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ABSTRACT

In this study, the projected regional precipitation changes over northeast Asia (NEA) during early summer

[May–July (MJJ)] for the late twenty-first century (2071–2100) were investigated using a high-resolution

regional climatemodel (WRF3.4) based on the representative concentration pathways (RCPs) induced by the

global circulation model (HadGEM2-AO). The increased horizontal resolution of the regional model with

a 12.5-km horizontal resolution enabled it to reproduce the terrain-following features reasonably well

compared to low-resolution reanalysis and HadGEM2-AO model data. The results of a regionally down-

scaled historical (1981–2010) experiment (D_Historical) demonstrated the model’s ability to capture the

spatial and temporal variations of rainband migrating meridionally during MJJ over NEA. According to the

regional model projection, intensive precipitation will increase and the rainband will affect the Korean

Peninsula approximately 10 days earlier than in the D_Historical cases in both RCP4.5 and RCP8.5 (2071–

2100). The precipitation will also increase in most of the domain, particularly in the southern Korean Pen-

insula and Kyushu, Japan. These increases in precipitation are attributed to increases in the northward moist

transport coming from the lower latitudes and moist static instability in the lower atmosphere. According to

this study, the convective precipitation contributes mainly to the increase in total precipitation. On the other

hand, the large-scale nonconvective precipitation related to the stationary front will not change significantly

but even tends to decrease approximately from the middle of July. The extreme precipitation intensity is also

projected to increase by at least 22% (38%) in RCP4.5 (RCP8.5).

1. Introduction

The summer precipitation in East Asia (EA) can be

divided into the precipitation accompanied by the

rainbands related to the stationary front called baiu in

Japan, changma in the Korean Peninsula, and mei-yu in

China (BCM) and the precipitation that occurs locally

due to convective instability during the period that EA is

dominated by the North Pacific high. In particular, the

lengthy rainbands appearing across EA during early

summer are one of the major characteristics of the EA

summer monsoon (EASM) and appear markedly in

June and July (Fig. 1). These rainbands, which are re-

lated to more than 40% of the summer rainfall in EA,

account for a major part of the precipitation in this re-

gion (Oh et al. 1997; Ding and Chan 2005). EASM is one

of the major components of the Asian summer monsoon

(ASM) system (Tao and Chen 1987; Wang and Chen

2012; Ding et al. 2014). EASM, which is related to sea-

sonal changes in large-scale atmospheric circulations in

theEA region (Qian andZhu 2002;Ding andChan 2005),

consists of tropical, subtropical, and midlatitude weather

systems. Owing to the distinctive topography and orog-

raphy (Liu et al. 2008; Hsu et al. 2014), EASM has com-

plicated characteristics that are different from those of the

South Asian summer monsoon (so-called Indian summer

monsoon), which is in the tropical monsoon system (Liu

et al. 1994; Wang et al. 2008; Zhou et al. 2009).

Previous studies attributed the weakened EASM to

global warming (e.g., Hu et al. 2003;Wu et al. 2006;Wang

et al. 2012; Zhu et al. 2012), weakening of the correlation

between ENSO and EASM (e.g., Hu 1997; Wang 2002;

Wu and Wang 2002), increases in black carbon aerosols

(e.g., Xu 2001; Menon et al. 2002; Ramanathan et al.

2005), upper-troposphere cooling (e.g., Yu et al. 2004; Yu

and Zhou 2007), decreases in snow cover and snow depth
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over the Tibetan Plateau (e.g., Qian et al. 2003; Liu and

Wang 2011), and the climate regime shift in the 1970s (e.g.,

Wang 2001; Ding et al. 2008). Nevertheless, the true cause

remains unclear, and the changing reactions of EASM

to global warming, in particular, are still controversial.

Several studies have examined changes in the intensity

and impact of EASMdue to future climate change. Using

the Special Report on Emission Scenarios (SRES) multi-

model ensemble (MME) of the Intergovernmental Panel

on Climate Change (IPCC), Kripalani et al. (2007) esti-

mated that precipitation in the Korean Peninsula,

China, and Japan regions would increase significantly by

approximately 10% because of intensification of the pro-

jected North Pacific subtropical high. Using the IPCC

SRESA1B scenario, Sun andDing (2010) also argued that

summer precipitation in EA would be enhanced by the

intensification of monsoon circulation and increases in

water vapor transported northward into East China. Using

the 25-yr future prediction data of a 20-km mesh global

atmospheric model produced based on A1B, Kusunoki

and Mizuta (2008) suggested that summer precipitation in

theYangtzeRiver valleywould increase.Meanwhile, in an

A1B scenario, Tanaka et al. (2005) and Ueda et al. (2006)

estimated that, although summer precipitation would in-

crease, the ASM circulation would be weakened by

approximately 15%. In an IPCC A1B scenario, Li et al.

(2010) suggested that the long-term trend of EASM vari-

ations would be neither strengthening nor weakening.

Recently, the IPCC has adopted new scenarios of po-

tential future anthropogenic climate change, representative

concentration pathways (RCPs) (Meinshausen et al. 2011)

based on phase 5 of the Coupled Model Intercomparison

Project (CMIP5). Using the CMIP5models, Chen and Sun

(2013) suggested that, in the RCP4.5 scenario, EA summer

precipitation and its intensity might increase in the near

(2016–35) and long-term (2080–99) future. Using the

RCP4.5 and RCP8.5 scenarios and the Regional Climate

Model, version 4, Oh et al. (2014) proposed that the EA

summer precipitation in the future (2031–50) would in-

crease by 5% compared to that of the present (1986–2005)

and that heavy rainfall (.50mmday21) would also in-

crease. Gao et al. (2013) also simulated future climate

changes over China with a horizontal resolution of 50km

based on RCP4.5 and RCP8.5. They projected a general

increase in annual-mean precipitation over northwestern

China in the future (2080–99). However, since previous

RCP-related studies used low-resolution model data or

showed summer-mean results, detailed climate change

analyses with spatially and temporally high-resolution

model data are necessary.

In this study, dynamically downscaled simulations

produced by RCP4.5- and RCP8.5-based scenarios were

used to examine the changes in the BCM front and

resulting changes in precipitation in northeast Asia

(NEA) centered on the Korean Peninsula. To this end,

the downscaled historical simulation was also compared

with observations to analyze the reproducibility of the

dynamic model to estimate the temporal and spatial

variations of this front and its associated precipitation.

2. Data and experimental method

Dynamical downscaling was conducted using the

Weather Research and Forecasting (WRF), version 3.4.

The initial and boundary conditions for WRF were the

outputs of the Hadley Centre Global Environmental

Model, version 2–Atmosphere and Ocean (HadGEM2-

AO) based on historical, RCP4.5, andRCP8.5 scenarios.

The HadGEM2-AO simulations were conducted by the

National Institute of Meteorological Research/Korea

Meteorological Administration (NIMR/KMA). The in-

dividual downscaled experimentswere calledD_Historical,

D_RCP4.5, and D_RCP8.5, respectively. Time-varying

CO2 (Meinshausen et al. 2011) based on RCP4.5 and

RCP8.5 was applied to D_RCPs for future projection.

The NIMR/KMA is jointly participating in the CMIP5

long-term experiment with theMetOfficeHadley Centre

usingHadGEM2-AO (Baek et al. 2013). HadGEM2-AO

FIG. 1. Synthetic image at 1433 UTC 13 Jul 2010 observed by

Multifunctional Transport Satellite-2 (MTSAT-2). This shows

a view of the clouds that appear frequently in the MJJ season. The

cloud band stretching from southern China through the southern

sea to Japan was made by the BCM front, and it brought heavy rain

in China, the Korean Peninsula, and Japan during this period while

moving repeatedly northward and southward. The region enclosed

by the red lines is the domain examined in this study.
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showed good performance in simulating the temperature

and precipitation over NEA, particularly the Korean

Peninsula, in terms of annual cycle, precipitation pattern

and timing of rainy season (Lee et al. 2009, 2010). The

horizontal resolution of the atmospheric model of

HadGEM2-AO was 1.8758 3 1.2508. Please refer to

Collins et al. (2011) for detailed specifications of

HadGEM2-AO.

The analysis domain of WRF is a region centered on

the Korean Peninsula and including part of Japan and

China (298–468N, 1178–1388E) (red line domain in

Fig. 1). A map projection is lambert conformal and the

geographical resolution is 5min. The horizontal resolu-

tion is 12.5 km and the center of model domain is located

at 37.58N, 127.58E. The vertical grids are composed of 28

terrain-following hydrostatic levels stretching from the

surface to 50hPa (top of the model).

Regarding the physics used in WRF integration, the

WRF single-moment three-class scheme (Hong et al.

2004) was chosen for the microphysics. The National

Center for Atmospheric Research (NCAR) Community

Atmospheric Model scheme (Collins et al. 2002) was

used for the longwave and shortwave radiation, and the

Monin–Obukhov similarity theory (Jiménez et al. 2012)
was applied to the surface layers. In addition, the Noah

Land Surface Model (Chen and Dudhia 2001) and the

Yonsei University scheme (Hong et al. 2006) were used

for the land surfaces and planetary boundary layers,

respectively. The cumulus convective parameterization

scheme is important for the simulation of precipitation

(Zheng et al. 1995; Sénési et al. 1996; Giorgi and Shields

1999). In this study, the Kain–Fritsch scheme (Kain

2004) was used for cumulus convective parameteriza-

tion. This scheme is known to simulate the timing of the

maximum rainfall occurrence reasonably well and

showed the capability to reproduce the spatial and

temporal distributions of precipitation over EA (Lee

and Park 2002; Yu et al. 2011). The options for diffusion

on coordinate surfaces and horizontal eddy coefficient

were the second-order diffusion and Smagorinsky first-

order closure, respectively. The integration time step

was 60 s, and the radiation and cumulus physics calls

were set to 30 and 5min, respectively. The variables

were stored on an hourly basis.

WRF considers leap years, whereas HadGEM2-AO

sets 1 yr as 360 days. Therefore, the 360 days of data

were interpolated into the 365 or 366 days of data using

the NCAR Command Language and the Grid Analysis

and Display System. The interpolated data were con-

verted to intermediate files of WRF using the Formula

Translator. The period of D_Historical was 32 yr from

1979 to 2010 and the first 2 yr were regarded as a model

spinup period and not used in the analysis. Although the

integration period of D_RCP4.5 and D_RCP8.5 was

2019–2100 in this study, only the last 30 yr of data (2071–

2100) were used for the analysis. The analysis variable

was the daily (both convective and nonconvective)

precipitation from May to July (MJJ). Without re-

moving the bias, the performance of WRF in the

D_Historical experiment in this analysis was evaluated.

However, the systematic model bias in the projected

analyses was regarded to have been removed since the

difference was obtained by subtracting D_RCPs from

D_Historical (Ahn et al. 2012). Fractional changes in

precipitation [e.g., the ratios of (D_RCPs2D_Historical)

to D_Historical] are illustrated for each D_RCP.

The observed precipitation data used to compare the

D_Historical simulation results are the Tropical Rainfall

MeasuringMission (TRMM)3B42 version 7 dailymerged

rainfall (Huffman et al. 2007). The horizontal resolution

of TRMM was 0.258 and its data period was 1998–2014.

The description of CMIP5models available for the period

1981–2010 used for MME is illustrated in Table 1. MME

was obtained using the simple ensemble-meanmethod for

the first members of the individual model. In addition,

monthly precipitation of 60 stations of South Korea from

the KMA was used for the period 1981–2010.

To analyze the spatial evolution of precipitation over

time, the cyclostationary empirical orthogonal function

(CSEOF) (Kim and North 1997) was obtained. In this

method, space–time precipitation data P(r, t) are writ-

ten as a linear superposition of the CSEOFs,

P(r, t)5 �
n
Pn(r, t)PCn(t) , (1)

where Pn(r, t) and PCn(t) are the CSEOF spatial pat-

terns and corresponding principal component (PC) time

series, respectively, and n, r, and t denote the mode

number, space, and time, respectively. The CSEOF

spatial patterns are time dependent and periodic: that is,

Pn(r, t)5Pn(r, t1 d) , (2)

where d is called the nested period. The CSEOF spatial

patterns represent temporally evolving physical processes,

whereas the PC time series represent the amplitude

modulation of the physical processes on longer time scales

(Kim andRoh 2010). TheCSEOF analysis was conducted

on the 30-yr record of every 10-day average from 31 May

to 29 July. Thus, the nested period was set to be 6.

3. Analysis of simulation

a. Evaluation of HadGEM2-AO and WRF3.4

In this study, the BCM front was replaced with

changma for any discussion confined to the Korean
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Peninsula. Figure 2 shows a comparison of the MJJ-

mean precipitation of CMIP5 MME, HadGEM2-AO,

and D_Historical with that of TRMM. According to

TRMM (Fig. 2a), the maximum precipitation was cen-

tered on southeastern Japan but ranged widely from the

east to the west across the Korean Peninsula and China.

The second peak of precipitation appeared in the

southeastern region of China. CMIP5 MME simulated

weak precipitation associated with the BCM front and

an overall level of precipitation in this region that was

smaller than that of TRMM (Fig. 2b). The precipitation

simulated by HadGEM2-AO (Fig. 2c) was stronger

(weaker) than TRMM in the southeastern marine re-

gion of Japan (in the southeastern region of China). The

center of precipitation was located slightly southward

compared to TRMM. Although the precipitation in the

358–408N region in HadGEM2-AO was simulated

slightly smaller than TRMM, the precipitation pattern

toward the Korean Peninsula was simulated as being

similar to TRMM. Because D_Historical is high-

resolution data, the characteristic distributions of the

regional precipitation following terrain was simulated in

more detail than TRMM and other models (Fig. 2d).

The maximum precipitation area was located in the

southern coast region of Japan and in the ocean to the

south of Japan in the form of bifurcation, and the second

peak was simulated on the southeast of China. Although

D_Historical simulated slightly larger precipitation than

HadGEM2-AO, its precipitation in the Korean Penin-

sula was more similar to the observations. The pre-

cipitation of D_Historical in South Korea was compared

with the meteorological station observation in Fig. 2e.

D_Historical simulated well the regional precipitation

distribution that is not depicted by CMIP5 MME and

HadGEM2-AO. Therefore, D_Historical simulated

appropriately the amount and distribution of pre-

cipitation during MJJ in the region centered on the

Korean Peninsula.

TABLE 1. CMIP5 model used for MME in this study.

Modeling group Model name

Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau of

Meteorology (BOM), Australia

ACCESS1.0

Beijing Climate Center, China Meteorological Administration BCC_CSM1.1

College of Global Change and Earth System Science, Beijing Normal University BNU-ESM

Canadian Centre for Climate Modeling and Analysis CanESM2

Community Earth System Model Contributors CESM1 (CAM5)

Centro Euro-Mediterraneo per I Cambiamenti Climatici CMCC-CM

Centre National de Recherches Météorologiques/Centre Européen de Recherche et Formation
Avancée en Calcul Scientifique

CNRM-CM5

Commonwealth Scientific and Industrial Research Organization in collaboration with Queensland

Climate Change Centre of Excellence

CSIRO Mk3.6.0

LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences and CESS, Tsinghua

University

FGOALS-g2

First Institute of Oceanography, State Oceanic Administration (SOA), China FIO-ESM

National Oceanic and Atmospheric Administration/Geophysical Fluid Dynamics Laboratory GFDL CM3

GFDL-ESM2G

GFDL-ESM2M

National Aeronautics and Space Administration Goddard Institute for Space Studies GISS-E2-H

GISS-E2-R

National Institute of Meteorological Research/Korea Meteorological Administration HadGEM2-AO

Met Office Hadley Centre (additional HadGEM2-ES realizations contributed by Instituto

Nacional de Pesquisas Espaciais)

HadGEM2-CC

HadGEM2-ES

Institute for Numerical Mathematics INM-CM4

Institut Pierre-Simon Laplace IPSL-CM5A-LR

IPSL-CM5A-MR

IPSL-CM5B-LR

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research

Institute (University of Tokyo) and National Institute for Environmental Studies

MIROC-ESM

MIROC-ESM-CHEM

Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for

Environmental Studies, and Japan Agency for Marine-Earth Science and Technology

MIROC5

Max-Planck-Institut für Meteorologie (Max Planck Institute for Meteorology) MPI-ESM-LR

MPI-ESM-MR

Meteorological Research Institute MRI-CGCM3

Norwegian Climate Centre NorESM1-M

NorESM1-ME
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FIG. 2. MJJ-mean precipitation (mm) for (a)

TRMM, (b) CMIP5 MME, (c) HadGEM2-AO, and

(d) D_Historical. (e) Meteorological observation sta-

tions over South Korea.
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Figure 3 displays the root-mean-square errors (RMSEs),

spatial correlations, and bias of MJJ precipitation from

CMIP5 MME (green), HadGEM2-AO (blue), and

D_Historical (red) with respect to TRMM over the

domain. The RMSE and bias of D_Historical were

larger (smaller) than those of HadGEM2-AO (CMIP5

MME). The larger RMSE and bias inD_Historical seems

to be due to the error inherited from HadGEM2-AO.

The spatial correlation coefficients of the models were

in the similar range of 0.93–0.94, which indicated that

D_Historical showed a similar level of performance in

simulating the MJJ precipitation patterns compared to

CMIP5 MME and HadGEM2-AO.

Figure 4 presents the time series of MJJ-mean

domain-averaged precipitation changes simulated by

HadGEM2-AO and WRF3.4. The two models show

similar temporal evolutions under the same scenarios.

The correlation coefficients between HadGEM2-AO

and WRF3.4 precipitations for each RCP result were

statistically significant at the 1% significance level.

b. BCM front

The time–latitude plots of the 1248–1328E zonal-mean

precipitation of TRMM and D_Historical are shown in

Fig. 5. The precipitation is the pentad data obtained by

averaging every 5 days. As shown in TRMM, the pre-

cipitation related to the changma front that begins in

late May at 308N moves systematically northward

thereafter. This northward movement of the maximum

precipitation is due to the movement of the changma-

related stationary front because the North Pacific High

expands northward during this period. The precipitation

of at least 10mmday21 moves northward to the north

of 408N by the middle of July. The D_Historical pre-

cipitation begins in the middle of May, earlier than

TRMM, and moves northward thereafter until July.

The speed and latitude of the northward movements of

the rainbands in the Korean Peninsula of D_Historical

were similar to those of TRMM. On the other hand,

D_Historical estimated that the precipitation north of

348N would be weaker than TRMM.

Figure 6 shows the first CSEOF modes of the TRMM

and D_Historical precipitations averaged for every 10

days from 31 May to 29 July. The first CSEOF modes

that account for 22% and 21% of the total variances of

TRMM and D_Historical, respectively, well depicted

the development and northward movements of the

rainbands related to the changma front in this region.

According to TRMM, positive precipitation appears in

the southern ocean of Japan around early June (31May–

9 June). The Korean Peninsula begins to be affected by

the positive precipitation from approximately early July

(30 June–9 July). This positive precipitation moves

northward and appears strongly and markedly between

328 and 428N around the middle of July (10–19 July) and

its center is located in the central part of the Korean

Peninsula. The positive precipitation moves to the

northern part of the Korean Peninsula or farther

northward around late July (20–29 July) and becomes

weaker thereafter. This northward migration of positive

precipitation occurring in the Korean Peninsula from

the middle of June to late July is related to the changma

front and is an important characteristic of early summer

precipitation in this region (Lee and Seo 2013; Moteki

and Manda 2013).

In the analyzed domain, the changes and development

of positive precipitation in D_Historical were quite

similar to those in TRMM (Fig. 6b). The positive pre-

cipitation develops in the southern ocean of Japan

around early June (31 May–9 June) and strong positive

precipitation is shown in this region until late June (20–

29 June). The positive precipitation moves northward to

the southern sea of the Korean Peninsula around early

July (30 June–9 July), similarly to TRMM.Most regions

to the north of 348N are affected by this rainband in the

middle of July (10–19 July). In late July (20–29 July), this

positive precipitation moves to the region of 1178–1308E
to the north of 348N, including the Korean Peninsula.

Owing to the difference in spatial resolution between

D_Historical and TRMM, the rainband in D_Historical

is narrower than that in TRMMwith a lower resolution.

FIG. 3. Scatterplot of MJJ-mean precipitation from CMIP5

MME (green), HadGEM2-AO (blue), and D_Historical (red)

relative to TRMM over northeast Asia (298–468N, 1178–1388E).
The numbers in the figure and the size of the circles indicate

the bias.
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Temporally, the rainband in D_Historical develops ap-

proximately 10 days later than that in TRMM and lasts

for approximately 10 days. Through the analysis men-

tioned above, although the rainband in D_Historical

moves northward slightly later, its spatial distribution,

northward movement speed, and duration period are

similar to those of TRMM. Therefore, the major pattern

of the BCM front–related precipitation of D_Historical

is similar to that of TRMM. This suggests that down-

scaled WRF simulation based on the HadGEM2-AO

data can well depict the characteristic pattern of pre-

cipitation in this region. Therefore, the major changes

in the pattern of precipitation by D_RCP4.5 and

D_RCP8.5 are also expected to be reliable.

4. Comparative analysis of D_RCPs and
D_Historical

a. Changes in the rainband

Figure 7 shows the first mode of CSEOF for pre-

cipitation during the MJJ period of D_RCP4.5 and

D_RCP8.5. The differences between the two D_RCPs

and D_Historical were calculated by removing the av-

erage of D_Historical from the individual RCPs. The

fractional variances of the first mode of D_RCP4.5 and

D_RCP8.5 were 21% and 24%, respectively, which

were similar to those of D_Historical. In the case of

D_RCP4.5, although positive differences appear in the

southern ocean of Japan in early June (31 May–9 June)

identically to D_Historical, the sizes of the difference

were smaller than those of D_Historical (Fig. 7a).

Thereafter, the positive differences developed gradually

to affect the entire region to the south of 358N, including

the southern part of the Korean Peninsula in late June

(20–29 June). D_RCP4.5 exhibits the largest positive

difference in the Korean Peninsula in early July (30

June–9 July), approximately 10 days earlier compared to

that of D_Historical and its intensity is higher than that

of D_Historical. This difference weakens and moves

northward thereafter to affect the region to the north of

358N in late July (20–29 July). That is, in the case of

D_RCP4.5, although the changma fronts develop in

the southern ocean of Japan at a similar time to those

in D_Historical, the peak period of changma in the

Korean Peninsula is expected to develop approximately

10 days earlier and stronger than that in D_Historical

and move northward to the northern region of the Ko-

rean Peninsula approximately 10 days earlier than that

in D_Historical.

In the case of D_RCP8.5, the positive differences are

located to the north of those in D_Historical in early

June (31 May–9 June) and the magnitudes were smaller

than those in D_Historical but identical to D_RCP4.5

(Fig. 7b). Strong positive differences develop lengthily

from the east to the west in the region south of 348N,

including Jeju-Do of South Korea and Japan in the

middle of June (10–19 June). The center of these posi-

tive differences is located to the northwest of that of

D_Historical or D_RCP4.5 in the same period and is

stronger. The positive differences start to affect the en-

tire Korean Peninsula in late June (20–29 June) and

FIG. 4. Regional-mean changes in MJJ-mean precipitation (%) over northeast Asia (298–468N, 1178–1388E) simulated by HadGEM2-

AO (dashed lines) and WRF (solid lines) in RCP4.5 (blue) and RCP8.5 (red) relative to historical (1981–2010). The numbers in the top

right of the figure are correlation coefficients between HadGEM2-AO andWRF. The two asterisks indicate statistical significance at the

level of 1%.
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reach a peak in early July (30 June–9 July). During this

period, the intensity of the positive differences in the

Korean Peninsula was shown to be stronger than those

of D_Historical and D_RCP4.5. These positive differ-

encesweakly affect the entireKorean Peninsula until the

middle of July (10–19 July) and move to the northern

region of the Korean Peninsula in late July (20–29 July).

Therefore, in the case of D_RCP8.5, as with D_RCP4.5,

the changma fronts develop approximately 10 days ear-

lier than D_Historical and changma lasts until late July

in the Korean Peninsula, but the rainbands in late July in

the Korean Peninsula are expected to be clearly weaker

than those in D_Historical. In addition, during the

CSEOF analysis period, the precipitation intensity in the

Korean Peninsula by D_RCP8.5 is expected to be higher

than that in the case of D_Historical or D_RCP4.5.

To examine the changes in precipitation according to

the RCP scenarios, the differences in the evolution of

1248–1328E zonally averaged pentad-mean precipita-

tion between D_RCPs and D_Historical are shown as

a latitude–time plot (Fig. 8). The red dots indicate the

statistically significant regions at the 5% significance

level of the t test. The differences between D_RCPs and

D_Historical are shown as shading and the D_Historical

means are drawn as contours. The time series below and

to the right of the latitude–time plot are the area-

averaged precipitation change over the southern part

of South Korea (338–368N, 1248–1328E) and the mean

precipitation percentage change during the period from

21 May to 9 July, respectively.

In the case of D_RCP4.5, the precipitation in the 308–
388N region (south of the central part of the Korean

FIG. 5. Hovmöller plot of MJJ precipitation (mm day21) over the Korean Peninsula (1248–
1328E) for (a) TRMM and (b) D_Historical.
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Peninsula) was projected to be slightly smaller than that

in D_Historical in late May and early June (Fig. 8a).

From the middle of June, when the rainbands in

D_Historical develop andmove northward (Fig. 6b), the

precipitation in D_RCP4.5 was much larger than that in

D_Historical in the 308–338N region (the southern seas

of the Korean Peninsula and Kyushu of Japan); in early

July, the precipitation was much larger in the entire

region south of 368N (south of the southern region of the

Korean Peninsula). On the other hand, the precipitation

in the 348–408N region (the Korean Peninsula) in the

middle of June was smaller than that in D_Historical.

This means that the latitudinal variations of pre-

cipitation become large even within the Korean Penin-

sula. The precipitation in the 338–378N region (central

and southern parts of the Korean Peninsula) in the

middle of July and thereafter is smaller than or similar to

that in D_Historical. That is, the mean precipitation

in the southern region of the Korean Peninsula in

D_RCP4.5 becomes larger than that in D_Historical

from late June to early July and becomes smaller than

that in D_Historical in the middle of July (lower time

series of Fig. 8a). The mean precipitation during this

period in D_RCP4.5 is larger than that in D_Historical

in the 318–378N region (right-side time series of Fig. 8a).

The precipitation in D_RCP8.5 (Fig. 8b) is similar to

or slightly larger than that in D_Historical in most re-

gions until late May. The precipitation in the region

south of 338N in lateMay and early June is slightly larger

than that in D_Historical, which is in contrast to that in

D_RCP4.5. From mid to late June, the precipitation in

the region south of 348N (south of the southern part of

the Korean Peninsula) is much larger than that in

D_Historical, and the precipitation in the 348–378N region

(central and southern parts of the Korean Peninsula) is

similar to or slightly smaller than that in D_Historical.

This means that the rainbands in D_RCP8.5 develop

stronger than those in D_Historical in the southern seas

of the Korean Peninsula and Japan. Therefore, the

precipitation in these regions increases, whereas the

central and southern regions of the Korean Peninsula

are dryer than those in D_Historical. In early July, the

precipitation is much larger than that in D_Historical in

the entire region south of 408N (up to the northern part

of the Korean Peninsula). Hence, as with D_RCP4.5,

the latitudinal variations of precipitation are larger. In

the middle of July, precipitation becomes larger than

that in D_Historical in the 388–448N region (northern

part of the Korean Peninsula) and the precipitation in

the region south of 388N becomes similar to or slightly

smaller than that in D_Historical. In late July, the

rainband moves farther northward and the precipitation

increases slightly in the region north of 408N and

FIG. 6. First mode of CSEOF for precipitation from (a) TRMM

and (b) D_Historical. The period of data is (top to bottom) 31

May–20 Jul. The digits represent fractional variances explained by

each CSEOF first mode.
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decreases slightly in the 358–398N region (central and

southern parts of the Korean Peninsula). In late July and

early August, precipitation increases considerably in the

region south of 348N and is larger than that inD_RCP4.5.

This increase in precipitation is different from the in-

crease in the changma period and will be discussed again

in section 4c. The mean precipitation in the southern re-

gion of the Korean Peninsula in D_RCP8.5 is larger than

that in D_Historical from late June to early July, and the

magnitude of the increase is similar to that in D_RCP4.5

(lower time series of Fig. 8b). Thereafter, it decreases

slightly to become smaller than that inD_Historical in the

middle of July but the magnitude of the decrease is

smaller than that in D_RCP4.5. The MJJ average pre-

cipitation in D_RCP8.5 increases in 318–408N, and this

increase appears over a wide region for a longer period

than that of D_RCP4.5 (right time series of Fig. 8b).

These results of D_RCPs mean that the rainbands in

D_RCPs develop approximately 10 days earlier and

stronger than those in D_Historical to move northward

approximately 10 days earlier than those in D_Historical

and that precipitation also increases greatly during the

changmaperiod. In addition, these results also imply that

because of the early northward movement of rainbands,

although precipitation may increase in the north of the

Korean Peninsula and even in Manchuria (the region

north of 428N), the changma in the Korean Peninsula

may terminate approximately 10 days earlier or may be

weakened in the late changma period (mid to late July).

b. Synoptic changes in D_RCPs during MJJ

Figures 9 and 10 display the climatological difference

fields between D_RCPs and D_Historical for 30 yr of

MJJ, respectively. The red dots indicate statistically

significant regions at the 5% significance level of the

t test. In the case ofD_RCP4.5, the surface temperatures

increase by at least 28C in the entire domain and increase

relatively more in the northwest inland region above

438N and in the East Sea (Fig. 9a). The precipitation

increases in almost the entire region in the domain ex-

cept for a region in the Yellow Sea. In particular, it in-

creases greatly by at least 30% in the western coastal

region of Kyushu, Japan and the southern region of the

Japanese Islands (Fig. 9b). The 850-hPa geopotential

height increases in the entire region due to the increase

in thickness caused by the overall temperature increases

in the lower atmosphere due to global warming (Fig. 9c).

The increases are clear in the northeastern part of

China, which is the northern inland area. Owing to the

differential regional increases of the 850-hPa geo-

potential height, anomalous low-level moisture flows

enter from the East China Sea into the northeastern

region of China and Japan (Fig. 9d). The decrease in the

200-hPa zonal winds in the inland region centered on

398N (Fig. 9e) is related to the weakened meridional

geopotential gradient contrast due to the differential

warming between over the high latitude inland region

FIG. 7. As in Fig. 6, but for (a) D_RCP4.5 and (b) D_RCP8.5

(2071–2100).
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and over the southern marine region. Figure 9f shows

the distribution of the velocity potential (x) defined as

V52$ � x. The weakening of the 200-hPa subtropical

zonal winds in Fig. 9e appears to be attributable directly

to the decreased zonal angular momentum because the

Hadley circulation was weakened due to the increase in

anomalous winds toward the equator (Held and Soden

2006; Vecchi and Soden 2007; Gastineau et al. 2008,

2009; Levine and Schneider 2011).

In the case of D_RCP8.5, the increases of surface

temperature are more pronounced compared to

D_RCP4.5 (Fig. 10a). Precipitation also clearly in-

creases in most inland regions in the domain with larger

areas and greater magnitudes of increase compared to

D_RCP4.5 (Fig. 10b). In particular, when compared to

Fig. 2d, in D_RCP8.5, the rainband related to pre-

cipitation increases greatly. The 850-hPa geopotential

height increases by at least 10 gpm compared to that in

FIG. 8. Hovmöller plot of changes (shading) in 30-yr-mean precipitation for (a) D_RCP4.5
and (b) D_RCP8.5 over the Korean Peninsula (1248–1328E). The contours are theD_Historical

mean for 1981–2010. The time series under and to the right of the Hovmöller plots are area-
averaged precipitation over the south region of the Korean Peninsula (338–368N, 1248–1328E)
and MJJ-mean (21 May–9 Jul) percentage changes for D_RCPs over 1248–1328E, respectively.
The units of percentage changes and D_Historical-mean precipitation are percent and milli-

meters per day, respectively. The red dotted stippling indicates statistical significance at the 5%

level of the t test.
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FIG. 9. Changes in MJJ-mean (a) surface temperature, (b) precipitation, (c) 850-hPa geopotential height,

(d) 850-hPa moisture flux, and (e) 200-hPa zonal wind for D_RCP4.5. (f) The 200-hPa velocity potential for

HadGEM2-AO. The red dotted stippling indicates statistical significance at the 5% level of the t test.
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FIG. 10. As in Fig. 9, but for D_RCP8.5.
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D_RCP4.5. Particularly, it increases considerably in

the northern region (Fig. 10c). In addition, as with

D_RCP4.5, due to the differential increases in geo-

potential, anomalous northeastward flows appear that

traverse from the northwestern Pacific through the

YellowSea, the northeastern region ofChina, and theEast

Sea to the southern region of Russia (Fig. 10d). The

difference in the 850-hPa moisture flux is larger than

that in the case of D_RCP4.5. The 200-hPa zonal winds

clearly indicate decreasing patterns in most regions and

a decrease by at least 2m s21 in 358–458N (Fig. 10e). As

with the case of D_RCP4.5, the 200-hPa zonal winds are

weakened because of the conservation of angular mo-

mentum according to the weakening of the poleward

upper winds due to decreases in vertical motions in

the rising branch of Hadley circulations centered on the

Maritime Continent (Fig. 10f). The changes in the

200-hPa velocity potential are more prominent than

those in the case of D_RCP4.5.

Figure 11 shows the vertical profiles of the changes in

the meridional moisture transport (qV) averaged for the

southern region of the Korean Peninsula and Kyushu in

Japan (338–368N, 1248–1328E), in which the increases in

precipitation have been clearly projected. In the case of

D_RCP4.5, meridional moisture transport increases

from the surface to 500hPa. In particular, the increases

are clear at levels below 850hPa (Fig. 11a). Although

the changes inD_RCP8.5 show similar results to those in

D_RCP4.5, the magnitudes of the changes are larger

than those in D_RCP4.5, and these changes are statis-

tically significant at the 5% significance level of the t test

(Fig. 11b). In particular, meridional moisture transport

in D_RCP8.5 is reinforced greatly at levels not higher

than 700 hPa. Therefore, increases in northward mois-

ture transport at low levels appear more likely to con-

tribute to the increase in precipitation in the region.

The Korean Peninsula has a stronger precipitation

increase but weaker temperature increase as compared

FIG. 11. Changes in meridional moisture transport over the south region of the Korean Peninsula and Kyushu in

Japan (338–368N, 1248–1328E) for (a) D_RCP4.5 and (b) D_RCP8.5. Unit is g m kg21 s21. The red dots indicate

statistical significance at the 5% level of the t test.
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to the surrounding oceans. This might be due to the

cooling effect according to the increase of cloudiness by

reduced shortwave radiation over the increased pre-

cipitation area. The comparatively greater increase in

shallow clouds over the peninsula may contribute to the

weaker warming as compared to the neighboring

oceans. In fact, the surface temperature has high pattern

correlation with the medium and high cloud covers, as

shown in Fig. 12. It is also attributed to the evaporative

cooling effect in the increased precipitation area. Ahn

FIG. 12. Changes in (top to bottom) low, medium, and high cloud fractions. Units are 1022%. The numeral above

the right side of each panel is the pattern correlation coefficient between cloud fraction and surface temperature.

The black stippling indicates statistical significance at the 5% level of the t test.
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et al. (1997) argued that the summer (nonsummer)

precipitation is negatively (positively) correlated

with temperature in the Korean Peninsula. In this re-

gion, the precipitations of summer and the other seasons

are mostly due to the convective activities and the

large-scale extratropical synoptic system activities, re-

spectively. They also claimed that the negative and

positive correlations are due to the surface evaporative

cooling and temperature advection, respectively.

c. Changes in the precipitation type and intensity

The model precipitation was analyzed by dividing it

into convective precipitation (CP) and nonconvective

precipitation (NCP) and the type of the precipitation

increase by D_RCPs was examined. Figure 13 descri-

bes NCP and CP in D_Historical and their changes for

D_RCP8.5. The BCM front is a stationary front occur-

ring when the Okhotsk sea air mass (mP) and the North

Pacific air mass (mT) confront each other and basically

consists of NCP. On the other hand, strong precipitation

related to the local convection is accompanied in the

stationary front and D_Historical illustrates this prop-

erly (contours in Fig. 13a,b). That is, although NCP is

distributed continuously over a wide area, including

high latitude regions, CP is stronger than NCP and ap-

pears in a narrow area. NCP, which is distributed widely

up to the regions south of 428N before late May, moves

northward from the middle of June. CP also moves

FIG. 13. As in Fig. 8, but for (a) nonconvective precipitation and (b) convective precipitation

for D_RCP8.5.
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northward accordingly. CP is stronger than NCP and

prominent at the southern part of the Korean Peninsula.

Therefore, D_Historical simulates the movements of

the stationary front and related distribution and char-

acteristics of NCP and CP reasonably well.

In D_RCP8.5, the changes in CP are similar to the

increases in total precipitation, as shown in Fig. 8b. This

means that precipitation changes in D_RCP8.5 are due

mostly to the increase in CP. The changes of CP in

D_RCP8.5 from the middle of June to early July are

significant at the 5% significance level of the t test. That

is, the changes in NCP are relatively small and the de-

creases are clear in early and mid-July. The increase in

total precipitation after late July appear to be related to

the enhancement of convective activity because NCP

weakly contributes to the increase in precipitation during

that period (Fig. 8b). The northward passage of the BCM

front is due to the expansion of the North Pacific High

over the region. Thus, the increase of CP in late July is

related to the convective activities triggered mainly by

local effects in the warm and humid maritime air mass

occupying the region after the passage of the BCM front.

From the simulation of summertime (72 h from

0000 UTC 11 June 2003) precipitation over the central

United States using WRF2.1 at grid spacings of 48, 24,

12, and 6km with 30 vertical levels, Galewsky (2005)

claimed that the probability of CP exceeding 20% of the

total precipitation at grid points where the total pre-

cipitation exceeds 20mm is detectable and relatively

more independent from the grid spacing for the

Kain–Fritsch scheme than that for theBetts–Miller–Janjic

scheme. In general, the resolved (i.e., nonconvective)

contribution increases as the resolution becomes finer.

In addition, the more active the trigger function in cu-

mulus parameterizations, the greater the parameterized

precipitation. Yu et al. (2011) investigated the impacts of

various cumulus convective schemes of WRF and pro-

duced summer precipitation from 2000 to 2009 over

China with 60-km horizontal resolution and 31 sigma

levels. They argued that the Kain–Fritsch (Betts–Miller–

Janjic) scheme tends to overestimate summer heavy

(light) precipitation. This suggests that the total pre-

cipitation and ratio of CP to the total can be dependent on

the cumulus parameterization schemes and grid spacing.

To understand the changes of CP, the difference in

the equivalent potential temperature difference was

calculated and is demonstrated in Fig. 14. The figure

shows the moist static stability changes in the lower at-

mosphere obtained from the differences in equivalent

potential temperatures (Due) between 700hPa and

the surface. The spatial correlation coefficients bet-

ween changes of the moist static stability and CP are

20.87 and 20.87 for D_RCP4.5 and D_RCP8.5, respec-

tively. All differences in Due between D_RCPs and

D_Historical are significant at the 5%significance level of

the t test in domain. The Due differences between the two

D_RCPs and D_Historical are all negative in the entire

domain, which suggests that the atmospheric condition

will become overall moist statically unstable in both

scenarios. The difference in D_RCP8.5 is larger than

FIG. 14. Changes in the equivalent potential temperature difference (Due; 700 hPa–surface) for (a) D_RCP4.5 and (b) D_RCP8.5. Unit is

kelvins. The black dotted stippling indicates statistical significance at the 5% significance level of the t test.
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that in D_RCP4.5. Therefore, in D_RCP4.5 and

D_RCP8.5, there is less moist static stability in the low-

level atmosphere than in D_Historical and this increased

instability appears to be related to the increases in CP.

Figure 15 exhibits the vertical profiles of the changes

in convective available potential energy (CAPE) aver-

aged for the southern region of the Korean Peninsula

and Kyushu in Japan (338–368N, 1248–1328E), where
increases of CP were clearly projected. In the case of

D_RCP4.5, the increases of CAPE are clear at levels

below 700hPa (Fig. 15a). In D_RCP8.5, the magnitudes

of the changes inCAPEare larger than those inD_RCP4.5

(Fig. 15b). This suggests that the increases of CAPE at

low levels appear to contribute to the increase of CP in

this region.

To determine the contribution of stratification and

water vapor distribution to the reduced moist static

stability, the dry andmoist static energies for D_RCP8.5

were calculated. The dry static energy is defined as

s[ cpT1 gz, where cp is the specific heat of dry air at

constant pressure (51004 JK21 kg21), T the tempera-

ture (K), g the gravitational constant and z the height

above the surface. Moist static energy is defined as

h[ s1Lcq, where Lc is the latent heat of condensation

at 08C (2.5 3 106 J kg21) and q the water vapor specific

humidity. As shown in Fig. 16, the change in moist static

energy largely exceeds that of dry static energy, partic-

ularly at the low level. This implies that the reduction of

moist static stability in the projected climate is mainly

due to the increase ofmoisture at low level in this region.

Figure 17 demonstrates the changes in precipitation

intensity during 30 days from the middle of June to the

middle of July when the frontal activities are most active

in the Korean Peninsula. The precipitation intensity was

defined as the upper-5th-percentile daily precipitation

divided by the number of its frequency. In the case of

D_RCP4.5, the precipitation intensity became stronger

(weaker) thanD_Historical in the southern region of the

Korean Peninsula and the East Sea (the northern region

of domain). Overall, the area-averaged intensity of

FIG. 15. Changes in CAPEover the south region of theKorean Peninsula andKyushu in Japan (338–368N, 1248–1328E) for
(a) D_RCP4.5 and (b) D_RCP8.5. Unit is J kg21. The red dots indicate statistical significance at the 5% level of the t test.
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D_RCP4.5 increases by at least 22% compared to that of

D_Historical. The precipitation intensity in D_RCP8.5

was 5%–55% more robust than that in D_Historical in

most of the domain, except for the northern coastal re-

gion of the Korean Peninsula, the Yellow Sea, and the

southeastern part of domain. The area-averaged in-

tensity of D_RCP8.5 increases by 38% compared to that

in D_Historical.

5. Summary and conclusions

This study analyzed the changes in precipitation re-

lated to the BCM front and focused mainly on changma

using D_Historical (1981–2010) and D_RCPs (2071–

2100) downscaled to a 12.5-km horizontal resolution for

the NEA domain. WRF was used for downscaling based

on the RCPs produced by HadGEM2-AO.

The general patterns of the MJJ-averaged pre-

cipitation in D_Historical were similar to those in

TRMM, including terrain-following features. In partic-

ular, the precipitation patterns in South Korea were

similar to the in situ meteorological observation. The

temporal and spatial variations of precipitation associ-

ated with the BCM front according to the expansion of

the North Pacific high were simulated well compared to

TRMM. Although the times of northward movements

of the rainband in D_Historical were slightly later than

those in TRMM, the speed of northward movements

and spatial distribution over time were similar to those

in TRMM. In addition, the patterns and evolution of CP

and NCP simulated in D_Historical depicted the BCM-

related precipitation characteristics. Because the char-

acteristics of the precipitation in this region downscaled

by WRF during this period were well simulated, the

FIG. 16. Changes of (a) dry static energy and (b)moist static energy over the south region of theKorean Peninsula

and Kyushu in Japan (338–368N, 1248–1328E) for D_RCP8.5. Unit is J kg21. The red dots indicate statistical sig-

nificance at the 5% level of the t test.
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precipitation changes projected by D_RCPs were

considered to be reliable and were analyzed further in

detail.

In D_RCPs, changma is expected to develop ap-

proximately 10 days earlier and weaken or decay ap-

proximately 10 days earlier in the Korean Peninsula

than in D_Historical. That is, although the changma du-

ration is expected to be similar to that in D_Historical,

the precipitation during the changma period is ex-

pected to be higher than that in D_Historical, which

means that the precipitation intensity will increase

during this period. Increases in precipitation over the

Korean Peninsula during the MJJ period were higher in

D_RCP8.5 than in D_RCP4.5. These increases were

attributed to increases in moist static instability in the

lower atmosphere because of decreases in Due. The in-

creases in moist air inflows into this region were attrib-

uted to northward moisture transport. Both the

increases in 850-hPa moisture flux flowing into the re-

gion and in static instability were larger in D_RCP8.5

than in D_RCP4.5. In addition, CP in D_RCPs clearly

increased during the changma period, which was at-

tributed to the increase in convective activity because of

the increased instability in the lower atmosphere. On the

other hand, NCP in D_RCPs was not changed signifi-

cantly and actually decreased in the late part of the

changma period (early and mid-July). The heavy pre-

cipitation intensity (upper 5th percentile) in D_RCP4.5

and D_RCP8.5 from the middle of June to the middle of

July is expected to increase by at least 22% and 38%

compared to that in D_Historical, respectively. These

expected increases in precipitation and its intensity are

similar to the results of several studies using regional

models based on SRES A2 (Kurihara et al. 2005) and

global models based on SRES A2 and B2 (Jiang et al.

2004; Kitoh et al. 2005).

The uncertainty needs to be considered since climate

projection is dependent on the models used (global and/

or regional), analysis periods and seasons, and target

domains (e.g., Gao et al. 2013; Oh et al. 2014). Because

this study used a single CMIP5 model and a single re-

gional climate model for projecting BCM-related pre-

cipitation, additional studies using more diverse CMIP5

models and regional climate model results may provide

more reliable projections.
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