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Abstract 21 

This study investigates future changes in atmospheric circulation during the Baiu in 22 

Japan using 20-km-mesh Atmospheric General Circulation Model (AGCM) simulations 23 

for the present-day (1979–2003) and the future (2075–2099) climates under the 24 

Representative Concentration Pathways 8.5 scenario. The simulated future climates 25 

include the outputs obtained with one control sea surface temperature (SST) and three 26 

different SST patterns. The Baiu frontal zone defined as the meridional gradient of 27 

equivalent potential temperature gradually moves northward during June-July-August in 28 

the present-day climate. In the future climate simulations using the control SST, the Baiu 29 

frontal zone is projected to stay to the south of Japan in June. Thus, precipitation is 30 

projected to increase over this region, while decreasing in the western part of Japan. The 31 

future changes in precipitation activity and atmospheric circulations in June are consistent 32 

across all four SST patterns. However, precipitation and atmospheric circulation in July 33 

and August in the future climate simulation depends on the SST patterns as follows: in 34 

non-El Nino-like SST pattern, the Baiu terminates in late July, similar to that of the 35 

present-day climate; a result with an El-Nino like SST pattern shows that sufficient 36 

amount moisture is transported to the Japan islands and leads in a delay of the Baiu 37 

termination until August; and in the SST pattern with strong warming in the western 38 

North Pacific, a sufficient amount of moisture is transported to the south of Japan from 39 

June until August. The difference in SST pattern leads to a variation in sea level pressure 40 

in the western North Pacific, and affects a variation of the Northern Pacific subtropical 41 

high around the Japanese islands in July and August.  42 

Keywords  Precipitation, the Baiu, global warming  43 
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1. Introduction 44 

The Asian summer monsoon (ASM) onsets over the Bay of Bengal (BOB; 85°–95°E), 45 

the South China Sea (SCS; 110°–120°E) and the Indochina Peninsula (90°–110°E) in the 46 

middle of May (referred to as the first transition; Lau et al. 1998), and gradually extends 47 

to adjacent regions (Matsumoto 1997; Wang and LinHo 2002; Ueda et al. 2009). In South 48 

Asia, the Indian summer monsoon begins in early June and matures in mid-June. In 49 

association with this behavior, East Asia experiences a rainy season that is known as “the 50 

Mei-yu” in China, as “the Baiu” in Japan, and as “the Changma” in Korea from May to 51 

July. The monsoonal southwesterly winds transport a sufficient amount of moisture to 52 

these mid-latitude regions. The Baiu frontal zone in the Japanese islands continues to 53 

move northward during June and July, and disengages from the Japanese islands in late 54 

July. The termination of the Baiu has generally been attributed to the northward 55 

movement of the upper-level jet stream. In addition, Ueda et al. (1995) showed that the 56 

convection jump (CJ) over the subtropical western North Pacific (WNP) around 20°N, 57 

150°E in late July causes the termination of the Baiu season. The CJ is the phenomenon 58 

of convection over the WNP that abruptly expands northeastward in mid-July.  59 

The Baiu frontal zone is characterized by a narrow, steady precipitation zone and thick, 60 

moist neutral layer (Ninomiya 1984). More specifically, this front, elongated in the west-61 

east direction, is defined by a strong meridional gradient of equivalent potential 62 

temperature (Matsumoto et al. 1971; Ninomiya and Akiyama 1992). Sampe and Xie 63 

(2010) explained the formation process of the Baiu frontal zone from a perspective of 64 

large-scale temperature advection in the mid-troposphere. In summer, the mid-65 

troposphere air around the Tibetan Plateau is warmed not only by land-surface heating 66 
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but also by latent heating due to the monsoonal convection in the southern part of Asia 67 

(Kato 1989; Kodama 1993; Ose 1998). Warm air that is heated over the Tibetan Plateau 68 

is transported to the southeastern part of China by the westerlies that are dominant in the 69 

upper troposphere. This horizontal temperature advection of warm air in an upper layer, 70 

as along with the presence of a sufficient amount of moisture in a lower layer induces 71 

enhanced convection in the vicinity of Japan (Sampe and Xie 2010). Sampe and Xie 72 

(2010) also showed a good correlation between the band of warm-air advection at the 73 

500-hPa level and the frontal zone over the Japanese islands during the Baiu season. 74 

Okada and Yamazaki (2012) closely examined whether this correlation applies to the 75 

Baiu around the Okinawa region (referred to as the Okinawa Baiu; 23°–28°N, 123°–76 

129°E). In the pre-Baiu season (i.e., May), a jet stream is present in the south of the 77 

Tibetan Plateau; however, the west-east contrast of temperature is weak over the Okinawa 78 

region. Thus, prevailing southerly winds and warm-air advection at the 500-hPa level, 79 

due to an enhanced meridional temperature gradient play a role in generating the temporal 80 

peak of precipitation in the pre-Baiu period in the Okinawa region. However, in June, 81 

warm-air advection at the 500-hPa level strengthens because of the strong west-east 82 

thermal contrast between the warmer Tibetan Plateau and the colder WNP. Large-scale 83 

meteorological characteristics thus change between May and June. 84 

In recent years, many studies on future global warming have shown that the termination 85 

of the Baiu in the Japanese islands is projected to be delayed at the end of the 21st century, 86 

based on the analyses of datasets from the Coupled Model Intercomparison Project phase 87 

3 (CMIP3; Meehl et al. 2007) climate models adopted by the Intergovernmental Panel on 88 

Climate Change (IPCC 2007). In the CMIP3, an El Nino-like future change in the tropical 89 
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Pacific is simulated by most models (Yamaguchi and Noda 2006). Uchiyama and Kitoh 90 

(2004) suggested that the delay of the Baiu termination is caused by the large-scale 91 

circulation response to future changes in the SST pattern, similar to an El Nino-like mean 92 

SST change under the A2 scenario of the Special Report on Emission Scenarios (SRES) 93 

experiment of the Meteorological Research Institute (MRI) - Coupled General Circulation 94 

Model (CGCM2). Uchiyama and Kitoh (2004) also reported that the Baiu onset timing in 95 

the future does not change significantly from that in the present climate. However, 96 

Kawase et al. (2009) suggested that the amount of precipitation under global warming 97 

increases over the southern part of the Baiu rainband in June, using the pseudo global 98 

warming downscaling method. They showed that this increase in precipitation caused by 99 

two factors, the northeastward moisture flux over the northwestern Pacific Ocean at the 100 

lower level and the increase of the southward cold-air advection in the upper level. 101 

Kusunoki et al. (2011) showed that the termination of the Baiu tends to be delayed until 102 

August using the MRI- Atmospheric General Circulation Model, version 3.1 (AGCM3.1). 103 

Weak seasonal evolution of the jet stream during the Baiu season was considered to play 104 

a role in causing this delay (Hirahara et al. 2012). Hirahara et al. (2012), using the CMIP3 105 

dataset, suggested that the westerly jet in the future climate is more strengthened to the 106 

south than that in the present-day climate during summer. They attributed this 107 

strengthening to weaker upward motion associated with the ASM, which was in turn 108 

caused by the stabilized stratification in the tropical atmosphere under global warming. 109 

This southward strengthening of the westerly jet in the future climate result in a peak 110 

latitude of mid-tropospheric thermal advection than in the present-day climate in late July, 111 

which then leads to a significant increase in precipitation in the western part of Japan 112 

(Hirahara et al. 2012; Inoue and Ueda 2012; Kanada et al. 2012). 113 
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Regarding the large-scale atmospheric circulation, Inoue and Ueda (2011) reported that 114 

the first transition over the Indochina Peninsula is projected to be delayed at the end of 115 

the 21st century under the SRES A1B scenario, compared with the present-day climate. 116 

In general, this transition in the present-day climate takes place in response to the reversal 117 

of meridional thermal gradient in the upper troposphere between the Asian continent and 118 

the tropics. The first transition is concurrent with the acceleration of monsoonal westerlies 119 

in the lower troposphere extending from the BOB through the WNP (Li and Yanai 1996). 120 

However, in the future climate the temperature rise in the upper troposphere is projected 121 

to be larger over the equatorial Indian Ocean than over the Asian continent in May (Ueda 122 

et al. 2006; Inoue and Ueda 2011), which results in a weakening of the ASM circulation. 123 

Similar weakening signal of the ASM circulation was found in most of CMIP3 model 124 

projections in June, July, and August (Kitoh et al. 1997; Ueda et al. 2006; Hirahara et al. 125 

2012). In this way, the greater warming projected in the future climate over the Indian 126 

Ocean, compared with that over the Asian continent, results in a weakening of the ASM 127 

circulation because of the smaller temperature difference in the middle-to-upper 128 

troposphere between the ocean and the continent. On the other hand, the summer 129 

monsoon rainfall in the future climate is projected to increase significantly compared with 130 

that in the present-day climate. This increase in rainfall depends on an increase in the 131 

atmospheric moisture content resulting from the temperature rise in future warm 132 

environment. 133 

Although the evolution of the Baiu and the precipitation characteristics in the Japanese 134 

main islands have been extensively studied as described above, the relationship between 135 

the large-scale atmospheric circulation and the precipitation activity in the Baiu frontal 136 

zone, especially under global warming, has not been fully investigated. We suggest that 137 
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understanding future changes to atmospheric circulation is critical to accurately 138 

understanding changes in Baiu rainfall under global warming. In this study, we examine 139 

the future change in the atmospheric conditions for the seasonal evolution of the Baiu 140 

season by using the outputs of the 20-km-mesh MRI-AGCM simulations (Mizuta et al. 141 

2012). The AGCM outputs for the future climates include the results obtained with one 142 

control SST and those obtained with three different SST patterns (Mizuta et al. 2014). 143 

 144 

2. Data 145 

2.1  Climate simulation data 146 

We use 20-km-mesh simulation data for the present-day climate and the future climates 147 

obtained with the super-high-resolution global climate model developed by MRI, i.e., 148 

MRI-AGCM3.2S (Mizuta et al. 2012). Details of the model and the experimental design 149 

can be found in Mizuta et al. (2012) and Mizuta et al. (2014). The simulations utilized a 150 

mass-flux type cumulus convection scheme developed by Yoshimura et al. (2015).   151 

The present-day and the future climate simulations were integrated for the 25-year 152 

periods during 1979–2003 and 2075–2099, respectively. Simulation for the present-day 153 

climate was performed by prescribing the observed SST. The future climate experiments 154 

were performed with the Representative Concentration Pathways (RCP) 8.5 scenario 155 

adopted by the IPCC (2013) for global warming conditions. Four different spatial patterns 156 

of SST changes were applied to project the future climate; one with the mean SST changes 157 

averaged over the results from the 28 models participated in the Coupled Model 158 

Intercomparison Project phase 5 (CMIP5) project; and the three patterns of SST changes 159 
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obtained from a cluster analysis of annual-mean tropical SST change patterns among the 160 

CMIP5 results (Mizuta et al. 2014). According to Mizuta et al. (2014), the characteristics 161 

of the three SST pattern are as follows: Cluster 1 shows smaller warming in the eastern 162 

tropical Pacific and larger warming in the Southern Hemisphere; Cluster 2 is similar to 163 

the observed pattern associated with an El Nino phase, consistent with the CMIP3 result 164 

that projects an El Nino-like response (Yamaguchi and Noda 2006); and Cluster 3 has the 165 

largest warming in the WNP among all the clusters.  166 

In this paper, the simulations are referred to as follows: the present-day climate 167 

simulation with the observed SST is referred to as P_OB; the future climate simulation 168 

with the ensemble-mean SST is referred to as F_C0; and the future climate simulation 169 

with Cluster-1 SST, Cluster-2 SST, and Cluster-3 SST are referred to as F_C1, F_C2, and 170 

F_C3, respectively. The first character indicates the period: the present-day climate (P) 171 

and the future climate (F). The third and fourth characters indicate the SST setting.  172 

We use hourly data from the MRI-AGCM3.2S outputs with 20-km resolution for 173 

precipitation, and six-hourly data at 1.25° resolution for other meteorological variables. 174 

The three-dimensional meteorological datasets are coarser than those with 20-km 175 

resolution, unlike datasets for the ground surface. Daily values are computed from hourly 176 

data. The 25-year mean values are computed for each day of the year to construct 177 

climatological values. 178 

 179 

2.2 Observation and reanalysis data 180 

To verify the climatology in the present-day climate simulation, we use meteorological 181 

data from the Japanese 55-year Reanalysis (JRA-55) (Kobayashi et al. 2015) and two 182 
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observed precipitation datasets produced by the Asian Precipitation Highly-Resolved 183 

Observational Data Integration Toward Evaluation of the Water Resources 184 

(APHRODITE) project (Yatagai et al. 2012) and the Global Precipitation Climatology 185 

Project (GPCP_1DD; Huffman et al. 2001).  186 

Although the JRA-55 dataset covers the years since 1958, we select the same period as 187 

used for the simulated present-day climate by the MRI-AGCM3.2S. This dataset has a 188 

temporal resolution of six hours and spatial resolution of 1.25°, the same resolution as the 189 

MRI-AGCM3.2S. The JRA-55 is extensively improved since the Japanese 25-year 190 

Reanalysis (JRA-25) (Takahashi et al. 2006; Onogi et al. 2007; Watarai and Tanaka 2007).  191 

The APHRODITE dataset has a horizontal resolution of 0.25° and provides daily 192 

precipitation data over the terrestrial area for the Asian monsoon (Yatagai et al. 2012). 193 

This dataset covers the period since 1951, and we also select the same period as used in 194 

the present-day climate simulation. 195 

The GPCP_1DD has a 1° resolution, however, it only includes data since 1997. 196 

Therefore, we use data for the 12 years ending in 2008 for the comparison with the 197 

present-day climate. The GPCP_1DD combines a variety of satellite data and ground-198 

based observational data. The accuracy of this dataset was evaluated by Huffman et al. 199 

(2001). They demonstrated that the precipitation in this dataset is slightly underestimated 200 

when compared with rain- gauge observations because the effects of terrain height are not 201 

considered in the GPCP_1DD. We include this dataset because it has the advantage of 202 

estimating precipitation not only over land but also over the ocean, unlike the 203 

APHRODITE dataset.  204 

 205 
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3. Results 206 

3.1 Monthly mean precipitation and future changes 207 

Generally, the Baiu frontal zone rapidly moves northward from May to June in 208 

Southeast Asia, and this northward shift leads to quasi-stationary precipitation and the 209 

onset of the Mei-yu-Baiu season over a broad region in East Asia, from the southern part 210 

of China to Japan (Kato 1985; Tanaka 1992). The Baiu frontal zone continues to move 211 

northward during June and July and disengages from the Japanese islands in late July. 212 

Figure 1 shows the distribution of monthly mean precipitation from June to August in the 213 

observations and in the present-day climate simulations. The observations indicate that in 214 

June the area with precipitation greater than 14 mm day–1 extends to the southern part of 215 

the Kyushu region (129°–132°E) and the Pacific Ocean side of Japan (Figs.1a and 1d). In 216 

July, this area gradually moves northward along with the Baiu frontal zone (Figs.1b and 217 

1e). The APHRODITE shows strong precipitation in the Kyushu region and in the Korean 218 

Peninsula in July (Fig. 1b). This increase in precipitation in the Korean Peninsula is 219 

concurrent with the Changma onset (Choi et al. 2012). The rainfall from the GPCP_1DD 220 

is smaller than that of the APHRODITE (Fig. 1e). The precipitation in August extends to 221 

the Pacific Ocean side of Japan as shown by the APHRODITE (Fig. 1c), and the 222 

precipitation increases from July to August in the Korean Peninsula as shown by the 223 

GPCP_1DD (Fig. 1f). The simulation indicates that in June, the precipitation is largest in 224 

the Kyushu region and the Pacific Ocean side of Japan among the Japanese terrestrial 225 

areas, which is consistent with observations (Fig. 1g). In July and August, the 226 

precipitation increases in the coastal areas and in the inland part of the Japanese islands, 227 

as well as in the Korean Peninsula (Figs. 1h and 1i). The simulation (Figs. 1g–i) generally 228 
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reproduces well the observed features (Figs. 1d–f). This result is consistent with the study 229 

by Kusunoki (2016) who reported the advantage of the MRI-AGCM3.2S model over the 230 

CMIP5 atmospheric models. Kusunoki et al. (2016) showed that the reproducibility of 231 

the MRI-AGCM3.2 models is greater than, or comparable with, that of the models that 232 

participated in CMIP5 for seasonal precipitation and seasonal evolution. 233 

Figure 2 compares the distribution of monthly mean precipitation from June to August 234 

in the future climate simulations. The results from all the simulations demonstrate that in 235 

June the rainfall area covers not only the southern part of the Kyushu region but also areas 236 

further south (~30°N; Figs. 2a, d, g, and j). All the simulations show that in July the 237 

rainfall amounts in the Korean Peninsula and in the western part of the Kyushu region are 238 

high (Figs. 2b, e, h, and k). In August, the rainfall area covers the western coastal area of 239 

the Korean Peninsula under all the SST patterns (Figs. 2c, f, i, and l). 240 

The future change in monthly mean precipitation between P_OB and F_C0 is shown 241 

in Fig. 3. In June, precipitation significantly increases around the WNP in the future 242 

climate and decreases significantly over the Japanese islands (Fig. 3a). In July, the 243 

precipitation increase extends to areas in the East China Sea, the Japanese islands, and 244 

China (Fig. 3b). In August, the precipitation in F_C0 significantly decreases in the WNP, 245 

the SCS, and most areas of the Japanese islands, while it increases over China (Fig. 3c). 246 

The precipitation change predicted for August differs from that seen in previous studies 247 

(Kitoh et al. 1997; Kusunoki et al. 2011; Hirahara et al. 2012), which showed that the 248 

termination of the Baiu season over the Japanese islands tends to be delayed until August. 249 

This inconsistency can be ascribed to be due to the differences in the simulation settings 250 

employed in the previous studies and in the present study, specifically the differences in 251 
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GCM, emission scenario, and the distribution of SST. Many CMIP3 models predict an El 252 

Nino-like response (Yamaguchi and Noda 2006), and the termination of the Baiu is 253 

predicted to be delayed because of this SST response (Kitoh and Uchiyama 2006). The 254 

differences in atmospheric conditions among F_C1, F_C2, and F_C3 are explained in 255 

Section 3.3. 256 

The temporal evolution of precipitation averaged over the western part of Japan from 257 

May to August in the observations, P_OB, and F_C0 is presented in Fig. 4. We define the 258 

western part of Japan as the region from 30°–36°N and 129°–137°E (as indicated in Fig. 259 

3a). According to the GPCP_1DD, precipitation reaches the temporal peak of 260 

approximately 14 mm day-1 around mid-June. In P_OB, precipitation peaks at 261 

approximately 12 mm day–1 in mid-June, and this peak is consistent with the GPCP_1DD. 262 

Precipitation in theGPCP_1DD shows a temporal peak in mid-May, before the peak in 263 

mid-June, which corresponds to the Okinawa Baiu (Okada et al. 2012). However, the 264 

AGCM does not reproduce this peak (Fig. 4). The peak of precipitation in F_C0 is delayed 265 

by a half month compared with the P_OB results, though the amount of peak precipitation 266 

in F_C0 is comparable with that in P_OB. Because of this delayed increase in 267 

precipitation in F_C0, the precipitation in June in F_C0 decreases significantly in the 268 

western part of Japan (Figs. 3a and 4). Precipitation in F_C0 decreases after the peak in 269 

early-July and the Baiu season in this region terminates during late July and early August.  270 

 271 

3.2  Future changes to the Baiu frontal zone and moisture flux 272 

The Baiu frontal zone is defined as a sharp gradient in specific humidity and equivalent 273 

potential temperature in the lower troposphere (Matsumoto et al. 1971; Kato 1985; 274 
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Ninomiya and Akiyama 1992). We examine the location of the Baiu frontal zone in this 275 

section. The Baiu frontal zone is defined here in terms of the meridional gradients of 276 

equivalent potential temperature ( eθ ) at the 925-hPa level. The eθ  value is approximated 277 

from the moist static energy divided by the specific heat at constant pressure. Figure 5 278 

shows the time evolution of climatological meridional gradients in eθ  at the 925-hPa 279 

level averaged over the longitudinal range that contains the western part of Japan (as 280 

indicated in Fig. 3a), in the reanalysis (JRA-55) and in the present-day climate simulation 281 

(i.e., P_OB). The sharp eθ  gradient is located at approximately 30°–35°N until mid-June, 282 

when it moves northward, in both JRA-55 and P_OB. A local minimum value of the 283 

north-south difference in eθ  (less than approximately –4 K deg–1) indicates the position 284 

of the Baiu frontal zone. 285 

Figure 6 shows the spatial distribution of monthly mean eθ  values from June to August 286 

in the reanalysis (JRA-55) and in the simulations for the present-day (P_OB) and the 287 

future climate with the control SST (F_C0). According to JRA-55, the negative eθ  288 

gradient areas less than –4 K deg–1 extend from the East China Sea to the Japanese islands 289 

in June (Fig. 6a). In July, the negative gradient area along the Pacific coast of Japan 290 

disappears (Fig. 6b). According to Fig. 5, from late July to early August, the magnitude 291 

of the negative eθ  gradient around 35°–40°N becomes larger than –3 K deg–1, which 292 

indicates that the Baiu rainband has disengaged from the Japanese main islands (Figs. 4 293 

and 5). In addition, the strong eθ  gradient areas in August extend to the northern part of 294 

Japan, again because of the land surface heating on the Japanese islands (Fig. 6c). The 295 

distribution of the Baiu frontal zone as shown in JRA-55 corresponds well with the spatial 296 

pattern of the observed precipitation (Figs. 1a–c and 6a–c). The eθ  gradient in P_OB 297 
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demonstrates that the Baiu frontal zone in the present-day climate simulation is able to 298 

reproduce the same northward shift as in JRA-55 throughout the summer (Figs. 6d–f). 299 

The northward shift reproduced in P_OB corresponds well with the observed distribution 300 

of precipitation in the Japanese main islands (Figs. 1 and 6a–f). In addition, the equivalent 301 

potential temperature in P_OB is higher than in JRA-55 because of an effect of 302 

experimental setting (Mizuta et al. 2012; Kobayashi et al. 2015). 303 

The value of eθ  in the lower troposphere in F_C0 rises by about 3%–5% compared to 304 

that in P_OB (Fig. 6). The region with a sharp negative gradient in eθ  extends to the 305 

southern part of the Japanese islands in June. This extension is consistent with the 306 

increased precipitation to the south of Japan and the decreased precipitation in the western 307 

part of Japan simulated in F_C0 (compare Figs. 2a and 6g). This result indicates that the 308 

Baiu onset will be delayed in the future climate simulated by F_C0. Similar to the result 309 

of P_OB in July, the meridional gradient of less than –4 K deg–1 in F_C0 is concentrated 310 

over the Sea of Japan as a result of the northward shift of the Baiu frontal zone (Figs. 6e 311 

and 6h). In August in F_C0, the negative gradient over the Sea of Japan becomes weak 312 

(approximately –2 K deg–1) (Fig. 6i).  313 

In order to quantify the northward movement of the Baiu frontal zone, we define an 314 

index describing the seasonal evolution of this front. This index is defined as the 315 

difference between the area-averaged meridional gradient in eθ  in the adjacent northern 316 

and southern regions which are defined in Fig. 6a. These areas are determined by the 317 

evolution of the Baiu rainband in the Japanese islands. Area C covers longitudinal range 318 

that includes the Okinawa region. The differences are computed by a subtracting 319 

meridional gradient in eθ  in area B from that in area C (referred to as CB) and by 320 



15 
 

subtracting the meridional gradient in eθ  in area A from that in area B (referred to as BA). 321 

Figure 7 presents the seasonal evolution of CB and BA from May to September as 322 

simulated in P_OB and F_C0. Before comparing the seasonal evolution between P_OB 323 

and F_C0, we compare features in P_OB with those in JRA-55 for validation (Figs. 7a 324 

and 7b). It was found that there is a high correlation between P_OB and JRA-55 (the 325 

correlation coefficients for CB and BA are above 0.80), which indicates that P_OB 326 

captures well the seasonal evolution of the Baiu frontal zone. 327 

Based on the validated performance of P_OB, we now describe the changes in the 328 

seasonal evolution of the Baiu from the present-day to the future climate. The index CB 329 

indicates that the values in June are mostly negative in F_C0 and positive in P_OB (Fig. 330 

7c). This indicates that the Baiu frontal zone stays to the south of Japan in F_C0 (Figs. 2a 331 

and 6g). In other months, the signs of CB in P_OB and F_C0 are mostly the same. The 332 

signs of the index BA in P_OB and F_C0 mostly agree with each other for all months 333 

examined here (Fig. 7d). BA in F_C0 does not become negative in July and August 334 

suggesting that the northward shift of the Baiu frontal zone in this region will not change 335 

significantly in the future climate (Figs. 6h, 6i, and 7d). The northward shift demonstrated 336 

here differs from the CMIP3 results, which predicts that the Baiu frontal zone will 337 

stagnate over the Japanese islands until August in future (Uchiyama and Kitoh 2004; 338 

Kusunoki et al. 2011). The index BA in June in F_C0 is mostly negative and similar to 339 

that of P_OB (Figs. 6g and 7d). This result is consistent with the meridional gradient in 340 

eθ  in the Sea of Japan in June does not change significantly from the present-day to the 341 

future climate (Fig. 6g). 342 

To explore large-scale atmospheric features surrounding the Baiu frontal zone, we 343 
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examine the surface pressure fields in East Asia and the surrounding regions. Figure 8 344 

shows the monthly mean sea level pressure (SLP) from June to August. The analysis 345 

fields in June (Fig. 8a) from JRA-55 indicate that the axis of the Northern Pacific 346 

subtropical high (NPSH) is located in the subtropics (20°–25°N). This high suppresses 347 

precipitation in the subtropics, and the Baiu frontal zone spreads to its northern side (Figs. 348 

1a, 1d, and 8a). The NPSH extends westward to the south of the Japanese islands in June 349 

(Fig. 8a) and this westward expansion persists in July (Fig. 8b). In August, the NPSH 350 

moves northward, and the western part of the NPSH covers part of the Japanese islands 351 

indicating that the Baiu frontal zone has disappeared (Fig. 8c). In contrast, a low-pressure 352 

region extends to the north of the Philippines in August. The seasonal evolution of these 353 

SLP features seems to be well reproduced in P_OB (compare Figs. 8a–c and d–f), which 354 

indicates the validity of the present-day climate simulation by the MRI-AGCM2S. 355 

The validated performance of the present-day climate simulation in representing large-356 

scale atmospheric fields gives credence to the results from the future-climate simulations. 357 

The axis of the NPSH in June in F_C0 (Fig. 8g) is located further south (10°–20°N) than 358 

that in P_OB (Fig. 8a). This high gradually shifts northward (Figs. 8h and 8i), similar to 359 

what is seen in P_OB. As shown in Figs. 8h and 8i that in July and August a low-pressure 360 

region, which is found to the north of the Philippines in P_OB, does not extend eastward 361 

over the WNP and is limited to the South and the East China Sea. This low-pressure 362 

region is projected to be weak in Southeast Asia compared with P_OB (Figs. 8d–f and 363 

8f–i), and is weaker than the result of Kusunoki et al. (2006) analyzed under the A1B 364 

scenario. 365 

The low-level transport of water vapor toward the frontal zone by the monsoonal wind 366 
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is essential to the formation of Baiu precipitation (Ninomiya and Akiyama 1992; Tanaka 367 

2007), and hence the moisture transport is examined here. Figure 9 shows the spatial 368 

distributions of moisture flux and column water-vapor content integrated between the 369 

1000- hPa and 200- hPa levels, to elucidate water vapor transport throughout this 370 

atmospheric layer from June to August in P_OB. Although the moisture flux is integrated 371 

throughout the troposphere, water vapor is most abundant in the lower troposphere. The 372 

direction of the moisture flux therefore primarily reflects low-level moisture transport. 373 

Each figure shows 15-day (3 pentads) averages from June to August. In general, the 374 

convergence region of water vapor flux corresponds to the Baiu frontal zone (compare 375 

Figs. 1 and 9). In June, the southwesterly moisture flux is dominant in the southern parts 376 

of China and Japan, with apparent convergence of the moisture flux in those areas (Figs. 377 

9a and 9b). The convergence area is located in the northwestern edge of the NPSH (Fig. 378 

8d) and gradually moves northward with seasonal evolution in July (Figs. 9c and 9d). In 379 

addition, the southwesterly moisture flux prevails in the western part of the Japanese 380 

islands and the convergence area extends to the Sea of Japan. During this period, the low 381 

pressure over the continent spreads eastward in response to the development of the East 382 

Asian summer monsoon (Fig. 8e). The NPSH moves northward in August and the 383 

convergence of moisture flux becomes weak over the Japanese main islands (Figs. 9e and 384 

9f). 385 

For the case of the future climate, the distributions of moisture flux and column water-386 

vapor content from June to August in F_C0 are shown in Fig. 10. The southwesterly flux 387 

continues to prevail to the south of the subtropics during June (Figs. 10a and 10b). In 388 

comparison with P_OB, the area of moisture convergence is limited to the southern part 389 

of Japan and does not extend to the Sea of Japan side of the main islands. This result 390 
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suggests that the Baiu frontal zone in June in F_C0 stagnates in the south of the Kyushu 391 

region (Figs. 9a-b and 10a-b). Generally, low-level water vapor transport into the Baiu 392 

frontal zone by the ASM winds is known to be essential to the formation of Baiu 393 

precipitation (Ninomiya and Akiyama 1992; Tanaka 2007). The ASM is driven by a 394 

large-scale thermal contrast between the Asian landmass and the neighboring oceans (Li 395 

and Yanai 1996; Ueda and Yasunari 1998). The onset of the ASM (the first transition) 396 

was projected to be delayed under global warming (Inoue and Ueda 2011). According to 397 

Inoue and Ueda (2011), this delay is caused by the delay of the reversal of the thermal 398 

contrast in the upper troposphere. We investigate the future change of temperature in the 399 

upper troposphere according to Ueda et al. (2006). 400 

The future change (between P_OB and F_C0) of the thickness between the levels of 401 

200 hPa and 500 hPa in June is presented in Fig. 11. Figure 11 shows that the thickness 402 

between these levels in the tropics (more than ~170 m) is greater than that over the Asian 403 

continent (less than 110 m), which suggests that the temperature rise in the tropics is 404 

larger. The increased temperature in the lower layer leads to an increase in the water vapor 405 

content with relative humidity being significantly unchanged due to water vapor feedback 406 

from P_OB to F_C0. This increase in water vapor content induces an obvious 407 

convergence of water vapor flux at lower latitude compared to P_OB (Figs. 10a and 10b). 408 

The increased water vapor content in the lower layer in addition to the delayed monsoon 409 

onset, is predicted to result in increased precipitation to the south of the Japanese islands, 410 

shown in Figs. 3a, 10a, –b, and 11. 411 

In July, the enhancement in southwesterly moisture flux from the East China Sea to the 412 

Japanese islands along the northwestern side of the NPSH ridge is greater in F_C0 (Figs. 413 



19 
 

10c and 10d) than in P_OB (Figs. 9c and 9d). Previous studies showed that ASM rainfall 414 

significantly increases under global warming, whereas ASM circulation is projected to 415 

become weaker (e.g., Ueda et al. 2006; Inoue and Ueda 2011). This increase in ASM 416 

rainfall is explained by results that show total moisture flux increases due to an increase 417 

in the atmospheric moisture content resulting from rising temperatures (Ueda et al. 2006). 418 

Results from the MRI-AGCM3.2S shows that the low-pressure region in Southeast Asia 419 

that spreads during monsoon onset is predicted to be weaker in F_C0 than in P_OB (Fig. 420 

8). However, the northward moisture flux in F_C0 prevails between the SCS and the 421 

Philippines from late-June to early-July, in contrast to that in P_OB (Figs. 9c and 10c). 422 

In addition, the southwesterly moisture flux transports a sufficient amount of moisture to 423 

the Japanese islands (Fig. 10c). This result suggests that the increase of atmospheric 424 

moisture content by global warming is an important contributor to Baiu rainfall 425 

predictions in F_C0. 426 

Ueda et al. (1995, 2009) showed that an abrupt northward shift of the NPSH is 427 

associated with the CJ over the subtropical WNP (10°–25°N, 130°–170°E) in late July. 428 

To highlight the difference before and after the CJ, precipitation and 850-hPa winds are 429 

averaged for six pentads before and after the CJ onset (Ueda et al. 2009). The difference 430 

of pentads 40–45 to pentads 34–39 is plotted in Fig. 12. According to Ueda et al. (2009), 431 

the CJ takes place in mid-July as a large cyclonic circulation develops around a region 432 

centered at around 15°25°N, 130°160°E. In F_C0, precipitation increases over this region, 433 

while precipitation decreases in the Japanese islands (Fig. 12a). Figure 12 also presents 434 

results from the AGCM experiments with other SST clusters (i.e., F_C1, F_C2, and 435 

F_C3). In F_C1 the precipitation increases in the WNP in mid-July (Fig. 11b), while in 436 
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F_C2 active convection is stronger than other with SST patterns, and precipitation is more 437 

prevalent in the WNP (Fig. 12c). In F_C2 and F_C3, active convection over the WNP 438 

shifts slightly southward compared with F_C1 (Figs. 12b–12d). This southward shift may 439 

affect the later termination of the Baiu in F_C2 and F_C3 compared with F_C1. 440 

 441 

3.3  Future changes in atmospheric conditions due to the difference in SST patterns 442 

In this section, we examine the response of precipitation and atmospheric circulation 443 

to the difference in different SST patterns. Figure 13 shows the future change of monthly 444 

mean precipitation in F_C1, F_C2, and F_C3. In June, the area of increased precipitation 445 

spreads to the south of Japan and the area of decreased precipitation spreads over the 446 

Japanese islands (Figs. 13a, d, and g) for all SST cluster cases. Precipitation in F_C1 tends 447 

to increase in the northern part of Japan and the Korean Peninsula in July and August 448 

(Figs. 13b and 13c). Precipitation in July in F_C2 and F_C3 decreases over most parts of 449 

the Japanese main islands (Figs. 13e and 13h). In August, precipitation in F_C2 increases 450 

in the northern part of the East China Sea and along the Sea of Japan side of the Japanese 451 

archipelago (Fig. 13f). In F_C3, the area of precipitation increase spreads in the Sea of 452 

Japan and the western part of Japan (Fig. 13i). Thus, it is found that predictions of future 453 

changes to precipitation in July and August depend on the SST patterns. 454 

Sampe and Xie (2010) found that throughout the rainy season the area with mean 455 

ascending motion along the Baiu frontal zone correlates well with the band of warm-air 456 

advection. With the progress of the Baiu season in East Asia, the zonal contrast of 457 

temperature in the mid-troposphere becomes enhanced; because the heated surface of the 458 

Asian continent, especially the Tibetan Plateau, and latent heating by monsoonal 459 
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convection in South Asia, warm the troposphere aloft, leading to a larger difference in 460 

mid-troposphere temperature between the Tibetan Plateau and the Baiu frontal zone (Kato 461 

1989; Kodama 1993; Ose 1998; Sampe and Xie 2010). The westerlies jet emanating from 462 

the eastern flank of the Tibetan Plateau transports the warmer air to the southern part of 463 

China and toward the Japanese islands (Sampe and Xie 2010; Okada and Yamazaki 2012). 464 

Therefore, warm-air advection is examined here. 465 

Figure 14 shows the relationship between upward vertical pressure velocity (‒ω) and 466 

horizontal temperature advection at the 500-hPa level over the Japanese islands. 467 

According to Fig. 14, P_OB underestimates upward vertical velocity and warm-air 468 

advection at the 500-hPa level compared with JRA-55 during the Baiu season (Figs. 14a 469 

and 14b). However, the positive and negative patterns of seasonal evolution are mostly 470 

reproduced. In F_C0, warm-air advection and upward motion are enhanced to the south 471 

of 30°N until mid-June (Fig. 14c). In contrast, cold-air advection and downward motion 472 

are significant in the latitudinal band of the western part of the Japanese islands. The 473 

enhanced convection moves northward and concentrates in a similar latitudinal band in 474 

late June. This northward shift is concurrent with an increase in Baiu rainfall, which peaks 475 

in early July in F_C0 (Figs. 4 and 14c).  476 

In F_C1, warm-air advection and upward motion stay to the south of Japan until mid-477 

June, and an active convective zone undergoes the same northward shift as seen in F_C0 478 

(Fig. 14d). This northward shift in F_C0 terminates in late July. F_C2 and F_C3 also 479 

show the stagnation of the enhanced convective zone in the southern part of Japan and 480 

cold-advection prevails in the north of Japan until late June (Figs. 14d and 14e). This 481 

cold-air advection conducts the stagnation of the Baiu rainband to the south of Japan 482 
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during June, consistent with the prediction of Kawase et al. (2009). Furthermore, the 483 

convective area undergoes a northward shift until the beginning of August in F_C2. In 484 

addition, the northward shift in the convective area in F_C3 is slow, and convection 485 

becomes weak in late July, in contrast with the other SST patterns. All SST patterns show 486 

the active convective zone stagnates at the southern part of the Japanese islands during 487 

June (Figs. 14c–f). However, the seasonal evolution of F_C1 differs from the other two 488 

clusters in July and August. F_C1 shows an obvious northward shift after the stagnation 489 

of the Baiu frontal zone in June (Fig. 14c). In F_C2 and F_C3, the enhanced convective 490 

zone persists from mid-June to early July (Figs. 14e and 14f). Thereafter, the convective 491 

zone in F_C2 continues until the beginning of August, and in F_C3 becomes weak in 492 

mid-July. The precipitation in June in the future climate increases in the southern part of 493 

Japan regardless of the SST patterns (Figs. 13a, d and g). In July and August, the seasonal 494 

evolution of the convective areas differs slightly between F_C1, F_C2 and F_C3 (Figs. 495 

14c–f).  496 

Regarding these characteristics in July and August, we investigate the future changes 497 

of vertically integrated water vapor flux. Figure 15 shows absolute values of, and future 498 

changes to, the monthly mean moisture flux in July and August between P_OB and each 499 

SST simulation. In F_C1, the absolute value of the water vapor flux in July indicates an 500 

increase of approximately 180 kg m–1 day–1 in the East China Sea and in the southern part 501 

of the Sea of Japan (Fig. 15a). In August, the southwesterly moisture flux becomes weak 502 

in these regions, and that the areas of high absolute value are concentrated in the Sea of 503 

Japan in F_C0 (Fig. 15b). This northward shift of the concentrated area corresponds to 504 

the northward shift of the convective area from July to August, as shown in Fig. 14b. This 505 

result indicates that F_C1 experiences the termination of the Baiu in late July, as  in the 506 
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present-day climate (Figs. 4 and 5). In F_C2 under El Nino-like pattern (Mizuta et al. 507 

2014), the large absolute value of the moisture flux (approximately 120 kg m–1 day–1) 508 

spreads in the East China Sea, the southern part of the Sea of Japan, and the Pacific Ocean 509 

side of Japan in July (Fig. 15c). This increase of intense moisture flux in July in F_C2 510 

continues into August when the southwesterly flux becomes dominant in the western part 511 

of Japan (Fig.15d). This southwesterly flux deviation transports a sufficient amount of 512 

moisture to the Japanese islands and this persistent moisture supply leads to the delay of 513 

the Baiu termination in F_C2. This result is consistent with previous studies (e.g., 514 

Kusunoki et al. 2011; Endo et al. 2012; Hirahara et al. 2012). Finally, F_C3 indicates an 515 

increase of moisture flux over the East China Sea in July, as do the other two SST patterns 516 

(F_C1 and F_C2; Fig. 15e). The westerly moisture flux deviation spreads over the Pacific 517 

Ocean off the coast of the Japanese islands. In August, the southwesterly moisture flux 518 

becomes dominant in the Japanese islands and the adjacent area, where an increase in 519 

absolute value extends to the south of the Japanese main islands (Fig. 15f). In F_C3, that 520 

shows strong warming in the WNP (Mizuta et al. 2014), a sufficient amount of moisture 521 

is transported to the Pacific coast of the Japanese main islands in the future climate (Fig. 522 

15f). These results indicate that atmospheric conditions in July and August are strongly 523 

influenced by SST, whereas those in June are not. 524 

 525 

4. Summary 526 

Here, we investigated future changes in atmospheric circulation fields during the rainy 527 

season in the Japanese islands (referred to as the Baiu) under the RCP 8.5 scenario using 528 

20-km-mesh MRI–AGCM simulations (Mizuta et al. 2012). The future climate was 529 
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simulated with a control SST and three different SST patterns (Cluster 1, 2 and 3) (Mizuta 530 

et al. 2014). 531 

The Baiu frontal zone defined as in the meridional gradient of equivalent potential 532 

temperature, gradually moves northward during the seasonal evolution of the Baiu in both 533 

the present-day and the future climate simulations. Precipitation in the present-day 534 

climate (P_OB) reaches a temporal peak during mid-June in the western part of Japan, 535 

and this peak correlates well with observations. However, the temporal peak of 536 

precipitation in the future climate using a control SST (F_C0) is delayed by a half month 537 

compared with P_OB in the western part of Japan. In June in F_C0, the Baiu frontal zone 538 

is projected to stay to the south of Japan, which results in increased precipitation in this 539 

region. This result suggests that the Baiu onset is delayed in F_C0. This is attributed to a 540 

delay in the reversal of upper-tropospheric meridional thermal gradient between the Asian 541 

continent and the north Indian Ocean in F_C0. The future changes in precipitation and 542 

atmospheric circulations in June are consistent across all four SST patterns, and therefore 543 

are considered to be robust predictions of future conditions. 544 

We have also examined the response of atmospheric circulation to the difference in 545 

SST pattern between July and August. The termination of the Baiu season takes place in 546 

late July in F_C0. However, in the other three SST patterns (F_C1, F_C2, and F_C3), 547 

atmospheric circulation between July and August differs for each SST pattern. F_C1, with 548 

a non-El Nino-like SST pattern, predicts the termination of the Baiu in late July, as seen 549 

in P_OB. This termination can be explained by a northward shift of warm-air advection 550 

in an upper layer and a southwesterly moisture flux in a lower layer in August. The 551 

convective jump (CJ) in the WNP brings the Baiu season to termination in the Japanese 552 
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main islands. However, in F_C2 and F_C3, the southwesterly flux persists in the Japanese 553 

islands until August. In F_C2, with an El Nino-like SST pattern, the absolute value of 554 

moisture flux increases significantly in the western part of Japan until August. A 555 

sufficient amount of moisture is transported to this region and leads to the delay of the 556 

Baiu termination in F_C2, as seen in previous studies (Kitoh et al. 1997; Kusunoki et al. 557 

2011). The SST pattern for F_C3 includes strong warming in the WNP. In F_C3, a 558 

sufficient amount of moisture is transported to the Pacific Ocean side of the Japanese 559 

islands in July. Although the convergence of moisture flux is smaller than in F_C2, 560 

moisture transport to Pacific Ocean side of the Japanese islands continues until August. 561 

In summary, although precipitation activity in June is consistent across all simulated SST 562 

patterns, the atmospheric conditions in July and August are affected by the SST patterns.  563 

These results differ from those of previous studies, primarily in two areas: the 564 

precipitation increases to the south of Japan in June, and the termination of the Baiu is 565 

not delayed until August. We attribute these differences to differences in the simulation 566 

settings employed by previous studies and by the present study, specifically the 567 

differences in GCM, emission scenarios, and the distribution of SST. The difference in 568 

SST distribution in particular leads to a variation in SLP in the Northwest Pacific, and 569 

affects the NPSH around the Japanese islands. We suggest that inconsistencies with 570 

previous studies are caused primarily by fluctuations in the NPSH. 571 
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Figure captions 709 

Fig.1 Monthly mean precipitation (color shading; mm day–1) from June to August. (a)–710 

(c) APHRODITE, (d)–(f) GPCP_1DD, and (g)–(i) the present-day climate 711 

simulation (P_OB). Columns indicate (left) June, (middle) July, and (right) August. 712 

Fig.2 Same as Fig.1 but for the future climate simulations. (a)–(c) F_C0, (d)–(f) F_C1, 713 

(g)–(i) F_C2, and (j)–(l) F_C3. 714 

Fig.3 Future change of precipitation (mm day–1) in F_C0 in (a) June, (b) July, and (c) 715 

August. Cold (warm) color indicates increase (decrease). The hatched areas show 716 

the 95% confidence level. The black box in (a) indicates the western part of Japan 717 

region (30°–36°N, 129°–137°E). 718 

Fig.4 Time series of precipitation (mm day–1) in the western part of Japan (30°–36°N, 719 

129°–137°E; Fig. 3a) from 25 April to 31 August based on 25-year climatologies 720 

from P_OB (black solid line), and F_C0 (red solid line). The dotted line indicates 721 

GPCP_1DD based on 10-yr averages. All lines are derived by twice applying a 5-722 

day running mean to smooth the precipitation data. 723 

Fig.5 Time-latitude plots of meridional gradients in equivalent potential temperature (K) 724 

at the 925-hPa level over the longitudinal range 129°–137°E. All lines are derived 725 

by twice applying a 5-day running mean to smooth equivalent potential temperature. 726 

(a) JRA-55 and (b) P_OB. 727 

Fig.6 Monthly mean equivalent potential temperature (contoured, eθ ; contour interval 3 728 

K) at the 925-hPa level from June to August. (a)–(c) JRA-55, (d)–(f) P_OB, and (g)–729 

(i) F_C0. Color shading indicates meridional gradient (K deg–1) and the hatched 730 

region indicates sharp gradient (less than –4 K deg–1). The black boxes in (a) indicate 731 
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target regions of Fig. 7 (A: 35°–40°N, 130°–140°E, B: 30°–35°N, 130°–140°E, C: 732 

25°–30°N, 125°–135°E). 733 

Fig.7 Scatter diagram of the Baiu front index (unit; K deg–1). Each point plots differences 734 

between meridional gradient of eθ  in south area and that in north area. The definition 735 

of the regions is shown in Fig. 6a.  (a) CB and (b) BA index show between JRA-55 736 

and P_OB. (c) CB and (d) BA index show between P_OB and F_C0. Each color 737 

indicates as follows; (purple) May, (blue) June, (green) July, (yellow) August, and 738 

(red) September. This figure plots the daily data that is averaged of 25 years. The 739 

lower right of figures shows the correlation coefficient (Cor) and the regression 740 

coefficient (Reg). 741 

Fig.8 Monthly mean sea level pressure (SLP; shading interval 2 hPa) from June to August. 742 

(a)–(c) JRA-55, (d)–(f) P_OB, and (g)–(i) F_C0. Columns indicate (left) June, 743 

(middle) July, and (right) August. The white solid line is 1008 hPa and the dotted 744 

line is 1012 hPa. 745 

Fig.9 Moisture flux (arrows; kg m–1 day–1), moisture flux convergence (shading; kg m–2 746 

day–1), and column water-vapor content (solid contours; mm; contour interval 10 747 

mm) integrated between the 1000-hPa and the 200-hPa level in P_OB during 748 

summer. All distributions divide the June-August period into 15-day increments (3 749 

pentads) except for (a) (14-day increments). (a) 1–14 June, (b) 15–29 June, (c) 30 750 

June–14 July, (d) 15–29 July, (e) 30 July–13 August, (f) 14–28 August. 751 

Fig.10 Same as Fig. 9 but for F_C0. 752 

Fig.11 Future change of 200- 500 hPa thickness (contour interval 10 m) in June between 753 

P_OB and F_C0. The hatched region indicates area in excess of 170 m. 754 

Fig.12 Seasonal changes in precipitation (mm day–1) and 850-hPa winds (m s–1) of the 755 
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future climate (mm day–1) in mid-July (15July–13August minus 15June–14July). (a) 756 

F_C0, (b) F_C1, (c) F_C2 and (d) F_C3. 757 

Fig.13 Same as Fig. 3 but for the individual SST patterns in the future climate simulations. 758 

(a)–(c) F_C1, (d)–(f) F_C2 and (g)–(i) F_C3. 759 

Fig.14 Time-latitude plot of vertical p-velocity (shading; Pa s–1) and horizontal 760 

temperature advection (contours; contour interval 0.1 K day–1) at 500 hPa averaged 761 

over the longitudinal range 125°–142°E. This value is derived by twice applying a 762 

5-day running mean for smoothing. Positive (negative) values denote upward 763 

(downward) vertical velocity and warm (cold) advection. (a) JRA-55, (b) P_OB, (c) 764 

F_C0, (d) F_C1, (e) F_C2, and (f) F_C3. 765 

Fig.15 Future changes (the future climate simulations minus P_OB) of moisture flux 766 

(arrows; more than 50 kg m–1 day–1) and absolute value of moisture flux (contour) 767 

integrated between the 1000-hPa and the 200-hPa level. Future changes indicate 768 

differences from P_OB to the future climate simulations. Contour interval is 30 kg 769 

m–1 day–1. (a)–(b) F_C1, (c)–(d) F_C2, and (e)–(f) F_C3. Columns indicate (left) 770 

July, and (right) August. 771 
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 775 

Fig.1 Monthly mean precipitation (color shading; mm day–1) from June to August. (a)–776 

(c) APHRODITE, (d)–(f) GPCP_1DD, and (g)–(i) the present-day climate simulation 777 

(P_OB). Columns indicate (left) June, (middle) July, and (right) August. 778 

 779 

  780 
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 781 

Fig.2 Same as Fig.1 but for the future climate simulations. (a)–(c) F_C0, (d)–(f) F_C1, 782 

(g)–(i) F_C2, and (j)–(l) F_C3. 783 
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 785 

Fig.3 Future change of precipitation (mm day–1) in F_C0 in (a) June, (b) July, and (c) 786 

August. Cold (warm) color indicates increase (decrease). The hatched areas show the 787 

95% confidence level. The black box in (a) indicates the western part of Japan region 788 

(30°–36°N, 129°–137°E).  789 

 790 

 791 

 792 
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 794 

 795 

Fig.4 Time series of precipitation (mm day–1) in the western part of Japan (30°–36°N, 796 

129°–137°E; Fig. 3a) from 25 April to 31 August based on 25-year climatologies from 797 

P_OB (black solid line), and F_C0 (red solid line). The dotted line indicates 798 

GPCP_1DD based on 10-yr averages. All lines are derived by twice applying a 5-day 799 

running mean to smooth the precipitation data. 800 
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 802 

Fig.5 Time-latitude plots of meridional gradients in equivalent potential temperature 803 

(K) at the 925-hPa level over the longitudinal range 129°–137°E. All lines are 804 

derived by twice applying a 5-day running mean to smooth equivalent potential 805 

temperature. (a) JRA-55 and (b) P_OB. 806 
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 808 

Fig.6 Monthly mean equivalent potential temperature (contoured, eθ ; contour interval 3 809 

K) at 925 hPa from June to August. (a)–(c) JRA-55, (d)–(f) P_OB, and (g)–(i) F_C0. 810 

Color shading indicate meridional gradient (K deg–1). A strong negative value of this 811 

gradient (approximately less than –4 K deg-1; hatched region) corresponds to the Baiu 812 

front. The black boxes in (a) indicate target regions of Fig. 7 (A: 35°–40°N, 130°–813 

140°E, B: 30°–35°N, 130°–140°E, C: 25°–30°N, 125°–135°E). 814 
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 816 

Fig.7 Scatter diagram of the Baiu front index (unit; K deg–1). Each point plots differences 817 

between meridional gradient of eθ  in south area and that in north area. The definition 818 

of the regions is shown in Fig. 6a. (a) CB and (b) BA index show between JRA-55 and 819 

P_OB. (c) CB and (d) BA index show between P_OB and F_C0.  Each color indicates 820 

as follows; (purple) May, (blue) June, (green) July, (yellow) August, and (red) 821 

September. This figure plots the daily data that is averaged of 25 years. The lower right 822 

of figures shows the correlation coefficient (Cor) and the regression coefficient (Reg). 823 
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 826 

Fig.8 Monthly mean sea level pressure (SLP; shading interval 2 hPa) from June to August. 827 

(a)–(c) JRA-55, (d)–(f) P_OB, and (g)–(i) F_C0. Columns indicate (left) June, (middle) 828 

July, and (right) August. The white solid line is 1008 hPa and the dotted line is 1012 829 

hPa. 830 
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 832 

 833 

Fig.9 Moisture flux (arrows; kg m–1 day–1), moisture flux convergence (shading; kg m–2 834 

day–1), and column water-vapor content (solid contours; mm; contour interval 10 mm) 835 

integrated between the 1000-hPa and the 200-hPa level in P_OB during summer. All 836 

distributions divide the June–August period into 15-day increments (3 pentads) except 837 

for (a) (14-day increments). (a) 1–14 June, (b) 15–29 June, (c) 30 June–14 July, (d) 838 

15–29 July, (e) 30 July–13 August, (f) 14–28 August.  839 
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 840 

Fig.10 Same as Fig. 9 but for F_C0. 841 

 842 
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 844 

Fig.11 Future change of 200- 500 hPa thickness (contour interval 10 m) in June between 845 

P_OB and F_C0. The hatched region indicates area in excess of 170 m. 846 
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 849 

Fig.12 Seasonal changes in precipitation (mm day–1) and 850-hPa winds (m s–1) of the 850 

future climate (mm day–1) in mid-July (15July–13August minus 15June–14July). (a) 851 

F_C0, (b) F_C1, (c) F_C2 and (d) F_C3. 852 
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 854 

Fig.13 Same as Fig. 3 but for the individual SST patterns in the future climate simulations. 855 

(a)–(c) F_C1, (d)–(f) F_C2 and (g)–(i) F_C3. 856 

 857 

 858 

 859 
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 861 

Fig.14 Time-latitude plot of vertical p-velocity (shading; Pa s–1) and horizontal 862 

temperature advection (contours; contour interval 0.1 K day–1) at 500 hPa averaged 863 

over the longitudinal range 125°–142°E. This value is derived by twice applying a 5-864 

day running mean for smoothing. Positive (negative) values denote upward 865 

(downward) vertical velocity and warm (cold) advection. (a) JRA-55, (b) P_OB, (c) 866 

F_C0, (d) F_C1, (e) F_C2, and (f) F_C3. 867 
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 869 

Fig.15 Future changes of moisture flux (arrows; more than 50 kg m–1 day–1) and absolute 870 

value of flux (contour) integrated between the 1000-hPa and the 200-hPa level. Future 871 

changes indicate differences from P_OB to the future climate simulations. Contour 872 

interval is 30 kg m–1 day–1. (a)–(b) F_C1, (c)–(d) F_C2, and (e)–(f) F_C3. Columns 873 

indicate (left) July, and (right) August. 874 
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