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1. Introduction

The Asian summer monsoon (ASM) onsets over 
the Bay of Bengal (BOB; 85 – 95°E), the South China 
Sea (SCS; 110 – 120°E), and the Indochina Peninsula 
(90 – 110°E) in the middle of May (referred to as the 
first transition; Lau et al. 1998). It gradually extends 
to the adjacent regions (Matsumoto 1997; Wang and 
LinHo 2002; Ueda et al. 2009). In South Asia, the 
Indian summer monsoon begins in early June and 
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Abstract

This study investigates future changes in atmospheric circulation during the Baiu in Japan using 20-km-mesh 
atmospheric general circulation model (AGCM) simulations for the present-day (1979–2003) and the future 
(2075–2099) climates under the Representative Concentration Pathways 8.5 scenario. The simulated future cli-
mates include the outputs obtained with one control sea surface temperature (SST) and three different SST pat-
terns. The Baiu frontal zone, defined as the meridional gradient of equivalent potential temperature, gradually 
moves northward during June–July–August in the present-day climate. In the future climate simulations using the 
control SST, the Baiu frontal zone is projected to stay to the south of Japan in June. Thus, precipitation is pro-
jected to increase over this region, while decreasing in the western part of Japan. Future changes in precipitation 
and atmospheric circulations in June are consistent across all four SST patterns. However, precipitation and atmo-
spheric circulation in July and August in the future climate simulation depends on the SST patterns as follows: in 
non-El Niño-like SST pattern, the Baiu terminates in late July, similar to that of the present-day climate; a result 
with an El Niño-like SST pattern shows that sufficient amount moisture is transported to the Japanese islands and 
leads in a delay of the Baiu termination until August; and in the SST pattern with strong warming in the western 
North Pacific (WNP), a sufficient amount of moisture is transported to the south of Japan from June until August. 
The difference in the SST pattern leads to a variation in sea-level pressure in the WNP and affects a variation of 
the Northern Pacific subtropical high around the Japanese islands in July and August.
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matures in mid-June. In association with this behavior, 
East Asia experiences a rainy season from May to 
July that is called “the Meiyu” in China, “the Baiu” in 
Japan, and “the Changma” in Korea. The monsoonal 
southwesterly winds transport a sufficient amount 
of moisture to these mid-latitude regions. The Baiu 
frontal zone in the Japanese islands continues to move 
northward during June and July and disengages from 
the Japanese islands in late July. The termination of 
the Baiu has generally been attributed to the northward 
movement of the upper-level jet stream. In addition, 
Ueda et al. (1995) showed that the convection jump 
(CJ) over the subtropical western North Pacific (WNP) 
around 20°N, 150°E in late July causes the termina-
tion of the Baiu season. The CJ is the phenomenon 
of convection over the WNP that abruptly expands 
northeastward in mid-July. 

The Baiu frontal zone is characterized by a narrow, 
steady precipitation zone and thick, moist neutral 
layer (Ninomiya 1984). More specifically, this front, 
elongated in the west–east direction, is defined by 
a strong meridional gradient of equivalent potential 
temperature (Matsumoto et al. 1971; Ninomiya and 
Akiyama 1992). Sampe and Xie (2010) explained 
the formation process of the Baiu frontal zone from 
a perspective of large-scale temperature advection in 
the mid-troposphere. In summer, the mid-troposphere 
air around the Tibetan Plateau is warmed not only by 
land-surface heating but also by latent heating due to 
the monsoonal convection in the southern part of Asia 
(Kato 1989; Kodama 1993; Ose 1998). Warm air that 
is heated over the Tibetan Plateau is transported to the 
southeastern part of China by the westerlies that are 
dominant in the upper troposphere. This horizontal 
temperature advection of warm air in the upper layer, 
along with the presence of a sufficient amount of 
moisture in the lower layer, induces enhanced convec-
tion in the vicinity of Japan (Sampe and Xie 2010). 
Sampe and Xie (2010) also showed a good correlation 
between the band of warm-air advection at the 500-
hPa level and the frontal zone over the Japanese 
islands during the Baiu season. Okada and Yamazaki 
(2012) closely examined whether this correlation ap-
plies to the Baiu around the Okinawa region (referred 
to as the Okinawa Baiu; 23 – 28°N, 123 – 129°E). In 
the pre-Baiu season (i.e., May), a jet stream is present 
in the south of the Tibetan Plateau; however, the west-
east contrast of temperature is weak over the Okinawa 
region. Thus, the prevailing southerly winds and 
warm-air advection at the 500-hPa level, due to an 
enhanced meridional temperature gradient, play a role 
in generating the temporal peak of precipitation in 

the pre-Baiu period in the Okinawa region. However, 
in June, warm-air advection at the 500-hPa level 
strengthens because of the strong west–east thermal 
contrast between the warmer Tibetan Plateau and the 
colder WNP. Large-scale meteorological characteris-
tics thus change between May and June.

In recent years, many studies on future global 
warming have shown that the termination of the Baiu 
in the Japanese islands is projected to be delayed at 
the end of the 21st century based on the analyses of 
datasets from the Coupled Model Intercomparison 
Project Phase 3 (CMIP3; Meehl et al. 2007) climate 
models adopted by the Intergovernmental Panel on 
Climate Change (IPCC 2007). In the CMIP3, an 
El Niño-like future change in the tropical Pacific is 
simulated by most models (Yamaguchi and Noda 
2006). Uchiyama and Kitoh (2004) suggested that the 
delay of the Baiu termination is caused by the large-
scale circulation response to future changes in the 
SST pattern. This is similar to an El Niño-like mean 
SST change under the A2 scenario of the Special 
Report on Emission Scenarios (SRES) experiment of 
the Meteorological Research Institute (MRI)-coupled 
general circulation model (CGCM2). Uchiyama and 
Kitoh (2004) also reported that the Baiu onset timing 
in the future does not change significantly from that 
in the present climate. However, Kawase et al. (2009) 
suggested that the amount of precipitation under 
global warming increases over the southern part of 
the Baiu rainband in June, using the pseudo global 
warming downscaling method. They showed that this 
increase in precipitation is caused by two factors: the 
northeastward moisture flux over the northwestern 
Pacific Ocean at the lower level and the increase in 
the southward cold-air advection at the upper level. 
Kusunoki et al. (2011) showed that the termination of 
the Baiu tends to be delayed until August using the 
MRI-atmospheric general circulation model, version 
3.1 (AGCM3.1). Weak seasonal evolution of the jet 
stream during the Baiu season was considered to play 
a role in causing this delay (Hirahara et al. 2012). 
Hirahara et al. (2012), using the CMIP3 dataset, 
suggested that the westerly jet in the future climate 
is more strengthened to the south than that in the 
present-day climate during summer. They attributed 
this strengthening to weaker upward motion associ-
ated with the ASM, which was in turn caused by the 
stabilized stratification in the tropical atmosphere 
under global warming. This southward strengthening 
of the westerly jet in the future climate results in a 
peak latitude of mid-tropospheric thermal advection 
than in the present-day climate in late July, which then 
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significantly increases precipitation in the western part 
of Japan (Hirahara et al. 2012; Inoue and Ueda 2012; 
Kanada et al. 2012).

Regarding the large-scale atmospheric circulation, 
Inoue and Ueda (2011) reported that the first transi-
tion over the Indochina Peninsula is projected to be 
delayed at the end of the 21st century under the SRES 
A1B scenario compared with the present-day climate. 
In general, this transition in the present-day climate 
takes place in response to the reversal of meridional 
thermal gradient in the upper troposphere between the 
Asian continent and the tropics. The first transition is 
concurrent with the acceleration of monsoonal wester-
lies in the lower troposphere, extending from the BOB 
through the WNP (Li and Yanai 1996). However, in 
the future climate, the temperature rise in the upper 
troposphere is projected to be larger over the equatori-
al Indian Ocean than over the Asian continent in May 
(Ueda et al. 2006; Inoue and Ueda 2011), weakening 
the ASM circulation. Similar weakening signal of 
the ASM circulation was found in most of CMIP3 
model projections in June, July, and August (Kitoh 
et al. 1997; Ueda et al. 2006; Hirahara et al. 2012). In 
this way, the greater warming projected in the future 
climate over the Indian Ocean, compared with that 
over the Asian continent, weakens the ASM circula-
tion because of the smaller temperature difference in 
the middle-to-upper troposphere between the ocean 
and the continent. On the other hand, the summer 
monsoon rainfall in the future climate is projected 
to increase significantly compared with that in the 
present-day climate. This increase in rainfall depends 
on an increase in the atmospheric moisture content 
resulting from the temperature rise in future warm 
environment.

Although the evolution of the Baiu and the precip-
itation characteristics in the Japanese main islands 
have been extensively studied as described above, 
the relation between the large-scale atmospheric 
circulation and precipitation in the Baiu frontal zone, 
especially under global warming, has not been fully 
investigated. We suggest that understanding future 
changes to atmospheric circulation is critical to 
accurately understand changes in Baiu rainfall under 
global warming. In this study, we examine the future 
changes in the atmospheric conditions for the seasonal 
evolution of the Baiu season using the outputs of the 
20-km-mesh MRI-AGCM simulations (Mizuta et al. 
2012). The AGCM outputs for the future climates 
include the results obtained with one control SST 
and those obtained with three different SST patterns 
(Mizuta et al. 2014).

2. Data

2.1 Climate simulation data
We used 20-km-mesh simulation data for the 

present-day climate and the future climates obtained 
with the super-high-resolution global climate model 
developed by MRI, i.e., MRI-AGCM3.2S (Mizuta 
et al. 2012). Details of the model and the experimen-
tal design can be found in Mizuta et al. (2012) and 
Mizuta et al. (2014). The simulations utilized a mass-
flux type cumulus convection scheme developed by 
Yoshimura et al. (2015).

The present-day and the future climate simula-
tions were integrated for the 25-year periods during 
1979 – 2003 and 2075 – 2099, respectively. Simula-
tion for the present-day climate was performed by 
prescribing the observed SST. The future climate 
experiments were performed with the Representative 
Concentration Pathways (RCP) 8.5 scenario adopted 
by the IPCC (2013) for global warming conditions. 
Four different spatial patterns of SST changes were 
applied to project the future climate: one with the 
mean SST changes averaged over the results from the 
28 models participated in the Coupled Model Inter-
comparison Project Phase 5 (CMIP5) project and the 
three patterns of SST changes obtained from a cluster 
analysis of annual-mean tropical SST change patterns 
among the CMIP5 results (Mizuta et al. 2014). Ac-
cording to Mizuta et al. (2014), the characteristics of 
the three SST pattern are as follows: Cluster 1 shows 
smaller warming in the eastern tropical Pacific and 
larger warming in the Southern Hemisphere; Cluster 
2 is similar to the observed pattern associated with an 
El Niño phase, consistent with the CMIP3 result that 
projects an El Niño-like response (Yamaguchi and 
Noda 2006); and Cluster 3 has the largest warming in 
the WNP among all the clusters. 

In this study, the simulations are referred to as 
follows: the present-day climate simulation with 
the observed SST is referred to as P_OB; the future 
climate simulation with the ensemble-mean SST is 
referred to as F_C0; and the future climate simulation 
with Cluster-1 SST, Cluster-2 SST, and Cluster-3 SST 
are referred to as F_C1, F_C2, and F_C3, respec-
tively. The first character indicates the period: the 
present-day climate (P) and the future climate (F). The 
third and fourth characters indicate the SST setting. 

We used hourly data from the MRI-AGCM3.2S 
outputs with 20-km resolution for precipitation, and 
six-hourly data at 1.25° resolution for other meteo-
rological variables. The three-dimensional meteoro-
logical datasets are coarser than those with 20-km 
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resolution, unlike datasets for the ground surface. 
Daily values are computed from the hourly data. The 
25-year mean values are computed for each day of the 
year to construct climatological values.

2.2 Observation and reanalysis data
To verify the climatology in the present-day climate 

simulation, we use meteorological data from the 
Japanese 55-year Reanalysis (JRA-55) (Kobayashi 
et al. 2015) and two observed precipitation datasets 
produced by the Asian Precipitation Highly-Resolved 
Observational Data Integration Toward Evaluation of 
the Water Resources (APHRODITE) project (Yatagai 
et al. 2012) and the Global Precipitation Climatology 
Project (GPCP_1DD; Huffman et al. 2001). 

Although the JRA-55 dataset covers the years since 
1958, we select the same period as used for the sim-
ulated present-day climate by the MRI-AGCM3.2S. 
This dataset has a temporal resolution of six hours and 
a spatial resolution of 1.25°, the same resolution as the 
MRI-AGCM3.2S. The JRA-55 has been extensively 
improved since the Japanese 25-year Reanalysis 
(JRA-25) (Takahashi et al. 2006; Onogi et al. 2007; 
Watarai and Tanaka 2007). 

The APHRODITE dataset has a horizontal reso-
lution of 0.25° and provides daily precipitation data 
over the terrestrial area for the Asian monsoon (Yatagai 
et al. 2012). This dataset covers the period since 1951, 
and we also select the same period as used in the 
present-day climate simulation.

The GPCP_1DD has a 1° resolution; however, 
it only includes data since 1997. Therefore, we use 
data for the 12 years ending in 2008 for the compar-
ison with the present-day climate. The GPCP_1DD 
combines a variety of satellite data and ground-based 
observational data. The accuracy of this dataset was 
evaluated by Huffman et al. (2001). They demon-
strated that the precipitation in this dataset is slightly 
underestimated when compared with rain-gauge ob-
servations because the effects of terrain height are not 
considered in the GPCP_1DD. We include this dataset 
because it has the advantage of estimating precipita-
tion not only over land but also over the ocean, unlike 
the APHRODITE dataset. 

3. Results

3.1 Monthly mean precipitation and future changes
Generally, the Baiu frontal zone rapidly moves 

northward from May to June in Southeast Asia, and 
this northward shift leads to quasi-stationary precipi-
tation and the onset of the Meiyu-Baiu season over a 
broad region in East Asia, from the southern part of 

China to Japan (Kato 1985; Tanaka 1992). The Baiu 
frontal zone continues to move northward during June 
and July and disengages from the Japanese islands in 
late July. Figure 1 shows the distribution of monthly 
mean precipitation from June to August in the obser-
vations and in the present-day climate simulations. 
The observations indicate that in June the area with 
precipitation greater than 14 mm day−1 extends to the 
southern part of the Kyushu region (129 – 132°E) and 
the Pacific Ocean side of Japan (Figs.1a, d). In July, 
this area gradually moves northward along with the 
Baiu frontal zone (Figs. 1b, e). The APHRODITE 
shows strong precipitation in the Kyushu region and in 
the Korean Peninsula in July (Fig. 1b). This increase 
in precipitation in the Korean Peninsula is concurrent 
with the Changma onset (Choi et al. 2012). The rain-
fall from the GPCP_1DD is smaller than that of the 
APHRODITE (Fig. 1e). The precipitation in August 
extends to the Pacific Ocean side of Japan as shown 
by the APHRODITE (Fig. 1c), and the precipitation 
increases from July to August in the Korean Peninsula 
as shown by the GPCP_1DD (Fig. 1f). The simulation 
indicates that in June, the precipitation is largest in 
the Kyushu region and the Pacific Ocean side of 
Japan among the Japanese terrestrial areas, which is 
consistent with observations (Fig. 1g). In July and 
August, the precipitation increases in the coastal areas 
and in the inland part of the Japanese islands, as well 
as in the Korean Peninsula (Figs. 1h, i). The simula-
tion (Figs. 1g – i) generally reproduces the observed 
features well (Figs. 1d – f). This result is consistent 
with the study by Kusunoki (2016) who reported the 
advantage of the MRI-AGCM3.2S model over the 
CMIP5 atmospheric models. Kusunoki (2016) showed 
that the reproducibility of the MRI-AGCM3.2 models 
is greater than, or comparable with, that of the models 
that participated in CMIP5 for seasonal precipitation 
and seasonal evolution.

Figure 2 compares the distribution of monthly mean 
precipitation from June to August in the future climate 
simulations. The results from all the simulations 
demonstrate that in June the rainfall area covers not 
only the southern part of the Kyushu region but also 
areas further south (~ 30°N; Figs. 2a, d, g, j). All the 
simulations show that in July, the rainfall amounts in 
the Korean Peninsula and western part of the Kyushu 
region are large (Figs. 2b, e, h, k). In August, the rain-
fall area covers the western coastal area of the Korean 
Peninsula under all the SST patterns (Figs. 2c, f, i, l).

The future change in monthly mean precipitation 
between P_OB and F_C0 is shown in Fig. 3. In June, 
precipitation significantly increases around the WNP 
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in the future climate and decreases significantly over 
the Japanese islands (Fig. 3a). In July, the precipita-
tion increase extends to areas in the East China Sea, 
the Japanese islands, and China (Fig. 3b). In August, 
the precipitation in F_C0 significantly decreases in 
the WNP, the SCS, and most areas of the Japanese 
islands, while it increases over China (Fig. 3c). The 
precipitation change predicted for August differs 

from that seen in previous studies (Kitoh et al. 1997; 
Kusunoki et al. 2011; Hirahara et al. 2012), which 
showed that the termination of the Baiu season over 
the Japanese islands tends to be delayed until August. 
This inconsistency can be ascribed to the differences 
in the simulation settings employed in the previous 
studies and in the present study, specifically the differ-
ences in GCM, emission scenario, and the distribution 

Fig. 1. Monthly mean precipitation (color shading; mm day−1) from June to August. (a) – (c) APHRODITE,  
(d) – (f) GPCP_1DD, and (g) – (i) the present-day climate simulation (P_OB). Columns indicate (left) June, (middle) 
July, and (right) August.
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Fig. 2. Same as Fig. 1 but for the future climate simulations. (a) – (c) F_C0, (d) – (f) F_C1, (g) – (i) F_C2, and  
(j) – (l) F_C3.
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of SST. Many CMIP3 models predict an El Niño-like 
responses (Yamaguchi and Noda 2006), and the termi-
nation of the Baiu is predicted to be delayed because 
of this SST response (Kitoh and Uchiyama 2006). The 
differences in atmospheric conditions among F_C1, 
F_C2, and F_C3 are explained in Section 3.3.

The temporal evolution of precipitation averaged 
over the western part of Japan from May to August in 
the observations, P_OB, and F_C0 is presented in Fig. 
4. We define the western part of Japan as the region 
from 30 – 36°N and 129 – 137°E (as indicated in Fig. 
3a). According to the GPCP_1DD, precipitation reach-
es the temporal peak of approximately 14 mm day−1 
around mid-June. In P_OB, precipitation peaks at 
approximately 12 mm day−1 in mid-June, and this 
peak is consistent with the GPCP_1DD. Precipitation  
in the GPCP_1DD shows a temporal peak in mid-May, 

before the peak in mid-June, which corresponds to the 
Okinawa Baiu (Okada and Yamazaki 2012). However, 
the AGCM does not reproduce this peak (Fig. 4). The 
peak of precipitation in F_C0 is delayed by a half 
month compared with the P_OB results, though the 
amount of peak precipitation in F_C0 is comparable 
with that in P_OB. Because of this delayed increase in 
precipitation in F_C0, the precipitation in June in F_
C0 decreases significantly in the western part of Japan 
(Figs. 3a, 4). Precipitation in F_C0 decreases after the 
peak in early-July and the Baiu season in this region 
terminates during late July and early August. 

3.2  Future changes to the Baiu frontal zone and 
moisture flux

The Baiu frontal zone is defined as a sharp gradient 
in specific humidity and equivalent potential tem-

Fig. 3. Future change of precipitation (mm day−1) in F_C0 in (a) June, (b) July, and (c) August. Cold (warm) 
color indicates increase (decrease). The hatched areas show the 95 % confidence level. The black box in (a) in-
dicates the western part of Japan region (30 – 36°N, 129 – 137°E).

Fig. 4. Time series of precipitation (mm day−1) in the western part of Japan (30 – 36°N, 129 – 137°E; Fig. 3a) 
from 25 April to 31 August based on 25-year climatologies from P_OB (black solid line), and F_C0 (red solid 
line). The dotted line indicates GPCP_1DD based on 10-yr averages. All lines are derived by twice applying a 
5-day running mean to smooth the precipitation data.
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perature in the lower troposphere (Matsumoto et al. 
1971; Kato 1985; Ninomiya and Akiyama 1992). We 
examine the location of the Baiu frontal zone in this 
section. The Baiu frontal zone is defined here in terms 
of the meridional gradients of equivalent potential 
temperature (θe) at the 925-hPa level. The θe value 
is approximated from the moist static energy divided 
by the specific heat at constant pressure. Figure 5 
shows the time evolution of climatological meridional 
gradients in θe at the 925-hPa level averaged over the 
longitudinal range that contains the western part of 
Japan (as indicated in Fig. 3a), in the reanalysis (JRA-
55), and in the present-day climate simulation (i.e., P_
OB). The sharp θe gradient is located at approximately 
30 – 35°N until mid-June, when it moves northward, in 
both JRA-55 and P_OB. A local minimum value of the 
north-south difference in θe (less than approximately 
−4 K deg−1) indicates the position of the Baiu frontal 
zone.

Figure 6 shows the spatial distribution of monthly 
mean θe values from June to August in the reanalysis 
(JRA-55) and in the simulations for the present-day 
(P_OB) and the future climate with the control SST 
(F_C0). According to JRA-55, the negative θe gradient 
areas less than −4 K deg−1 extend from the East China 
Sea to the Japanese islands in June (Fig. 6a). In July, 

the negative gradient area along the Pacific coast of 
Japan disappears (Fig. 6b). According to Fig. 5, from 
late July to early August, the magnitude of the nega-
tive θe gradient around 35 – 40°N becomes larger than 
−3 K deg−1, which indicates that the Baiu rainband has 
disengaged from the Japanese main islands (Figs. 4, 
5). In addition, the strong θe gradient areas in August 
extend to the northern part of Japan again because of 
the land surface heating on the Japanese islands (Fig. 
6c). The distribution of the Baiu frontal zone as shown 
in JRA-55 corresponds well with the spatial pattern of 
the observed precipitation (Figs. 1a – c, 6a – c). The θe 
gradient in P_OB demonstrates that the Baiu frontal 
zone in the present-day climate simulation is able 
to reproduce the same northward shift as in JRA-55 
throughout the summer (Figs. 6d – f). The northward 
shift reproduced in P_OB corresponds well with the 
observed distribution of precipitation in the Japanese 
main islands (Figs. 1, 6a – f). In addition, the equiva-
lent potential temperature in P_OB is higher than in 
JRA-55 because of an effect of experimental setting 
(Mizuta et al. 2012; Kobayashi et al. 2015).

The value of θe in the lower troposphere in F_C0 
rises by about 3 – 5 % compared to that in P_OB (Fig. 
6). The region with a sharp negative gradient in θe 
extends to the southern part of the Japanese islands in 
June. This extension is consistent with the increased 
precipitation to the south of Japan and the decreased 
precipitation in the western part of Japan simulated in 
F_C0 (compare Figs. 2a, 6g). This result indicates that 
the Baiu onset will be delayed in the future climate 
simulated by F_C0. Similar to the result of P_OB in 
July, the meridional gradient of less than −4 K deg−1 in 
F_C0 is concentrated over the Sea of Japan as a result 
of the northward shift of the Baiu frontal zone (Figs. 
6e, h). In August in F_C0, the negative gradient over 
the Sea of Japan becomes weak (approximately −2 
K deg−1) (Fig. 6i). 

In order to quantify the northward movement of 
the Baiu frontal zone, we define an index describing 
the seasonal evolution of this front. This index is 
defined as the difference between the area-averaged 
meridional gradient in θe in the adjacent northern and 
southern regions which are defined in Fig. 6a. These 
areas are determined by the evolution of the Baiu 
rainband in the Japanese islands. Area C covers lon-
gitudinal range that includes the Okinawa region. The 
differences are computed by a subtracting meridional 
gradient in θe in area B from that in area C (referred 
to as CB) and by subtracting the meridional gradient 
in θe in area A from that in area B (referred to as BA). 
Figure 7 presents the seasonal evolution of CB and 

Fig. 5. Time-latitude plots of meridional gradients 
in equivalent potential temperature (K) at the 
925-hPa level over the longitudinal range 129 –  
137°E. All lines are derived by twice applying 
a 5-day running mean to smooth equivalent po-
tential temperature. (a) JRA-55 and (b) P_OB.
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BA from May to September as simulated in P_OB 
and F_C0. Before comparing the seasonal evolution 
between P_OB and F_C0, we compare features in P_
OB with those in JRA-55 for validation (Figs. 7a, b). 
It was found that there is a high correlation between 
P_OB and JRA-55 (the correlation coefficients for 

CB and BA are above 0.80), which indicates that P_
OB captures the seasonal evolution of the Baiu frontal 
zone well.

Based on the validated performance of P_OB, we 
now describe the changes in the seasonal evolution of 
the Baiu from the present-day to the future climate. 

Fig. 6. Monthly mean equivalent potential temperature (contoured, θe; contour interval 3 K) at the 925-hPa level 
from June to August. (a) – (c) JRA-55, (d) – (f) P_OB, and (g) – (i) F_C0. Color shading indicates meridional 
gradient (K deg−1) and the hatched region indicates sharp gradient (less than −4 K deg−1). The black boxes in 
(a) indicate target regions of Fig. 7 (A: 35 – 40°N, 130 – 140°E, B: 30 – 35°N, 130 – 140°E, C: 25 – 30°N, 125 –  
135°E).
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The index CB indicates that the values in June are 
mostly negative in F_C0 and positive in P_OB (Fig. 
7c). This indicates that the Baiu frontal zone stays 
to the south of Japan in F_C0 (Figs. 2a, 6g). In other 
months, the signs of CB in P_OB and F_C0 are 
mostly the same. The signs of the index BA in P_OB 
and F_C0 mostly agree with each other for all months 
examined here (Fig. 7d). BA in F_C0 does not become 
negative in July and August suggesting that the north-
ward shift of the Baiu frontal zone in this region will 
not change significantly in the future climate (Figs. 6h, 
i, 7d). The northward shift demonstrated here differs 
from the CMIP3 results, which predicts that the Baiu 
frontal zone will stagnate over the Japanese islands 
until August in future (Uchiyama and Kitoh 2004; 
Kusunoki et al. 2011). The index BA in June in F_C0 

is mostly negative and similar to that of P_OB (Figs. 
6g, 7d). This result is consistent with the meridional 
gradient in θe in the Sea of Japan in June does not 
change significantly from the present-day to the future 
climate (Fig. 6g).

To explore large-scale atmospheric features sur-
rounding the Baiu frontal zone, we examine the sur-
face pressure fields in East Asia and the surrounding 
regions. Figure 8 shows the monthly mean sea level 
pressure (SLP) from June to August. The analysis 
fields in June (Fig. 8a) from JRA-55 indicate that the 
axis of the Northern Pacific subtropical high (NPSH) 
is located in the subtropics (20 – 25°N). This high sup-
presses precipitation in the subtropics, and the Baiu 
frontal zone spreads to its northern side (Figs. 1a, d, 
8a). The NPSH extends westward to the south of the 

Fig. 7. Scatter diagram of the Baiu front index (unit; K deg−1). Each point plots differences between meridional 
gradient of θe in south area and that in north area. The definition of the regions is shown in Fig. 6a. (a) CB 
and (b) BA index show between JRA-55 and P_OB. (c) CB and (d) BA index show between P_OB and F_C0.  
Each color indicates as follows: (purple) May, (blue) June, (green) July, (yellow) August. This figure plots the 
daily data that is averaged of 25 years. The lower right of figures shows the correlation coefficient (Cor) and 
the regression coefficient (Reg).
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Japanese islands in June (Fig. 8a), and this westward 
expansion persists in July (Fig. 8b). In August, the 
NPSH moves northward, and the western part of the 
NPSH covers part of the Japanese islands indicating 
that the Baiu frontal zone has disappeared (Fig. 8c). 
In contrast, a low-pressure region extends to the north 
of the Philippines in August. The seasonal evolution 
of these SLP features seems to be well reproduced in 
P_OB (compare Figs. 8a – c and d – f), which indicates 
the validity of the present-day climate simulation by 
the MRI-AGCM2S.

The validated performance of the present-day 

climate simulation in representing large-scale atmo-
spheric fields gives credence to the results from the 
future-climate simulations. The axis of the NPSH in 
June in F_C0 (Fig. 8g) is located further south (10 –  
20°N) than that in P_OB (Fig. 8a). This high gradu-
ally shifts northward (Figs. 8h, i), similar to what is 
seen in P_OB. As shown in Figs. 8h and 8i, in July 
and August a low-pressure region, which is found to 
the north of the Philippines in P_OB, does not extend 
eastward over the WNP and is limited to the South 
and the East China Sea. This low-pressure region is 
projected to be weak in Southeast Asia compared with 

Fig. 8. Monthly mean sea level pressure (SLP; shading interval 2 hPa) from June to August. (a) – (c) JRA-55, (d) – (f) 
P_OB, and (g) – (i) F_C0. Columns indicate (left) June, (middle) July, and (right) August. The white solid line 
is 1008 hPa and the dotted line is 1012 hPa.
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P_OB (Figs. 8d – f, 8f – i) and is weaker than the result 
of Kusunoki et al. (2006) analyzed under the A1B 
scenario.

The low-level transport of water vapor toward the 
frontal zone by the monsoonal wind is essential to 
the formation of Baiu precipitation (Ninomiya and 
Akiyama 1992; Tanaka 2007), and hence the moisture 
transport is examined here. Figure 9 shows the spatial 
distributions of moisture flux and column water-vapor 
content integrated between the 1000- and 200-hPa 
levels, to elucidate water vapor transport throughout 
this atmospheric layer from June to August in P_OB. 
Although the moisture flux is integrated throughout 
the troposphere, water vapor is most abundant in the 
lower troposphere. The direction of the moisture flux 
therefore primarily reflects low-level moisture trans-
port. Each figure shows 15-day (3 pentads) averages 
from June to August. In general, the convergence 
region of water vapor flux corresponds to the Baiu 
frontal zone (compare Figs. 1, 9). In June, the south-
westerly moisture flux is dominant in the southern 
parts of China and Japan, with apparent convergence 
of the moisture flux in those areas (Figs. 9a, b). The 
convergence area is located in the northwestern edge 
of the NPSH (Fig. 8d) and gradually moves north-
ward with seasonal evolution in July (Figs. 9c, d). In 
addition, the southwesterly moisture flux prevails in 
the western part of the Japanese islands and the con-
vergence area extends to the Sea of Japan. During this 
period, the low pressure over the continent spreads 
eastward in response to the development of the East 
Asian summer monsoon (Fig. 8e). The NPSH moves 
northward in August and the convergence of moisture 
flux becomes weak over the Japanese main islands 
(Figs. 9e, f).

For the case of the future climate, the distributions 
of moisture flux and column water-vapor content from 
June to August in F_C0 are shown in Fig. 10. The 
southwesterly flux continues to prevail to the south 
of the subtropics during June (Figs. 10a, b). In com-
parison with P_OB, the area of moisture convergence 
is limited to the southern part of Japan and does not 
extend to the Sea of Japan side of the main islands. 
This result suggests that the Baiu frontal zone in June 
in F_C0 stagnates in the south of the Kyushu region 
(Figs. 9a, b, 10a, b). Generally, low-level water vapor 
transport into the Baiu frontal zone by the ASM winds 
is known to be essential for the formation of Baiu 
precipitation (Ninomiya and Akiyama 1992; Tanaka 
2007). The ASM is driven by a large-scale thermal 
contrast between the Asian landmass and the neigh-
boring oceans (Li and Yanai 1996; Ueda and Yasunari 

1998). The onset of the ASM (the first transition) was 
projected to be delayed under global warming (Inoue 
and Ueda 2011). According to Inoue and Ueda (2011), 
this delay is caused by the delay of the reversal of the 
thermal contrast in the upper troposphere. We inves-
tigate the future change of temperature in the upper 
troposphere according to Ueda et al. (2006).

The future change (between P_OB and F_C0) of 
the thickness between the levels of 200 hPa and 500 
hPa in June is presented in Fig. 11. Figure 11 shows 
that the thickness between these levels in the tropics 
(more than ~170 m) is greater than that over the Asian 
continent (less than 110 m), which suggests that the 
temperature rise in the tropics is larger. The increased 
temperature in the lower layer leads to an increase in 
the water vapor content with relative humidity being 
significantly unchanged due to water vapor feedback 
from P_OB to F_C0. This increase in water vapor 
content induces an obvious convergence of water 
vapor flux at lower latitude compared to P_OB (Figs. 
10a, b). The increased water vapor content in the 
lower layer in addition to the delayed monsoon onset 
is predicted to result in increased precipitation to the 
south of the Japanese islands, shown in Figs. 3a, 10a, 
10b, and 11.

In July, the enhancement in southwesterly moisture 
flux from the East China Sea to the Japanese islands 
along the northwestern side of the NPSH ridge is 
greater in F_C0 (Figs. 10c, d) than in P_OB (Figs. 
9c, d). Previous studies showed that ASM rainfall 
significantly increases under global warming, whereas 
ASM circulation is projected to become weaker (e.g., 
Ueda et al. 2006; Inoue and Ueda 2011). This increase 
in ASM rainfall is explained by results that show 
total moisture flux increases due to an increase in the 
atmospheric moisture content resulting from rising 
temperatures (Ueda et al. 2006). Results from the 
MRI-AGCM3.2S shows that the low-pressure region 
in Southeast Asia that spreads during monsoon onset 
is predicted to be weaker in F_C0 than in P_OB (Fig. 
8). However, the northward moisture flux in F_C0 
prevails between the SCS and the Philippines from 
late-June to early-July, in contrast to that in P_OB 
(Figs. 9c, 10c). In addition, the southwesterly moisture 
flux transports a sufficient amount of moisture to the 
Japanese islands (Fig. 10c). This result suggests that 
the increase of atmospheric moisture content by global 
warming is an important contributor to Baiu rainfall 
predictions in F_C0.

Ueda et al. (1995, 2009) showed that an abrupt 
northward shift of the NPSH is associated with the CJ 
over the subtropical WNP (10 – 25°N, 130 – 170°E) in 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Y. OKADA et al.August 2017 251

Fig. 9. Moisture flux (arrows; kg m−1 day−1), moisture flux convergence (shading; kg m−2 day−1), and column water- 
vapor content (solid contours; mm; contour interval 10 mm) integrated between the 1000-hPa and the 200-hPa 
level in P_OB during summer. All distributions divide the June–August period into 15-day increments (3 pen-
tads) except for (a) (14-day increments). (a) 1 – 14 June, (b) 15 – 29 June, (c) 30 June – 14 July, (d) 15 – 29 July,  
(e) 30 July – 13 August, (f) 14 – 28 August.
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late July. To highlight the difference before and after 
the CJ, precipitation and 850-hPa winds are averaged 
for six pentads before and after the CJ onset (Ueda 
et al. 2009). The difference of pentads 40 – 45 to pen-
tads 34 – 39 is plotted in Fig. 12. According to Ueda 

et al. (2009), the CJ takes place in mid-July as a large 
cyclonic circulation develops around a region centered 
at around 15 – 25°N, 130 – 160°E. In F_C0, precipi-
tation increases over this region, while precipitation 
decreases in the Japanese islands (Fig. 12a). Figure 

Fig. 10. Same as Fig. 9 but for F_C0.
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12 also presents results from the AGCM experiments 
with other SST clusters (i.e., F_C1, F_C2, and F_C3). 
In F_C1, the precipitation increases in the WNP in 
mid-July (Fig. 11b), while in F_C2, active convection 
is stronger than other with SST patterns, and precipi-
tation is more prevalent in the WNP (Fig. 12c). In F_
C2 and F_C3, active convection over the WNP shifts 
slightly southward compared with F_C1 (Figs. 12b – d). 
This southward shift may affect the later termination 
of the Baiu in F_C2 and F_C3 compared with F_C1.

3.3  Future changes in atmospheric conditions due to 
the difference in SST patterns

In this section, we examine the response of precip-
itation and atmospheric circulation to the difference 
in different SST patterns. Figure 13 shows the future 
change of monthly mean precipitation in F_C1, F_C2, 
and F_C3. In June, the area of increased precipitation 
spreads to the south of Japan and the area of decreased 
precipitation spreads over the Japanese islands (Figs. 

Fig. 12. Seasonal changes in precipitation (mm day−1) and 850-hPa winds (m s−1) of the future climate (mm day−1)  
in mid-July (15July – 13August minus 15June – 14July). (a) F_C0, (b) F_C1, (c) F_C2, and (d) F_C3.

Fig. 11. Future change of 200 – 500 hPa thickness 
(contour interval 10 m) in June between P_OB 
and F_C0. The hatched region indicates area in 
excess of 170 m.
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13a, d, g) for all SST cluster cases. Precipitation in F_
C1 tends to increase in the northern part of Japan and 
the Korean Peninsula in July and August (Figs. 13b, c). 
Precipitation in July in F_C2 and F_C3 decreases over 
most parts of the Japanese main islands (Figs. 13e, h).  
In August, precipitation in F_C2 increases in the 
northern part of the East China Sea and along the Sea 
of Japan side of the Japanese archipelago (Fig. 13f). In 
F_C3, the area of precipitation increase spreads in the 
Sea of Japan and the western part of Japan (Fig. 13i). 
Thus, it is found that predictions of future changes to 
precipitation in July and August depend on the SST 

patterns.
Sampe and Xie (2010) found that throughout the 

rainy season, the area with mean ascending motion 
along the Baiu frontal zone correlates well with the 
band of warm-air advection. With the progress of the 
Baiu season in East Asia, the zonal contrast of tem-
perature in the mid-troposphere becomes enhanced; 
this is because the heated surface of the Asian conti-
nent, especially the Tibetan Plateau, and latent heating 
by monsoonal convection in South Asia, warm the 
troposphere aloft, leading to a larger difference in 
mid-troposphere temperature between the Tibetan Pla-

Fig. 13. Same as Fig. 3 but for the individual SST patterns in the future climate simulations. (a) – (c) F_C1, (d) – (f) 
F_C2, and (g) – (i) F_C3.
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teau and the Baiu frontal zone (Kato 1989; Kodama 
1993; Ose 1998; Sampe and Xie 2010). The westerlies 
jet emanating from the eastern flank of the Tibetan 
Plateau transports the warmer air to the southern part 
of China and toward the Japanese islands (Sampe and 
Xie 2010; Okada and Yamazaki 2012). Therefore, 
warm-air advection is examined here.

Figure 14 shows the relationship between upward 
vertical pressure velocity (‒ω) and horizontal tempera-
ture advection at the 500-hPa level over the Japanese 
islands. According to Fig. 14, P_OB underestimates 
upward vertical velocity and warm-air advection 
at the 500-hPa level compared with JRA-55 during  

the Baiu season (Figs. 14a, b). However, the positive 
and negative patterns of seasonal evolution are mostly 
reproduced. In F_C0, warm-air advection and upward 
motion are enhanced to the south of 30°N until mid-
June (Fig. 14c). In contrast, cold-air advection and 
downward motion are significant in the latitudinal 
band of the western part of the Japanese islands. The 
enhanced convection moves northward and concen-
trates in a similar latitudinal band in late June. This 
northward shift is concurrent with an increase in Baiu 
rainfall, which peaks in early July in F_C0 (Figs. 4, 
14c). 

In F_C1, warm-air advection and upward motion 

Fig. 14. Time-latitude plot of vertical p-velocity (shading; Pa s−1) and horizontal temperature advection (contours; 
contour interval 0.1 K day−1) at 500 hPa averaged over the longitudinal range 125 – 142°E. This value is derived 
by twice applying a 5-day running mean for smoothing. Positive (negative) values denote upward (downward) 
vertical velocity and warm (cold) advection. (a) JRA-55, (b) P_OB, (c) F_C0, (d) F_C1, (e) F_C2, and (f) F_C3.
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stay to the south of Japan until mid-June, and an active 
convective zone undergoes the same northward shift 
as seen in F_C0 (Fig. 14d). This northward shift in F_
C0 terminates in late July. F_C2 and F_C3 also show 
the stagnation of the enhanced convective zone in the 
southern part of Japan and cold advection prevails in 
the north of Japan until late June (Figs. 14d, e). This 
cold-air advection conducts the stagnation of the Baiu 
rainband to the south of Japan during June, consistent 
with the prediction of Kawase et al. (2009). Further-
more, the convective area undergoes a northward shift 
until the beginning of August in F_C2. In addition, 
the northward shift in the convective area in F_C3 is 
slow, and convection becomes weak in late July, in 
contrast with the other SST patterns. All SST patterns 
show that the active convective zone stagnates in 
the southern part of the Japanese islands during June 
(Figs. 14c – f). However, the seasonal evolution of 
F_C1 differs from the other two clusters in July and 
August. F_C1 shows an obvious northward shift after 
the stagnation of the Baiu frontal zone in June (Fig. 
14c). In F_C2 and F_C3, the enhanced convective 
zone persists from mid-June to early July (Figs. 14e, f).  
Thereafter, the convective zone in F_C2 continues 
until the beginning of August and in F_C3 becomes 
weak in mid-July. The precipitation in June in the 
future climate increases in the southern part of Japan 
regardless of the SST patterns (Figs. 13a, d, g). In July 
and August, the seasonal evolution of the convective 
areas differs slightly between F_C1, F_C2 and F_C3 
(Figs. 14c – f).

Regarding these characteristics in July and August, 
we investigate the future changes of vertically inte-
grated water vapor flux. Figure 15 shows the absolute 
values of and future changes to the monthly mean 
moisture flux in July and August between P_OB and 
each SST simulation. In F_C1, the absolute value of 
the water vapor flux in July indicates an increase of 
approximately 180 kg m−1 day−1 in the East China Sea 
and in the southern part of the Sea of Japan (Fig. 15a). 
In August, the southwesterly moisture flux becomes 
weak in these regions, and the areas of high absolute 
value are concentrated in the Sea of Japan in F_C0 
(Fig. 15b). This northward shift of the concentrated 
area corresponds to the northward shift of the convec-
tive area from July to August, as shown in Fig. 14b. 
This result indicates that F_C1 experiences the termi-
nation of the Baiu in late July, as in the present-day 
climate (Figs. 4, 5). In F_C2 under El Niño-like 
pattern (Mizuta et al. 2014), the large absolute value 
of the moisture flux (approximately 120 kg m−1 day−1) 
spreads in the East China Sea, the southern part of 

the Sea of Japan, and the Pacific Ocean side of Japan 
in July (Fig. 15c). This increase of intense moisture 
flux in July in F_C2 continues till August when the 
southwesterly flux becomes dominant in the western 
part of Japan (Fig. 15d). This southwesterly flux 
deviation transports a sufficient amount of moisture 
to the Japanese islands and this persistent moisture 
supply leads to the delay of the Baiu termination in F_
C2. This result is consistent with previous studies (e.g., 
Kusunoki et al. 2011; Endo et al. 2012; Hirahara et al. 
2012). Finally, F_C3 indicates an increase of moisture 
flux over the East China Sea in July, as do the other 
two SST patterns (F_C1 and F_C2; Fig. 15e). The 
westerly moisture flux deviation spreads over the 
Pacific Ocean off the coast of the Japanese islands. 
In August, the southwesterly moisture flux becomes 
dominant in the Japanese islands and the adjacent 
area, where an increase in absolute value extends 
to the south of the Japanese main islands (Fig. 15f). 
In F_C3, which shows strong warming in the WNP 
(Mizuta et al. 2014), a sufficient amount of moisture 
is transported to the Pacific coast of the Japanese main 
islands in the future climate (Fig. 15f). These results 
indicate that atmospheric conditions in July and 
August are strongly influenced by SST, whereas those 
in June are not.

4. Summary

Here, we investigated future changes in atmospheric 
circulation fields during the rainy season in the Japa-
nese islands (referred to as the Baiu) under the RCP 8.5 
scenario using 20-km-mesh MRI-AGCM simulations 
(Mizuta et al. 2012). The future climate was simulated 
with a control SST and three different SST patterns 
(Clusters 1, 2, and 3) (Mizuta et al. 2014).

The Baiu frontal zone defined as in the meridional 
gradient of equivalent potential temperature gradually 
moves northward during the seasonal evolution of the 
Baiu in both the present-day and the future climate 
simulations. Precipitation in the present-day climate 
(P_OB) reaches a temporal peak during mid-June in 
the western part of Japan, and this peak is correlated 
well with observations. However, the temporal peak 
of precipitation in the future climate using a control 
SST (F_C0) is delayed by a half month compared with 
P_OB in the western part of Japan. In June in F_C0, 
the Baiu frontal zone is projected to stay to the south 
of Japan, which results in increased precipitation in 
this region. This result suggests that the Baiu onset is 
delayed in F_C0. This is attributed to a delay in the 
reversal of upper-tropospheric meridional thermal gra-
dient between the Asian continent and the north Indian 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Y. OKADA et al.August 2017 257

Fig. 15. Future changes (the future climate simulations minus P_OB) of moisture flux (arrows; more than 50 
kg m−1 day−1) and absolute value of moisture flux (contour) integrated between the 1000-hPa and the 200-hPa 
level. Future changes indicate differences from P_OB to the future climate simulations. Contour interval is 30 
kg m−1 day−1. (a) – (b) F_C1, (c) – (d) F_C2, and (e) – (f) F_C3. Columns indicate (left) July and (right) August.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Journal of the Meteorological Society of Japan Vol. 95, No. 4258

Ocean in F_C0. The future changes in precipitation 
and atmospheric circulations in June are consistent 
across all four SST patterns, and therefore, are consid-
ered to be robust predictions of future conditions.

We have also examined the response of atmospheric 
circulation to the difference in SST pattern between 
July and August. The termination of the Baiu season 
takes place in late July in F_C0. However, in the other 
three SST patterns (F_C1, F_C2, and F_C3), atmo-
spheric circulation between July and August differs 
for each SST pattern. F_C1, with a non-El Niño-like 
SST pattern, predicts the termination of the Baiu in 
late July, as seen in P_OB. This termination can be 
explained by a northward shift of warm-air advection 
in an upper layer and a southwesterly moisture flux in 
a lower layer in August. The convective jump (CJ) in 
the WNP brings the Baiu season to termination in the 
Japanese main islands. However, in F_C2 and F_C3, 
the southwesterly flux persists in the Japanese islands 
until August. In F_C2, with an El Niño-like SST 
pattern, the absolute value of moisture flux increases 
significantly in the western part of Japan until August. 
A sufficient amount of moisture is transported to this 
region and leads to the delay of the Baiu termination 
in F_C2, as seen in previous studies (Kitoh et al. 1997; 
Kusunoki et al. 2011). The SST pattern for F_C3 
includes strong warming in the WNP. In F_C3, a suf-
ficient amount of moisture is transported to the Pacific 
Ocean side of the Japanese islands in July. Although 
the convergence of moisture flux is smaller than in F_
C2, moisture transport to Pacific Ocean side of the 
Japanese islands continues until August. In summary, 
although precipitation in June is consistent across all 
simulated SST patterns, the atmospheric conditions in 
July and August are affected by the SST patterns. 

These results differ from those of previous studies, 
primarily in two areas: the precipitation increases to 
the south of Japan in June, and the termination of the 
Baiu is not delayed until August. We attribute these 
differences to differences in the simulation settings 
employed by previous studies and by the present 
study, specifically the differences in GCM, emission 
scenarios, and the distribution of SST. The difference 
in SST distribution, in particular, leads to a variation 
in SLP in the WNP, and affects the NPSH around the 
Japanese islands. We suggest that inconsistencies with 
previous studies are caused primarily by fluctuations 
in the NPSH.
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