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Abstract 27 

 28 

To investigate the dependence of future projections for summertime East Asian precipitation on 29 

their present-day model climatology, the models well reproducing the observed climatology over 30 

East Asia are focused on in the analysis of the fifth phase of the Coupled Model Intercomparison 31 

Project (CMIP5) future projections for the period 2075–2099 under the Representative 32 

Concentration Pathway 8.5 global warming scenario. The future projection by these models 33 

indicates that summertime monthly climatological precipitation in future East Asia is more likely 34 

systematically decreased in some regions rather than evenly increased in every wet region.  35 

The CMIP5 36-model ensemble mean monthly circulation change at 700 hPa is characterized 36 

through the future summertime by a cyclonic circulation change to the south of Japan and the 37 

associated downward motion changes around Japan. The models showing the above features more 38 

clearly tend to simulate stronger westerlies over East Asia and more tropical precipitation in the 39 

present-day northern summer climatology. Therefore, an ensemble of the models reproducing the 40 

observed westerlies over East Asia, which are stronger than the 36-model ensemble mean, tend to 41 

simulate a strong downward motion change regionally in the future East Asian summer so that the 42 

possibility of a decrease in monthly precipitation is enhanced there against the ‘wet-getting-wetter’ 43 

effect.  44 

The future circulation change over East Asia was considered as a part of the western North 45 

Pacific circulation change that responds to the future reduction of vertical motion in the vertically 46 

stabilized tropics. Large future reduction of the tropical vertical motion necessary for the strong 47 

downward motion change in East Asia can be attributed to the present-day climatology of much 48 

precipitation and large upward motion in the tropics.  49 

Keywords: global warming; East Asia; precipitation; CMIP5; circulation; uncertainty 50 

51 
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1. Introduction 52 

This study was initiated to address two questions that arose from a preceding study by Ose 53 

(2019), who analyzed future changes in summertime East Asian monthly precipitation in the global 54 

warming experiments using the 60-km-resolution Meteorological Research Institute–Atmospheric 55 

Global Circulation Model (MRI-AGCM) (Kitoh et al. 2016).  56 

Ose (2019) found that the patterns of future changes in precipitation and vertical velocity in 57 

East Asia are determined by the adiabatically diagnosed vertical velocity anomaly in the 58 

60-km-resolution MRI-AGCM global warming experiments. One purpose of the present study is to 59 

see whether this is also the case in the fifth phase of the Coupled Model Intercomparison Project 60 

(CMIP5：Taylor et al. 2012). Although the 60-km-resolution MRI-AGCMs display high skill with 61 

respect to present-day climatology simulations, the MRI-AGCMs represent a small model diversity 62 

of three different cumulus schemes available when compared with the CMIP5 model ensemble. 63 

Various precipitation schemes are used and various interactions between climate-system elements 64 

such as atmosphere–ocean interactions are included in the CMIP5 models. 65 

Another aim is to identify what controls future projections of atmospheric circulation anomalies 66 

and precipitation changes in summertime East Asian climate. The possibility of a decrease in 67 

monthly precipitation is simulated regionally around Japan in the MRI-AGCM future summertime 68 

experiments, whereas an increase in monthly precipitation is seen in the majority of the CMIP5 69 

model ensemble over most regions of East Asia (shown later), which is probably the result of the 70 

“wet-getting-wetter” effect (Held and Soden 2006). The differences between these future 71 
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projections will be indicated by examining their dependence on present-day model climatology, 72 

which can be evaluated using the observations. 73 

The dynamical effects for precipitation changes are focused on in the present study. The 74 

thermodynamic component of the “wet-getting-wetter” effect is caused by increase in moisture over 75 

wet regions, which is expected almost everywhere under the global warming, so that the 76 

thermodynamic component is projected with relatively small error in its geographical distribution. 77 

On the other hand, the dynamical effects on precipitation changes are represented by future changes 78 

in atmospheric circulations such as atmospheric divergences or vertical motions. The future 79 

circulation changes are sometimes formed by atmospheric wave propagation from remote sources. 80 

Therefore, significant uncertainties can be entered into projections for the future distribution of the 81 

East Asian summer precipitation (Zhou et al. 2017; Ose 2019). The dynamical components of 82 

moisture transportation are changed by various characteristic sources related to the global warming. 83 

A unique source in the global warming future is reductions in the tropical vertical motion due to the 84 

increased vertical dry stability. This source creates common robust characteristics among the global 85 

warming simulations, such as the weakening of the tropical circulation (Vecchi and Soden 2007) 86 

including summer Asian monsoon circulation in the western North Pacific (Hirahara et al. 2012).  87 

In the remainder of this paper, the data used in this analysis is presented in Section 2, and the 88 

results are presented in Section 3. Sections 4 and 5 provide the discussion and summary, 89 

respectively. 90 

 91 
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2. Experimental Data for Analysis 92 

The CMIP5 36-model ensemble of historical experiments and the global warming experiments 93 

run under the Representative Concentration Pathways (RCP) scenario 8.5 (IPCC 2013; Table 1) 94 

were analyzed in this study. The difference between the two sets of 25-year simulations covering 95 

the present-day period from 1980 to 2004 and the future period from 2075 to 2099, was defined as a 96 

future change or a future anomaly for each model of the CMIP5 36-model ensemble. The future 97 

change or future anomaly for each model was adjusted to the value at an annual mean global 98 

warming of 4 K, using the future projection of the 25-year annual global mean surface air 99 

temperature. The Global Precipitation Climatology Project (GPCP; Adler et al. 2003) and the 100 

Japanese 55-year Reanalysis (JRA-55 reanalysis; Kobayashi et al. 2015) were used to compare 101 

precipitation and atmospheric elements between the simulated and observed present-day 102 

climatology. All data used in the study are re-gridded at 2.5 by 2.5 degrees in longitude and latitude. 103 

 104 

3. Results 105 

3.1. Future precipitation changes over East Asia 106 

Figure 1 shows the future changes in the CMIP5 36-model ensemble mean precipitation, 107 

together with the percentage of models in the ensemble that project positive changes. An increase in 108 

precipitation is projected over most of East Asia, except parts of central China in July and August. 109 

The increase is relatively significant in northeastern China and over the ocean to the southeast of the 110 

Japanese Archipelago through the summertime. 111 

Fig. 1 

Table 1 
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A 10-model ensemble was chosen from the 36-model ensemble, and this comprised 10 models 112 

that simulate the present-day East Asian summertime monthly climatology relatively accurately 113 

when compared with the observations (Fig. 2). Specifically, the accuracy of the simulations was 114 

estimated from the spatial correlation (COR) with the observed present-day 25-year mean monthly 115 

climatology over East Asia during the June–August (JJA) period. The correlation (COR) between a 116 

simulated monthly mean field (f) and the corresponding observation (g) is defined as follows:  117 

 118 

𝐶𝑂𝑅 𝑓, 𝑔  ∑ ∑ 𝑓′𝑖𝑚𝑔′𝑖𝑚/ ∑ ∑ 𝑓′𝑖𝑚𝑓′𝑖𝑚/ ∑ ∑ 𝑔′𝑖𝑚𝑔′𝑖𝑚,  (1) 119 

 120 

where 121 

 𝑓′𝑖𝑚 𝑓𝑖𝑚 𝑓�̅�) 𝑤𝑖, 122 

𝑔′𝑖𝑚 𝑔𝑖𝑚 �̅�𝑚) 𝑤𝑖, 123 

𝑓�̅� = ∑ 𝑓𝑖𝑚𝑤𝑖/∑ 𝑤𝑖, 124 

�̅�𝑚 = ∑ 𝑔𝑖𝑚𝑤𝑖/∑ 𝑤𝑖, 125 

𝑤𝑖 = cos 𝜑𝑖, 126 

 127 

and i represents the ith grid within the East Asian region (110–150°E, 20–50°N), m is months from 128 

June to August, and 𝜑𝑖 is the latitude of the ith grid. 129 

The average of the two CORs for precipitation and the 500 hPa zonal wind was used as a 130 

metric for summertime East Asian climatology (i.e., Metric-for-East-Asia) to evaluate the similarity 131 

Fig. 2 
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of the spatial distribution between the observations and model simulations. Monthly climatology of 132 

westerlies is concerned as well as that of precipitation in the Metric-for-East-Asia because future 133 

precipitation is sensitive to the future shift of the East Asian jet (Horinouchi et al. 2019). The 134 

Metric-for-East-Asia ranges from 0.51 to 0.88 in the CMIP5 36-model ensemble. The 10-model 135 

ensemble consists of 10 models for which the Metric-for-East-Asia was greater than 0.75, and the 3 136 

(21) models that had a Metric-for-East-Asia of more than 0.8 (0.7) are referred to as the 3-model 137 

ensemble (21-model ensemble). Comparing the 6 mm day–1 contour in Fig. 2a and 2b, and the 10 138 

and 12 m s–1 contours in Fig. 2c and 2d shows that the 10-model ensemble mean climatology more 139 

closely resembles the observations than do the 36-model ensemble means in respect of the peak 140 

values for precipitation and the 500 hPa westerlies around Japan. 141 

Figure 3 is the same as Fig. 1 except for the 10-model ensemble. When compared with the 142 

simulation generated by the 36-model ensemble, the regional contrasts in future precipitation 143 

patterns over East Asia are emphasized by the 10-model ensemble. The 10-model ensemble 144 

projection of precipitation for JJA seasonal mean is more similar to the CMIP5 ‘good model’ 145 

analysis for RCP 6.0 scenario by Seo et al. (2013) than that of the 36-model ensemble in Fig. 1a; the 146 

increased precipitation in the Baiu region and to the north and northeast of the Korean Peninsula, 147 

and the slight decrease or increase in the East China Sea. It is noted that the CMIP5 ‘good models’ 148 

by Seo et al. (2013) are chosen based on the present-day JJA mean precipitation climatology in East 149 

Asia. Future decrease in JJA precipitation seems to be simulated for RCP4.5 scenario over East 150 

Asian continental land by many of the CMIP5 models chosen from a view of the Asian monsoon 151 

Fig. 3 
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variability and teleconnections (Preethi et al. 2017).  152 

In June, the 10-model ensemble shows little change in precipitation from north of the Japanese 153 

Archipelago to the southern coast of China, whereas the increase in precipitation is widespread and 154 

large to the south of Japan. In August the marginal signals of the future changes appear on the 155 

Pacific side of Japan while the increase in precipitation is intensified on the Japan Sea side. In July 156 

of the 10-model ensemble, the possibility of a decrease in precipitation seems moderate in central 157 

China.  158 

 159 

3.2. Future circulation anomalies over East Asia 160 

Figures 4 and 5 depict monthly future changes in the pressure-coordinate vertical velocity at 161 

700 hPa for the 36-model and 10-model ensemble means, respectively. The difference in future 162 

precipitation changes between the 10-model and 36-model ensembles can be attributed to the 163 

difference in future vertical motion changes, considering the closely correlated spatial distributions 164 

of the precipitation and the vertical velocity. In fact, the 36-model average of each model’s COR for 165 

JJA between future changes in precipitation and pressure-coordinate vertical velocity at 700 (500) 166 

hPa is –0.738 (–0.790). For the 36-model ensemble means, the COR between those future changes 167 

at 700 hPa is –0.542 which is stronger than that of –0.146 at 500 hPa. This is why the 700 hPa fields 168 

are analyzed in Figs. 4 and 5 instead of 500 hPa, the reason for the low value of -0.146 at 500 hPa is 169 

not identified clearly though. In June and August, larger future changes in vertical velocity are 170 

confirmed in the 10-model ensemble mean (Fig. 5) by comparing with the 36-model ensemble 171 

Fig. 4 

Fig. 5 
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mean (Fig. 4), but the spatial pattern is similar in both plots. The geographical locations of the 172 

intensified upward and downward vertical motion in Figs. 5b and 5d are consistent with the regions 173 

of strong and weak signals for a wet future in Fig. 3b and 3d. 174 

The monthly future changes in adiabatically diagnosed vertical velocity (Sampe and Xie 2010; 175 

Ose 2019) at 700 hPa obtained from the 25-year mean monthly fields are also shown for the 176 

36-model and 10-model ensembles together with the 700 hPa stream-function anomalies in Figs. 4 177 

and 5, respectively. The adiabatic diagnosis of vertical motion changes is based on the 178 

thermodynamical equation with the tendency term neglected and the present-day 25-year mean 179 

monthly vertical stability used even for the future (Eq.3 in Ose 2019). Under these two assumptions, 180 

the diagnosed ascending and descending changes are directly related to the terms for warm and cold 181 

advection changes respectively. The future change of the vertical stability is not essential for 182 

understanding the future changes in vertical velocity over the extratropical East Asia (Ose 2019) but 183 

important in the tropics (see Section 4). The discussion about the use of the 25-year mean monthly 184 

fields is also included in Section 4. 185 

The COR for JJA between the future changes in the 36-model ensemble mean vertical velocity 186 

and its adiabatically diagnosed vertical velocity at 700 (500) hPa is 0.543 (0.595). The 36-model 187 

average of each model’s corresponding COR for JJA is 0.424 (0.422). These relationships are 188 

qualitatively consistent with the results of the study on the Baiu rainband formation by Sampe and 189 

Xie (2010) and its application by Ose (2019). However, the magnitude of the future change in 190 

adiabatically diagnosed vertical velocity is comparable to that of the simulated vertical velocity, 191 
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which is in contrast to those two previous studies that found the former to be a half to one-third of 192 

the latter. This point is discussed in Section 4. 193 

The above qualitative relationship leads to a recognition that the future changes in downward 194 

(upward) motion are located in the northerly (southerly) wind zones of the future changes in the 195 

stream functions where downward (upward) motion is adiabatically diagnosed from the 25-year 196 

mean fields in Fig. 4. This fact is clearly found in Fig. 5. The vertical velocity anomalies for the 197 

36-model ensemble mean in June and August are intensified at almost the same locations as for the 198 

10-model ensemble mean. Correspondingly, the spatial pattern of the stream-function anomalies for 199 

the 10-model ensemble mean is roughly similar to that of the 36-model ensemble mean but with a 200 

large magnitude.  201 

This approximation was estimated quantitatively using a projection coefficient onto the 202 

36-model mean stream function at 700 hPa over East Asia (110–150°E, 20–50°N). A projection 203 

coefficient (PCOEF) of a stream function (𝜓) onto the 36-model mean (𝛹36) was defined for each 204 

model as follows, employing the notation in Eq. (1): 205 

 206 

PCOEF = COR (𝜓, 𝛹36) ∑ ∑ 𝜓′𝑖𝑚𝜓′𝑖𝑚.                  (2) 207 

 208 

The 36-model ensemble mean of the PCOEFs is 1.00 from the above definition. The PCOEFs 209 

in the 36-model ensemble diverge from 2.50 at the maximum to –0.57 at the minimum with 210 

seemingly no clear relationship with the Metric-for-East-Asia (not shown). However, a systematic 211 
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increase of PCOEFs with the Metric-for-East-Asia is detected for the model ensemble means. The 212 

10-model ensemble mean of the PCOEFs is 1.13, meaning that the pattern of the 36-model 213 

ensemble mean stream-function anomaly (𝛹36) is included in the 10-model ensemble mean 214 

anomaly with the larger magnitude by 1.13. The PCOEF is 1.70 for the 3-model mean and 1.06 for 215 

the 21-model mean, which are larger than 1.00 for the 36-model ensemble mean. 216 

The above statistics are explained in other words as follows: the 36-model ensemble projection 217 

has a large diversity of future anomalies in East Asia (𝜓) around the ensemble average (𝛹36) from 218 

one projection including very large positive 𝛹36 component to another projection including 219 

negative 𝛹36 component. As the ensemble members are limited to the models reproducing their 220 

present-day East Asian model climatology closer to the observed one compared with the 36-model 221 

ensemble, such as the 21-model, 10-model and 3-model ensembles, 𝛹36 component tend to be 222 

included more strongly in the ensemble mean future anomaly (mean 𝜓) but with a certain amount 223 

of diversity left among the ensemble members. 224 

3.3. Dependence on the present-day model climatology 225 

Assuming that a larger PCOEF indicates more intense future anomalies of the 36-model 226 

ensemble mean circulation, vertical motion, and precipitation over East Asia (Fig. 4), the 227 

inter-model correlations between PCOEFs and other fields can give an insight into various 228 

cause-and-effect relationships concerning future precipitation change in East Asia. For example, 229 

Figure 6a shows the correlations of the PCOEFs with the present-day JJA mean precipitation and 230 

200 hPa zonal wind in the 36-model ensemble. The correlation with the 200 hPa zonal wind over 231 

Fig. 6 
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East Asia is significant, being significant at the 99% level in the area north of the Japanese 232 

Archipelago. As shown in Fig. 2, the 36-model ensemble mean westerly is relatively weak over East 233 

Asia compared with the observations, whereas the 10-model ensemble mean westerly is comparable 234 

to the observations. This is consistent with the analysis that large vertical motion anomalies and a 235 

contrasting geographical distribution of future precipitation changes are projected in the 10-model 236 

ensemble but not the 36-model ensemble.  237 

The characteristics of the present-day western North Pacific climatology of the models with 238 

large PCOEFs is also found in Fig. 6a. Significant positive (negative) correlations of the PCOEFs 239 

appear in precipitation (200 hPa zonal wind) in the subtropical western North Pacific, suggesting 240 

that the stronger 200 hPa climatological westerlies over East Asia forms together with the stronger 241 

subtropical 200 hPa easterlies as a response to greater precipitation in the climatology in the 242 

subtropical western North Pacific. These relationships may be similar to those in the 200 hPa zonal 243 

wind climatology on the northern and southern sides of the Tibetan High and precipitation in South 244 

Asia (Rodwell and Hoskins 1996) or the relationships between northern summer stationary waves 245 

over East Asia and climatological forcing due to heating in the western North Pacific in the study 246 

using a linear baroclinic model (Ting 1994). It is noted for the later discussion that significant 247 

positive (negative) correlations of the PCOEFs are also found in the present-day precipitation in 248 

Southeast Asia (around the equatorial central Pacific; Fig. 6a). 249 

The monthly CORs corresponding to the JJA mean COR in Fig. 6a have similar features to the 250 

JJA mean COR, but are very weak in June and relatively strong in August (not shown). 251 
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 252 

3.4. Relationship with future Asia–Pacific monsoon 253 

The relationship of the PCOEFs with future changes in East Asian circulations can help us to 254 

interpret how future East Asian summers will be physically related to future changes in the Asia–255 

Pacific monsoon. Figure 6b–6d shows the CORs of the PCOEFs with the future anomalies of the 256 

700 hPa stream-function and 500 hPa vertical velocity for June, July, and August, respectively. It is 257 

common among June, July, and August that a cyclonic circulation anomaly is dominant to the south 258 

of the Japanese Archipelago in the western North Pacific. According to the definition of the 259 

PCOEFs, these circulation anomalies may be similar to those in Fig. 4b–d. However, the details for 260 

East Asia in Fig. 4b–d is not reproduced in Fig. 6b–d, especially for July. The gross features of the 261 

future vertical velocity anomalies in Fig. 4b–d is confirmed in Fig. 6b–d; i.e., upward motion 262 

anomalies in southeastern or southern areas of the cyclonic circulation through JJA, but downward 263 

motion anomalies to its northern side in June and August, and in particular, a clear downward 264 

motion anomaly over eastern Japan in August. For July, the upward motion anomaly over the East 265 

China Sea in Fig. 6c is inconsistent with that in Fig. 4c, indicating its low statistical reliability.  266 

The variability of precipitation and vertical motion in the tropics has been recognized as a 267 

source of summertime climate variability over East Asia in the observational analysis (Nitta, 1987). 268 

In an analysis of the CMIP3 multi-model projections, Kosaka and Nakamura (2011) concluded that 269 

a local reduction of the mean ascent around the Philippines is dynamically consistent with the 270 

cyclonic projection around Japan for future JJA. Figure 6b–d shows that the PCOEFs of the 700 271 
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hPa stream-function anomalies for East Asia are correlated with future anomalies in vertical 272 

velocity in the tropics. Both passive and active vertical velocity anomalies in relation to large-scale 273 

circulations might be included in the correlations with the 700 hPa stream-function anomalies in the 274 

western North Pacific. Considering the symmetry of the 700 hPa stream-function anomalies about 275 

the equator, both the downward and upward motion anomalies to the west and east of the maritime 276 

continent are the possible forcing for the circulation anomalies in the western North Pacific in June 277 

and July. An asymmetry in August suggests that the downward motion anomalies off the equator 278 

over Southeast Asia can be a forcing for the circulation anomalies in August. The relationship in 279 

August between the projected circulation anomalies over East Asia (represented by PCOEF) and the 280 

future reduction of vertical motion around the Philippines (Fig. 6d) is consistent with the study by 281 

Kosaka and Nakamura (2011) on the future changes over the summertime western North Pacific in 282 

the CMIP3 simulations. They showed that a future local reduction of the mean ascent over the 283 

tropics is dynamically consistent with the anticyclonic projection around the Philippines and the 284 

cyclonic projection around Japan in a similar way to the observed Pacific-Japan pattern. In the 285 

present case, the anticyclonic circulation anomaly around the Philippines is not clearly formed but 286 

represented as a local tendency of anticyclonic vorticity anomaly in the correlation map (Fig. 6d). 287 

 288 

4. Discussion 289 

4.1. Robust future tropical forcing 290 

Robust future changes in tropical vertical motion under global warming include a weakening of 291 
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tropical circulations due to the vertically stabilized atmosphere (Vecchi and Soden 2007). This 292 

effect can be described as follows: 293 

 294 

              dωf  ωp 1 𝑆𝑝 𝑆𝑓⁄ ,                    (3) 295 

 296 

where ωp and dωf are the present-day pressure vertical velocity and its future change caused by 297 

the vertical atmospheric stabilization, respectively, and Sp and Sf are the vertical dry static stabilities 298 

of the atmosphere for the present-day and future climatology, respectively. Equation (3) indicates 299 

the future reduction in vertical velocity is proportional to the present-day vertical velocity in 300 

magnitude. 301 

 The future changes in vertical velocity are not determined by the diagnosed future reduction of 302 

the vertical velocity with Eq. (3) because other factors such as the future sea surface temperature 303 

(SST) distribution also influence future changes in mean precipitation or mean vertical motion (e.g. 304 

Xie et al. 2010; Ose and Arakawa 2011). Relatively warm SST tendency is found in the tropical 305 

western Pacific between the equator and 10°N in July and the south of the Philippines in August 306 

with statistically significant correlations with the PCOEFs of the 700 hPa stream-function 307 

anomalies for East Asia (not shown). These SST changes seem to be different from the typical 308 

future SST change patterns around the equatorial Pacific (Mizuta et al. 2014; Endo et al. 2012). 309 

Although the above warm SST tendency is consistent with the upward motion tendency over the 310 

tropical western Pacific in July (Fig. 6c), it is difficult to explain the other vertical motion changes 311 

Fig. 7 
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in Fig.6, especially in August.  312 

Figure 7 shows the correlations of the PCOEF with the future reduction of vertical velocity 313 

(dωf) at 500 hPa diagnosed using Eq. (3) and the vertical static stabilities (Sp and Sf) between 200 314 

and 850 hPa, in addition to the correlations with future changes in the actually simulated vertical 315 

velocities at 500 hPa in Fig. 6b–d. The vertical velocity anomalies over the regions where these two 316 

correlations overlap can be considered as the possible source of the tropical forcing that creates the 317 

atmospheric circulation anomalies in the western North Pacific shown in Fig. 6b–d as well as those 318 

over East Asia (Figs. 4 and 5). 319 

Specifically, the possible driver of the tropical forcing of the JJA in Fig. 7a is a pair of upward 320 

motion anomalies in the equatorial central Pacific and downward motion anomalies over Southeast 321 

Asia. Monthly data (Fig. 7b–d) show upward anomalies east of New Guinea and downward motion 322 

anomalies south of Sumatra in June, upward anomalies north of the equatorial central Pacific and 323 

downward motion anomalies over Southeast Asia in July, and downward motion anomalies over the 324 

Philippines and South China Sea in August. Upward anomalies south of the Japanese Archipelago 325 

are possible forcings of local modification of the 700 hPa stream-function anomaly in East Asia 326 

during June. 327 

The robust tropical future forcing described in Fig. 7b–d is consistent with that discussed in the 328 

previous subsection, based on the equatorial symmetry and asymmetry of the future circulation 329 

anomalies in Fig. 6b–d. 330 

 331 
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4.2. Model dependence of the adiabatic dynamical effect 332 

In Figs 4 and 5, the adiabatic vertical velocity anomalies (on pressure-coordinates) 333 

accompanying the horizontal circulations are diagnosed from the present-day and future 25-year 334 

mean climatology. However, the magnitudes of the future changes in the adiabatically diagnosed 335 

vertical velocity are comparable with those of the actually simulated vertical velocity or even 336 

greater. This contrasts with the reasonable results obtained in previous studies (Sampe and Xie 337 

2010; Ose 2019) where the former are one half to one third of the latter. This cannot be attributed to 338 

the careless use of the 25-year mean climatology in the diagnostics. In fact, it is confirmed for each 339 

of the 24 models with daily data available in this study (the models marked with * in Table 1), that 340 

even when the daily data are used instead of the 25-year monthly mean data in the diagnostics at 341 

500 hPa, the magnitudes of the future changes in adiabatically diagnosed vertical velocity are not 342 

significantly changed (not shown). 343 

Each model in the 36-model ensemble has a high correlation between precipitation and the 700 344 

hPa vertical velocity anomalies: the model ensemble average from June to August is –0.738 with a 345 

small range among the models from –0.526 to –0.861. On the other hand, the correlations between 346 

the 700 hPa vertical velocity anomalies and the adiabatically diagnosed anomalies are relatively 347 

low: 0.424 on the average with a large range among the models from 0.089 to 0.653. This result 348 

suggests that the precipitation processes in some models are insensitive to the change in 349 

dynamically forced vertical motions. Alternatively, SST fluctuations may disturb precipitation 350 

occurrence against large-scale dynamical forcing. 351 
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 352 

5. Summary 353 

Future changes in monthly mean precipitation in June to August over East Asia were 354 

investigated using the CMIP5 36-model ensemble 25-year simulations that covered the present-day 355 

period of 1980–2004 in the historical experiments and the future period of 2075–2099 in the 356 

RCP8.5-scenario global warming experiments. The study focused on the relationship between 357 

precipitation and horizontal circulation changes in East Asia, the dependence on the present-day 358 

model climatology, and the causal relationship with future circulation anomalies in the tropics 359 

during the northern summertime. 360 

The CMIP5 36-model ensemble 25-year mean circulation anomaly at 700 hPa through the 361 

future summertime in East Asia is characterized by a cyclonic circulation anomaly south of the 362 

Japanese Archipelago and associated downward motion anomalies around Japan. The East Asian 363 

distribution of the vertical velocity monthly mean anomaly at 700 hPa has a correlation coefficient 364 

of 0.54 for JJA average with the adiabatically diagnosed vertical velocity anomaly obtained from 365 

the 25-year ensemble mean dynamics, which is qualitatively consistent with the downward motion 366 

anomalies around Japan appearing in a northerly wind zone of the 25-year mean 700 hPa 367 

stream-function anomaly. On the other hand, it is supposed from the quantitative inconsistency that 368 

the future changes in precipitation are disturbed by other factors such as precipitation process 369 

modeling and SST fluctuations. 370 

The relationship between the future circulation change over East Asia and the present-day 371 
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model climatology was examined by defining a projection coefficient (PCOEF) onto the 36-model 372 

ensemble mean circulation anomaly over East Asia. The models with larger PCOEFs tend to 373 

simulate stronger 200 hPa westerlies over the present-day East Asia and more precipitation in the 374 

present-day western North Pacific. These two tendencies of the present-day climatology are 375 

probably linked as the climatological formation of the summer western North Pacific circulation 376 

responding to the tropical precipitation. 377 

The CMIP5 10-model ensemble consists of 10 models that have relatively high spatial 378 

correlations with the observed present-day climatology of East Asia. The present-day 500 hPa 379 

westerlies over East Asia in the CMIP5 10-model ensemble mean are comparable with the 380 

observations and stronger than those of the 36-model ensemble mean. The features of the CMIP5 381 

36-model ensemble mean circulation anomalies are intensified in magnitude in the CMIP5 382 

10-model ensemble mean, leading to the geographically contrasting precipitation anomalies and the 383 

enhanced possibility of a regional decrease in summertime monthly precipitation in East Asia. 384 

The statistical relationship between the future circulation changes in East Asia and the tropics 385 

gives an insight into the causality of the future changes. The downward motion future anomaly over 386 

Southeast Asia and the upward motion future anomaly over the western or central Pacific around 387 

the equator tend to be stronger in the models simulating the features of the CMIP5 36-model 388 

ensemble mean circulation anomaly at 700 hPa in East Asia more strongly. These future anomalies 389 

of vertical motion are explained as parts of vertical velocity reductions due to the vertically 390 

stabilized atmosphere in the tropics under global warming by diagnosing the reduction of vertical 391 
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velocity as being proportional to the present-day vertical velocity in magnitude but in the reverse 392 

direction. Both of those tropical vertical motion reductions are likely to force a cyclonic circulation 393 

anomaly over the western North Pacific with its center south of the Japanese Archipelago. 394 

In conclusion, a possible physical interpretation is provided for why the model ensemble 395 

reproducing the observed East Asian model climatology projects a regionally contrasting monthly 396 

precipitation rather than evenly distributed wet climatology in future East Asia. The present-day 397 

model climatology in East Asia is linked to that in the tropics, in turn, which is likely to determine 398 

the future climatology in East Asia. 399 

No doubt that regional model climatology in East Asia is dependent on climate elements in 400 

regions other than the tropics, such as the Eurasian Continent, the polar regions, and the upper 401 

atmosphere. In addition, a fundamental question remains: to what extent are low-resolution climate 402 

models or atmosphere-only models should be able to accurately reproduce the real atmosphere. 403 

Therefore, it might be important to investigate various possibilities in future until reliable observed 404 

evidence appears in the regional climatology. 405 

  406 



 20

Acknowledgments 407 

This work was supported by the Theme-C Integrated Research Program for Advancing Climate 408 

Models (TOUGOU) of the Ministry of Education, Culture, Sports, Science and Technology 409 

(MEXT) of Japan and also supported partially by the Environment Research and Technology 410 

Development Fund (2-1904) of the Environmental Restoration and Conservation Agency of Japan. 411 

 412 

References 413 

 414 

Adler, R. F., G. J. Huffman, A. Chang, R. Ferraro, P. P. Xie, J. Janowiak, B. Rudolf, U. Schneider, S. 415 

Curtis, D. Bolvin, A. Gruber, J. Susskind, P. Arkin, and E. Nelkin, 2003: The version-2 global 416 

precipitation climatology project (GPCP) monthly precipitation analysis (1979-present). J. 417 

Hydrometeor., 4, 1147–1167.  418 

Endo, H., A. Kitoh, T. Ose, R. Mizuta, and S. Kusunoki, 2012: Future changes and uncertainties in 419 

Asian precipitation simulated by Multiphysics and multi-sea surface temperature ensemble 420 

experiments with high-resolution Meteorological Research Institute atmospheric general 421 

circulation models. J. Geophys. Res., 117, D16118, doi:10.1029/2012JD017874. 422 

Held, I. M., and B. J. Soden, 2006: Robust responses of the hydrological cycle to global warming. J. 423 

Climate, 19, 5686–5699. 424 

Hirahara, S., H. Ohno, Y. Oikawa, and S. Maeda, 2012: Strengthening of the southern side of the jet 425 

stream and delayed withdrawal of Baiu season in future climate. J. Meteor. Soc. Japan, 90, 663–426 



 21

671. 427 

Horinouchi, T., S. Matsumura, T. Ose, and Y. N. Takayabu, 2009: Jet-precipitation relation and 428 

future change of the Mei-Yu-Baiu rainband and subtropical jet in CMIP5 coupled GCM 429 

simulations. J. Climate, 32, 2247–2259. 430 

IPCC, 2013: Climate Change 2013: the physical science basis. Contribution of working group I to 431 

the fifth assessment report of the intergovermental panel on climate change. Stocker T. F., Qin D., 432 

Plattner G. K., Tignor M., Allen S. K., Boschung J., Nauels A., Xia Y., Bex V., Midgley P. M. 433 

(eds.) Cambridge University Press, Cambridge, pp.1535. 434 

Kitoh, A., T. Ose, and I. Takayabu, 2016: Dynamical downscaling for climate projection with 435 

high-resolution MRI AGCM-RCM. J. Meteor. Soc. Japan, 94A, 1–16.  436 

Kobayashi, S., Y. Ota, Y. Harada, A. Ebita, M. Moriya, H. Onoda, K. Onogi, H. Kamahori, C. 437 

Kobayashi, H. Endo, K. Miyaoka, and K. Takahashi, 2015: The JRA-55 reanalysis: general 438 

specifications and basic characteristics. J. Meteor. Soc. Japan, 93, 5–48. 439 

Kosaka, Y., and H. Nakamura, 2011: Dominant mode of climate variability, intermodal diversity, 440 

and projected future change over the summer western North Pacific simulated in the CMIP3 441 

models. J. Climate, 24, 3935–3955. 442 

Mizuta, R., O. Arakawa, T. Ose, S. Kusunoki, H. Endo, and A. Kitoh, 2014: Classification of 443 

CMIP5 future climate responses by the tropical seas surface temperature changes. SOLA, 10, 444 

167-171, doi:10.2151/sola.2014-035. 445 

Nitta, T., 1987: Convective activities in the tropical western Pacific and their impact on the 446 



 22

Northern Hemisphere summer circulation. J. Meteor. Soc. Japan, 65, 373–390. 447 

Ose, T., 2019: Characteristics of future changes in summertime East Asian monthly precipitation in 448 

MRI-AGCM global warming experiments. J. Meteor. Soc. Japan, 97, 317-335, 449 

doi:10.2151/jmsj.2019-018. 450 

Ose, T., and O. Arakawa, 2011: Uncertainty of future precipitation change due to global warming 451 

associated with sea surface temperature change in the tropical Pacific. J. Meteor. Soc. Japan, 89, 452 

539-552. 453 

Preethi, B., M. Mujumdar, A. Prabhu, and R. Kripalani, 2017: Variability and teleconnections of 454 

South and East Asian summer monsoons in present and future projections of CMIP5 climate 455 

models. Asia-Pac. J. Atmos. Sci., 53, 305-325, doi:10.1007/s13143-017-0034-3. 456 

Rodwell, M.J. and B.J. Hoskins, 1996: Monsoons and the dynamics of deserts. Quart. J. Roy. 457 

Meteorol. Soc., 122, 1385-1404. 458 

Sampe T., and S.-P. Xie, 2010: Large-scale dynamics of the Meiyu-Baiu rainband: environmental 459 

forcing by the westerly jet. J. Climate, 23, 113–134. 460 

Seo, K.-H., J. Ok, J.-H. Son, and D.-H. Cha, 2013: Assessing future change in the East Asian 461 

summer monsoon using CMIP5 coupled models. J. Climate, 26, 7662–7675.  462 

Taylor, K.E., R.J. Stouffer, G.A. Meehl, 2012: An Overview of CMIP5 and the experiment design. 463 

Bull. Amer. Meteor. Soc., 93, 485-498. 464 

Ting, M., 1994: Maintenance of northern summer stationary waves in a GCM. J. Atmos. Sci., 51, 465 

3286-3308. 466 



 23

Vecchi, G. A., and B. J. Soden, 2007: Global warming and the weakening of the tropical circulation. 467 

J. Climate, 20, 4316–4340. 468 

Xie, S.-P., C. Deser, G. A. Vecchi, J. Ma, H. Teng, and A. T. Wittenberg, 2010: Global warming 469 

pattern formation: sea surface temperature and rainfall. J. Climate, 23, 966-986. 470 

Zhou, S., G. Huang, and P. Huang, 2017: Changes in the East Asian summer monsoon rainfall under 471 

global warming: moisture budget decomposition and the sources of uncertainty. Climate Dyn., 472 

doi 10.1007/s00382-017-3959-4. 473 

  474 



 24

List of Figures 475 

Fig. 1. Future changes in the 25-year mean precipitation over East Asia in the CMIP5 36-model 476 

ensemble at 4K of global warming for (a) the JJA average, (b) June, (c) July, and (d) August. 477 

The ensemble mean is represented by contours with an interval of 0.4 mm day−1, and the 478 

fraction (%) of the models simulating positive changes in the ensemble to all the models is 479 

indicated by color shading. 480 

 481 

Fig. 2. Present-day model climatology over East Asia for (a), (b) JJA mean precipitation (mm day–1) 482 

and (c), (d) JJA mean 500 hPa zonal wind (2 m s–1; shading) together with the corresponding 483 

observations (contours). (a) and (c) are for the CMIP5 36-model ensemble mean; (b) and (d) 484 

for the CMIP5 10-model ensemble mean. Contours are every 2 mm day–1 in (a), (b) and 2 m 485 

s–1 in (c), (d). 486 

 487 

Fig. 3. As for Fig. 1, except for the CMIP5 10-model ensemble reproducing the present-day East 488 

Asian climatology comparable to the observation (see text for details). 489 

 490 

Fig. 4. Future anomalies of the CMIP5 36-model ensemble mean stream-function (black contours), 491 

pressure-coordinate vertical velocity (shading with a unit of hPa h−1), and adiabatically diagnosed 492 

pressure-coordinate vertical velocities (green contours) at 700 hPa for 4K of global warming for 493 

(a) the JJA average, (b) June, (c) July, and (d) August. Black and green contours are every 0.2  494 

106 m2 s−1 and every 0.1 hPa h−1, respectively. 495 

 496 

Fig. 5. As for Fig. 4, except for the CMIP5 10-model ensemble. 497 

 498 

Fig. 6. (a) The CMIP5 36-model inter-model correlations of the projection coefficients onto the 499 

ensemble mean 700 hPa stream-function future anomaly over East Asia with the present-day 200 500 
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hPa zonal wind (contours) and precipitation (shading) climatology for JJA (see text for details). 501 

Shading partitions at ±0.28, ±0.33, ±0.39, and ±0.43 correspond approximately to the critical 502 

values for 90%, 95%, 98%, and 99% of a two-tailed t-test with 34 degrees of freedom, 503 

respectively. Contours are also for ±0.28, ±0.33, ±0.39, and ±0.43 in addition to ±0.2. (b)–(d) As 504 

for (a), but for the future 700-hPa stream-function anomaly (contours) and 500 hPa 505 

pressure-coordinate vertical velocity anomaly (shading) for June, July, and August, respectively. 506 

Contours are every 0.1. 507 

 508 

Fig. 7. As for Fig. 6, but for the future 500 hPa pressure-coordinate vertical velocity anomaly 509 

(contours) and the diagnosed anomaly due to the increased vertical static stability for (a) JJA, (b) 510 

June, (c) July, and (d) August. Contours are for ±0.28, ±0.33, ±0.39, and ±0.43, which correspond 511 

to the critical values for a two-tailed t-test. 512 
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Table 1: The 36 CMIP5 models used for the monthly data analysis. The asterisks in the Model 520 

column indicate the 24 models used in the daily data analysis. One member (r1i1p1) of each model 521 

was used except one member (r2i1p1) for CESM1(WACCM).  522 
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Model Institution 

*BCC-CSM1.1  
*BCC-CSM1.1(m) 

Beijing Climate Center, China Meteorological Administration 

*CanESM2 Canadian Centre for Climate Modelling and Analysis 

*CMCC-CM  
*CMCC-CMS 

Centro Euro-Mediterraneo per I Cambiamenti Climatici  

*CNRM-CM5 Centre National de Recherches Meteorologiques / Centre Europeen de Recherche 
et Formation Avancees en Calcul Scientifique  

*ACCESS1.0  
*ACCESS1.3 

CSIRO (Commonwealth Scientific and Industrial Research Organisation, 
Australia), and BOM (Bureau of Meteorology, Australia)  

CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research Organisation in collaboration 
with the Queensland Climate Change Centre of Excellence 

FIO-ESM The First Institute of Oceanography, SOA, China  
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Institute Pierre-Simon Laplace 
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CESS, Tsinghua University  

FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences  
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Atmosphere and Ocean Research Institute (The University of Tokyo), National 
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and Technology 

*MIROC-ESM  
MIROC-ESM-CHEM 

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean 
Research Institute (The University of Tokyo), and National Institute for 
Environmental Studies 
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Instituto Nacional de Pesquisas Espaciais) 

*MPI-ESM-LR  
*MPI-ESM-MR 

Max Planck Institute for Meteorology (MPI-M)  
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NASA Goddard Institute for Space Studies 
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*NorESM1-M  
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HadGEM2-AO 
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*GFDL-CM3  
*GFDL-ESM2G  
*GFDL-ESM2M 

Geophysical Fluid Dynamics Laboratory 

CESM1(BGC)  
CESM1(CAM5)  
CESM1(WACCM) 

National Science Foundation, Department of Energy, National Center for 
Atmospheric Research  

524 



 28

 525 

 526 

Fig. 1. Future changes in the 25-year mean precipitation over East Asia in the CMIP5 36-model 527 

ensemble at 4K of global warming for (a) the JJA average, (b) June, (c) July, and (d) August. 528 

The ensemble mean is represented by contours with an interval of 0.4 mm day−1, and the 529 

fraction (%) of the models simulating positive changes in the ensemble to all the models is 530 

indicated by color shading. 531 

 532 

 533 

 534 
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 536 

 537 

Fig. 2. Present-day model climatology over East Asia for (a), (b) JJA mean precipitation (mm day–1) 538 

and (c), (d) JJA mean 500 hPa zonal wind (2 m s–1; shading) together with the corresponding 539 

observations (contours). (a) and (c) are for the CMIP5 36-model ensemble mean; (b) and (d) 540 

for the CMIP5 10-model ensemble mean. Contours are every 2 mm day–1 in (a), (b) and 2 m 541 

s–1 in (c), (d). 542 
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 544 

 545 

Fig. 3. As for Fig. 1, except for the CMIP5 10-model ensemble reproducing the present-day East 546 

Asian climatology comparable to the observation (see text for details). 547 

 548 

 549 

 550 
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 551 

 552 

Fig. 4. Future anomalies of the CMIP5 36-model ensemble mean stream-function (black contours), 553 

pressure-coordinate vertical velocity (shading with a unit of hPa h−1), and adiabatically diagnosed 554 

pressure-coordinate vertical velocities (green contours) at 700 hPa for 4K of global warming for 555 

(a) the JJA average, (b) June, (c) July, and (d) August. Black and green contours are every 0.2  556 

106 m2 s−1 and every 0.1 hPa h−1, respectively. 557 

 558 

 559 
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 560 

 561 

Fig. 5. As for Fig. 4, except for the CMIP5 10-model ensemble. 562 

 563 

 564 
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 565 

 566 

Fig. 6. (a) The CMIP5 36-model inter-model correlations of the projection coefficients onto the 567 

ensemble mean 700 hPa stream-function future anomaly over East Asia with the present-day 200 568 

hPa zonal wind (contours) and precipitation (shading) climatology for JJA (see text for details). 569 

Shading partitions at ±0.28, ±0.33, ±0.39, and ±0.43 correspond approximately to the critical 570 

values for 90%, 95%, 98%, and 99% of a two-tailed test with 34 degrees of freedom, respectively. 571 

Contours are also for ±0.28, ±0.33, ±0.39, and ±0.43 in addition to ±0.2. (b)–(d) As for (a), but 572 

for the future 700 hPa stream-function anomaly (contours) and 500 hPa pressure-coordinate 573 

vertical velocity anomaly (shading) for June, July, and August, respectively. Contours are every 574 

0.1. 575 

 576 

 577 
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 578 

 579 

Fig. 7. As for Fig. 6, but for the future 500 hPa pressure-coordinate vertical velocity anomaly 580 

(contours) and the diagnosed anomaly due to the increased vertical static stability for (a) JJA, (b) 581 

June, (c) July, and (d) August. Contours are for ±0.28, ±0.33, ±0.39, and ±0.43, which correspond 582 

to the critical values for a two-tailed test. 583 
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