitation in the China east coastal

region.

The SNURCM captures the temporal evolution of Changma

rain-band, which significantly contributes to most of the

annual precipitation amounts in Korea (Fig. 3). The onset of

Changma around late June starting from southern Korea is

captured by the SNURCM despite its weak precipitation

intensity. This weak intensity is relevant to dry bias over the

region caused by an erroneous low-level circulation (i.e.,

underestimated westerly). It is noted that the model tends to

underestimate precipitation south of 38oN for August compared

with the observation. This might be due to the aforementioned

systematic error in monsoon circulation as well as weakened

activity of tropical cyclones in HadGEM2-AO. As indicated

by Ahn and Lee (2002), the regional climate simulation of late

summer precipitation over the KP is substantially related to

whether tropical cyclones are properly simulated or not.

SNURCM forced by HadGEM2-AO tends to underestimate

the tropical cyclone activity over the East Asian coastal region

because of unfavorable conditions for tropical cyclone activity

(e.g., overestimated vertical wind shear) (not shown). In

addition, the model domain in this study is too small to com-

pletely reproduce the characteristics of tropical cyclones passing

through East Asia. Therefore, the simulated tropical cyclones

in this study can be generally weaker and less frequent

compared with the observation. This unreasonable simulation

Fig. 4. Differences in summer mean precipitation (mm d
−1

) between future (2071-2100) and present (1981-2010) scenarios.
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of tropical cyclone around Korea can result in underestimated

precipitation in August. In contrast, precipitation over northern

Korea above 38oN tends to be generally overestimated because

of the aforementioned wet bias over the downstream region of

the Nangnim Mountains. 

Despite some systematic errors, the evaluations for the

present climate show that the SNURCM has a skill in re-

producing regional details embedded in the HadGEM2-AO

output for the KP, and therefore, its application in future

projections is reasonable.

b. Future change in summer precipitation

In this section, we describe an analysis of future change in

summer precipitation over the KP by comparing the dif-

ferences in precipitation and synoptic fields between the four

RCP runs and Historical run. Figure 4 shows differences in

summer precipitation between future climatology (2071-2100)

and present climatology (1981-2010). Area-averaged precipi-

Table 2. Summer precipitation changes averaged over the model
domain and KP in future (2071-2100) relative to present (1981-2010)
for each RCP run.

Model domain 
(Land and Ocean) 

Korean Peninsula
(Land) 

Change
(mm d

−1
) 

Rate of 
change (%) 

Change
(mm d

−1
) 

Rate of 
change  (%) 

RCP2.6 0.58 11.2 1.25 20.5 

RCP4.5 0.68 13.1 0.66 10.9 

RCP6.0 0.71 13.5 0.61 10.1 

RCP8.5 1.19 22.6 1.27 20.9 

Fig. 5. As in Fig. 4, but for 850-hPa wind vector (m s
−1

; vector) and 850-hPa specific humidity (g kg
−1

; shading).
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tation for the model domain tends to increase in all RCP runs

compared with Historical run. The increasing tendency of the

amount and changing rate of summer precipitation becomes

larger as radiative forcing becomes larger (Table 2). In

particular, a linear increasing trend according to RCP radiative

forcings is prominent over the ocean. Summer precipitation

over the KP also tends to increase in all RCP runs. However,

the increasing tendencies are not proportional to RCP radiative

forcings. Future summer precipitation over the KP in RCP2.6

and RCP8.5 runs increases by approximately 20%, while that

in RCP4.5 and RCP6.0 increases by approximately 10%

(Table 2). It is noteworthy that the increasing tendency of

summer precipitation over the south coastal region and

northern Korea is obvious in all RCP runs, while that over

central Korea is uncertain. That is, summer precipitation over

central Korea prominently increases in RCP2.6 and RCP8.5,

but that in RCP4.5 and RCP6.0 does not change significantly.

To examine the reason for these future changes in summer

precipitation over the KP, we analyze changes in low-level

synoptic fields (Fig. 5). In all RCP runs, low-level moisture

around the KP tends to increase, indicating that the amount of

atmospheric water vapor increases with a warming climate due

to increased saturation vapor pressure with temperature (Stocker

et al., 2014). The increasing tendency of low-level moisture is

nearly proportional to RCP radiative forcings. That is, the

increase in moisture is the largest (smallest) in RCP8.5

(RCP2.6) run compared to those in other runs. Unlike low-

level moisture field, low-level circulation inconsistently changes

according to RCP radiative forcings. In RCP2.6 and RCP8.5

runs, the southwesterly or southerly, dominant low-level cir-

culation of the East Asian summer monsoon, is enhanced in

the future. On the contrary, differences in the northeasterly and

southeasterly are dominant in RCP4.5 and RCP6.0 runs,

respectively. This means that different projections of low-level

circulation according to dissimilar RCP radiative forcings can

lead to differences of moisture advection, which is possibly the

major reason for the differences in the projections of future

summer precipitation in the RCP runs. 

To quantitatively explain the future changes in precipitation

over the KP, we analyze the water budget equation (Bosilovich

and Sun 1999) around the KP (Table 3). 

W = C + E − P + R (1)

where

,

In the water budget equation (1), W, C, E, P, and R indicate

total change in precipitable water, vertically integrated moisture

convergence, evaporation, precipitation, and residual, respect-

ively. Since not only the calculations of W and R terms require

huge computing resources and data storage but also we focus

on the ratios of C and E to P, W and R terms are not considered

here. Vertically integrated moisture convergence is derived

from 3 hourly instant values of water vapor and wind fields,

and is calculated for the region around the KP (34
o-43oN, 124o-

131oE). The surface evaporation around the KP in the future

prominently increases in all RCP runs, and its difference

among experiments is not significantly large. However, the

change in moisture convergence among RCP runs is notably

large. Moisture convergence prominently increases in RCP2.6

and RCP8.5 runs, therefore, the increase in future precipitation

in the two runs is more robust compared to those in RCP4.5

and RCP6.0 runs. The increasing moisture convergence in

RCP2.6 and RCP8.5 runs is associated with the intensified

southwesterly and southerly, respectively, in the future (see

Fig. 5). In contrast, the increasing tendencies of moisture con-

vergence in RCP4.5 and RCP6.0 run are relatively small

compared with those in others because of the weakened

southwesterly. It is noteworthy that the moisture convergences

increase in the range of 0.11-0.59 mm d−1 among the RCP

runs, while the surface evaporations increase in the range of

0.25-0.32 mm d−1. This indicates that the sensitivity of moisture

convergence to RCP radiative forcings is larger than that of

surface evaporation and the uncertainty of changes in summer

precipitation over the KP is more relevant to the future

changes in moisture convergence rather than that of surface

evaporation.

In addition, the changes in spatial distribution and temporal

variation of Changma rain-band over the KP are inconsistently

projected among RCP runs (Fig. 6). The northward shifting of

Changma rain-band from the south coastal region to central

Korea during late June to mid-July is intensified in all RCP

runs. In particular, all runs project more precipitation over the

south coastal region around late June and increasing pre-

cipitation over the entire KP for August. It should be noted that

all runs project the period with decreasing precipitation in July.

Consistent with the result of Kusunoki et al. (2006), this can be

related to the expanded subtropical high in the future climate

resulting in an earlier break of Changma rain with associated

downdraft and faster northward marching of the rain-band. 

As shown in Fig. 5, the spatial and temporal changes in

Changma rain-band could be affected by the temporal evolution

of the low-level moisture and circulation change (Fig. 7). All

RCP runs simulate an increasing tendency of low-level

moisture in the future, which is nearly proportional to RCP

radiative forcing. The increasing low-level moisture is signifi-

W g
1– ∂p*q

∂t
------------

0

1

∫ dσ=

C g–
1–

∇ p*qV[ ]⋅
0

1

∫ dσ=

Table 3. As in Table 2, but for hydrologic budget averaged over the
KP (34-43

o
N, 124-131

o
E). C, E, and P indicate moisture convergence,

evaporation, and precipitation, respectively. The units are mm d−1.

C E P

RCP2.6 0.59 0.30 0.94

RCP4.5 0.15 0.27 0.62

RCP6.0 0.11 0.25 0.57

RCP8.5 0.45 0.32 1.08
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cantly affected by the changes in surface evaporation and

horizontal convergence. Since changes in summer precipitation

are more sensitive to horizontal convergence than surface

evaporation as shown in Table 3, we further analyze the

temporal evolution of changes in low-level circulation. In the

RCP2.6, RCP6.0, and RCP8.5 runs, low-level southerly is

apparently intensified during most summer season (JJA) except

for early June. Even in RCP4.5 run, a southerly is slightly

enhanced during the period (late June to mid-July) when

Changma rain-band shifts northward. The intensification of the

warm and moist southerly from sub-tropical regions leads to

increases in moisture over the KP. From the changes in low-

level zonal wind from RCP2.6 and RCP8.5 runs, the enhanced

westerly is dominant during late June to early July, and the

easterly is noticeably increased after mid-July. A similar change

in wind direction is simulated in RCP4.5 and RCP6.0 runs, but

it is limited to southern Korea. The change in zonal wind

direction can be related to the expansion of the subtropical

high in the future. The increasing westerly from late June to

early July is because the KP is affected by the southwesterly at

the northwestern periphery of enhanced subtropical high. Fur-

thermore, the intensified easterly is associated with the reduced

Fig. 6. Time-latitude cross-sections of future 30-yr mean daily precipitation (left panels) and its differences (right panels) from
present simulation, zonal averaged over the Korean Peninsula.
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westerly after mid-July when the KP is directly influenced by a

huge downdraft inside the subtropical high. Therefore, precipi-

tation relevant to Changma rain-band increases when the

westerly is enhanced (i.e., from late June to early July), and

then precipitation decreases due to the decreasing westerly

under the direct effect of the subtropical high. These results

indicate that precipitation intensity related to Changma rain-

band will be increased, but its duration will be reduced in the

future.

4. Summary and concluding remarks

In this study, regional climate change for the KP was

dynamically downscaled using the SNURCM with a 12.5 km

horizontal resolution forced by multi RCP scenarios from the

HadGEM2-AO, and changes in summer precipitation over the

KP for late 21st Century (2071-2100) was investigated. Despite

some systematic errors, the SNURCM realistically reproduced

present 25-yr mean climatology of summer precipitation over

the KP, and reasonably captured the sub-seasonal evolution of

Changma rain-band. In the future projection, all RCP runs

simulated an increased summer precipitation over the KP.

However, there were some differences among the experiments.

RCP2.6 and RCP8.5 runs simulated 20% more summer

precipitation over the entire KP, while RCP4.5 and RCP6.0

runs simulated 10% increased precipitation particularly over

south coastal region and northern Korea. The increases in

summer precipitation over the KP were associated with the

increases in surface evaporation and moisture convergence.

Surface evaporation tended to similarly increased in all RCP

runs, while moisture convergence inconsistently increased with

considerable difference among the RCP runs. This indicates

that the inconsistent future changes in summer precipitation

over the KP among RCP runs were more related to changes in

moisture convergence rather than surface evaporation. That is,

the uncertainty of changes in summer precipitation can be

considerably associated with the projection of the monsoon

circulation, which determines the moisture convergence field

through horizontal advection. The sub-seasonal evolution of

Changma rain-band changed inconsistently among the RCP

runs. Nevertheless, all experiments showed that Changma rain-

band was enhanced during late June to early July, but it was

weakened after mid-July due to the expansion of the

subtropical high.

This study showed that future changes in summer precipi-

tation over the KP could be different among experiments with

dissimilar RCP scenarios, and such differences were affected

by the monsoon circulation. These results indicate that RCM

should realistically simulate the spatial distribution and tem-

poral variation of the monsoon circulation and subtropical high

before it is applied to future regional climate projections for

the KP. One limitation of this study is that global climate

Fig. 7. As in Fig. 6, but only for differences in 850-hPa specific humidity (left panels), 850-hPa meridional wind (middle panels),
and 850-hPa zonal wind (right panels) between future and present scenarios.
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change scenarios generated by single GCM (i.g., HadGEM2-

AO) were deterministically downscaled using single RCM

(i.e., SNURCM), which possibly results in large uncertainties.

To overcome the limitation, the uncertainties of future regional

climate projections should be reduced through multi-models

ensemble approach in which global scenarios from multi-

GCMs are dynamically downscaled with multi-RCMs.
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