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Abstract 23 

Recent year-to-year and long-term climate variabilities during 1980–2020 were investigated using 24 

the Japanese 55-year reanalysis dataset (JRA-55) to assess the robustness of and uncertainties in 25 

future sea-level pressure (SLP) patterns for summertime East Asia due to global warming, which 26 

were obtained in a previous study by an inter-model empirical orthogonal function (EOF) analysis 27 

of the multi-model future projections in the sixth phase of the Coupled Model Intercomparison 28 

Project (CMIP6). One major finding is that the future robust SLP pattern emerges with a significant 29 

trend in the recent long-term variability consistent with the CMIP6 future projection. A few of the 30 

future uncertain patterns also display significant trends recently, but against the future projection 31 

means. The year-to-year variability of the patterns tends to make the polarized extreme summer SLP 32 

variations through the superposition with the long-term trends. 33 

The second EOF pattern reflects low- and high-SLP anomalies in northern and southern East Asia, 34 

respectively, which is a robust future SLP pattern as its future appearance is predicted by almost all 35 

CMIP6 models. While the pattern appears in the summer following an El Niño winter, the 36 

significant trend in the recent long-term variability is created similarly to the CMIP6 future 37 

projection by recent warming over northern continents and seas. 38 

The other EOFs are the uncertain future SLP patterns as the future polarities depend on the CMIP6 39 

projection model. The first and third patterns represent a strengthened high-pressure anomaly and a 40 

weakened southerly wind pattern over East Asia, respectively. They show small linear trends in the 41 
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magnitude consistent with the small future changes. The high-ranked patterns display long-term 42 

decreases against each future ensemble mean. The trends in the uncertain patterns are attributed to 43 

the weak and reverse surface warming distribution over the tropical oceans in the recent climate 44 

change compared with the future change. 45 

 46 

Keywords: global warming; East Asia; CMIP6; sea-level pressure; summer; emergent constrain 47 

48 
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1. Introduction 49 

Studies of regional climate change under global warming conditions are becoming increasingly 50 

important for mitigation policies. However, such climate change in East Asia is not well understood. 51 

For example, the “wet-getting-wetter” effect (Held and Soden 2006) is not enough for explaining 52 

future regional precipitation changes. A large part of the uncertainty associated with future 53 

precipitation change in East Asia is due to changes in regional atmospheric circulation (Ose 2017, 54 

2019; Zou et al. 2017). Ito et al. (2020) investigated the fifth phase of the Coupled Model 55 

Intercomparison Project (CMIP5) ensemble projections (Taylor et al. 2012), and showed that future 56 

changes in regional surface air temperature and precipitation over Japan can be diagnosed by 57 

surface wind changes analyzed from future sea-level pressure (SLP). Endo et al. (2018) used 58 

CMIP5 simulations to show that the effects of land and ocean on the future Asian summer monsoon 59 

are quite different: warming land strengthens southerly winds over the East Asian continent and 60 

neighboring seas, whereas a warmer sea surface temperature (SST) weakens East Asian monsoonal 61 

circulation by suppressing vertical motion over the Indian and Pacific oceans. Endo et al. (2021) 62 

also examined future changes in the seasonal nature of the East Asian monsoon by performing 63 

various experiments with the Meteorological Research Institute – Atmospheric General Circulation 64 

Model (MRI-AGCM) (Mizuta et al. 2012), and showed that the warming of the northern continental 65 

summer (including neighboring seas) is also significant for projecting East Asian future climate in 66 

addition to tropical and global SST warming, especially for late summer. 67 
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The western North Pacific subtropical high (WNPSH) is a key element of the East Asian 68 

summer monsoon. Its recent trends and long-term changes were analyzed by Matsumura et al. 69 

(2015) and Matsumura and Horinouchi (2016). The SST trends, and El Niño-Southern Oscillation 70 

(ENSO) and decadal SST variabilities are suggested as the environments causing specific 71 

mechanisms such as changes in summer rainband activity. Various storyline approaches (Shepherd 72 

2019) are studied for changes in the East Asian subtropical high in summer. Choi and Kim (2019) 73 

analyzed the major modes of summertime variability of the WNPSH by applying the cyclo-74 

stationary empirical orthogonal function (EOF) method to the monthly 500 hPa geopotential 75 

stationary height during 1979–2017, and found that the leading mode is a clear strengthening of the 76 

WNPSH associated with global warming. Zhou et al. (2020) applied the EOF method to normalized 77 

multi-fields consisting of upper- and lower-level circulations in the CMIP5 and the sixth phase of 78 

the Coupled Model Intercomparison Project (CMIP6) projections (Eyring et al. 2016), in order to 79 

assess the inter-model spread of future changes in the East Asian summer monsoon system. Chen et 80 

al. (2020) investigated the leading modes of uncertainty in the future summer WNPSH by applying 81 

the EOF method to CMIP5 representative concentration pathway (RCP) 8.5 multi-model ensemble 82 

experiments, and attempted to determine the emergent constraints on the WNPSH, based on model 83 

biases. The variability of the WNPSH under global warming conditions was studied by Yang et al. 84 

(2022), who concluded that the frequency of strong WNPSH events will increase in the future due 85 

to the stronger response of tropical atmospheric convection to the central Pacific low-SST anomaly. 86 
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Ose et al. (2020, 2022) applied EOF analysis to future changes in summertime East Asian SLP 87 

changes in the 38 CMIP5 projections for RCP 8.5 scenario and the 38 CMIP6 projections for the 88 

shared socioeconomic pathways (SSP) 5-8.5 scenario, respectively. These studies not only focused 89 

on the leading EOF mode, but also on the first six EOF modes, given that the source of the modes 90 

reflects different aspects unique to global warming, such as the distributions of SST and continental 91 

warming, and regionally suppressed vertical motion. As a result, the second EOF pattern 92 

characterized as low- and high-SLP anomalies in northern and southern East Asia respectively was 93 

recognized to be the robust SLP pattern, meaning that almost all CMIP6 and most CMIP5 models 94 

project the appearance of that SLP pattern in future East Asian climate change. The future 95 

appearance of this pattern was attributed to the warming of northern continents and neighboring 96 

seas. The future polarity of the other EOF patterns is dependent on the model, indicating that these 97 

are uncertain future SLP patterns. 98 

These aforementioned results were obtained from the future global warming projection with the 99 

CMIP6 models. A question is left: how reliable the future SLP EOF pattern’s appearance and their 100 

physical mechanism are in the real. A part of the answer could be obtained by studying how year-to-101 

year variations, long-term variability, and climate changes of the future SLP patterns are appearing 102 

in recent observation-based analyses and what kinds of the environments are accompanied with the 103 

recent variations of the future SLP patterns. The objectives of this study were to address these 104 

questions, and examine if the SLP EOF patterns from the future CMIP6 projections (Ose et al. 105 
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2022) are evident in recent climate data. The results of this study may reduce the uncertainty of 106 

future SLP projections and associated fields in the East Asian summer. 107 

An example for the reduced uncertainty based on the study on recent climate change is found in 108 

Tokarska et al. (2020), who tried to choose the reliable future projections for the global mean 109 

surface temperature change in the CMIP6 experiments by comparing the observed and simulated 110 

past temperature changes from 1981 to 2017 and then constraining the reliable future changes for 111 

the 2081-2100 mean. In this study, the similar future constrains are tried to study by comparing the 112 

observed and simulated past variability of the future SLP patterns in East Asia from 1980 to 2014.  113 

The observation-based analysis on the actual year-to-year variability is also useful for 114 

measuring the impacts of the recent long-term variability and the future change in the SLP patterns. 115 

If the recent long-term variability and the future change are small in magnitude compared with the 116 

actual year-to-year variability, the impact of the climate change will be small. If not, the 117 

superposition of the long-term climate changes and the year-to-year variability may create 118 

inexperienced extreme summers. In this case, it becomes important to know about not only how the 119 

long-term variability and the future change occur but also how the year-to-year variability happens 120 

in the real. 121 

The remainder of this manuscript is organized as follows. The data used in our analysis are 122 

introduced in Section 2 and the results are described in Section 3. A discussion is presented in 123 

Section 4, followed by conclusions in Section 5. 124 
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 125 

2. Data 126 

The future SLP patterns used in this study were obtained from the inter-model EOF analysis of 127 

Ose et al. (2022), in which 38 CMIP6 models’ historical and SSP5-8.5 scenario experiments were 128 

used. The difference between the two sets of 20-year simulations for the “present day” (1980–1999) 129 

and “future” (2076–2095) periods is defined as “future change”. The future changes by each model 130 

were adjusted to values accounting for an annual mean global warming of 4 K, using the future 131 

projection of the 20-year annual global mean surface air temperature. The inter-model EOF analysis 132 

was applied to the future SLP changes in the East Asian EOF domain (10–50°N, 110–160°E) for the 133 

38 CMIP6 models, which is the region used for the definition of the southerly wind index in East Asia 134 

in fig. 14.5 of IPCC (2013). The detailed method of the inter-model EOF analysis in Ose et al. (2022) 135 

is summarized in the Appendix A. 136 

The first to sixth inter-model EOF modes (EOF1-6) of the CMIP6 multi-model future SLP 137 

changes in summertime East Asia (dslpEOF1-6 in Ose et al. 2022 or Appendix A) are shown for 138 

reference with contours over the East Asian EOF domain in Fig. 1a–f, after multiplying by the first 139 

to sixth inter-model standard deviation (SD1–6 in Appendix A), which have values of 10.354, 4.554, 140 

3.664, 2.559, 2.087, and 1.901 hPa, respectively. The ratios of the inter-model variance explained by 141 

EOF1-6 to the total variance within the EOF domain are 65.6, 12.7, 8.2, 4.0, 2.7, and 2.2%, 142 

respectively.  143 
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We analyzed year-to-year and long-term climate variations and climate change in summer (June–144 

July–August mean; JJA mean) in East Asia during the “recent” period (1980–2020) using the 145 

Japanese 55-year reanalysis (JRA-55; Kobayashi et al. 2015) and Global Precipitation Climatology 146 

Project (GPCP ver. 2.3; Adler et al. 2003) datasets. The recent climate variations and the recent 147 

climate change are analyzed for the deviation from the “present-day” (1980–1999) mean. All data 148 

used in this study were re-gridded to a resolution of 2.5° longitude × 2.5° latitude.  149 

We also used the seasonal mean index data for the recent SST variability (JMA 2023) such as 150 

NINO1+2, NINO3, NINO4 and IOBW for SST over the domains of (EQ. - 10° S, 90° W - 80° W), 151 

(5 ° N - 5° S, 150° W - 90° W), (5° N - 5° S, 160° E - 150° W) and (20° N - 20° S, 40° E - 100° E), 152 

respectively. These are referred to such as ‘NINO3 SST Index’.  153 

 154 

3. Results 155 

3.1. Recent year-to-year variations in the future SLP patterns 156 

Recent year-to-year variations in the future SLP patterns are defined as the recent year-to-year 157 

variations in the resolution coefficients of the summer JRA-55 SLP anomaly resolved by the future 158 

normalized EOF1-6 patterns derived from the CMIP6 data. The calculation of the resolution 159 

coefficients of the JRA-55 SLP anomaly is introduced in Appendix B. Simply mentioned, the 160 

resolution coefficient for a summer represents how much the SLP pattern in the summer includes the 161 

future SLP pattern regarding both the similarity and magnitude of pattern. The year-to-year EOF 162 
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resolution coefficients of the JRA-55 SLP deviation from the “present-day” (1980–1999) mean are 163 

plotted for the recent period (1980–2020) in Fig. 2a–f, along with the 7-year running means. The 164 

standard deviations for the recent year-to-year variations in the EOF1–6 resolution coefficients are 165 

0.92, 1.24, 1.15, 1.82, 1.80, and 1.45, respectively, in the normalized unit. These are relatively large 166 

for the high-ranking EOF modes, as compared with the inter-model uncertainty of the future EOF 167 

changes (1.0 in the graph units), which is probably due to their small spatial structures. 168 

The 7-year running mean (7-year-mean) represents the long-term variability of each EOF 169 

resolution coefficient of the JRA-55 SLP deviation after averaging typical ENSO variability with the 170 

period of 2-6 years. The 7-year-mean of EOF2 resolution coefficients forms a significant linear trend as 171 

confirmed by the statistics later. This trend of about +1.85 per 100 years is broadly quantitatively 172 

consistent with the CMIP6 ensemble mean EOF2 future change of 2.06 in terms of the normalized 173 

unit.  174 

The future ensemble-mean changes in the EOF1 and EOF3–6 resolution coefficients of the 175 

CMIP6 SLP projection were 0.325, 0.457, 0.656, 0.046, and 0.555, respectively, in terms of the 176 

normalized units, which are small as a result of the uncertain future EOF modes (Ose et al. 2022). 177 

The EOF1 resolution coefficients of the JRA-55 SLP deviation exhibit no significant trend during the 178 

recent period (1980–2020). Long-term variability characterizes the EOF3 time-series of the JRA-55 179 

SLP, with a similar amplitude to the future ensemble mean change of the CMIP6 SLP.  180 

The statistics for the linear trends in the 7-year-means of the EOF1-6 resolution coefficients 181 
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during 1980-2020 are summarized in Table 1, where the least square method is applied for calculating 182 

the linear trends. The Student’s t-test for the null-hypnosis supports the linear trend in the 7-year-183 

mean variability of the EOF2 resolution coefficients with more than 98% significance, compared with 184 

less than 80% significance for EOF1 and EOF3, assuming the degree of freedom (n-2 =5-2) because 185 

the recent period of the 41 years includes five independent 7-year-means at least. The small 186 

determination rates less than 10% for EOF1 and EOF3 suggest relatively large fluctuations with time 187 

around the calculated linear trends. 188 

The EOF4–6 resolution coefficients of the JRA-55 SLP typically exhibit negative deviations as 189 

compared with the positive future mean changes in the corresponding CMIP6 SLP EOF patterns, 190 

suggesting that the future mean projections may be incorrect or that there is large internal variability 191 

on these EOF4–6 patterns. The statistics in Table 1 indicate that both the EOF5 and EOF6 resolution 192 

coefficients of the JRA-55 SLP variability show significant but negative trends against each future 193 

ensemble mean.  194 

The anomaly correlation between the year-to-year EOF resolution coefficients of the JRA-55 195 

SLP (Fig. 2a–f) and the JRA-55 SLP anomaly field during the recent period (1980–2020) is shown in 196 

Fig. 1a–f. The method for the calculation of the anomaly correlation between the year-to-year EOF 197 

resolution coefficients (Fig. 2a–f) and any recent fields such as the JRA-55 SLP field and the GPCP 198 

data is given in Appendix B. The correlation patterns with the JRA-55 SLP field are broadly similar 199 

to the corresponding SLP EOF patterns, except that the high positive correlations for the EOF1–2 200 
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resolution coefficients of the JRA-55 SLP anomalies are slightly shifted from the EOF patterns to 201 

north of the Philippine Islands. The resolution coefficients of the SLP EOF1 and EOF2 are 202 

mathematically calculated mostly by depending on whether large scale patterns of the JJA SLP 203 

anomalies tend to keep a single polarity entirely over the EOF domain or they tend to have different 204 

polarities in the northern and southern areas of the EOF domain. However, the year-to-year correlation 205 

analysis using the JRA55 recent data shows that the JJA SLP anomalies displaying the large resolution 206 

coefficients of the SLP EOF1 and EOF2 tend to have the similar small spatial structures to north of 207 

the Philippine Islands on the corresponding EOF patterns. The reason is explained in the next 208 

subsection. 209 

 210 

3.2. Recent year-to-year variations in other fields 211 

Future changes in surface air temperature and vertical motion were proposed by Ose et al. (2022) 212 

as the sources to explain the appearance of the CMIP6 SLP EOF1–3 modes in the future global 213 

warming. Figure 3a–c shows the year-to-year correlations of the EOF1–3 resolution coefficients of 214 

the JRA-55 SLP anomalies with the JRA-55 surface air temperature anomalies, along with the 215 

corresponding CMIP6 inter-model analysis for the future changes (Ose et al. 2022). There are no clear 216 

similarities between the JRA-55 year-to-year variations and the CMIP6 future changes, apart from a 217 

few features: (1) a negative SST correlation along the equatorial central Pacific and a positive SST 218 

correlation in the tropical northern Atlantic for EOF1; and (2) a positive SST correlation in the 219 
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subtropical northern Pacific for EOF3 (in both cases assuming that the SST anomalies are close to 220 

the surface air temperature anomalies). The year-to-year correlations of the JRA-55 SLP EOF 221 

resolution coefficients with the previous northern winter (December–January–February mean; DJF 222 

mean) surface air temperature are shown in Figure 3d–f. The recent year-to-year variations in EOF1-223 

2 exhibit the summer Asian monsoon anomalies after an El Niño winter (e.g., Ose et al. 1997; Xie et 224 

al. 2009), which are specifically warmer SST anomalies in the northern Indian and tropical northern 225 

Atlantic oceans (Fig. 3a–b), as well as the high-pressure anomalies to north of the Philippine Islands 226 

(Fig. 1a–b). Note that the recent JJA year-to-year variations in EOF1 and EOF2 are significantly 227 

related to the previous DJF NINO4 SST Index with the correlation of 0.42 and the DJF NINO3 SST 228 

Index with 0.43, respectively. The similar future changes between the JJA and DJF SST anomalies 229 

for the CMIP6 EOF1–3 correlations indicate that the future SST changes are annually unchanged. A 230 

warm SST anomaly in the subtropical northwestern Pacific for EOF3 is caused by the EOF3 surface 231 

circulation anomaly in the JRA55 year-to-year correlations as suggested for the CMIP6 future 232 

changes (Ose et al. 2022). Warm SST anomalies in the eastern Pacific of the JRA-55 analysis for 233 

EOF3 may be related to the recent variability of the year-to-year EOF3 resolution coefficient (Fig. 234 

2c). 235 

Figure 4a–c shows the year-to-year correlation of the EOF1–3 resolution coefficients with the 236 

JRA-55 vertical velocity that is the pressure–time derivative at 500 hPa (positive/negative values 237 

indicate downward/upward motions). The corresponding analysis of the future changes is indicated 238 



13 

 

by contours in Fig. 4a–c. The year-to-year correlations for EOF1–2 have similar features to the post- 239 

El Niño summer Asian monsoon, such as downward motion anomalies to north of the Philippine 240 

Islands. Differences between EOF1 and EOF2 can be found in a significantly organized upward 241 

motion anomaly around the maritime continent and a downward motion anomaly over the equatorial 242 

Pacific for EOF1, but not EOF2. These features are also evident for the corresponding analysis of the 243 

future changes. 244 

The GPCP precipitation was used for the year-to-year correlation analysis (Fig. 4d–f) to support 245 

the analysis of vertical velocity (Fig. 4a–c), which is not generally thought to be as reliable as the 246 

temperature and horizontal winds. The year-to-year correlations of GPCP precipitation and JRA-55 247 

vertical velocity for EOF2 have a similar geographical distribution (colors in Fig. 4b and e). However, 248 

as detected over the subtropical northwestern Pacific in the CMIP6 future inter-model analysis of 249 

EOF2 (contours in Fig. 4b and e), the future changes in precipitation are not necessarily the same as 250 

the geographical pattern of vertical velocity, given the additional contribution from future moisture 251 

change to precipitation. 252 

Significant year-to-year correlations between GPCP precipitation and EOF1 (Fig. 4d) were 253 

confirmed over the maritime continent, equatorial western Pacific, and tropical northwestern Pacific. 254 

Similar correlations between EOF1 and future precipitation changes are also evident (Fig. 4d). The 255 

significant high correlations over northwestern South Asia can be detected for EOF1 in both the GPCP 256 

year-to-year variations and the CMIP6 future inter-model analysis of precipitation (Fig. 4d), but not 257 
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for the vertical velocity (Fig. 4a). The moisture transport into northwestern South Asia may be 258 

strengthened by the EOF1-related lower circulation anomaly for the JRA-55 year-to-year analysis 259 

and the CMIP6 future analysis (fig. 1a and fig. 2a of Ose et al. 2022). 260 

The common features between the year-to-year variations and the future changes are confirmed 261 

outside the East Asia EOF domain for the EOF1 correlations with the upward motion, precipitation 262 

and the equatorial Pacific SST, indicating that common physical mechanisms are involved. Naoi et 263 

al. (2020) investigated the differences in the meridional position of the atmospheric river over East 264 

Asia in the summer during the rapid seasonal transition after an El Niño winter. Based on fig. 7 of 265 

Naoi et al. (2020), the northward expansion of the SLP EOF1 anomaly over East Asia may be 266 

explained by the atmospheric response to diabatic heating (or upward motion) over the maritime 267 

continent and eastern Indian Ocean (Fig. 4d and a), but this is not clear in the SLP EOF2 anomaly 268 

(Fig. 4e and b). 269 

For EOF3, a similar year-to-year correlation was confirmed for both the GPCP precipitation and 270 

JRA-55 vertical velocity near the Philippine Islands (Fig. 4c and f). However, these correlations were 271 

not confirmed in the inter-model analysis of the CMIP6 future changes (Fig. 4c and f). The recent 272 

variability such as tropical cyclones may be involved in the differences. 273 

The CMIP6 analysis for the EOF4-6 SLP patterns, which is totally omitted in Ose et al. (2022), 274 

is presented in Supplement. The future SLP EOF4-6 patterns come from the inter-model differences 275 

in the CMIP6 present-day simulation of the regional vertical velocity (mostly due to regional 276 
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precipitation) over the sub-tropical and tropical oceans (Fig. S1a-c), which leads to the inter-model 277 

differences in the future suppressed vertical motions. Regional GPCP precipitation anomalies 278 

detected in the year-to-year correlations of EOF5 and EOF6 are distributed over nearly the same areas 279 

in the northwestern Pacific as the future regional upward anomalies of CMIP6 EOF5 and EOF6, 280 

respectively (Fig. S1d-f). However, for surface air temperature anomalies of EOF5 and EOF6, weak 281 

similarities between the JRA-55 year-to-year variability and the CMIP6 future inter-model anomalies 282 

can be found only over the limited areas of the tropical eastern Pacific and the tropical Indian Ocean, 283 

respectively (Fig. S2a-c and Fig. S2d-f).  284 

The EOF4 SLP pattern is regarded as the atmospheric response to the equatorial Pacific SST 285 

anomaly (Fig. S2a) as indicated by the correlation of -0.43 with the JJA NINO4 SST Index. At least, 286 

from view of the geographical SLP anomaly patterns, the EOF5 and EOF6 SLP patterns may be 287 

similar to the Pacific-Japan (P-J) pattern (e.g., Kosaka and Nakamura, 2006 and 2011) and the 288 

“convective jump” pattern in the summer northwestern Pacific (Ueda and Yasunari, 1996), 289 

respectively. It is also a note that EOF4 and EOF5 have significant year-to-year correlations with the 290 

previous winter El Niño SST (Fig. S2e) when focused only on the recent period, specifically with the 291 

correlations of 0.37 and 0.32 with the DJF NINO1+2 SST Index, respectively.  292 

Reasons for the negative trends in the recent EOF4-6 variability are not necessarily clear from 293 

the above analysis. A possibility that the recent long-term variabilities of EOF4-6 are influenced by 294 

the recent climate change in the tropics, which is rather different from that of the CMIP6 future 295 
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projection, will be shown in the subsection 3.4.  296 

Another possibility is that the actual EOF4-6 displaying small-scale SLP structures in JRA-55 297 

may represent the year-to-year anomaly of the tropical cyclones’ activity in the northwestern Pacific, 298 

which are not simulated mostly by the CMIP6 models. 299 

 300 

3.3. Summary of the recent variability and future uncertainty in the future SLP patterns 301 

In summary, the common distributions are found in the correlation maps with the vertical velocity 302 

mostly between the JRA-55 year-to-year variability and the CMIP6 future inter-model variability. 303 

Therefore, the vertical velocity anomalies are recognized as the direct source for the appearance of 304 

the SLP EOF patterns. The above fact is not necessarily confirmed for the surface air temperature.  305 

The high-in-the-south SLP anomaly of EOF2 is attributed to the downward motion anomaly as a 306 

physical cause as the appearance common between the recent JRA-55 year-to-year variations and the 307 

CMIP6 inter-model variations of the future changes. The former is caused by suppressed subtropical 308 

northwestern precipitation in the East Asian summer following the El Niño winter, whereas the latter 309 

is caused by the suppression of the vertical velocity in the future global warming environment. The 310 

low-in-the-north SLP anomaly of EOF2 is caused by the strong warming over the northern continents 311 

and neighboring seas in the CMIP6 future projections (Ose et al. 2022), whereas this is not confirmed 312 

in the year-to-year variability. However, the 7-year-means of the recent year-to-year variations in the 313 

JRA55 SLP EOF2 resolution coefficients have the significant positive trend consistent with the 314 
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CMIP6 future ensemble mean EOF2 changes. 315 

The high SLP anomaly of EOF1 in East Asia is probably due to both the upward motion anomaly 316 

from the maritime continent to the tropical Indian Ocean and the low SST anomaly over the equatorial 317 

central Pacific, which are found in common for the recent JRA55 year-to-year variations and the 318 

CMIP6 future inter-model uncertainty. The recent year-to-year variation in EOF1 has some 319 

fluctuations around the trend so that the trend is not statistically significant but consistent with the 320 

small ensemble mean future EOF1 change. 321 

In terms of the low-in-the-east and high-in-the-west SLP anomaly of EOF3, the recent year-to-322 

year variations and the future inter-model uncertainty have different features, apart from the 323 

subtropical northwestern Pacific SST anomaly probably influenced by the EOF3 pattern. The recent 324 

year-to-year variation in EOF3 is related to the eastern Pacific SST anomaly in the subtropics and 325 

tropics, and exhibits long-term variations. Its amplitude is comparable with that of the small ensemble 326 

mean of the future EOF3 changes. 327 

Significant correlations of the EOF4-6 SLP patterns with the JRA-55 year-to-year precipitation 328 

anomalies are confirmed in the nearly same areas inside of the EOF domain as those with the CMIP6 329 

future upward vertical velocity changes. The vertical velocity anomalies are recognized as the direct 330 

sources for the EOF4-6 SLP patterns whereas common features are limited for the regional surface 331 

temperature anomalies between the JRA-55 year-to-year variability and the CMIP6 future inter-332 

model uncertainty. The EOF4-6 resolution coefficients of the JRA-55 SLP anomalies show the 333 
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negative departures from the present-day mean. In particular, the EOF5 and EOF6 resolution 334 

coefficients display the significant but negative trends, which are not consistent with their CMIP6 335 

future ensemble projection means.  336 

 337 

3.4. Recent climate change 338 

The recent trend of the EOF2 year-to-year variations can be explained by recent global warming. 339 

From the climatological differences between the 2001–2020 and 1980–1999 averages based on the 340 

JRA-55 data (Fig. 5), which are referred to as “recent climate change”, the low SLP anomaly in 341 

northern East Asia (Fig. 5a) and surface air warming in the northern continents and neighboring seas 342 

(Fig. 5b) are clearly evident. These can be regarded as the northern low part of the CMIP6 future 343 

EOF2 SLP pattern and the physical source for that low SLP, as pointed out by Ose et al. (2022). A 344 

comparison between the recent climate changes based on JRA-55 (Fig. 5) and the CMIP6 future 345 

ensemble mean changes (Fig. 6) shows a common geographic feature of enhanced warming over the 346 

northern continents and neighboring seas. 347 

The high SLP anomaly corresponding to the southern part of EOF2 is unclear in the recent 348 

climate change (Fig. 5a). The associated future cause of the southern part of EOF2, which is the 349 

downward motion anomaly in the subtropical northwestern Pacific and increased vertical stability in 350 

the tropics (Ose et al. 2022), is also unclear or small in the JRA55 recent climate change data (Fig. 351 

5c and e), as compared with the CMIP6 future climate change (Fig. 6c and e). The enhanced warming 352 
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in northern East Asia that is evident in the recent climate change data is ~0.5 K and 10% of the future 353 

change of 5 K, whereas the enhanced vertical stability in the tropics in the recent climate change data 354 

corresponds to ~0.1 K and is <1% of the future increase of 6 K. The recent SST increase is quite small 355 

and may even be negative in the tropics (Fig. 5b). The unclear recent climate change in the southern 356 

part of the EOF2 SLP pattern may be consistent with the negative SST change over the previous DJF 357 

El Niño area (Fig. 3e), as indicated by the recent year-to-year variability. 358 

The recent climate change in the JRA-55 vertical motion (Fig. 5c) is rather different from or 359 

nearly opposite to the CMIP6 future change in upward motion (Fig. 6c) while increased precipitation 360 

is relatively similar between the GPCP recent climate change (Fig. 5f) and the CMIP6 future change 361 

(Fig. 6f). The CMIP6 future change in upward motion (Fig. 6c) has a different distribution from that 362 

of precipitation (Fig. 6f). In particular, over a large area of Southeast Asia and the tropical Indian 363 

Ocean, these future changes have opposite signs because of the effect of the future increased vertical 364 

stability in the tropics (Fig. 6e), which leads to increased precipitation but suppressed upward motion. 365 

Compared with the future climate change, the recent climate change in the JRA-55 vertical motion 366 

(Fig. 5c) tends to be positively correlated with the GPCP precipitation (Fig. 5f) geographically, which 367 

is consistent with the small recent increase in SST (Fig. 5b) and the small vertical stabilization (Fig. 368 

5e) in the tropics. 369 

The JRA55 recent changes in the 200hPa zonal wind over the tropics (Fig. 5d) are nearly opposite 370 

to the CMIP6 future changes (Fig. 6d), consistent with the changes in the vertical motions in the 371 



20 

 

tropics, whereas some similarities could be found between the recent and future changes in the 372 

northern extra-tropics. This is consistent with the other results of this subsection, which show the 373 

regional effect of global warming is small in the tropics as compared with the northern extra-tropics. 374 

It is noted that the recent climate change includes some EOF1-related aspects such as the upward 375 

motion anomaly from the maritime continent to the tropical Indian Ocean and the downward motion 376 

anomaly over the equatorial central Pacific (Fig. 5c) as well as the small but positive linear trend of 377 

EOF1 (Fig. 2a). 378 

Small-scale structures of the EOF4-6 SLP patterns displaying the recent negative trends seem to 379 

be included in the recent climate change such as a low SLP change over the Okhotsk Sea, a high SLP 380 

change to southeast of the Japanese Archipelago and a low SLP change around the Philippine Islands 381 

(Fig. 5a). The recent climate change in the tropical SST may display consistent phases with the 382 

negative departures of EOF4-6 in the recent climate change; warm JJA SST anomaly in the equatorial 383 

central Pacific for negative EOF4 (Fig. S2a), the previous DJF negative SST anomaly in the eastern 384 

Pacific for negative EOF5 (Fig. S2e) and negative JJA SST anomaly in the “convective jump area” 385 

in the subtropical Pacific (Ueda, H. and T. Yasunari, 1996).  386 

Focused on the significant negative trends of EOF5 and/or EOF6, there is an interesting 387 

possibility that they contribute to the modification of “the CMIP6-simulated EOF2” to “the actual 388 

EOF2 in JRA-55”, which are the real SLP pattern forced by the warming in the northern continents 389 

and seas. 390 
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 391 

4. Discussion 392 

4.1. Comparison with other studies 393 

EOF1 and EOF2 for the recent year-to-year variability have some physical similarities with “the 394 

observed first and second principal patterns of the detrended JJA 850 hPa stream function’s variability” 395 

in the WNPSH (10°-40°N, 110°-180°E) obtained by Yang et al. (2022), referred to as PC1_Yang2022 396 

and PC2_Yang2022 in this study, respectively. The positively correlated SST anomalies in the 397 

Philippine Sea and northern tropical Atlantic, and negatively correlated SST anomalies over the 398 

equatorial central Pacific are common features of EOF1 and PC1_Yang2022. The positively 399 

correlated SST anomalies in the tropical Indian Ocean and South China Sea in the summer following 400 

an El Niño winter are common features of the EOF2 and PC2_Yang2022. However, there are some 401 

differences. The EOF2 pattern is different from that of PC2_Yang2022 in northern East Asia, probably 402 

because of the difference in the EOF domain used for the analysis. The variability centered around 403 

northern East Asia tends to be captured by the EOF analysis of this study, because the EOF domain 404 

covers the high-latitude regions of East Asia, but with a limited eastward extent. In contrast, the 405 

domain of PC_Yang2022 is basically within the northwestern subtropics, but extends to the dateline. 406 

A more critical difference is the data used for the analysis. PC1-2_Yang2022 was obtained from an 407 

analysis of the detrended recent year-to-year variability. The EOF1–6 in this study were obtained 408 

from the CMIP6 future changes, where the regional responses and variations uniquely related to 409 
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global warming are intensified, such as global-scale land warming and suppressed atmospheric 410 

vertical motions. 411 

Choi and Kim (2019) undertook an analysis of summertime variability in the WNPSH (9°–32°N, 412 

105°–150°E) and showed that the leading mode of the monthly cyclo-stationary empirical orthogonal 413 

function (CSEOF1) is forced by global warming. Ignoring the difference between the 500 hPa 414 

geopotential height and SLP patterns, the leading CSEOF1 mode is similar in part to EOF2, but the 415 

domain defined for the CSEOF modes is not large enough to capture the distinction between EOF1 416 

and EOF2, and thus CSEOF1 may include the regional variability as represented by both EOF1 and 417 

EOF2.  418 

 419 

4.2. Emergent constraint based on the future SLP patterns 420 

Figure 7 shows the relationships between the CMIP6 recent and future climate changes of EOF 421 

resolution coefficients for each CMIP6 model experiment, where “the recent climate change” is 422 

defined in this subsection as the difference between the periods of 1980–1999 and 2000–2014 in the 423 

same CMIP6 historical run. Each “CMIP6 recent climate change” was simulated using the specified 424 

historical forcings of the CMIP6 project, but other natural fluctuations were also included depending 425 

on each model experiment. However, it is confirmed that the correlation between the CMIP6 recent 426 

and future climate changes of EOF1-6 resolution coefficients is 0.42, 0.61, 0.61, 0.40, 0.49 and 0.63, 427 

respectively, which are statistically significant over 98%. 428 
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The JRA-55-based actual “recent climate change” for 2000–2014 is treated as one sample of the 429 

simulations. The actual “recent climate change” for EOF1-3 resolution coefficients is lower than the 430 

corresponding ensemble mean of the CMIP6 “recent climate change” for 2000–2014, but the 431 

differences are small compared with the CMIP6 uncertainty as represented by the 38 simulations. 432 

Figure 7 also shows the plausible future climate changes corresponding to the actual “recent climate 433 

changes” from JRA-55, which are obtained using the statistical linear regression equations displayed 434 

in Fig.7. The plausible future changes of the EOF1–3 resolution coefficients are proposed to be 0.20, 435 

1.83, and 0.27, rather than the CMIP6 mean future changes of 0.33, 2.06, and 0.46, respectively, based 436 

on the inter-model statistical relationships between the CMIP6 “recent and future climate changes”. 437 

The modification due to the constrain for EOF1-3 is small and reasonable considering the assumption 438 

of the 4K future projection and the comparison with the large CMIP6 simulated diversity.  439 

The JRA-55-based actual “recent climate changes” for EOF4–6 are within uncertainties of the 440 

CMIP6 “recent climate changes” but much lower than the positive CMIP6 ensemble means, leading 441 

to the negative EOF4–6 resolution coefficients for the future climate changes based on the linear 442 

regressions.  443 

 444 

4.3. Recent negative trends in the higher-ranked patterns 445 

The influence of the recent SST changes (Fig. 5b) on the recent long-term variability in the SLP 446 

patterns is discussed. There is some evidence that the recent negative trends in the higher-ranked 447 
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EOFs are created through the same physical mechanism as the corresponding year-to-year variability. 448 

For the EOF4 and EOF5 resolution coefficients, the correlations in the 7-year running mean 449 

variability (the year-to-year variability) with the previous DJF NINO1+2 SST Index are 0.44 (0.37) 450 

and 0.4 (0.32), respectively. Therefore, the decrease in the DJF Niño1+2 SST (Fig. 5b) in the recent 451 

SST change is considered responsible for the recent decreases in EOF4 and EOF5 through the same 452 

mechanism as the year-to-year variability. The EOF6 has the correlations of -0.36 (-0.30) with the 453 

JJA IOBW SST Index for the 7-year running mean variability (the year-to-year variability). The recent 454 

long-term decrease of EOF6 may be attributed to the increase in the JJA IOBW SST or the tropical 455 

Indian Ocean SST, contrasting with the partially decreasing tropical northern Pacific SST in the recent 456 

climate change. This statistical fact is consistent with the tendency of the warm JJA IOBW SST to 457 

create a high-pressure SLP anomaly over the subtropical northwestern Pacific (Xie et al. 2009). 458 

In summary, the recent long-term variability of the high-ranked SLP patterns is attributed to the 459 

features of the recent SST change in the real, when assuming the same mechanism as the year-to-year 460 

relationships between EOF4-6 and SST. 461 

 462 

4.4. Extreme summer SLP variations 463 

Simply considered, polarized extreme summer SLP variation would come one after another with 464 

time as a result of the superposition of the recent trends with the associated year-to-year variability. 465 

The first, second and third maximum of the EOF2 resolution coefficients during the summers of 1980-466 
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2020 are recorded in 2013, 2020 and 2017 (Fig. 2b) with the positive to marginal DJF Niño4 SST 467 

anomalies (0.07, 1.32 and -0.095 in the standard deviation unit). The third minimum of the EOF2 468 

resolution coefficients happen in 2012 with the negative DJF Niño4 SST anomaly (-1.26). The first, 469 

second and third minimum of the EOF5 resolution coefficients occur in 2004, 2010 and 2018 with 470 

the negative to marginal DJF Niño1+2 SST anomalies (0.10, -0.01 and -0.87). The second maximum 471 

of the EOF5 resolution coefficients is found in 2012 with the negative DJF Niño4 SST anomaly (-472 

0.44). The first, second and third minimum and maximum of the EOF6 resolution coefficients are not 473 

recorded after 2001. 474 

The long-term trends of the high-ranked SLP patterns tend to make the polarized extreme 475 

summers through the superposition with the year-to-year variability. The tendency may be relatively 476 

stable for the EOF2 because the warming northern continents as the source for the EOF2 trend 477 

proceeds independently from the year-to-year variability due to the tropical SST variations. 478 

 479 

5. Conclusions 480 

The recent year-to-year and long-term climate variability and the recent climate change in 481 

summer in East Asia were investigated to assess how the future robust and uncertain SLP patterns in 482 

the CMIP6 ensemble future projections appear in recent years, using the observation-based analysis 483 

of the JRA-55 and GPCP datasets. Not only focused on the long-term trends of the future patterns in 484 

the recent years, the recent year-to-year variability of the SLP patterns is analyzed to compare the 485 
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characteristics between the future projection and the recent year-to-year and long-term variability 486 

regarding such as the sources, the magnitudes and the relationship with the environments. These 487 

analyses are also important for estimating the impacts of the emergence of the future SLP patterns 488 

and the associated extreme SLP variations. 489 

The following conclusions of (1) – (7) are obtained. 490 

(1) One major finding is that the robust SLP pattern EOF2 exhibits a significant positive trend 491 

in the long-term variability during 1980–2020 broadly towards the projected future ensemble mean 492 

value of EOF2, which is quantitatively comparable to the recent year-to-year maxima. In contrast, the 493 

uncertain SLP patterns of EOF1 and EOF3 fluctuate or remain around their present-day mean values 494 

with no significant trends. This is also consistent with the small future projection means of EOF1 and 495 

EOF3. 496 

(2) The recent significant positive trend in the long-term variability of the future robust SLP 497 

pattern EOF2 during 1980-2000 is caused by one of the forcings of the future change, which is the 498 

recent warming over the northern continents and neighboring seas, while large year-to-year variations 499 

occur due to the suppressed vertical motions in the East Asian subtropics in the post-El Niño summer. 500 

Suppressed vertical motion in the stabilized tropical atmosphere by global warming is not clear in the 501 

recent climate change because the recent warming over the tropics is not evident when compared with 502 

the recent warming in the extra-tropics. 503 

(3) The major but uncertain SLP pattern EOF1 exhibits no significant trend in the long-term 504 



27 

 

variability, but shows the recent year-to-year variations associated with the vertical motion anomaly 505 

in the tropical Indo-Pacific regions and the SST anomaly over the equatorial central Pacific, which 506 

are common features with the CMIP6 future EOF1. The future EOF3 pattern representing a weaker 507 

East Asian monsoonal wind, fluctuates on recent long time-scales and is correlated with the 508 

northwestern subtropical Pacific SST anomaly and the eastern Pacific SST anomaly. The results 509 

indicate that the SST increase and suppressed vertical motion in the tropics projected for the future 510 

global warming are still not dominant in the recent climate change. 511 

(4) The significant inter-model correlations are obtained between the simulated recent climate 512 

change in the SLP patterns from 1980-1999 to 2000-2014 in the CMIP6 historical experiments and 513 

the CMIP6 future projection for 2076-2095. This systematic relationship can be used as a statistical 514 

constraint for the future SLP projection through the linear regression formula using the actual recent 515 

SLP change. In the case of EOF1-3, the recent actual climate change in the SLP patterns based on the 516 

JRA-55 analysis is slightly smaller than the ensemble means of the recent climate changes in the 517 

CMIP6 historical simulations.  518 

(5) The observation-based actual recent changes of EOF4–6 are the negative departures from 519 

the present-day mean (1980-1999), especially with the significantly negative trends during 1980-2020 520 

for EOF5-6. Although they are within the uncertainty of the recent climate changes in the CMIP6 521 

historical simulations, the future constraints for EOF4–6 based on the observation-based recent 522 

climate changes may lead to the CMIP6 future projections for EOF4-6 with the polarities reverse to 523 
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their ensemble means.  524 

(6) The negative departures of EOF4-6 from the present-day means are attributed to the recent 525 

climate change in the tropics, such as SST and atmospheric circulation anomalies, based on the similar 526 

relationships in the year-to-year and long-term variability between the SST anomalies and the EOF4-527 

6 patterns. The recent SST changes in the tropics include quite different characteristics from the future 528 

SST changes with respect not only to the warming level but also to the geographical distribution, such 529 

as the negative SST changes in the tropical eastern Pacific and the subtropical northern Pacific. The 530 

200 hPa zonal wind anomalies and 500 hPa vertical motion anomalies in the tropics are nearly 531 

opposite to those of the CMIP6 future changes except for the increase in precipitation. 532 

(7) The inexperienced and polarized extreme SLP variations tend to be recorded by the 533 

superposition of the long-term trend and year-to-year variability of the EOF2 and EOF5 SLP patterns 534 

displaying the significant recent trends in the real. Therefore, the characteristics about the year-to-535 

year variability of the corresponding SLP pattern may be becoming important for considering the 536 

extreme SLP variations. This study indicates that the previous winter El Niño SSTs are not perfectly 537 

but significantly correlated to the year-to-year appearance of the EOF2 and EOF5 SLP patterns.   538 

 539 

The EOF4-6 represent small-scale spatial structures of the future SLP changes, and are formed 540 

by the future suppressed vertical motion anomalies in the model-dependent recent present-day 541 

precipitation in the tropics (Fig. S1a-c). The mechanisms of the EOF4-6 appearance in the recent 542 
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variability are not necessarily equivalent to those of the future inter-model EOF4-6 patterns as shown 543 

in Supplement. Another possible explanation for the negative departures of EOF4-6 is that activity of 544 

tropical cyclones is not represented mostly in the CMIP6 models but analyzed in the observation-545 

based EOF4-6 variability. An interesting possibility for the significant negative trends in the long-546 

term variability of EOF5 and/or EOF6 is that they contribute to the modification of “the CMIP6-547 

simulated EOF2” to “the actual EOF2 in the real”, which are forced by the warming in the northern 548 

continents and seas. 549 

The recent year-to-year correlations of each EOF resolution coefficient with surface air 550 

temperature and precipitation anomalies based on JRA-55 (Fig. 3a–c, Fig. 4d–f, Fig.S1d-f and Fig. 551 

S2a-c) cannot simulate the detailed effects of the SLP EOF patterns on local climate variability, 552 

because the detailed effects of mountains are not accounted for in the low-resolution models of 553 

CMIP6. This is also the case with the CMIP6 inter-model correlations. It would be desirable to check 554 

the observed surface air temperature and precipitation anomalies at weather stations related to the 555 

actual year-to-year variability of the SLP EOF patterns (Fig. 2). For example, according to Fig. 2b, 556 

the summer with the highest resolution coefficient of the SLP EOF2 is JJA in 2013. This was the 557 

summer when wet and dry anomalies were observed on the Japan Sea and Pacific Ocean sides of 558 

Japan, respectively (not shown). Interestingly, a similar difference in precipitation anomalies is 559 

evident from historically observed changes (i.e., station data) in summer precipitation over Japan 560 

(Endo 2023), and from high-resolution projections of future changes in JJA precipitation in East Asia 561 
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(Ose 2019). 562 

  563 
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Appendix A 586 

 587 

In Ose et al. (2022), the EOF analysis is applied to the following covariance matrix (A.i.j) of the 588 

38 CMIP6 ensemble future projection of the area-weighting sea-level pressure over the East Asian 589 

EOF domain (10°–50°N, 110°–160°E); using the total number of the used CMIP6 models (M=38) 590 

and the notation of ∑.m for the summation from m=1 to m=M, 591 

 592 

A.i.j = ∑.m [dslpa.m.i ×cos(lat.i)] × [dslpa.m.j×cos(lat.j)] /M      ,       (A1) 593 

 594 

where dslpa.m.i represents the difference of the future change of sea-level pressure in the m-th CMIP6 595 

model (dslp.m.i) from the CMIP6 ensemble mean sea-level pressure (dslpMEAN.i) at i-th grid point 596 

of the domain, and lat.i represents its latitude. Therefore, 597 

 598 

dslp.m.i = dslpMEAN.i + dslpa.m.i                          ,       (A2) 599 

 600 

dslpMEAN.i = (∑.m dslp.m.i )/ M                           .      (A3) 601 

 602 

The EOF resolution coefficients (Ca, Cmean, ca and cmean) are defined in association with the 603 

k-th normalized EOF of the sea-level pressures (dslpEOF.k.i). Using the notation of ∑.k for the 604 

summation from k=1 to k=K, 605 
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 606 

dslpa.m.i = ∑.k ( Ca.m.k × dslpEOF.k.i)                       ,        (A4) 607 

 608 

dslpMEAN.i = ∑.k (Cmean.k × dslpEOF.k.i)                   ,        (A5) 609 

 610 

dslp.m.i  =  ∑.k [ (Cmean.k + Ca.m.k) × dslpEOF.k.i ]          ,        (A6) 611 

 612 

(SD.k)2  =  ∑.m (Ca.m.k)2 / M                             ,        (A7) 613 

  614 

   dslp.m.i  =  ∑.k [ SD.k × (cmean.k + ca.m.k) × dslpEOF.k.i ]     .        (A8) 615 

 616 

Likewise, for any fields (f.i) over the globe, including sea-level pressure, the future change in the 617 

m-th CMIP6 model projection (df.m.i), its difference (dfa.m.i) from the CMIP6 ensemble mean field 618 

(dfMEAN.i) and its correlation with dslpEOF.k.i (dfCOR.k.i) are defined.  619 

 620 

df.m.i = dfMEAN.i + dfa.m.i                                 ,        (A9) 621 

 622 

dfMEAN.i = (∑.m df.m.i ) / M                                ,       (A10) 623 

 624 
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dfCOR.k.i = ∑.m ( Ca.m.k × dfa.m.i) / (SD.k) / (Sdfa.i) / M         ,        (A11) 625 

 626 

or 627 

 628 

dfCOR.k.i = ∑.m ( ca.m.k × dfa.m.i) / (Sdfa.i) / M                 ,        (A12) 629 

 630 

where  631 

 632 

(Sdfa.i)2 = ∑.m (dfa.m.i)2 / M                                  .        (A13)  633 

 634 

In the text, the notations with the suffix of i, k and m may be omitted or generalized. For examples 635 

in the case of k=3 and f=tas, the notations such as “dslpEOF3”, “dtasMEAN”, “dtasCOR3” and “SD3” 636 

are used instead of “dslpEOF.3.i“, “dtasMEAN.i”, “dtasCOR.3.i” and “SD.3”.  637 

 638 

639 
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Appendix B 640 

 641 

Any fields defined over a EOF domain can be generally resolved uniquely using the EOFs.  642 

In this study using the JRA-55 data, a field of sea-level pressure anomaly (slpa.t, t=1, T) during 643 

T=41 years from t=1 for JJA in 1980 to t=T for JJA in 2020 is resolved by the dslpEOFs defined in 644 

Appendix A. The EOF resolution coefficients such as Cslpa and cslpa can be defined at the i-th grid 645 

of the EOF domain in association with the k-th normalized EOF (dslpEOF.k).  646 

Using the notation of ∑.k for the summation from k=1 to k=K, 647 

 648 

slpa.t.i = ∑.k ( Cslpa.t.k × dslpEOF.k.i)                       ,         (B1) 649 

 650 

or 651 

 652 

   slpa.t.i = ∑.k [ SD.k × cslpa.t.k × dslpEOF.k.i ]                 ,         (B2) 653 

 654 

where the SD.k defined in Appendix A is used for the normalization. 655 

 656 

To be specific, the Cslpa.t.k is obtained from the following area-weighting inner products, using 657 

the notation of lat.i to represent the latitude of the i-th grid in the EOF domain,  658 

 659 
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Cslpa.t.k = ∑.i (slpa.t.i × dslpEOF.k.i) ×cos(lat.i) ×cos(lat.i)        .         (B3) 660 

 661 

For any field (F.t.j, t=1, T) such as the JRA55 and GPCP datasets over the globe, including sea-662 

level pressure, an anomaly correlation between the field anomaly (Fa.t.j) and a resolution coefficient 663 

of slpa resolved by dslpEOF.k or a dslpEOF.k component of slpa (Cslpa.t.k) is defined at the j-th grid 664 

over the globe (FCOR.k.j), assuming the anomalies are defined as the differences from the means 665 

during t=1 to t=T,  666 

 667 

FCOR.k.j = ∑.t ( Cslpa.t.k × Fa.t.j) / (SdCslpa.k) / (SdFa.j) / T         ,            (B4) 668 

 669 

where ∑.t represents the summation from t=1 to t=T, and 670 

 671 

(SdCslpa.k)2 = ∑.t (Cslpa.t.k)2 / T                              ,           (B5) 672 

 673 

(SdFa.j)2   = ∑.t (Fa.t.j)2 / T                                  .           (B6) 674 

 675 

 676 

 677 

 678 

679 
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 767 

Table legends 768 

 769 

 770 

Table. 1 771 

Statistics about the linear trends in the 7-year running means of the year-to-year EOF1-6 resolution 772 

coefficients in JJA during 1980-2020 in Fig. 2a-f. Students’ t-test is applied for the null hypothesis 773 

(trend=0), assuming the degree of freedom (n-2) is 3 for 7-year running means. Underlined bold 774 

figures are referred to in the text.  775 

 776 

 777 
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 779 

Table. 1 780 

 781 

Statistics about the linear trends in the 7-year running means of the year-to-year EOF1-6 resolution 782 

coefficients in JJA during 1980-2020 in Fig. 2a-f. Students’ t-test is applied for the null hypothesis 783 

(trend=0), assuming the degree of freedom (n-2) is 3 for 7-year running means.  784 

 785 

 786 

Statistics EOF1 EOF2 EOF3 EOF4 EOF5 EOF6 

Correlation with 

years (r) 

0.265 0.624 -0.059 -0.230 -0.601 -0.667 

Determination rate 

by Trend (r*r*100) 

7.0% 40.0% 0.3% 5.3% 36.1% 44.5% 

Trend /100 year 0.70 1.85 -0.24 -1.12 -2.96 -3.15 

Significance for 

Rejection of 

Null hypothesis 

(Trend=0) 

Less than 

80% 

More than 

98% 

Less than 

80% 

Less than 

80% 

More than 

95% 

More than 

98% 

  787 
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 789 

Figure captions 790 

 791 

Fig. 1. (a) Recent year-to-year correlations during 1980–2020 between the JJA-mean sea-level 792 

pressure and the EOF1 resolution coefficient (empty bars in Fig. 2a) using the JRA-55 793 

reanalysis dataset (colors), and the EOF1 pattern multiplied by its CMIP6 inter-model 794 

standard deviations (contour interval = 0.2 hPa). A square enclosed with a thick line 795 

represents the EOF domain. (b)–(f) Same as (a), except for EOF2–6, respectively. Correlation 796 

coefficients of 0.3 and 0.4 indicate statistical significance at the >95% and >99% levels, 797 

respectively.  798 

 799 

Fig. 2. (a) Recent year-to-year variations in resolution coefficients during 1980–2020 for the EOF1 800 

pattern of future sea-level pressure changes in East Asia (empty bars) and their 7-year running 801 

means (red-filled bars). A blue line is the linear trend for the 7-year means. (b)–(f) Same as 802 

(a), but for EOF2–6, respectively. Units on the vertical axis are divided by the CMIP6 inter-803 

model standard deviation of each EOF, which is noted along the vertical axis. The same unit is 804 

used for the CMIP6 future ensemble minimum, mean, and maximum changes of the 805 

corresponding EOF resolution coefficient, which are noted in the title of each graph. 806 

 807 

Fig. 3. (a)–(c) Recent year-to-year correlations during 1980–2020 between the JJA-mean surface air 808 

temperature and the EOF1–3 resolution coefficients (empty bars in Fig. 2a–c) using the JRA-809 

55 reanalysis dataset (colors), and the same for the 38 CMIP6 inter-model correlations of the 810 

CMIP6 future changes (contours of -0.6, –0.4, –0.3, 0.3, 0.4, and 0.6). (d)–(f) Same as (a)–(c), 811 

except for the previous DJF surface air temperature (colors) and the CMIP6 future changes in 812 

the mean DJF one (contours). Correlation coefficients of 0.3 and 0.4 indicate statistical 813 

significance at the >95% and >99% levels, respectively. 814 
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 815 

 816 

Fig. 4. (a)–(c) Recent year-to-year correlations during 1980–2020 between the JJA-mean vertical 817 

downward velocity (pressure velocity) and the EOF1–3 resolution coefficients (empty bars in 818 

Fig. 2a–c) using the JRA-55 reanalysis dataset (colors) and the same for the 38 CMIP6 inter-819 

model correlations for the CMIP6 future changes (contours of -0.6, –0.4, –0.3, 0.3, 0.4, and 820 

0.6). (d)–(f) Same as (a)–(c), except for the GPCP JJA-mean precipitation (colors) and CMIP6 821 

future changes in JJA-mean precipitation (contours). Correlation coefficients of 0.3 and 0.4 822 

indicate statistical significance at the >95% and >99% levels, respectively. 823 

 824 

Fig. 5. (a) The 20-year mean change in JJA-mean sea-level pressure (hPa) from 1980–1999 to 825 

2001–2020 (colors), and the 20-year mean climatology during 1980–1999 relative to 1000 826 

hPa (contours). (b) Same as (a), except for the 20-year mean change in the JJA- and DJF-827 

mean surface air temperature (colors and contours of -0.5, 0.0 and 0.5 K, respectively). (c) 828 

Same as (a), except for the JJA-mean vertical downward velocity (pressure velocity) (in hPa 829 

h–1). (d) The JJA-mean 200 hPa zonal wind (in m s–1). (e) The JJA-mean vertical dry static 830 

stability, defined as the difference between the dry potential temperature at 200 and 700 hPa 831 

(in K). An elevated area less than 700 hPa is enclosed by a green line. (f) The JJA-mean 832 

GPCP precipitation (in mm day–1). (a)–(e) are based on the JRA-55 reanalysis dataset. 833 

 834 

Fig. 6. (a) The 20-year mean future change in JJA-mean sea-level pressure (in hPa) from 1980–835 

1999 to 2076–2095 (colors) and the 20-year mean climatology during 1980–1999 relative to 836 

1000 hPa (contours), based on the 38 CMIP6 ensemble mean simulations. (b) Same as (a) 837 

except for the JJA-mean surface air temperature in K (colors) and every 0.2K between 3.0 and 838 

4.0 K (contours). (c) The JJA-mean vertical downward velocity (pressure velocity) (in hPa h–839 

1). (d) The JJA-mean 200 hPa zonal wind (in m s–1). (e) The JJA-mean vertical dry static 840 
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stability, defined as the difference between dry potential temperature at 200 and 700 hPa (in 841 

K). An elevated area less than 700 hPa is enclosed by a green line. (f) The JJA-mean 842 

precipitation (in mm day–1). 843 

 844 

Fig. 7. (a) Recent changes in the EOF1 resolution coefficients in the 38 CMIP6 historical 845 

experiments from 1980–1999 to 2000–2014 (horizontal axis) and their future changes from 846 

1980–1999 to 2076–2095, based on the 38 CMIP6 SSP5-8.5 experiments (vertical axis). (b)–(f) 847 

Same as (a), but for EOF2–6. Red lines are the CMIP6 inter-model linear regressions between 848 

recent and future changes. Red-filled circles are the CMIP6 ensemble means. Red empty squares 849 

are the JRA-55-based recent changes from 1980–1999 to 2000–2014 (horizontal axis) and the 850 

regression for 2076–2095 (vertical axis). 851 

 852 

Fig. S1. (a)-(c) The 38 CMIP6 inter-model correlations for the EOF4-6 with the CMIP6 future 853 

changes in the JJA-mean vertical downward velocity (pressure velocity) (colors), and the same 854 

except for the CMIP6 JJA-mean vertical downward velocity (pressure velocity) during the 855 

CMIP6 present-day simulation (1980-1999) for the EOF4-6 (contours of -0.6, –0.4, –0.3, 0.3, 856 

0.4, and 0.6). Correlation coefficients of 0.3 and 0.4 indicate statistical significance at the >95% 857 

and >99% levels, respectively. (d)–(f) Recent year-to-year correlations during 1980–2020 858 

between the EOF4-6 resolution coefficients (empty bars in Fig. 2a–c) and the GPCP JJA-mean 859 

precipitation (colors), and the 38 CMIP6 inter-model correlations for the EOF4-6 with the 860 

CMIP6 future changes in the JJA-mean vertical downward velocity (pressure velocity) (contours 861 

of -0.6, –0.4, –0.3, 0.3, 0.4, and 0.6). Correlation coefficients of 0.3 and 0.4 indicate statistical 862 

significance at the >95% and >99% levels, respectively. 863 

 864 

 865 

Fig.S2. (a)-(f) The same as Fig. 3 (a)-(f) except for EOF4–6. 866 
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 868 

 869 

 870 

 871 

 872 

 873 

Fig. 1. (a) Recent year-to-year correlations during 1980–2020 between the JJA-mean sea-level 874 

pressure and the EOF1 resolution coefficient (empty bars in Fig. 2a) using the JRA-55 875 

reanalysis dataset (colors), and the EOF1 pattern multiplied by its CMIP6 inter-model 876 

standard deviations (contour interval = 0.2 hPa). A square enclosed with a thick line 877 

represents the EOF domain. (b)–(f) Same as (a), except for EOF2–6, respectively. Correlation 878 

coefficients of 0.3 and 0.4 indicate statistical significance at the >95% and >99% levels, 879 

respectively.  880 

 881 

 882 
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 883 

 884 

 885 

 886 

 887 

 888 

Fig. 2. (a) Recent year-to-year variations in resolution coefficients during 1980–2020 for the EOF1 889 

pattern of future sea-level pressure changes in East Asia (empty bars) and their 7-year running 890 

means (red-filled bars). A blue line is the linear trend for the 7-year means. (b)–(f) Same as 891 

(a), but for EOF2–6, respectively. Units on the vertical axis are divided by the CMIP6 inter-892 

model standard deviation of each EOF, which is noted along the vertical axis. The same unit is 893 

used for the CMIP6 future ensemble minimum, mean, and maximum changes of the 894 

corresponding EOF resolution coefficient, which are noted in the title of each graph. 895 

 896 
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 897 

 898 

Fig. 3. (a)–(c) Recent year-to-year correlations during 1980–2020 between the JJA-mean surface air 899 

temperature and the EOF1–3 resolution coefficients (empty bars in Fig. 2a–c) using the JRA-900 

55 reanalysis dataset (colors), and the same for the 38 CMIP6 inter-model correlations of the 901 

CMIP6 future changes (contours of -0.6, –0.4, –0.3, 0.3, 0.4, and 0.6). (d)–(f) Same as (a)–(c), 902 

except for the previous DJF surface air temperature (colors) and the CMIP6 future changes in 903 

the mean DJF one (contours). Correlation coefficients of 0.3 and 0.4 indicate statistical 904 

significance at the >95% and >99% levels, respectively. 905 

 906 
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 907 

 908 

 909 

 910 

 911 

Fig. 4. (a)–(c) Recent year-to-year correlations during 1980–2020 between the JJA-mean vertical 912 

downward velocity (pressure velocity) and the EOF1–3 resolution coefficients (empty bars in 913 

Fig. 2a–c) using the JRA-55 reanalysis dataset (colors) and the same for the 38 CMIP6 inter-914 

model correlations for the CMIP6 future changes (contours of -0.6, –0.4, –0.3, 0.3, 0.4, and 915 

0.6). (d)–(f) Same as (a)–(c), except for the GPCP JJA-mean precipitation (colors) and CMIP6 916 

future changes in JJA-mean precipitation (contours). Correlation coefficients of 0.3 and 0.4 917 

indicate statistical significance at the >95% and >99% levels, respectively. 918 

 919 

 920 

  921 
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 922 

 923 

 924 

Fig. 5. (a) The 20-year mean change in JJA-mean sea-level pressure (hPa) from 1980–1999 to 925 

2001–2020 (colors), and the 20-year mean climatology during 1980–1999 relative to 1000 926 

hPa (contours). (b) Same as (a), except for the 20-year mean change in the JJA- and DJF-927 

mean surface air temperature (colors and contours of -0.5, 0.0 and 0.5 K, respectively). (c) 928 

Same as (a), except for the JJA-mean vertical downward velocity (pressure velocity) (in hPa 929 

h–1). (d) The JJA-mean 200 hPa zonal wind (in m s–1). (e) The JJA-mean vertical dry static 930 

stability, defined as the difference between the dry potential temperature at 200 and 700 hPa 931 

(in K). An elevated area less than 700 hPa is enclosed by a green line. (f) The JJA-mean 932 

GPCP precipitation (in mm day–1). (a)–(e) are based on the JRA-55 reanalysis dataset. 933 

 934 
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 935 

 936 

Fig. 6. (a) The 20-year mean future change in JJA-mean sea-level pressure (in hPa) from 1980–937 

1999 to 2076–2095 (colors) and the 20-year mean climatology during 1980–1999 relative to 938 

1000 hPa (contours), based on the 38 CMIP6 ensemble mean simulations. (b) Same as (a) 939 

except for the JJA-mean surface air temperature in K (colors) and every 0.2K between 3.0 and 940 

4.0 K (contours). (c) The JJA-mean vertical downward velocity (pressure velocity) (in hPa h–941 

1). (d) The JJA-mean 200 hPa zonal wind (in m s–1). (e) The JJA-mean vertical dry static 942 

stability, defined as the difference between dry potential temperature at 200 and 700 hPa (in 943 

K). An elevated area less than 700 hPa is enclosed by a green line. (f) The JJA-mean 944 

precipitation (in mm day–1). 945 

 946 
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 947 

 948 

 949 

 950 

 951 

Fig. 7. (a) Recent changes in the EOF1 resolution coefficients in the 38 CMIP6 historical 952 

experiments from 1980–1999 to 2000–2014 (horizontal axis) and their future changes from 953 

1980–1999 to 2076–2095, based on the 38 CMIP6 SSP5-8.5 experiments (vertical axis). (b)–(f) 954 

Same as (a), but for EOF2–6. Red lines are the CMIP6 inter-model linear regressions between 955 

recent and future changes. Red-filled circles are the CMIP6 ensemble means. Red empty squares 956 

are the JRA-55-based recent changes from 1980–1999 to 2000–2014 (horizontal axis) and the 957 

regression for 2076–2095 (vertical axis). 958 
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Supplement 960 

 961 

The characteristics of the CMIP6 future SLP EOFs are analyzed for the EOF1-3 in Ose et al. 962 

(2022) but not enough for the EOF4-6, considering the EOF4-6 of the CMIP6 SLP pattern in East 963 

Asia could not be identified one-by-one from those of CMIP5 while each of CMIP6 EOF1-3 964 

resemble the corresponding one of CMIP5. In this Supplement, results of additional analysis for the 965 

characteristics of the CMIP6 future SLP EOF4-6 are summarized. 966 

Following the analysis for the CMIP6 future SLP EOF1-3, the causes for the EOF4-6 SLP 967 

patterns in the inter-model uncertainty of the future projection are explored. The 38 CMIP6 inter-968 

model correlations for the EOF4-6 with the CMIP6 future changes in the JJA-mean vertical velocity 969 

have similar spatial distributions to the inter-model correlation with the CMIP6 present-day JJA-970 

mean vertical velocity (Fig.S1a-c). This result indicates that the causes for the SLP EOF4-6 in the 971 

future projection are basically the same as those in the EOF1 and EOF3: the inter-model difference 972 

in the CMIP6 present-day simulation of the regional vertical velocity (mostly due to precipitation) 973 

causes the inter-model difference in the future suppression of the regional vertical motion under the 974 

future stabilized tropical atmosphere. 975 

The SLP EOF4-6 represent smaller patterns than the SLP EOF1-3, so that the small-scale 976 

precipitation (or upward motion) anomalies are also correlated inside of the East Asian EOF 977 

domain. Significant correlations of the EOF4-6 SLP patterns with both the JRA-55 year-to-year 978 

precipitation anomalies and those of the CMIP6 future upward vertical velocity changes are 979 

confirmed in the nearly same areas inside of the EOF domain in Fig.S1d-f.  980 

Low temperature in the northern East Asia and warm temperature in the East Asian Pacific are 981 

recognized for EOF5 in Fig. S2b, which are understood as direct impacts of the EOF5 SLP pattern. 982 

Outside of the East Asian EOF domain, organized overlapping is found only over the limited areas 983 

between the colors and the contours in Fig. S2a-c and Fig. S2d-f, that is, between the recent year-to-984 

year correlations of EOF4-6 with the JRA-55 surface air temperatures during 1980–2020 and the 38 985 
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CMIP6 inter-model correlations of EOF4-6 with the CMIP6 future changes in the surface air 986 

temperatures. This fact indicates that common forcing between the year-to-year EOF4-6 variability 987 

and the future inter-model EOF4-6 variability is limited in the regional surface temperature 988 

anomalies.  989 

 990 

 991 

  992 
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 994 

 995 

 996 

Fig. S1. (a)-(c) The 38 CMIP6 inter-model correlations for the EOF4-6 with the CMIP6 future 997 

changes in the JJA-mean vertical downward velocity (pressure velocity) (colors), and the 998 

same except for the CMIP6 JJA-mean vertical downward velocity (pressure velocity) during 999 

the CMIP6 present-day simulation (1980-1999) for the EOF4-6 (contours of -0.6, –0.4, –0.3, 1000 

0.3, 0.4, and 0.6). Correlation coefficients of 0.3 and 0.4 indicate statistical significance at the 1001 

>95% and >99% levels, respectively. (d)–(f) Recent year-to-year correlations during 1980–1002 

2020 between the EOF4-6 resolution coefficients (empty bars in Fig. 2a–c) and the GPCP 1003 

JJA-mean precipitation (colors), and the 38 CMIP6 inter-model correlations for the EOF4-6 1004 

with the CMIP6 future changes in the JJA-mean vertical downward velocity (pressure 1005 

velocity) (contours of -0.6, –0.4, –0.3, 0.3, 0.4, and 0.6). Correlation coefficients of 0.3 and 1006 

0.4 indicate statistical significance at the >95% and >99% levels, respectively. 1007 

 1008 
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 1009 

 1010 

 1011 

Fig.S2. (a)-(f) The same as Fig. 3 (a)-(f) except for EOF4–6. 1012 

 1013 

 1014 
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