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Abstract 32 

Through a set of ensemble experiments with an atmospheric general circulation 33 

model (AGCM), potential influence of sea-surface temperature (SST) anomalies is 34 

assessed on large-scale atmospheric circulation anomalies that induced two extreme 35 

events observed over Japan in July 2018. One is a heavy rain event in early July mainly 36 

over western Japan, which was primarily due to extreme moisture inflow associated with 37 

a cyclonic anomaly to the southwest of Japan and an anticyclonic anomaly to the east of 38 

Japan. An AGCM experiment with global SST anomalies prescribed cannot reproduce 39 

the anticyclonic anomaly, which leads to the failure to simulate the enhancement of the 40 

moisture inflow and thereby precipitation over western Japan. The other extreme event 41 

is a heat wave in mid- and late July almost over entire Japan, which was due to a strong 42 

anticyclonic anomaly around Japan. The AGCM experiment with global SST anomalies 43 

can well reproduce the warm anticyclonic anomalies. The additional experiments have 44 

confirmed that SST anomalies in both the Tropics and midlatitude North Pacific have 45 

potential for forcing the leading mode of the atmospheric variability over the western 46 

North Pacific that brought the heat wave. Both the tropical and extratropical SST 47 

anomalies are also found to force poleward shift of the subtropical jet axis over the 48 

western Pacific and anomalous tropospheric warming in the midlatitude Northern 49 

Hemisphere both of which persisted in June and July.  50 

Keywords  heavy precipitation; heat wave; potential predictability 51 

52 
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1. Introduction 53 

From the end of June through early July of 2018, Japan, especially in its western portion, 54 

suffered from a profound heavy rainfall event, which caused more than 230 fatalities 55 

(Shimpo et al. 2019). The heavy rain occurred under the extreme moisture inflow from the 56 

south (Sekizawa et al. 2019; Takemura et al. 2019) and an upper-tropospheric trough to the 57 

west of Japan that favored large-scale ascent over a stationary mei-yu /Baiu front (Shimpo 58 

et al. 2019; Takemura et al. 2019; Yokoyama et al. 2020). This rain event was immediately 59 

followed by the intensification of the low-level North Pacific Subtropical High (NPSH; or 60 

Bonin High) and the upper-level Tibetan High (or South Asian High), which brought 61 

extremely high temperature over Japan until August (Shimpo et al. 2019). Imada et al. 62 

(2019) pointed out that, in addition to the anomalous intensification of those two 63 

anticyclones, the anthropogenic global warming also contributed substantially to this heat 64 

event. They further pointed out that the former was likely to be forced not by the global 65 

warming but partly by other external forcing, including sea-surface temperature (SST) 66 

anomalies. The extreme summertime warmness in Japan may also be linked to the 67 

tropospheric warming in the midlatitude Northern Hemisphere that persisted from autumn 68 

2017 (Shimpo et al. 2019), and this tropospheric warmness may be forced by SST 69 

anomalies in the tropical Pacific (Kobayashi and Ishikawa 2019).  70 

One of the factors that affect summertime climate over East Asia is the Pacific Japan (PJ) 71 

teleconnection pattern, which accompanies anomalous convective activity over the tropical 72 
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western Pacific (Nitta 1987; Kosaka et al. 2006), manifested as modulated typhoon activity 73 

(Choi et al. 2010; Kosaka and Nakamura 2010). The PJ pattern is characterized by a 74 

meridional dipole of height anomalies and associated with interannual variability of the 75 

mei-yu/Baiu precipitation over East Asia (Kosaka et al. 2011a). A particular phase of the PJ 76 

pattern that accompanies enhanced (suppressed) mei-yu/Baiu precipitation tends to 77 

appear after the mature phase of an El Niño (La Niña) event in preceding winter, which can 78 

provide a certain degree of potential predictability of the summertime climatic condition over 79 

East Asia (Xie et al. 2009; Kosaka et al. 2011b). Suppressed mei-yu/Baiu precipitation and 80 

above-normal warmness should therefore be likely in summer 2018 if based on the delayed 81 

remote influence of the PJ pattern response after a La Niña event in 2017/18 winter, but 82 

only the extreme warmness actually occurred.  83 

Another factor that affects the summertime climate over East Asia is the Silk Road 84 

pattern, characterized by eastward-propagating Rossby wave trains along the subtropical 85 

jet (STJ) over the Eurasian continent (Enomoto et al. 2003; Enomoto 2004; Kosaka et al. 86 

2009). Kosaka et al. (2011b) pointed out that with its low correlation with El Niño/La Niña, 87 

the Silk Road pattern has potential predictability that should be lower compared with the PJ 88 

pattern. In addition, Rossby wave propagation through the polar-front jet (PFJ) along the 89 

Siberian coast also affects the summertime climate over the western North Pacific (e.g., 90 

Nakamura and Fukamachi 2004). Liu et al. (2019) claimed that an anticyclonic circulation 91 

anomaly over Japan may be due to eastward wave propagation along the PFJ triggered 92 
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perhaps by SST anomalies over the North Atlantic in July 2018.  93 

The latest studies thus suggest that remote influences from the Tropics and/or the 94 

upstream can lead to the extreme climatic conditions over summertime Japan and 95 

associated anomalous atmospheric circulation, but one may wonder whether SST 96 

anomalies in the midlatitude North Pacific may also play a role. Atmospheric regional model 97 

experiments suggest that the summertime midlatitude SST frontal zone over the North 98 

Pacific, which is a confluent region of the warm Kuroshio and cold Oyashio currents, can 99 

control westerly jets and precipitation (Nakamura and Miyama 2014). Matsumura et al. 100 

(2016) pointed out that a warm SST anomaly along the midlatitude oceanic frontal zone 101 

over the western North Pacific can induce northward shift of the subtropical jet and 102 

mei-yu/Baiu rainband. In the summer of 2018, a warm anomaly was observed over the 103 

western North Pacific (Fig. 1), which may have potential to affect the atmospheric 104 

circulation. 105 

The aim of this study is to investigate the role of SST anomalies in forcing the 106 

atmospheric circulation anomalies during those extreme events in summer 2018, based on 107 

ensemble experiments of an atmospheric general circulation model (AGCM). We evaluate 108 

the influence from the tropical SST anomalies and that from the extratropical SST 109 

anomalies, separately. One may argue that midlatitude SST anomalies are likely to be 110 

forced by atmospheric anomalies, and thus an AGCM experiment forced with midlatitude 111 

SST anomalies may not represent a true causal relationship between the atmosphere and 112 

Fig. 1 
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ocean. However, the warm SST anomaly observed to the southeast of Japan in July 2018 113 

accompanied anomalous upward surface latent and sensible heat fluxes, particularly during 114 

the heat wave event, as confirmed by both the JRA-55 reanalysis and an independent 115 

ocean surface flux data (WHOI OAFlux (Yu and Weller 2007) not shown). This is 116 

suggestive of an active role of the midlatitude ocean in reinforcing the atmospheric 117 

circulation anomalies in July 2018. 118 

 119 

2. Data and Methodology 120 

2.1 Reanalysis data 121 

The Japanese 55-year Reanalysis (JRA-55) dataset is used for this study, which is 122 

available on a 1.25° x 1.25° latitude-longitudinal grid system for the 61-year period from 123 

1958 through 2018 (Kobayashi et al. 2015). Climatological-mean fields are defined daily as 124 

the 61-year averages, and daily anomalies are defined as local deviations from the 125 

climatological mean fields. In place of observed data for precipitation, we use precipitation 126 

data in the reanalysis. This is because precipitation over the ocean is not available until the 127 

satellite era. It is also because our main focus is not on precipitation itself but rather on the 128 

atmospheric circulation that caused the two extreme events. 129 

  130 

2.2 Numerical simulations 131 

We used an atmospheric general circulation model (AGCM) by the name of AFES 132 
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(AGCM For Earth Simulator, Ohfuchi et al. 2004; Kuwano-Yoshida et al. 2010) configured 133 

at horizontal resolution T119 (about 100km), with 56 vertical levels extending from the 134 

surface up to ~0.1hPa. The prescribed SST and sea ice data are the Optimally Interpolated 135 

Advanced Very High Resolution Radiometer (AVHRR) Pathfinder SST (OISST) data 136 

produced by the U.S. National Oceanic and Atmospheric Administration (NOAA) compiled 137 

on a 0.25°x0.25° grid system (Reynolds et al. 2007). Following Lau (1997), we performed 138 

four kinds of AGCM experiments forced with different lower-boundary conditions as follows. 139 

In the Global Ocean-Global Atmosphere (GOGA) experiment, we prescribed observed daily 140 

SSTs over the global oceans. In the Tropical Ocean-Global Atmosphere (TOGA) 141 

experiment, we prescribed observed daily SSTs only over the tropical oceans between 142 

25.5°S and 25.5°N, while the climatological daily SSTs are prescribed for the extratropical 143 

oceans. The tropical and extratropical domains are shown in Fig. 1. Note that observed 144 

SSTs are prescribed over the entire Tropics in our TOGA experiment but only within the 145 

tropical Pacific in its counterpart of Lau (1997). The experiment in which the observed daily 146 

SSTs were prescribed only over the extratropical North Pacific Ocean (between 25.5°N and 147 

65.3°N) while the climatological daily SSTs were prescribed over the other oceans is called 148 

the Midlatitude Ocean–Global Atmosphere (MOGA) experiment. In the climatological 149 

(CLM) experiment, the climatological SSTs are prescribed entirely over the global oceans. 150 

The climatological sea ice was prescribed for all of the experiments. The daily 151 

climatological seasonal cycles of SST and sea ice were obtained as their local averages 152 
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between 1982 and 2013 for individual calendar days. Each of the four experiments has 50 153 

ensemble members integrated from March 10 through July 31, 2018. In addition, we 154 

performed two sets of 30-member ensemble integrations with higher horizontal resolution 155 

(T239, nearly 50km) in the same configuration as in the GOGA (GOGA-H) and CLM 156 

(CLM-H) experiments. There are two reasons why we conducted the higher-resolution 157 

model experiment. One is that a higher-resolution model has a tendency to represent more 158 

intense precipitation (e.g., Kusunoki et al. 2016). The other reason is that the higher 159 

resolution is needed for AGCMs to obtain realistic atmospheric responses to midlatitude 160 

SST anomalies (e.g., Czaja et al. 2019), although we have not conducted its 161 

higher-resolution counterpart of the MOGA experiment due to limited computer resources. 162 

 163 

3. Results 164 

3.1 The heavy rain event in early July 2018 165 

As shown in Fig. 2, precipitation anomalies based on the reanalysis after averaged over 166 

the heavy rain period (28th June ~ 8th July, 2018) were positive almost entirely over Japan, 167 

and they exceeded 16 mm/day over western Japan (Fig. 2a). Precipitation averaged over 168 

the Chugoku area (33-35°N, 132-135°E), a part of western Japan, was as much as 37.3 169 

mm/day if averaged during this period, which was the largest precipitation in the same 170 

period over the last 61 years and more than three times larger than the climatological-mean 171 

value. The heavy rainfall was associated with a profound anomalous moisture flux from the 172 

Fig. 2 
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south (Fig. 2a), which was also the largest over the last 61 years (Takemura et al. 2019). 173 

The anomalous moist southerlies were likely due to slight eastward retreat and northward 174 

expansion of the NPSH and a cyclonic anomaly over the southern East China Sea.  175 

Sampe and Xie (2010) proposed that warm horizontal temperature advection in the 176 

mid-troposphere dynamically induces ascent along the STJ to organize the mei-yu/Baiu 177 

rainband. Kosaka et al. (2011a) found that the interannual variability of the mei-yu/Baiu 178 

precipitation is also in conjunction with that of the horizontal temperature advection. During 179 

the rain event, positive anomalies of the 500-hPa horizontal temperature advection were 180 

indeed observed over western Japan (Fig. 2b) on the basis of period-mean fields of 181 

horizontal wind and temperature for individual years. The warm advection during the rain 182 

event averaged over the Chugoku area was the 7th largest over the last 61 years. This 183 

anomalous advection was due to the anomalous southwesterlies crossing the 184 

climatological-mean temperature gradient along the STJ. The anomalous southwesterlies 185 

during the rain event were associated with an anticyclonic vorticity anomaly over the 186 

western North Pacific in the upper troposphere (Fig. 2c), which formed in conjunction with a 187 

cyclonic anomaly to its south. These dipolar anomalies are reminiscent of the PJ pattern. In 188 

fact, the lower-tropospheric anticyclonic anomaly was located just below the node of those 189 

upper-tropospheric dipolar anomalies, suggestive of a northward tilt of the vorticity 190 

anomalies with height as a characteristic of the PJ pattern (Kosaka and Nakamura 2006, 191 

2010). 192 
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The GOGA experiment cannot reproduce the positive precipitation anomaly as the 193 

ensemble-mean response, which is defined locally as the deviation from the CLM 194 

experiment. The period-mean precipitation is even less than that of the CLM experiment 195 

over the western Japan (Fig. 2d and Table 1). Compared with the CLM experiment, the 196 

surface NPSH in the GOGA experiment is retreated too far eastward in association with the 197 

overestimated cyclonic anomaly to the south of Japan relative to its observational 198 

counterpart. The northward expansion of the NPSH is not well simulated, either, which may 199 

be one of the factors for the failure in reproducing the heavy rain. The anomalous moisture 200 

flux simulated over western Japan is westward, rather than poleward in the reanalysis. As 201 

in the GOGA experiment, neither the ensemble-mean responses in the GOGA-H 202 

experiment nor the TOGA experiment (Fig. 2g) can reproduce the enhanced precipitation 203 

(Table 1). Meanwhile, as in the GOGA experiment, the cyclonic anomaly to the south of 204 

Japan is also simulated in the TOGA experiment, suggestive of the potential forcing of 205 

tropical SST anomalies on the cyclonic anomaly. This cyclonic anomaly may reflect a 206 

deeper monsoon trough and frequent passages of tropical cyclones. Takaya (2019) argued 207 

that the cyclonic anomaly may be caused by warm SST anomalies over the tropical North 208 

Pacific associated with the Pacific meridional mode. By contrast, the corresponding 209 

responses in precipitation and lower-tropospheric circulation are very weak in the MOGA 210 

experiment (not shown).  211 

In the mid-troposphere, horizontal warm advection anomaly is not simulated in the GOGA 212 

Table. 

1 

Fig. 1 
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experiment, because of the underestimated southerly component of the wind anomaly (Fig. 213 

2e). This may be attributable to the northward shifted anticyclonic vorticity anomaly in the 214 

mid- and upper troposphere, and slight overestimation of its westward extension relative to 215 

its observational counterpart (Fig. 2f). This anticyclonic vorticity anomaly is also simulated 216 

in the TOGA experiment (Fig. 2h), suggesting that the tropical SST anomalies forced this 217 

vorticity anomaly. The SST anomalies over the midlatitude North Pacific may also force 218 

such an anticyclonic vorticity anomaly (Fig. 2i), but the response is found to be much 219 

weaker than that in the GOGA and TOGA experiments. 220 

 221 

3.2 Forcings of the atmospheric circulation anomalies during the heavy rainfall event 222 

We here focus on upper-tropospheric divergence in the Tropics that could force the 223 

atmospheric circulation anomalies over the western North Pacific. During the heavy rainfall 224 

period, a negative anomaly of velocity potential and anomalous divergence wind were 225 

observed at the 150-hPa level over the tropical/subtropical western Pacific in association 226 

with locally enhanced precipitation (Figs. 3a and 3c). This anomalous divergence wind and 227 

the increased precipitation are also found as the ensemble-mean responses in the GOGA 228 

experiment (Figs. 3b and 3d) and TOGA experiment (not shown), indicative of the forcing 229 

by the tropical SST anomalies. Over the Eurasian continent, a wave train similar to the Silk 230 

Road pattern was observed along the STJ, manifested as strong positive and negative 231 

anomalies in meridional wind velocity, including the anomalous southerlies over Japan (Fig. 232 

Fig. 3 
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3e). In the response in the GOGA experiment, there is a hint of such a wave train along the 233 

STJ, but the associated meridional wind anomalies are severely underestimated and their 234 

geographical phase differs totally from what was observed in the reanalysis over Eurasia 235 

(Fig. 3f). Though substantially weaker, the anomalous southerlies over Japan and 236 

anomalous northerlies to the east in the GOGA response are nevertheless consistent with 237 

their observational counterpart. As suggested from Fig. 3h, they are associated with an 238 

anticyclonic response over northern Japan that appears to constitute a dipolar response 239 

with a cyclonic response northeast of the Philippines. The dipolar response is also 240 

simulated in the TOGA experiment, indicative of forcing by tropical SST anomalies. Similar 241 

dipolar anomalies were actually observed (Fig. 3g), but the simulated anticyclonic anomaly 242 

is displaced slightly northward.  243 

In the mid-troposphere, a chain of positive and negative height anomalies in association 244 

with eastward wave activity flux (Takaya and Nakamura 2001) was observed along the PFJ 245 

over the Siberian coast (Fig. 3g). This wave train is similar to the one that typically forms the 246 

surface Okhotsk high in July (Nakamura and Fukamachi 2004), as actually observed during 247 

the heavy rain period (Shimpo et al. 2019). Neither the wave train nor the surface Okhotsk 248 

high are simulated in the responses of the GOGA experiment (Fig. 3h), which suggests that 249 

those circulation anomalies are not forced by the SST anomalies. One of the factors for the 250 

failure to simulate the heavy rain event is likely due to the inability of the AGCM to simulate 251 

the two wave trains as observed along the STJ and PFJ, both of which may be internally 252 



 12 

generated in the atmosphere. 253 

 254 

3.3 The heat event in mid and late July 2018 255 

 In mid- and late July 2018 (11th ~ 30th), 850-hPa temperature based on the reanalysis 256 

averaged over the main islands of Japan (30-45°N, 130-145°E) was the highest in the 257 

same period over the last 61 years and higher than its climatology by as much as 2.1°C 258 

(Table 2). Associated with a low-level anticyclonic vorticity anomaly (Fig. 4b), the warm 259 

anomaly over the Far East centered at the western portion of the Sea of Japan was so 260 

strong that exceeded two standard deviations (Fig. 4a). The GOGA experiment reproduces 261 

both the anomalous warmness and anticyclonic vorticity anomaly as the ensemble-mean 262 

responses (Figs. 4d and 4e). The ensemble-mean temperature response averaged over 263 

Japan is 1.0°C (Table 2), accounting for nearly half of the observed anomaly. The 264 

anomalous warmness and anticyclonic anomaly around Japan are also simulated in both 265 

the TOGA and MOGA experiments (Figs. 4g, 4h, 4j and 4k). The warm anomaly averaged 266 

over Japan is slightly higher in the TOGA experiment (0.7°C) than in the MOGA experiment 267 

(0.5°C), while the temperature anomaly distribution in the MOGA experiment is more similar 268 

to that in the reanalysis than that in the TOGA experiment. In the TOGA experiment (Fig. 269 

4g), the center of the warm anomaly is not over Japan but displaced southward. A similar 270 

warm anomaly maximum is also simulated in the GOGA experiment (Fig. 4d), which is 271 

located between the extreme warm anomaly just north of Japan and another warm anomaly 272 

Table. 

2 

Fig. 4 
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around 15°N in the reanalysis. In the upper troposphere, an anticyclonic vorticity anomaly 273 

was also observed slightly to the north of its lower-tropospheric counterpart in the 274 

reanalysis and each of the ensemble responses in the AGCM experiments (Figs. 4c, 4f, 4i, 275 

and 4l). As in the heavy rain period, the phase of these circulation anomalies is tilting 276 

northward with height, as a characteristic of the PJ pattern. 277 

 278 

3.4 Forcings of the atmospheric circulation anomalies during the heat wave event 279 

In mid- and late July 2018, negative anomalies of upper-tropospheric velocity potential 280 

prevailed over the western North Pacific (Fig. 5c), accompanied by enhanced precipitation 281 

to the east of the Philippines (Fig. 5a). These observational features are well reproduced as 282 

the ensemble-mean responses in the GOGA (Figs. 5b and 5d) and TOGA experiments (not 283 

shown), suggestive of the importance of SST forcing. Over the Eurasia continent, an 284 

upper-tropospheric wave train similar to the Silk Road pattern was observed along the STJ 285 

(Fig. 5e), and another wave train along the Siberian coast, which was also evident in the 286 

mid-troposphere (Fig. 5g). Seemingly, the latter wave train originated from an anticyclonic 287 

anomaly over northern Europe, and this particular anomaly is simulated in the GOGA (Fig. 288 

5h) and TOGA experiments (not shown). Nevertheless, those wave trains over Eurasia are 289 

reproduced in none of those experiments. 290 

For more discussions on the formation of the anticyclonic anomaly over northern Europe, 291 

we have conducted another ensemble experiment where the observed SSTs were 292 

Fig. 5 
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prescribed only over the North Atlantic (between 25.5°N and 65.3°N). In the experiment, 293 

however, no such anticyclonic anomaly is simulated. Taking it into consideration that the 294 

anomaly is simulated in the TOGA experiment, the anticyclonic anomaly was likely forced 295 

by tropical SST anomalies, although a particular basin that contributed the most is not 296 

distinguishable. The mechanisms for the formation of the anticyclonic anomaly under the 297 

remote influence from the tropical SST anomalies will be addressed in our future work. 298 

 299 

3.5 Leading atmospheric modes over the Western North Pacific in mid- and late July 300 

For further discussion on the atmospheric circulation anomalies that induced the heat 301 

wave, an empirical orthogonal function (EOF) analysis is applied to 200-hPa westerlies in 302 

the reanalysis over the western North Pacific (30-60°N, 110-160°E). The westerlies have 303 

been averaged for the 11th ~ 30th July in the individual years, before the EOF analysis 304 

applied to their interannual variability from 1958 through 2018. The first, second, and third 305 

EOFs explain 40.2%, 16.9%, and 11.0% of the total variance, respectively. The normalized 306 

principal components (PCs) of the first, second, and third EOFs are 2.18, 1.07, and 0.98, 307 

respectively, for 2018. Obtained by regressing 850-hPa temperature anomalies onto the 308 

first PC, a warm anomaly associated with the first EOF is located around Japan between 309 

33°N ~ 50°N (Fig. 6a). The warm anomaly is associated with anticyclonic vorticity 310 

anomalies both in the lower and upper troposphere (Figs. 6b and 6c), as actually observed 311 

during the heat wave event (Figs. 4a, 4b and 4c). Taking it into consideration that the first 312 

Fig. 6 
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PC in 2018 is substantially larger than the second and third PCs and that the second and 313 

third EOFs are both associated with cooling anomalies over Japan in 2018 (not shown), we 314 

conclude that the observed warmness during the heat wave event should be mostly due to 315 

the dominance of the leading mode of the anomalous upper-level westerlies. 316 

The first EOF of the variability of the upper-level westerlies accompanies meridional 317 

tripoles of anomalies in 500-hPa height (Fig. 7g) and precipitation (Fig. 7a) over the 318 

western North Pacific. The first EOF thus basically represents the tripolar pattern (Hirota 319 

and Takahashi 2012) as the leading mode of atmospheric variability over the summertime 320 

western North Pacific, whose essential element is the PJ pattern. Unlike in the observed 321 

anomalies during the heat wave event, a wave train along the STJ is not represented by the 322 

first EOF (Figs. 7e and 7g), suggesting its independence from the tripolar pattern. 323 

 The positive PC of the first EOF also corresponds to a negative anomaly of 324 

upper-tropospheric velocity potential to the northeast of the Philippines (Fig. 7c), onto which 325 

the anomalous velocity potential observed during the heat wave event (Fig. 5c) has some 326 

projection. Still, the observed negative anomaly of velocity potential near the Philippines 327 

was displaced slightly to the south of its counterpart in the first EOF. This latitudinal 328 

displacement seems consistent with the corresponding displacement in precipitation 329 

anomalies between the EOF and reanalysis (Figs. 5a and 7a). The apparent discrepancy is 330 

likely due to the contribution from the third EOF that accompanies a negative anomaly of 331 

velocity potential near the Philippines (not shown). Over the Indian Ocean, a positive 332 

Fig. 7 
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anomaly of velocity potential is observed, while the corresponding anomaly is negative for 333 

the first EOF. The SST anomalies in the Tropics may force the observed positive anomaly 334 

over the Indian Ocean, which may dominate over the contribution from the first EOF.  335 

The same EOF analysis as above has been also applied to the AGCM experiments. We 336 

used totally 200 ensemble members (i.e., 50 ensemble members for each of the four 337 

experiments). The first, second, and third EOFs of the 200-hPa westerlies explain 40.3%, 338 

20.4%, and 11.1% of the total variance, respectively. The patterns of circulation anomalies 339 

associated with the first EOF for the AGCM are overall similar to those of their counterpart 340 

for the reanalysis (Figs. 6 and 7). The normalized value of the first PC averaged among the 341 

50 members of the GOGA experiment is greater than the corresponding value for the CLM 342 

experiment by 0.82. This difference is statistically significant at the 5 % level, based on the 343 

Student’s t-test under the assumption that the probability distribution of the first PCs is the 344 

standard normal distribution. This significant difference in the first PC suggests that the 345 

global SST anomalies in 2018 were likely to contribute to the occurrence of the heat wave 346 

through development of the first mode that resembles the PJ pattern. Likewise, the first 347 

PCs averaged among the ensembles for the TOGA and MOGA experiments are also 348 

greater than that of the CLM experiments by +0.33 and +0.55, respectively, but only the 349 

latter is statistically significant. This suggests that the SST anomalies both in the Tropics 350 

and extratropical North Pacific could trigger the first EOF in 2018 and the latter was likely a 351 

bit more efficient.  352 
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We have shown that observed circulation anomalies over the western North Pacific may 353 

also be forced by the SST anomalies over the extratropical North Pacific, as suggested by 354 

the MOGA experiment (Figs. 4j-l). In that experiment, precipitation is slightly enhanced and 355 

suppressed (Fig. 5b) over warm and cool SST anomalies to the southeast and southwest, 356 

respectively, of Japan (Fig. 1b). The associated anomalous vertical motion may force 357 

vorticity anomalies in both the lower and upper troposphere (not shown). In addition, 358 

anomalous transient eddy activity may reinforce the zonal wind response over the western 359 

North Pacific in the MOGA experiment (not shown). However, it remains for our future study 360 

to investigate the specific mechanisms through which the extratropical SST anomalies can 361 

force the observed atmospheric anomalies.  362 

It should be noted that the increase of the mean PC by the global SST anomalies is at 363 

most +0.82 in the AGCM, while the PC observed in 2018 in the reanalysis is 2.18. This 364 

suggests that the observed first mode in 2018 was not solely forced by the SST anomalies, 365 

but also contributed to by internal atmospheric dynamics.  366 

 367 

4. Discussions 368 

4.1 Poleward shift of the STJ axis over the western North Pacific 369 

In the heavy rain and heat wave periods, the STJ axis, defined as a meridional maximum 370 

of 200-hPa westerly intensity averaged zonally across the western North Pacific (120° ~ 371 

160° E), was located poleward of its climatological-mean position by 4.3° and 5.4° in 372 
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latitude, respectively, corresponding to the 3rd and 2nd highest values among the last 61 373 

years (Tables 1 and 2). Though underestimated, the GOGA experiment reproduces the 374 

poleward shift of the STJ axis relative to the CLM experiment by 2.6° in the heavy rain 375 

event (Table 1) and 2.0° in the heat wave event (Table 2) as the ensemble-mean responses. 376 

These poleward shifts of the STJ axis are also simulated in the GOGA-H experiment, 377 

although the jet shift is not statistically significant if averaged over the heat wave event. As 378 

shown in Tables 1 and 2, tropical SST anomalies contribute significantly to the poleward 379 

STJ shift in both periods, while the extratropical SST anomalies over the North Pacific 380 

contribute significantly only during the heat wave event. 381 

According to the reanalysis, the STJ axis defined by the westerlies averaged across the 382 

western North Pacific tended to be shifted poleward relative to its climatological position in 383 

June through July, 2018, except for mid-June (Fig. 8a). Both the GOGA and GOGA-H 384 

experiments overall reproduce this tendency of the poleward STJ shift as the 385 

ensemble-mean responses (Figs. 8b and 8e). Particularly, the response in the GOGA-H 386 

experiment is somewhat weaker in mid-June, which seems consistent with reduced 387 

northward shift of the STJ as actually observed in that period. The TOGA experiment also 388 

simulates this northward shift (Fig. 8c), although the simulated wind anomalies are 389 

somewhat weaker than in the GOGA experiment. The MOGA experiment also simulates 390 

the northward shift, but the simulated wind anomalies are generally so weak that the 391 

simulated shift is significant only during the heat wave period especially around mid-July 392 

Fig. 8 
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(Fig. 8d). This means that the forcing on the poleward STJ shift was mainly due to SST 393 

anomalies in the Tropics, and SST anomalies in the midlatitude North Pacific may also 394 

contribute, especially to the heat wave in mid-July.  395 

We have also checked contributions to the poleward shift of the STJ axis from 396 

sub-weekly eddies through their meridional momentum transport. However, their 397 

contribution is generally weak or out of phase relative to the anomalous westerlies in the 398 

reanalysis (not shown). This suggests that the observed circulation anomalies during the 399 

summer are mostly dominated by low-frequency dynamics. 400 

 401 

4.2 Tropospheric warmness in the midlatitude Northern Hemisphere 402 

Kobayashi and Ishikawa (2019) have reported that zonal-mean tropospheric 403 

temperatures in the midlatitude Northern Hemisphere was extremely warmer than the 404 

climatology persistently from autumn 2017 to summer 2018. They argued that this 405 

zonal-mean anomalous warmness was forced by zonal-mean anomalous convective 406 

activity in the northern subtropics (around 15°N) and contributed to the anomalous 407 

warmness over Japan in summer 2018. This persistent midlatitude warmness in the 408 

troposphere is indeed evident in zonally-averaged 500-hPa temperatures in the reanalysis 409 

(Fig. 9a). As its ensemble response, the GOGA experiment simulates the warm anomaly 410 

over the midlatitude Northern Hemisphere in June and July 2018 with its maximum about 411 

1.2°C (Fig. 9b). The TOGA experiment also simulates this midlatitude warm anomaly, 412 

Fig. 9 
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although its magnitude is only 0.8°C or less (Fig. 9c). Though even weaker, the 413 

corresponding warm response in the MOGA experiment is still significant and clearly 414 

exhibits a midlatitude maximum (Fig. 9d). These results suggest that the SST anomalies 415 

not only in the Tropics but also in the midlatitude North Pacific were likely to contribute to 416 

the persistent warm anomaly in the midlatitude troposphere in 2018 summer. It will be our 417 

future study to investigate whether the corresponding SST anomalies observed over the 418 

extratropical North Atlantic can also contribute to the persistent anomalous warmness.  419 

 420 

4.3 Extreme members in the ensemble AGCM experiments 421 

In the preceding sections, we have focused mainly on ensemble-mean fields to discuss 422 

forced components of atmospheric variability. In this subsection, we pick up two members 423 

among the ensemble members: one simulates the largest precipitation over the Chugoku 424 

area during the heavy rainfall period (22.9 mm/day), and the other the highest temperature 425 

anomalies over Japan during the heat wave event (+2.3 K). The former is from the TOGA 426 

experiment, and the latter from the GOGA experiment.  427 

The member with the largest precipitation accompanies a positive precipitation anomaly 428 

not only over western Japan but also over eastern Japan (Fig. 10a). A cyclonic anomaly is 429 

evident to the southwest of Japan as in the reanalysis and ensemble-mean response in 430 

the GOGA experiment (Figs. 2a and 2d). Unlike in the ensemble-mean response, the 431 

cyclonic anomaly accompanies a strong northward moisture flux toward western Japan. 432 
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Although no anticyclonic anomaly is simulated to the east of Japan, there is an 433 

anticyclonic anomaly to the north of Japan. As in the reanalysis, this anticyclonic anomaly 434 

seems be related to the amplification of the Okhotsk high. In the mid-troposphere, the 435 

anomalous horizontal temperature advection is positive in association with the anomalous 436 

southeasterlies (Fig. 10b) as in the reanalysis (Fig. 2b). An anticyclonic vorticity anomaly is 437 

also simulated over the northern part of Japan as in the reanalysis. Those circulation 438 

anomalies should set a favorable condition for more precipitation in this particular member 439 

than in the ensemble-mean responses. This member accompanies a negative anomaly of 440 

velocity potential south of Japan (Fig. 11a), which is also evident in the reanalysis and 441 

ensemble-mean responses (Figs. 3c and 3d). Meanwhile, the wave train observed along 442 

the STJ in the reanalysis (Fig. 3e) is not reproduced in the particular member (Fig. 11c).  443 

The particular member with the strongest warm anomaly over Japan during the heat 444 

wave event simulates a lower-tropospheric warm anomaly and anticyclonic vorticity 445 

anomaly both over Japan (Figs. 10d-e), as in the reanalysis and ensemble-mean 446 

response (Figs. 4a, b, g, and h). An anticyclonic anomaly is also observed in the upper 447 

troposphere to the north of its lower-tropospheric counterpart (Fig. 10f), accompanied by a 448 

negative anomaly of velocity potential to the south of Japan (Fig. 11b) as in the reanalysis 449 

(Fig. 5c). The wave train is also simulated along the STJ (Fig. 11d), though weaker than in 450 

the reanalysis (Fig. 5e). 451 

Wave-train signature along the STJ in each of the two extreme events among the 452 
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ensemble members (Figs. 11c-d) tends to be weaker than in the reanalysis (Figs. 3e, 5e). 453 

In fact, the variance of upper-tropospheric meridional wind among the ensemble members 454 

of our AGCM experiments is smaller (Figs. 11e-f) than the corresponding variance of 455 

year-to-year fluctuations in the reanalysis in both the heavy rain and heat wave periods 456 

(Figs. 11g-h). In the reanalysis zonally extended maxima of the variance are observed 457 

over southern and northern portions of Eurasia, which are likely to correspond to Rossby 458 

waves propagating along the STJ and PFJ, respectively. Our model can simulate the wave 459 

propagation to some extent as internal variability, but their amplitudes tend to be 460 

underestimated than in the reanalysis.  461 

 462 

5. Conclusions 463 

We have investigated atmospheric circulation anomalies that caused the two extreme 464 

events observed over Japan in July 2018. The heavy rain event in early July was caused 465 

mainly by the extremely large moisture flux from the Tropics in conjunction with a cyclonic 466 

anomaly to the southwest of Japan and an anticyclonic anomaly to the east of Japan both 467 

in the lower troposphere. Our AGCM experiments with observed SSTs prescribed cannot 468 

simulate the anomalous northward moisture flux and enhanced precipitation over western 469 

Japan as the ensemble-mean response, arising in part from the failure in reproducing the 470 

anticyclonic anomaly. This failure is not related to the horizontal resolution of the AGCM but 471 

rather attributable to underestimation of two stationary Rossby wave trains over Eurasia in 472 
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the model: one is observed along the PFJ over the Siberian coast and the other is the Silk 473 

Road teleconnection along the STJ. Those wave trains were unlikely to be forced by SST 474 

anomalies but rather manifestations of internal atmospheric variability.  475 

Our AGCM experiments with observed SSTs prescribed is able to simulate the 476 

anomalous warmness over Japan during the heat wave event in mid- and late July, which 477 

suggests that the observed heat wave was, at least in part, forced by SST anomalies. The 478 

tropical SST anomalies activated cumulus convection to the east of the Philippines and 479 

could thereby force anticyclonic anomalies over Japan through triggering the PJ pattern, 480 

which is the essential element of the leading mode of the atmospheric circulation variability 481 

over the western North Pacific both in the observations and in our AGCM simulations. The 482 

SST anomalies over the extratropical North Pacific might also contribute to the amplification 483 

of the first mode and thereby to the anomalous warmness. Our ensemble AGCM 484 

experiment with prescribed global SST has thus revealed a certain level of potential 485 

predictability of the heat wave event. Nevertheless, the experiment still underestimates the 486 

extreme warmness observed over Japan. One of the reasons for this underestimation may 487 

be that the resolution of the AGCM is not sufficiently high. In fact, the area-averaged 488 

temperature anomaly over Japan in the GOGA-H experiment (nearly 50km resolution) is 489 

1.6°C, which is higher than that in the GOGA experiment (nearly 100km resolution) (Table 490 

2). Another reason may be that the wave train observed along the STJ that also contributed 491 

to the extreme warmness is not simulated in our experiments as ensemble responses, 492 



 24 

which is consistent with Imada et al. (2019), but inconsistent with Liu et al. (2019). The 493 

mechanisms for triggering the wave train and its influence on the heat wave event should 494 

require further investigation. 495 

Our AGCM experiments have also revealed that the persistent poleward shift of the STJ 496 

axis over the western North Pacific as well as persistent tropospheric warmness in the 497 

midlatitude Northern Hemisphere in early summer 2018 were likely to be forced by SST 498 

anomalies mainly in the Tropics and also partly by those in the midlatitude North Pacific. 499 

The results obtained in this study suggest the necessity to evaluate the role of SST 500 

anomalies in the extratropics in addition to the Tropics for better seasonal prediction of the 501 

midlatitude climate. 502 
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List of Figures 613 

 614 

Fig. 1  Anomalies of SSTs (K) of the NOAA OISST (a) averaged over the heavy rain period 615 

(28th June ~ 8th July 2018), and (b) averaged over the heat wave (11th ~ 30th July 2018). 616 

Black lines signify domains used for TOGA and MOGA experiments. 617 

 618 

Fig. 2  (a) Anomalies of precipitation (mm/day; color), 850-hPa geopotential height (m; 619 

contour), and vertically integrated moisture flux (Kg m-1s-1; blue arrow) in the reanalysis 620 

averaged for the heavy rain period. Thick contour signifies 850-hPa climatological-mean 621 

geopotential height being 1500 m. (b) Anomalies of 500-hPa horizontal temperature 622 

advection (K/day; contour). Colors are for those normalized by standard deviations of 623 

interannual variability among the last 61 years. Purple arrows are for horizontal wind 624 

anomalies at the 500-hPa level. (c) As in (b), but for 200-hPa vorticity (10-5 s-1). (d) As in 625 

(a), but for responses of the GOGA experiment. (e) As in (b), but for responses of the 626 

GOGA experiment. Significant positive (negative) anomalies at the 5 % level based on 627 

the student t-statistics are indicated by yellow (blue) shading. (f) As in (e), but for 628 

200-hPa vorticity. (g) As in (d), but for responses of the TOGA experiment. (h) As in (f), 629 

but for responses of the TOGA experiment. (i) As in (f), but for responses of the MOGA 630 

experiment. 631 

 632 
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Fig. 3  (a,c,e,g) Anomalies of (a) precipitation (contour for ±2, ±6, ±10,,, mm/day), (c) 633 

150-hPa velocity potential (±1, ±2, ±3,,,×106 m2s-1), (e) 200-hPa meridional wind (±2, ±6, 634 

±10,,,, ms-1). (g) 500-hPa geopotential height (±10, ±30, ±50,,, m), in the reanalysis 635 

during the heavy rain period. Colors are their normalized values. Red contours in (e) are 636 

for climatological zonal wind (15, 30 ms-1). Purple arrows in (c) indicate 150-hPa 637 

anomalous divergent wind (ms-1). Purple arrows in (g) indicate the 500-hPa wave-activity 638 

flux defined by Takaya and Nakamura (2001). (b, d, f, h) Reponses of (b) precipitation, (d) 639 

velocity potential, (f) 200-hPa meridional wind, and (h) 500-hPa geopotential height in the 640 

GOGA experiments. Significant positive (negative) anomalies at the 5 % level based on 641 

the t-statistics are indicated by yellow (blue) shading. Red contours in (f) indicate zonal 642 

wind (15, 30 ms-1) in the CLM experiment. 643 

 644 

Fig. 4  (a,b,c) Anomalies of (a) 850-hPa temperatures (0.5, 1.0, 1.5,,, K), (b) 850-hPa 645 

vorticity (±0.5, ±1.0, ±1.5,,, ×10-5 s-1) , and (c) 200-hPa vorticity (±1, ±2, ±3,,, ×10-5 s-1) in 646 

the reanalysis averaged for the heat wave period (from 11th to 30th July, 2018). (d, e, f) 647 

As in (a, b, c), respectively, but for responses in the GOGA experiment. (g,h,i) As in (d,e,f), 648 

respectively, but in the TOGA experiment. (j, k, l) As in (d,e,f), respectively, but in the 649 

MOGA experiment. 650 

 651 

Fig. 5  As in Fig. 3, but for average during the heat wave event. 652 
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 653 

Fig. 6  (a) Anomalies of 850hPa temperature averaged for the heat wave period regressed 654 

onto the PC of the first EOF mode in the reanalysis (contour for ±0.2, ±0.4, ±0.6,,, K). (b) 655 

As in (a), but for 850-hPa vorticity (±0.2, ±0.4, ±0.6,,, ×10-5 s-1). (c) As in (a), but for 656 

200-hPa vorticity (±0.5, ±1.0, ±1.5,,, ×10-5 s-1). Yellow and blue shading denotes 657 

correlation coefficient being positively and negatively significant at the 5 % level, 658 

respectively. (d,e,f) As in (a,b,c), respectively, but for the AGCM experiments. 659 

 660 

Fig. 7  (a, c, e, g) As in Fig. 6a, but for (a) precipitation (contour for ±1, ±2, ±3,, mm/day), 661 

(c) 150-hPa velocity potential (±0.5, ±1.0, ±1.5,,,×106 m2s-1), (e) 200-hPa meridional wind 662 

(±2, ±6, ±10,,,, ms-1), (g) 500-hPa geopotential height (±5, ±15, ±25,,, m) in the reanalysis. 663 

(b, d, f, h) As in (a,c,e,g), respectively, but for the AGCM experiments. 664 

 665 

Fig. 8  (a) Anomalies of 200-hPa zonal wind zonally (colored) averaged for 120-160°E 666 

(ms-1) from 1st June through 31 July 2018 in the reanalysis, and its climatological mean 667 

(black contours with intervals of 5 ms-1 and zero line is thickened). These fields are 668 

subjected to 5-day running mean. (b) As in (a), but for the response of the GOGA 669 

experiment (red and blue contours are for 2,4,6,, ms-1, and -2,-4,-6,,, ms-1, respectively.) 670 

and zonal wind of the CLM experiment (black contour). (c, d, e) As in (b), but for (c) the 671 

TOGA, (d) MOGA, and (e) GOGA-H experiments. 672 
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 673 

Fig. 9  (a) Anomalies of zonally-averaged 500-hPa temperatures in the reanalysis (K, 674 

colored). (b, c, d) As in (a), but for the response in the (b) GOGA, (c), TOGA, and (d) 675 

MOGA experiments (interval: 0.2 K and contours equal to or larger than 1.0 K are 676 

thickened). 677 

 678 

Fig. 10  (a,b,c) As in Figs. 2(a,b,c), respectively, but for anomalies in a particular member 679 

with the largest precipitation within western Japan among the ensemble members. (d,e,f) 680 

As in Figs. 4(a,b,c), respectively, but for anomalies simulated in a particular member with 681 

the highest temperatures over Japan. 682 

 683 

Fig. 11  (a, c) (a, c) As in Figs. 3(c, e), respectively, but for anomalies of a particular 684 

member with the largest precipitation within western Japan among the ensemble 685 

members. (b, d) As in Fig. 5(c, e), respectively, but for anomalies of a particular member 686 

with the highest temperatures over Japan. (e, f) Standard deviation of 200-hPa 687 

meridional wind velocity among all the ensemble members (e) during the heavy rain 688 

period and (f) during the heat wave period. (g, h) Standard deviation of 200-hPa 689 

meridional wind velocity associated with year-to-year variability in the reanalysis for the 690 

corresponding periods of (g) the heavy rain and (h) the heat wave events. 691 

 692 
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 694 

Fig. 1  Anomalies of SSTs (K) of the NOAA OISST (a) averaged over the heavy rain period 695 

(28th June ~ 8th July 2018), and (b) averaged over the heat wave (11th ~ 30th July 2018). 696 

Black lines signify domains used for TOGA and MOGA experiments. 697 
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 699 

Fig. 2  (a) Anomalies of precipitation (mm/day; color), 850-hPa geopotential height (m; 700 

contour), and vertically integrated moisture flux (Kg m-1s-1; blue arrow) in the reanalysis 701 

averaged for the heavy rain period. Thick contour signifies 850-hPa climatological-mean 702 

geopotential height being 1500 m. (b) Anomalies of 500-hPa horizontal temperature 703 

advection (K/day; contour). Colors are for those normalized by standard deviations of 704 

interannual variability among the last 61 years. Purple arrows are for horizontal wind 705 

anomalies at the 500-hPa level. (c) As in (b), but for 200-hPa vorticity (10-5 s-1). (d) As in 706 
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(a), but for responses of the GOGA experiment. (e) As in (b), but for responses of the 707 

GOGA experiment. Significant positive (negative) anomalies at the 5 % level based on 708 

the student t-statistics are indicated by yellow (blue) shading. (f) As in (e), but for 709 

200-hPa vorticity. (g) As in (d), but for responses of the TOGA experiment. (h) As in (f), 710 

but for responses of the TOGA experiment. (i) As in (f), but for responses of the MOGA 711 

experiment. 712 
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 719 

 720 

Fig. 3  (a,c,e,g) Anomalies of (a) precipitation (contour for ±2, ±6, ±10,,, mm/day), (c) 721 

150-hPa velocity potential (±1, ±2, ±3,,,×106 m2s-1), (e) 200-hPa meridional wind (±2, ±6, 722 

±10,,,, ms-1). (g) 500-hPa geopotential height (±10, ±30, ±50,,, m), in the reanalysis 723 
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during the heavy rain period. Colors are their normalized values. Red contours in (e) are 724 

for climatological zonal wind (15, 30 ms-1). Purple arrows in (c) indicate 150-hPa 725 

anomalous divergent wind (ms-1). Purple arrows in (g) indicate the 500-hPa wave-activity 726 

flux defined by Takaya and Nakamura (2001). (b, d, f, h) Reponses of (b) precipitation, (d) 727 

velocity potential, (f) 200-hPa meridional wind, and (h) 500-hPa geopotential height in the 728 

GOGA experiments. Significant positive (negative) anomalies at the 5 % level based on 729 

the t-statistics are indicated by yellow (blue) shading. Red contours in (f) indicate zonal 730 

wind (15, 30 ms-1) in the CLM experiment. 731 
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 734 
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 736 

 737 

Fig. 4  (a,b,c) Anomalies of (a) 850-hPa temperatures (0.5, 1.0, 1.5,,, K), (b) 850-hPa 738 

vorticity (±0.5, ±1.0, ±1.5,,, ×10-5 s-1) , and (c) 200-hPa vorticity (±1, ±2, ±3,,, ×10-5 s-1) in 739 
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the reanalysis averaged for the heat wave period (from 11th to 30th July, 2018). (d, e, f) 740 

As in (a, b, c), respectively, but for responses in the GOGA experiment. (g,h,i) As in (d,e,f), 741 

respectively, but in the TOGA experiment. (j, k, l) As in (d,e,f), respectively, but in the 742 

MOGA experiment. 743 

 744 
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 747 

Fig. 5  As in Fig. 3, but for averages during the heat wave event. 748 
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 750 

 751 

Fig. 6  (a) Anomalies of 850hPa temperature averaged for the heat wave period regressed 752 

onto the PC of the first EOF mode in the reanalysis (contour for ±0.2, ±0.4, ±0.6,,, K). (b) 753 

As in (a), but for 850-hPa vorticity (±0.2, ±0.4, ±0.6,,, ×10-5 s-1). (c) As in (a), but for 754 

200-hPa vorticity (±0.5, ±1.0, ±1.5,,, ×10-5 s-1). Yellow and blue shading denotes 755 

correlation coefficient being positively and negatively significant at the 5 % level, 756 

respectively. (d,e,f) As in (a,b,c), respectively, but for the AGCM experiments. 757 
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 761 

Fig. 7  (a, c, e, g) As in Fig. 6a, but for (a) precipitation (contour for ±1, ±2, ±3,, mm/day), 762 

(c) 150-hPa velocity potential (±0.5, ±1.0, ±1.5,,,×106 m2s-1), (e) 200-hPa meridional wind 763 

(±2, ±6, ±10,,,, ms-1), (g) 500-hPa geopotential height (±5, ±15, ±25,,, m) in the reanalysis. 764 

(b, d, f, h) As in (a,c,e,g), respectively, but for the AGCM experiments.  765 
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 767 

Fig. 8  (a) Anomalies of 200-hPa zonal wind zonally (colored) averaged for 120-160°E 768 

(ms-1) from 1st June through 31 July 2018 in the reanalysis, and its climatological mean 769 

(black contours with intervals of 5 ms-1 and zero line is thickened). These fields are 770 

subjected to 5-day running mean. (b) As in (a), but for the response of the GOGA 771 

experiment (red and blue contours are for 2,4,6,, ms-1, and -2,-4,-6,,, ms-1, respectively.) 772 
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and zonal wind of the CLM experiment (black contour). (c, d, e) As in (b), but for (c) the 773 

TOGA, (d) MOGA, and (e) GOGA-H experiments. 774 

  775 
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 776 

 777 

Fig. 9  (a) Anomalies of zonally-averaged 500-hPa temperatures in the reanalysis (K, 778 

colored). (b, c, d) As in (a), but for the response in the (b) GOGA, (c), TOGA, and (d) 779 

MOGA experiments (interval: 0.2 K and contours equal to or larger than 1.0 K are 780 

thickened). 781 
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 784 

Fig. 10  (a,b,c) As in Figs. 2(a,b,c), respectively, but for anomalies in a particular member 785 

with the largest precipitation within western Japan among the ensemble members. (d,e,f) 786 

As in Figs. 4(a,b,c), respectively, but for anomalies simulated in a particular member with 787 

the highest temperatures over Japan. 788 
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 791 

Fig. 11  (a, c) As in Figs. 3(c, e), respectively, but for anomalies of a particular member 792 

with the largest precipitation within western Japan among the ensemble members. (b, d) 793 

As in Fig. 5(c, e), respectively, but for anomalies of a particular member with the highest 794 

temperatures over Japan. (e, f) Standard deviation of 200-hPa meridional wind velocity 795 
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among all the ensemble members (e) during the heavy rain period and (f) during the heat 796 

wave period. (g, h) Standard deviation of 200-hPa meridional wind velocity associated 797 

with year-to-year variability in the reanalysis for the corresponding periods of (g) the 798 

heavy rain and (h) the heat wave events. 799 
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 802 

 803 

List of Tables 804 

 805 

Table 1  Upper row is for precipitation anomaly in the reanalysis (JRA-55) and 806 

ensemble-mean precipitation responses (GOGA, TOGA, MOGA, and GOGA-H) over the 807 

Chugoku area in western Japan during the heavy rain period (mm/day). Lower row is for 808 

anomaly and ensemble-mean responses of latitude of the subtropical jet latitude over the 809 

western North Pacific. Asterisks signify that the responses are statistically significant at 810 

the 5% level based on the Student’s t-test. 811 

 812 

Table 2  The same as Table 1, but for during the heat wave period and upper row is for 813 

850-hPa temperatures averaged over Japan. 814 

 815 
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Table 1  Upper row is for precipitation anomalies in the reanalysis (JRA-55) and 817 

ensemble-mean precipitation responses (GOGA, TOGA, MOGA, and GOGA-H) over the 818 

Chugoku area in western Japan during the heavy rain period (mm/day). Lower row is for 819 

anomaly and ensemble-mean responses of latitude of the subtropical jet latitude over the 820 

western North Pacific. Asterisks signify that the responses are statistically significant at 821 

the 5% level based on the Student’s t-test.  822 

 823 

 824 

Heavy rain JRA55 GOGA TOGA MOGA GOGA-H 
Precipitation 25.8 -1.5 1.0 -1.2 -1.7 
LAT. of jet axis 4.3 2.6* 1.5* 0.9 3.7* 
 825 

 826 

 827 

 828 

  829 
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 830 

Table 2  The same as Table 1, but for during the heat wave period and upper row is for 831 

850-hPa temperatures averaged over Japan. 832 

 833 

heat wave JRA55 GOGA TOGA MOGA GOGA-H 
T850 2.1 1.0* 0.7* 0.5* 1.6* 
LAT. of jet axis 5.4 2.0* 1.2* 1.3* 0.9 

 834 

 835 


