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Abstract: We projected surface air temperature changes over South

Korea during the mid (2026-2050) and late (2076-2100) 21st century

against the current climate (1981-2005) using the simulation results

from five regional climate models (RCMs) driven by Hadley Centre

Global Environmental Model, version 2, coupled with the Atmos-

phere-Ocean (HadGEM2-AO), and two ensemble methods (equal

weighted averaging, weighted averaging based on Taylor’s skill

score) under four Representative Concentration Pathways (RCP)

scenarios. In general, the five RCM ensembles captured the spatial

and seasonal variations, and probability distribution of temperature

over South Korea reasonably compared to observation. They parti-

cularly showed a good performance in simulating annual temperature

range compared to HadGEM2-AO. In future simulation, the

temperature over South Korea will increase significantly for all

scenarios and seasons. Stronger warming trends are projected in the

late 21st century than in the mid-21st century, in particular under

RCP8.5. The five RCM ensembles projected that temperature

changes for the mid/late 21st century relative to the current climate

are +1.54
o

C/+1.92
o

C for RCP2.6, +1.68
o

C/+2.91
o

C for RCP4.5,

+1.17
o

C/+3.11
o

C for RCP6.0, and +1.75
o

C/+4.73
o

C for RCP8.5.

Compared to the temperature projection of HadGEM2-AO, the five

RCM ensembles projected smaller increases in temperature for all

RCP scenarios and seasons. The inter-RCM spread is proportional to

the simulation period (i.e., larger in the late-21st than mid-21st

century) and significantly greater (about four times) in winter than

summer for all RCP scenarios. Therefore, the modeled predictions of

temperature increases during the late 21st century, particularly for

winter temperatures, should be used with caution.

Key words: Five regional climate models, ensembles, temperature

changes, RCP scenarios, South Korea

1. Introduction

The 4th and 5th assessment reports (AR4 and AR5) of the

Intergovernmental Panel on Climate Change (IPCC) confirmed

that global warming of the climate system is unequivocal, and

since the 1950s, many of the observed changes have been

unprecedented over decades to millennia (IPCC, 2007; IPCC,

2014). It is well known that global warming is the result of

increased total radiative forcings caused by increased concen-

trations of greenhouse gases, such as CO
2
 and CH

4
 in the

atmosphere since 1750. Moreover, many studies have shown

that the patterns of climate change can vary according to the

locations, seasons, and climatic elements (e.g., Grell et al.,

1994; Meehl et al., 2000; Kimoto, 2005; Jacob et al., 2007;

IPCC, 2014). Therefore, to develop an efficient adaptation and

mitigation strategies for ongoing climate change, more reliable

and detailed information concerning future climate changes are

needed. In order to meet these needs, various types of inter-

national programs such as the IPCC, the Coupled Model

Intercomparison Project (CMIP), and the COordinated Regional

Climate Downscaling EXperiment (CORDEX) have been

established and implemented (e.g., Taylor et al., 2012; Giorgi

et al., 2014; IPCC, 2014). In addition, the IPCC has developed

new climate change scenarios, called Representative Concen-

tration Pathways (RCPs), which are based on the range of

projections for future population growth, technological de-

velopment, and societal responses, for the projection of future

climate changes (Moss et al., 2008; van Vuuren et al., 2011).

Specifically, there are four RCPs, namely, RCP2.6, RCP4.5,

RCP6.0 and RCP8.5, which represent the increases of net

radiative forcing expected by the year 2100 (relative to

preindustrial conditions).

The regional climate of the Korean peninsula, which is

located at the eastern boundary of the Asian continent, presents

relatively large spatio-temporal variations due to the combined

effects of varying large-scale forcings and local factors caused

by the complicated interactions of the Asian continent, Pacific

Ocean and the local topography (e.g., Ho et al., 2003; Kang

and Hong, 2008). In addition, many studies have shown that
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the frequency and intensity of extreme climate events such as

hot spells and heavy rainfall, have clearly increased in the

Korean peninsula (e.g., Boo et al., 2006; Kim et al., 2009; Min

et al., 2015).

Various types of Global Climate Models (GCMs) and

Regional Climate Models (RCMs) have been used for simula-

tions of the current climate and future climate conditions (e.g.,

Giorgi et al., 2001; Fu et al., 2005; Taylor et al., 2012).

Additionally, various types of statistical methods have been

used for projections of future climates conditions and for the

minimization of systematic errors in the dynamic models (e.g.,

Imbert and Benestad, 2005). The simulation skills of state-of-

the-art GCMs have the capacity to reproduce the mean climate

reasonably well at the annual/seasonal and regional scales

through the sophisticated physics and dynamic processes in the

GCMs (e.g., Kharin et al., 2012; Taylor et al., 2012). However,

in spite of the greatly improved GCMs, these models are still

limited in reproduction of detailed regional climate data in

time and space because of the simplified parameterization of

physical processes such as cloud and precipitation formation,

and relatively coarse resolutions (e.g., Giorgi, 1990; Grell et

al., 1994). It is true that RCMs can produce valuable simula-

tion results through the use of higher spatial resolutions and

more sophisticated physics (e.g., Fu et al., 2005; Wang et al.,

2009; Giorgi et al., 2012; Kalognomou et al., 2013). However,

they also are limited in regards to the reproduction of detailed

and reliable features of the regional climate because of the

dependency of lateral boundary conditions and the location

and size of simulation domains (e.g., Giorgi et al., 2001; Zhang

et al., 2008; Xu and Yang, 2012; Park et al., 2013).

To improve the reliability of simulation and projection from

RCMs, the RCM community established several international

cooperative research projects, where the multiple number of

RCMs’ simulation performed under unified environments in

terms of the spatial resolution, lateral boundary conditions,

simulation domain, and period, similar to the achievements in

GCM communities (e.g., CMIP3, CMIP5) (e.g., Fu et al.,

2005; Jacob et al., 2007; Sillmann et al., 2013; Giorgi et al.,

2014). Successful regional climate projects are RMIP (Regional

Climate Models Intercomparison Project, e.g., Fu et al., 2005),

PRUDENCE (Prediction of Regional scenarios and Uncer-

tainties for Defining EuropeaN Climate Change risks and

Effects, e.g., Jacob et al., 2007), ENSEMBLES (ENSEMBLE-

based predictions of climate changes and their impacts, e.g.,

van der Linden and Mitchell, 2009), NARCCAP (North

America Regional Climate Change Assessment Program, e.g.,

Wang et al., 2009), and CORDEX (e.g., Giorgi et al., 2012). 

The study on the regional climate and/or climate change in

South Korea with RCMs started in the late 1990s (e.g., Lee

and Suh, 2000). After that, consecutive studies were performed

by using various types of RCMs including RegCM (Regional

Climate Model), MM5 (Fifth-Generation Penn State/National

Center for Atmospheric Research (NCAR) Mesoscale Model),

SNURCM (Seoul National University Regional Climate

Model), WRF (Weather Research and Forecasting model), and

RSM (Regional Spectral Model) (Lee et al., 2004; Lee et al.,

2005; Im et al., 2007; Cha et al., 2008). Most of these studies

focused on the simulation skills and future projection of

regional climate over the Korean peninsula including the East

Asian region using a single RCM and scenario (e.g., Lee and

Suh, 2000; Lee et al., 2004; Suh and Lee, 2004; Lee et al.,

2005; Cha et al., 2008; Yhang and Hong, 2008).

In recent years, the National Institute of Meteorological

Sciences (NIMS) of the Korea Meteorological Administration

(KMA) has produced future climate change information using

HadGEM2-AO (Hadley Centre Global Environmental Model

version 2, coupled with the Atmosphere-Ocean) based on the

four RCP scenarios (e.g., Baek et al., 2013), with intention of

participating in IPCC AR5 and preparing Korea's national

adaptation strategy. In addition, they organized the first national

project for the generation of more reliable climate change

information by use of multi RCMs (RegCM4, SNURCM,

WRF, and RSM) under the CORDEX East Asia framework

(Suh et al., 2012; Lee et al., 2014; Oh et al., 2014; Park et al.,

2015). They evaluated the performance of four RCMs for the

20 years (1989-2008) of current climate using two sets of

reanalysis data (ERA-Interim, NCEP/DOE2) along with one

GCM (HadGEM2-AO). Based on the evaluation results, they

projected future climate changes driven from HadGEM2-AO

data under two RCP scenarios (RCP4.5 and RCP8.5) in the

mid-21st century (2021-2050). The final output from this

project can be accessed at https://cordex-ea.climate.go.kr/.

The limitations of RCM studies in South Korea can be sum-

marized as follows: 1) most of the RCM studies used a single

GCM and a single RCM under different simulation environ-

ments, 2) the projections of future climate change were based

on the SRES (Special Report on Emissions Scenarios), 3) the

spatial resolution was too coarse (25-50 km), and 4) the

simulation periods were different between the RCM studies

(e.g., Oh et al., 2004; Boo et al., 2006; Min et al., 2006; Im et

al., 2007). To minimize the limitations of previous RCM

studies and project the detailed and reasonable regional climate

changes over the Korean peninsula, the KMA organized a new

national RCM project in 2012 titled “Production of Fine-Scale

Climate Change Data over the Korean Peninsula Using RCP

Scenarios.” The goals of this project are to provide more

reliable and detailed information on the regional climate through

the combined use of dynamic downscaling and statistical

methods based on four RCP scenarios. This paper summarized

the final output from this project and consists of two parts: the

first part, as main topic of this paper, focused on the simulation

skills of RCMs and the projection of temperature for the mid

and late 21st century based on the four RCP scenarios. The

second part, which is presented in the companion paper (Oh et

al., 2015), focus on the simulation skills of RCMs and the

projection of precipitation changes for the same periods and

RCP scenarios. The detailed design of the experiments in-

cluding the simulation domain and periods, and a description

of the RCMs is given in Section 2. The simulation skills of

RCMs for current temperature are discussed in Section 3.
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After that, projections of temperature changes for the mid and

late 21st century according to four RCP scenarios are

presented in Section 4. Section 5 summarizes the results of this

study. 

2. Data and experiment methods

a. Models and experimental design

The simulation domain and the environment of the experi-

ments are shown in Fig. 1 and Table 1. In this study, we used

five RCMs to minimize the systematic biases and uncertainties

of RCMs. The five RCMs used in this study are GRIMs

(Global/Regional Integrated Model system), HadGEM3-RA

(regional atmospheric version of the Hadley Centre Global

Environment Model version 3), RegCM4, SNURCM, and

WRF. To achieve the goals of this study, the horizontal

resolution of RCMs was set to 12.5 km over the Northeast

Asian region including the Korean peninsula. The HadGEM2-

AO data of every six hours simulated by NIMS/KMA were

used as the lateral boundary conditions for the five RCMs. The

experimental setups of HadGEM2-AO, its simulation skills

and projection results are well documented in Baek et al.

(2013). Four RCP scenarios (2.6, 4.5, 6.0, and 8.5), developed

by IPCC, were used to project future climate changes over

South Korea in the mid and late 21st century. The concen-

trations of atmospheric greenhouse gases are time-varying

during simulations and are taken from the RCP scenarios

group (http://www.pik-potsdam.de/~mmalte/rcps/). The concen-

trations of greenhouse gases are consistent with those used in

HadGEM2-AO. 

As shown in many works (e.g., Meehl et al., 2000; van der

Linden and Mitchell, 2009; Kendon et al., 2010; Evans et al.,

Fig. 1. Simulation domain, Northeast Asia region, and topography (m) used in this study (a). The South Korea (Lat.: 33-39oN,
Lon.: 125-130oE) is the detailed analysis region in this study (b).

Table 1. Simulation design used in this study.

Contents Description

Model domain

 - North-East Asia 
 - Center point: Lat. and Lon. 37.5o

N, 127.5
o

E
 - Horizontal. Resolution : 12.5 km
 - Grids :180 (lat.) × 200 (lon.) 

RCMs
GRIMs, HadGEM3-RA, RegCM4, 
SNURCM,WRF

GCM
(Lateral boundary data)

HadGEM2-AO: NIMS/KMA
144(lat) × 192(lon) (1.25

o

× 1.875
o

) × 17 L 

Simulation period
Present : Jan. 1979 ~ Dec. 2010
Future : Jan. 2019 ~ Dec. 2100

Scenarios RCP2.6, 4.5, 6.0, 8.5

Validation data  APHRODITE (Tas)
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2013), the selection of the GCM and RCM is one of the most

important issues for better projections of regional climate

changes. In general, the criteria for the ideal selection of

climate models (GCM/RCM) are the simulation skills and the

independence of each climate model as shown in Evans et al.

(2013). In this study, we selected five RCMs that showed a

good simulation skill in this region and had a different

dynamics and/or physics as shown in Table 2. The two RCMs

are hydrostatic and the other three are non-hydrostatic among

the five RCMs. The GRIMs is the spectral version type, but

the other four RCMs are grid version type. The GRIMs was

originally developed for multiple applications, e.g., numerical

weather predictions, seasonal forecasts, and climate research

projects from global to regional scales (Hong et al., 2013). The

simulation skills of the GRIMs over the Asian region including

the evolution of the East Asian monsoon have been well

documented in Kang and Hong (2008), and Hong et al. (2013).

As explained in detail in Giorgi et al. (2012), the RegCM4 is

an upgraded three-dimensional atmospheric model that in-

cludes new land surface and planetary boundary layer schemes,

as compared with the previous version of RegCM3 (Pal et al.,

2007). The simulation skills of RegCM4 for the mean and

extreme climate over the East Asian region including the

Korean peninsula have been evaluated extensively in many

works (e.g., Suh et al., 2012; Oh et al., 2014; Ali et al., 2015).

The SNURCM (Lee et al., 2004) is based on MM5 (Grell et

al., 1994). Detailed information about SNURCM has been

described by Cha and Lee (2009). Furthermore, information

about the simulation skills of SNURCM for the regional

climate over the East Asian region can be found in Fu et al.

(2005) and Suh et al. (2012). The WRF Model version 3.4

used in this study was developed by NCAR (Skamarock et al.,

2005). The performance of WRF for the regional climate over

East Asia including the Korean peninsula was featured in

Hong and Ahn (2015). The HadGEM3-RA is a regional

atmospheric version in which the same dynamical and physical

configuration of HadGEM3 (Hewitt et al., 2010). The perfor-

mance of HadGEM3-RA over the South Korea was described

in Sung et al. (2012). To reduce the systematic errors com-

monly found in long-term simulations and improve indepen-

dency, two RCMs (SNURCM, RegCM4) and GRIMs were

used with the spectral nudging technique developed by von

Storch et al. (2000) and the scale selective bias correction

(SSBC) method suggested by Hong and Chang (2012), re-

spectively. These five RCMs are found to have reasonable

skills for simulating summer temperature and precipitation

extremes over East Asia (Park et al., 2015). The detailed

information for the selected physics parameterization schemes

and their performance over East Asia and South Korea refer to

Table 2 and previous studies (e.g., Cha and Lee, 2009; Oh et

al., 2014; Hong and Ahn, 2015).

To project the detailed climate changes over South Korea

under the four RCP scenarios, the simulation periods were set

to the current 32-year period (1979-2010) and the future 82-

year period (2019-2100) including two years of spin-up period,

respectively. Among the 32 years of current climate simu-

lation, 25 years (1981-2005) of simulation data were defined

as the current climate. In addition, two sets of 25 years (2026-

2050 and 2076-2100) of simulation data from the future 82

years (2019-2100) were defined as the mid-21st and late-21st

century climate, respectively. To evaluate the simulation skills

of RCMs for the surface air temperature over the simulation

domain during the current climate (1981-2005), the Asian

Precipitation High Resolved Observational Data Integration

Towards Evaluation of water resources (APHRODITE, Yatagai

et al., 2012) temperature data were used as observation. The

spatial and temporal resolutions of APHRODITE data are

about 25 km and 24 hours, respectively. To evaluate the

performance of the five RCMs, the APHRODITE observed

data for the current climate (1981-2005) are interpolated to the

RCMs grid points using a bilinear interpolation. 

The climate changes in the mid and late 21st century were

calculated as the differences between the two future 25-year

(2026-2050 and 2076-2100, respectively) averaged climate

and the current 25-year (1981-2005) averaged climate for the

five RCMs and HadGEM2-AO. In addition to mean climate

changes, changes in interannual variations (IAV) of the regional

climate were evaluated by using the standard deviation ratio

Table 2. Detailed model configuration of five regional climate models (RCMs) used in this study.

Models GRIMs HadGEM3-RA RegCM4 SNURCM WRF

Vertical levels σ-28 Hybrid-38 σ-23 σ-24 Eta-28

Dynamic framework Hydrostatic Non-hydrostatic Hydrostatic Non-hydrostatic Non-hydrostatic

PBL scheme YSU+stable BL Nonlocal scheme Holtslag YSU YSU

Convective scheme SAS+CMT
Revised mass flux 

scheme
MIT-Emanuel Kain-Fritsch II Kain-Fritsch II

Land surface OML climatology MOSES-II CLM3.5 CLM3.0 Noah

Longwave radiation scheme GSFC Generalized 2-stream CCM3 CCM2 CAM

Shortwave radiation scheme GSFC Generalized 2-stream CCM3 CCM2 CAM

Spectral nudging Yes No Yes Yes No

Reference Hong et al. (2013) Hewitt et al. (2005) Giorgi et al. (2012) Lee et al. (2004) Skamarock et al. (2008)
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(SDR) (the standard deviation of the future climate to the

standard deviation of the current climate). 

b. Ensemble methods

In this study, two ensemble methods were used to evaluate

the performance for the temperature over Northeast Asian

region in the current climate (1981-2005) and to project the

changes of temperature characteristics in two future climates

(2026-2050, 2076-2100) under the four RCP scenarios. 

Equal Weighted Averaging without Bias Correction (EWA_

NBC or arithmetic mean as another representation) is widely

used in global climate modeling studies (Peng et al., 2002;

Palmer et al., 2004; Christensen et al., 2010; Weigel et al.,

2010). It is well known that EWA_NBC is a powerful tool to

improve the projection skills compared to single model. In

addition, it is also easier to use, since the observation data is

not required when processing ensemble averages. For a given

grid (and/or observation) point, EWA_NBC can be calculated

as 

. (1)

Here, N
M
 and T

i
 indicate the total number of ensemble

members and the current or future temperature data of the i-th

ensemble member, respectively. 

Oh and Suh (2016) developed the Weighted Ensemble

Averaging based on Taylor's skill score (Taylor, 2001) (WEA_

Tay). They showed that WEA_Tay showed a relatively good

projection skill in terms of mean and inter-annual variability

compared to the existing ensemble methods (e.g., EWA_NBC,

EWA with bias correction, multivariate linear regression, etc.).

For a given grid (and/or observation) point, the weight for each

ensemble member can be calculated as 

, (2)

where Corr.
i
 and nσ

i
 denote a correlation coefficient and

normalized standard deviation for temporal variation of the i-th

ensemble member, respectively. Here, nσ
i
= σ

i
/σ

o
,
 
where σ

i

and σ
o
 denote standard deviation for the temporal variation of

the i-th ensemble member and observation, respectively. The

coefficients of the numerator and denominator in equation (2)

are used to set a maximum value of 1.0 (Taylor, 2001). The

weight of each member, calculated by equation (2), is nor-

malized with respect to all the ensemble members (N
M
) using

. (3)

The weighted ensemble value can be calculated using

equation (4). In equation (4), a bias correction is applied based

on the stationarity assumption of simulation skills of five

RCMs.

, (4)

where T
i
 denotes the current or future temperature data of the

i-th ensemble member. In addition, ΔT
i
 denotes the difference

(the bias of the i-th ensemble member) between T
i
 and the

observed temperature during current climate.

The monthly observed and simulated temperature data for

each grid point during 25 years (1981-2005), taken for the

current climate, were used to calculate the weight of WEA_

Tay in each RCM. Accordingly, the weight of each RCM is

different depending on their performance for each grid point.

The weights can be only calculated for grid point located over

land, because the APHRODITE temperature data is only

available over land. The weights obtained from the current

climate are applied to the monthly simulated temperature data

for same current period in order to evaluate the performance of

WEA_Tay with the other models and EWA_NBC. Then,

based on the assumption of stationarity of the model perfor-

mance, the same weights used in the current climate are

applied to the monthly simulated temperature data for future

80 years (2021-2100) according to four RCP scenarios. In

EWA_NBC, the ensemble value is obtained through the

arithmetic averaging of monthly temperature data simulated by

five RCMs for each grid point including the grid points located

over the ocean.

3. Simulation skills of temperature

Figures 2 and 3 show the spatial distribution of differences

between the models and the APHRODITE data for surface air

temperature during summer (JJA) and winter (DJF) for the

current 25-year period (1981-2005). For comparison purposes,

the differences between the two ensemble results and APHRO-

DITE data are also shown. In general, the five RCMs and

HadGEM2-AO captured the spatial distribution of summer

and winter mean temperature well. However, the HadGEM2-

AO showed relatively strong warm and cold biases in most of

the model domain during summer and winter, respectively,

except for temperature in South Korea and mainland Japan. In

most of the model domain, the bias patterns of the five RCMs

during summer and winter are similar to that of HadGEM2-

AO with exception of South Korea and mainland Japan where

relatively large difference exist in the land-sea mask between

HadGEM2-AO and RCMs. In particular, HadGEM2-AO

showed large cold and warm biases around coastal and moun-

tainous region during summer and winter, respectively. These

biases seem to be related to the use of smoothed topography in

the model and incorrectly attributing ocean surface as land due

to low spatial resolution (135 km). On the other hand, the

systematic cold biases of RCMs during summer and winter

over South Korea and mainland Japan are related to more

realistic topography used in the model due to higher resolution

(12.5 km) than that of APHRODITE (25 km) and HadGEM2-

T
1

NM

------- Ti

i 1=

N
M

∑=

Pwi

1.0 Corr.i+( )4

4 nσi

1

nσi

-------+⎝ ⎠
⎛ ⎞

2
--------------------------------=

NPwi

Pwi

Pwi

i 1=

N
M

∑

---------------=

T NPwi

i 1=

N
M

∑ Ti× NPwi

i 1=

N
M

∑ ΔTi×–=
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AO. In addition, unlike HadGEM2-AO, the cold biases of the

RCMs for winter temperatures seem to be associated with

more winter precipitation simulated by RCMs (Oh et al., 2015).

In general, EWA_NBC showed a weak bias in most of the

model domain compared to a single RCM, but systematic bias

patterns still remained. Conversely, when performing bias cor-

rection based on simulation skills of RCMs, WEA_Tay showed

negligible biases over the entire domain. This indicates that

WEA_Tay can minimize the systematic biases of each RCM. 

The simulation skills of the five RCMs, the GCM, and the

two ensemble methods for area-averaged monthly mean tem-

peratures over South Korea (Lat.: 33-39oN, Lon.: 125-130oE)

are shown in Fig. 4. The grey shading indicates the full range

among monthly mean temperatures simulated by the five

RCMs. In general, the five RCMs and HadGEM2-AO capture

the seasonal variation of temperature over South Korea well.

However, HadGEM2-AO systematically underestimates and

overestimates the summer temperature and winter temperature,

respectively, as discussed above. Consequently, HadGEM2-

AO strongly underestimates the annual temperature range com-

Fig. 2. Spatial distributions of differences in the 25 years (1981-2005) summer (JJA) mean temperature (
o

C) between five RCMs (e
to i), HadGEM2-AO (d), two ensemble results (b to c) and APHRODITE (APHR). For the comparison, the spatial distribution of
25 years (1981-2005) summer mean temperature (oC) of APHRODITE data (a) is also shown.
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pared to the APHRODITE data. The patterns of the simulation

from the five RCMs are generally similar to that of HadGEM2-

AO from April to September, but they systematically under-

estimate the temperature by −0.5 to −3oC compared to that of

HadGEM2-AO from January to March. The latter makes the

five RCMs relatively well simulate the annual temperature

range compared to the HadGEM2-AO. As shown in Figs. 2

and 3, EWA_NBC reproduces an average level of simulation

skill of five RCMs, but WEA_Tay shows very similar seasonal

variation to APHRODITE data.

Figure 5 shows a BCR (Bias, Correlation and Root mean

square error) diagram which summarizes the simulation skills

of the five RCMs, HadGEM2-AO, and two ensemble methods

for the 25-year (1981-2005) seasonal mean temperature over

South Korea. In the figure, the size of circles indicates the

magnitude of the root mean square error (RMSE). The mini-

mum and maximum values are noted near the circles to allow

for relative comparisons. The spatial correlation of HadGEM2-

AO is systematically lower than that of the five RCMs except

for during the winter. The least spatial correlation coefficient

of HadGEM2-AO, in particular, during the summer, indicates

that HadGEM2-AO fails in simulating the spatial distribution

of temperatures over South Korea partly due to its coarse

horizontal resolution (Table 1). However, the five RCMs yield

Fig. 3. Same as Fig. 2 except for winter (DJF) mean temperature (
o

C).
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relatively good spatial correlation coefficients (> 0.70) irre-

spective of the seasons. Although the RCMs capture the spatial

patterns of seasonal mean temperatures well, they yield

systematic cold biases in all seasons, in particular, during the

autumn and winter, as opposed to HadGEM2-AO. The

simulation skills of RCMs are clearly dependent on the RCM

itself and on the season, in terms of bias, correlation, and

RMSE. The large spreads of simulation skills for RCMs across

seasons indicate that local processes are important factors

controlling spatio-temporal variations of climate over South

Korea. In general, the WEA_Tay method shows a good

statistical correction in terms of the bias, correlation, and

RMSE irrespective of the seasons.

Probability distributions for the observation and simulated

monthly mean temperature by HadGEM2-AO, the five RCMs,

and the two ensemble methods over South Korea during

summer (JJA) and winter (DJF) for 25 years are shown in Fig.

6. The observed monthly mean temperature over South Korea

during summer and winter shows a normal distribution around

24oC and around 0oC, respectively. Both HadGEM2-AO and

the RCMs perform well to capture the probability distribution

of monthly mean temperature over South Korea during

summer and winter compared to APHRODITE. However, the

mean and range of probability density are slightly different

depending on models and seasons. In particular, the RCMs

simulate a larger range in winter temperature compared to that

of summer temperature. 

In general, HadGEM2-AO systematically shifted leftward

and rightward in summer and winter temperature, respectively.

As a result, HadGEM2-AO underestimates the temperature at

the 90th percentile (24.4oC) in summer and overestimates the

temperature at the 10th percentile (−3.2oC) in winter compared to

APHRODITE (90th percentile: 26oC, 10th percentile: −4.8oC),

Fig. 4. Seasonal variation of the 25 years (1981-2005) averaged
monthly mean temperature (

o

C) over South Korea (Lat.: 33-39
o

N,
Lon.: 125-130o

E). The black solid line, blue dotted line, grey solid
line, and red dotted line indicate the APHRODITE, HadGEM2-AO
(HG2-AO), EWA_NBC, and WEA_Tay, respectively. The grey
shading is full range of the regional climate model results.

Fig. 5. BCR (Bias, Correlation and RMSE) diagram of seasonal mean temperature (oC) over South Korea
(Lat.: 33-39oN, Lon.: 125-130oE) for the 25 years (1981-2005) current climate.
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respectively. This shift confirms that HadGEM2-AO signifi-

cantly underestimates the annual temperature range (Fig. 4).

The RCMs also systematically shifted leftward in summer

temperature similar to HadGEM2-AO, but systematically

shifted leftward in the PDF of winter temperature contrary to

that of HadGEM2-AO. In particular, all RCMs significantly

underestimate the temperature at 10th percentile (−9 to −6oC)

in winter compared to APHRODITE. It means that the RCMs

have overall underestimations across seasons, which makes

RCMs better capture the observed annual temperature range.

As mentioned above, the more simulation of cold temperature

compared to the HadGEM2-AO seems in part related to the

more realized prescription of topography and increased pre-

cipitation. Generally, EWA_NBC well captures the probability

distribution of monthly mean temperature during summer and

winter compared to APHRODITE, but the systematic biases

from the RCM results still remain. However, WEA_Tay shows

very similar probability distribution for all temperature ranges

including warm and cold tails, compared to that of observed

temperature, although the probability density function from 21

to 25oC during summer is slightly underestimated. This

indicates that statistical correction is needed for the analysis

and projection of mean and extreme temperature. 

4. Projection of temperature for the mid and late 21st
century

Figure 7 shows a time series of annual mean temperature

(AMT) anomalies over South Korea according to four RCP

scenarios. The 25-year (1981-2005) average of APHRODITE

data is used as the reference. In general, HadGEM2-AO

captures the values and trends of the current AMT well

compared to those of RCMs. However, the good performance

of HadGEM2-AO for the AMT is the result of the cancellation

effect of contrasting simulation skills during the summer and

winter as shown in Fig. 5. Although the RCMs reproduce the

changing pattern of the AMT well, they systematically under-

estimate the AMT and show a relatively large spread among

RCMs. The changing pattern of the AMT over South Korea is

clearly dependent on the RCP scenarios and on the period of

the simulation. In RCP2.6, the AMT presents a weak warming

trend until 2050, but after then there is almost no warming

trends until 2100. The warming trends for RCP4.5 and RCP6.0

show a contrasting patterns, i.e., there are relatively strong and

weak trends in the mid-21st century, respectively, but the

reverse trends are found in the late-21st century. The strong

warming trend in the late 21st century under RCP6.0 is caused

Fig. 6. Probability density functions of monthly mean temperature (
o

C) during summer (JJA) and winter (DJF) in current
climate (1981-2005) over South Korea (Lat.: 33-39oN, Lon.: 125-130oE). Left and right panels indicate the comparison
result (a, c) between APHRODITE and RCMs, and (b, d) between APHRODITE and ensembles with HadGEM2-AO,
respectively.
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by the temporal changing pattern of net radiative forcing

(Moss et al., 2008; van Vuuren et al., 2011). However, the

AMT is projected to be significantly increased in RCP8.5

irrespective of the simulation periods, the models, and the

ensemble methods. In general, the changing pattern of the

AMT with time is very similar between RCMs, HadGEM2-

AO, and two ensemble methods, suggesting dominant forcing

of a driving GCM onto RCMs (e.g., Kendon et al., 2010).

Figure 8 indicates the spatial distribution of the temperature

changes during summer (JJA) and winter (DJF) projected from

HadGEM2-AO and two ensemble methods in the mid-21st

century (2026-2050) compared to the current climate (1981-

2005) for the RCP4.5 and RCP8.5. To estimate the uncertainty

of the projected ensemble mean, inter-RCM spread also was

presented. Although the warming intensity is slightly different

according to the HadGEM2-AO or ensembles, seasons, and

scenarios, all simulations show that the temperature over the

Northeast Asian region will be systematically increased. In

particular, it is expected to be more warming in the northern

land-dominated region of the model domain than southern

ocean-dominated region, and more warming is expected under

RCP8.5 than RCP4.5. In addition, the temperature increase

over the northern land region is projected to be higher in

winter than summer. However, relatively large uncertainties

are found during winter and under RCP8.5 compared to

summer and RCP4.5, respectively. The large uncertainties in

the projection of winter temperature may be related to the

performance of RCMs for winter temperature in the current

climate. As shown in Figs. 5 and 6, the simulated biases and

probability densities for current winter temperature showed

relatively large variability among RCMs compared to the

current summer temperature. This indicates that the different

performance among RCMs for current climate can influence

the uncertainty of multi-RCMs ensemble projection. 

Table 3 summarizes the temperature changes over South

Korea in the mid-21st century (2026-2050) according to the

RCP scenarios, models, and ensemble methods. The inter-RCM

spread also was presented. Although the warming intensity is

different depending on the model used, the season, and the

RCP scenario, the temperature over South Korea is certainly

expected to increase with a 1% significance level in all models,

scenarios, and ensemble methods. In general, the warming

intensity projected by HadGEM2-AO (AMT: +1.33 to +1.93
oC)

is slightly greater than that (AMT: +1.05 to +1.95oC) projected

by the RCMs (except for GRIMs). In addition, more warming

is expected during the summer (+1.35 to +2.40oC) compared

to the winter (+1.33 to +1.84oC) in the HadGEM2-AO,

whereas, in RCMs, the seasons with more warming are

different among RCP scenarios, although the differences

among RCMs are not significant. Also, as shown in Fig. 8, the

uncertainty of temperature changes during winter projected by

RCMs is as large as by about 2 times compared to that of

Fig. 7. Interannual variations of area-averaged annual mean temperature anomalies (oC) for the current climate (1981-2005) and the
future climate (2021-2100) over South Korea (Lat.: 33-39o

N, Lon.: 125-130
o

E) according to the RCP scenarios.
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summer. The reason why HadGEM2-AO projected higher

warming in the summer compared to the winter relates to the

projected changes in precipitation, whereby decreases in pre-

cipitation are expected during the summer but not during the

winter (see Oh et al., 2015). The warming intensity differences

according to the RCP scenario are not discernible except for

the RCP6.0 in which the least extent of increase is projected.

Changes in the IAV (ratio of the standard deviation for the

Fig. 8. Spatial distribution of projected summer (JJA) and winter (DJF) mean temperature (oC) for the mid-21st (2026-2050)
century compared to the modeled current climate (1981-2005) based on the RCP4.5 and 8.5 scenario. All changes are significant
within 1% significance level of t-test.
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future climate to the standard deviation for the current climate)

of monthly mean temperature in the mid-21st century (2026-

2050) over South Korea are shown in Fig. 9. The IAV of

monthly mean temperature clearly depends on the models,

RCP scenarios, and months. In RCP2.6 and RCP6.0, the IAV

of temperature is projected to decrease or remain unchanged

except for January and February in RCP2.6 and October in

RCP6.0. In general, large increases in IAV are expected in the

RCP4.5 and RCP8.5, in particular, during four months (Jan,

Apr, Jul, and Nov) in RCP4.5 within 10% significance level.

Contrary to the warming trend, the changes in IAV are slightly

greater for the RCMs than that for HadGEM2-AO irrespective

Fig. 9. Changes in interannual variation (ratio of the standard deviation in future climate to the standard deviation in current
climate) of monthly mean temperature (oC) in the mid-21st century (2026-2050) over South Korea (Lat.: 33-39oN, Lon.: 125-
130o

E) compared to the modeled current (1981-2005) climate according to four RCP scenarios. The grid with asterisk indicates the
statistically significant change at 10 % significance level of t-test. 

Table 3. Prospect of temperature changes (
o

C) during the mid-21st (2026-2050) century compared to current climate (1981-2005) over South Korea
according to the RCP scenarios.

Seasons Scenarios
HadG

EM2-AO
HadG

EM3-RA
RegCM4 GRIMs WRF SNU RCM EWA_NBC WEA_Tay

Spread of 
RCMs

Annual 

RCP2.6 1.93 1.44 1.54 1.79 1.57 1.36 1.54 1.53 0.16 

RCP4.5 1.84 1.54 1.65 1.81 1.62 1.76 1.68 1.66 0.11 

RCP6.0 1.33 1.05 1.18 1.31 1.16 1.15 1.17 1.16 0.09 

RCP8.5 1.91 1.58 1.72 1.95 1.68 1.81 1.75 1.74 0.14 

Summer 

RCP2.6 2.40 1.50 1.55 1.73 1.59 1.22 1.52 1.53 0.19 

RCP4.5 2.07 1.69 1.72 1.71 1.68 1.74 1.71 1.71 0.02 

RCP6.0 1.35 1.16 1.27 1.33 1.19 1.03 1.20 1.21 0.11 

RCP8.5 2.25 1.80 1.87 2.05 1.77 1.86 1.87 1.87 0.11 

Winter 

RCP2.6 1.71 1.38 1.55 1.96 1.58 1.39 1.57 1.62 0.24 

RCP4.5 1.84 1.57 1.78 2.11 1.73 1.88 1.82 1.77 0.20 

RCP6.0 1.33 0.80 0.96 1.19 0.95 1.11 1.00 1.05 0.15 

RCP8.5 1.72 1.46 1.68 2.08 1.57 1.80 1.72 1.69 0.24 
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of the scenarios and months. However, inconsistencies in the

tendency (increases or decreases) and different magnitude of

changes in IAV according to models and ensemble methods

indicate that more work is needed to clarify the changing

Fig. 10. Same as Fig. 8 except for in the late 21st century (2076-2100).
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patterns of the IAV.

Figure 10 shows changes (oC) in spatial distribution of

summer (JJA) and winter (DJF) mean temperature during the

late 21st century (2076-2100) compared with the current

climate (1981-2005) based on RCP4.5 and RCP8.5 scenarios.

Similar to the mid-21st century (Fig. 8), the HadGEM2-AO

and ensemble methods show that the summer and winter mean

temperature over the Northeast Asian region will increase

significantly in all RCP scenarios. Furthermore, much greater

warming is projected both in RCP4.5 (by about +3 to +5oC)

and in RCP8.5 (by about +5 to +8oC), in particular, in the

northern region of model domain than those in the mid-21st

century. This indicates that the meridional gradient of in-

creasing magnitude for the seasonal temperature is clearly

enhanced in the late 21st century compared to that of mid-21st

century. However, the uncertainty of the projected temperature

increases with projected temperature increase, particularly

under RCP8.5. As mentioned above, to understand the causes

for the large uncertainty of RCMs, in particular during winter,

in-depth analysis focusing on the different performance among

RCMs for current winter temperature is needed.

Changes in IAV of monthly mean temperatures in the late-

21st century (2076-2100) over South Korea are shown in Fig.

11. In general, the IAV of monthly mean temperature clearly

depends on models, RCP scenarios, and months. Consequently,

distinct increases (Apr in RCP2.6, Jan in RCP4.5, Nov in

RCP8.5) or decreases (Mar, May, and Dec in RCP2.6, Aug in

RCP4.5, Jun in RCP6.0, Jul in RCP8.5) of the IAV are

projected for certain months. While most of increases of IAV

are not significant, decreases of IAV are significant within

10% significance level in F-test. These different direction and

magnitude of changing patterns in the IAV according to the

models and scenarios mean that the IAV of the monthly mean

temperature will not be changed systematically in the late 21st

century.

Changes in the probability distributions of monthly mean

temperature during summer (JJA) and winter (DJF) in the late

21st century (2076-2100) over South Korea according to the

RCP scenarios, models, and ensembles are shown in Fig. 12.

Although there are some differences according to the models

and ensemble methods used, the probability distributions in

summer and winter temperature are projected to unequivocally

shift towards warmer temperatures. In addition, the intensity of

the temperature shift is proportional to the RCP scenarios,

increasing intensity of net radiative forcings. Consequently, the

temperature at the 10th percentile in winter and temperature at

the 90th percentile in summer are expected to be significantly

increased (e.g., WEA_Tay: +2.4 to +5
oC and +2.1 to +5oC)

compared to current temperature (−4.6oC and 26.2oC) according

to the RCP scenarios, respectively. The peak probability of

winter temperatures will be maintained but that of summer

temperatures will be decreased under RCP2.6 and RCP8.5

compared to that of current climate (1981-2005). When con-

sidering the impacts of extreme events such as the warm days

and cold days on our daily life and environments, more studies

are needed to clarify the quantitative changes in the frequency

Fig. 11. Same as Fig. 9 except for in the late 21st century (2076-2100).
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and magnitude of extreme events (e.g., Min et al., 2015). 

Summary of temperature changes over South Korea in the

late 21st century (2076-2100) according to the RCP scenarios,

models, and ensemble methods is given in Table 4. As in the

mid-21st century, there are warming trends during the late 21st

century in all models, RCP scenarios, and ensemble methods,

at the significance of 1% level. However, the warming mag-

nitude is not only significantly intensified but also greatly

diversified according to the RCP scenarios (e.g., +1.89 to

+4.71oC in WEA_Tay) compared to that (+1.16 to +1.74oC in

Fig. 12. Probability density function of monthly averaged temperature (oC) during summer (JJA) and winter (DJF)
in the late 21st century (2076-2100) over South Korea (Lat.: 33-39o

N, Lon.: 125-130
o

E) according to the RCP
scenarios compared to the modeled current climate (1981-2005).
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WEA_Tay) of the mid-21st century. The warming intensity by

HadGEM2-AO (AMT: +2.28 to +5.19oC) is systematically

greater than that (AMT: +1.67 to +5.32oC) of RCMs (except

for GRIMs). In addition, the HadGEM2-AO generally shows

more warming during the summer (+2.63 to +5.56oC) than

during the winter (+2.39 to +4.93oC), whereas the RCMs and

ensembles show slightly different warming patterns between

two seasons. However, the inter-RCM spreads are greater by

about 2 to 5 times during the winter than summer. The AMT

increase (+4.71 to +5.32oC) over South Korea in RCP 8.5

projected by RCMs with two ensembles is greater by about

+1oC than the global averaged increase (+3.7oC) presented by

IPCC (IPCC, 2014). However, it is less by about 0.6oC than

the KMA’s projection (KMA, 2014). It seems that the

differences among the IPCC, KMA, and this study are mainly

caused by the differences in the analysis period, model

domain, spatial resolution, and used models. 

5. Discussion and conclusions

In this study, we first projected the detailed climate changes

focusing on surface air temperature over South Korea in the

mid and late 21st century using the simulation results of five

RCMs driven by the HadGEM2-AO under four RCP scenarios

(2.6, 4.5, 6.0, and 8.5). The five RCMs used in this study are

GRIMs, HadGEM3-RA, RegCM4, SNURCM, and WRF. The

spatial resolution of RCMs is 12.5 km. The periods of simu-

lations were set as the current 32-year period (1979-2010) and

the future 82-year period (2019-2100), and two years of spin-

up period was employed. Future climate changes for the mid

and late 21st century were defined as the differences between

the two 25-year averaged future climates (2026-2050, 2076-

2100) and the 25-year averaged current climate (1981-2005).

The performances of five RCMs and two ensemble methods

(EWA_NBC and WEA_Tay) for the current climate were

evaluated by using APHRODITE temperature data with a

spatial resolution of 25 km.

In general, the five RCMs and HadGEM2-AO captured the

spatial distribution, seasonal variation, and probability distribu-

tion of surface air temperature over South Korea well.

However, HadGEM2-AO showed relatively strong cold and

warm biases in South Korea and mainland Japan during sum-

mer and winter, respectively. As a result, it systematically

underestimated the annual temperature range over South

Korea. On the other hand, all RCMs showed systematic cold

biases over South Korea in all seasons due to more realistic

prescription of topographic and more precipitation simulation.

Consequently, the RCMs reproduced the annual temperature

range over South Korea reasonably well compared to

HadGEM2-AO. In addition, the five RCMs yielded relatively

good spatial correlation coefficients (> 0.70) compared to

those of HadGEM2-AO, irrespective of seasons, in particular,

during the summer. Both ensemble methods showed that they

could reduce the systematic biases of RCMs. In particular,

WEA_Tay can minimize the systematic biases of each RCM

over all locations and months.

All the models and ensemble methods showed that the

temperature over the Northeast Asian region will increase over

all regions, seasons, and RCP scenarios with a 1% significance

level. However, the patterns of the temperature changes over

South Korea vary according to the RCP scenarios, seasons,

and simulation periods. The AMT over South Korea in the

mid-21st century is expected to increase by +1.33 to +1.93
oC

and +1.05 to +1.95oC according to HadGEM2-AO and the

RCMs, respectively. HadGEM2-AO projects a more increase

in the summer (the mid-21st: +1.35 to +2.40oC) than that in the

winter (the mid-21st: +1.33 to +1.84oC). In contrast, the five

RCMs show slightly different warming patterns according to

RCP scenarios in the mid-21st century. In addition, the dif-

ferences between RCMs in regards to the increase of the

seasonal mean temperature are relatively small across seasons

and scenarios. However, in the late 21st century, HadGEM2-

Table 4. Same as Table 3 except for in the late 21st century (2076-2100).

Seasons Scenarios
HadG

EM2-AO
HadG

EM3-RA
RegCM4 GRIMs WRF SNU RCM EWA_NBC WEA_Tay

Spread of 
RCMs

Annual

RCP2.6 2.28 1.67 1.76 2.51 1.92 1.73 1.92 1.89 0.34 

RCP4.5 3.24 2.81 2.83 3.26 2.86 2.77 2.91 2.89 0.20 

RCP6.0 3.30 2.98 2.96 3.27 2.99 2.86 3.11 3.08 0.15 

RCP8.5 5.19 4.55 4.72 5.32 4.71 4.35 4.73 4.71 0.36 

Summer

RCP2.6 2.63 1.88 1.94 2.09 2.07 1.75 1.94 1.96 0.14 

RCP4.5 3.66 3.04 3.01 3.21 2.98 2.86 3.02 3.02 0.13 

RCP6.0 3.88 3.17 3.22 3.40 3.15 3.09 3.21 3.20 0.12 

RCP8.5 5.56 4.97 4.86 5.26 4.77 4.39 4.85 4.85 0.32 

Winter

RCP2.6 2.39 1.69 1.75 3.27 2.00 1.71 2.08 2.00 0.67 

RCP4.5 3.00 2.73 2.82 3.62 2.93 2.58 2.94 2.90 0.40 

RCP6.0 2.93 2.80 2.70 4.24 2.79 2.37 2.98 2.94 0.73 

RCP8.5 4.93 4.32 4.70 5.78 4.75 3.76 4.66 4.61 0.74 
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AO and RCMs projected significantly intensified and diver-

sified warming trend (HadGEM2-AO: +2.28 to +5.19oC, RCMs:

+1.67 to +5.32oC) according to the RCP scenarios compared to

that (HadGEM2-AO: +1.33 to +1.93oC; RCMs: +1.05 to

+1.95oC) of the mid-21st century. 

The changes in the IAV of monthly mean temperature over

South Korea clearly depended on models, RCP scenarios,

months, and analysis periods. For example, in the late 21st

century, the systematic increases (Apr in RCP2.6, Jan in

RCP4.5, Nov in RCP8.5) and decreases (e.g., Mar, May, and

Dec in RCP2.6, Aug in RCP4.5, Jun in RCP6.0, Jul in RCP8.5)

of IAV are projected. Such inconsistencies in changing direc-

tions and magnitudes of changes in IAV according to models,

ensembles, months, RCP scenarios, and analysis periods,

indicate large inherent uncertainties. Therefore, more works

are needed to clarify the changing pattern of IAV. Generally,

the intensified warming trends in the late 21st century are

related to the positive shift of the probability density function

toward to the warmer temperature, which is proportional to the

radiative forcings of RCP scenarios. As a result, the tempera-

ture at the 10th percentile in winter and temperature at the 90th

percentile in summer are expected to be significantly increased

(e.g., WEA_Tay: +2.4 to +5oC and +2.1 to +5oC) compared to

current temperature (−4.6oC and 26.2oC) according to RCP

scenarios, respectively.

In this study, to produce future climate changes until 2100

based on 4 RCP scenarios from the five RCMs, the

HadGEM2-AO simulation data was used as lateral boundary

data. The HadGEM2-AO projected that the globally averaged

temperature and precipitation changes for the last 20 years of

the 21st century relative to the current period (1986-2005) are

+1.1oC/+2.1% for RCP2.6, +2.4oC/+4.0% for RCP4.5, +2.5oC/

+3.3% for RCP6.0, and +4.1oC/+4.6% for RCP8.5, respectively

(Baek et al., 2013). These projection are reasonable compared

to that of GCMs of CMIP5 as shown in previous studies

(IPCC, 2012; Knutti and Sedlacek, 2012; Taylor et al., 2012;

Seo et al., 2013; Sperber et al., 2013; Xin et al., 2013). In

particular, the projections of temperature and precipitation

changes over East Asian region by HadGEM2-AO are low-to-

moderate level among GCMs of CMIP5 for the all RCP

scenarios. However, as shown in many works (e.g., Kendon et

al., 2010; Xu and Yang, 2012; Park et al., 2013), the simulation

skills of RCMs are very sensitive to the lateral boundary

conditions (e.g., reanalysis data or GCM). In addition, the

evaluation of RCM can be depending on validation dataset

used (e.g., Park et al., 2013; Yin et al., 2014). Moreover, the

performance of the ensemble method also is affected by

simulation skills and projection results of RCMs (e.g., Li et al.,

2016; Tang et al., 2016). So, these works comprehensively

indicate that our projection results should be used with caution

because only single GCM, one ground truth data, and single

ensemble method are used for the evaluation and projection of

climate changes over Northeast Asia. 
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