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Abstract

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

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

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

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

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

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

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

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

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

variations through the superposition with the long-term trends.

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

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

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

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

projection by recent warming over northern continents and seas.

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

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

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

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

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

change compared with the future change.

Keywords: global warming; East Asia; CMIP6; sea-level pressure; summer; emergent constrain
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1. Introduction

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

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

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

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

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

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

Intercomparison Project (CMIPS5) ensemble projections (Taylor et al. 2012), and showed that future

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

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

CMIPS5 simulations to show that the effects of land and ocean on the future Asian summer monsoon

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

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

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

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

various experiments with the Meteorological Research Institute — Atmospheric General Circulation

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

are uncertain future SLP patterns.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

in the real.

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

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

Section 4, followed by conclusions in Section 5.
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2. Data

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

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

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

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

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

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

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

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

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

is summarized in the Appendix A.

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

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

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

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

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

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

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

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

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

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

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

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

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

NINOI1+2, NINO3, NINO4 and IOBW for SST over the domains of (EQ. - 10° S, 90° W - 80° W),

(5§ °N-5°8S,150°W -90°W), (5°N -5°8, 160° E - 150° W) and (20° N - 20° S, 40° E - 100° E),

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

3. Results

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

unit.

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

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

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

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

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

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

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

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

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

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

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

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

around the calculated linear trends.

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

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

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

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

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

ensemble mean.

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

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

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

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

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

to the corresponding SLP EOF patterns, except that the high positive correlations for the EOF1-2

10
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resolution coefficients of the JRA-55 SLP anomalies are slightly shifted from the EOF patterns to

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

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

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

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

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

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

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

subsection.

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

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

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

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

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

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

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

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

correlation in the tropical northern Atlantic for EOF1; and (2) a positive SST correlation in the

11
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subtropical northern Pacific for EOF3 (in both cases assuming that the SST anomalies are close to

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2¢).

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

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

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

12
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by contours in Fig. 4a—c. The year-to-year correlations for EOF1-2 have similar features to the post-

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

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

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

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

future changes.

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

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

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

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

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

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

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

change to precipitation.

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

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

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

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

year-to-year variations and the CMIP6 future inter-model analysis of precipitation (Fig. 4d), but not

13
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for the vertical velocity (Fig. 4a). The moisture transport into northwestern South Asia may be

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

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

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

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

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

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

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

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

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

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

(Fig. 4e and b).

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

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

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

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

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

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

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

14
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precipitation) over the sub-tropical and tropical oceans (Fig. Sla-c), which leads to the inter-model

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

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

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

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

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

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

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

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

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

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

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

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

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

previous winter EI Nifio SST (Fig. S2e) when focused only on the recent period, specifically with the

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

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

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

the recent climate change in the tropics, which is rather different from that of the CMIP6 future

15
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projection, will be shown in the subsection 3.4.

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

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

which are not simulated mostly by the CMIP6 models.

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

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

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

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

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

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

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

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

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

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

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

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

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

JRAS5 SLP EOF2 resolution coefficients have the significant positive trend consistent with the

16
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CMIP6 future ensemble mean EOF2 changes.

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

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

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

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

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

small ensemble mean future EOF1 change.

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

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

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

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

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

mean of the future EOF3 changes.

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

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

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

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

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

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

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

future ensemble projection means.

3.4. Recent climate change

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

From the climatological differences between the 2001-2020 and 1980—1999 averages based on the

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

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

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

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

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

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

northern continents and neighboring seas.

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

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

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

the tropics (Ose et al. 2022), is also unclear or small in the JRASS5 recent climate change data (Fig.

Sc and e), as compared with the CMIP6 future climate change (Fig. 6¢ and e). The enhanced warming
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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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5e) in the tropics.

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

to the CMIP6 future changes (Fig. 6d), consistent with the changes in the vertical motions in the
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tropics, whereas some similarities could be found between the recent and future changes in the

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

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

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

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

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

EOF1 (Fig. 2a).

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

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

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

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

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

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

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

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

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

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

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

and seas.
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4. Discussion

4.1. Comparison with other studies

EOF1 and EOF?2 for the recent year-to-year variability have some physical similarities with “the

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

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

and PC2 Yang2022 in this study, respectively. The positively correlated SST anomalies in the

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

equatorial central Pacific are common features of EOF1 and PC1 Yang2022. The positively

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

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

differences. The EOF2 pattern is different from that of PC2 Yang2022 in northern East Asia, probably

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

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

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

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

A more critical difference is the data used for the analysis. PC1-2_ Yang2022 was obtained from an

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

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

vertical motions.

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

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

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

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

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

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

EOF2.

4.2. Emergent constraint based on the future SLP patterns

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

regressions.

4.3. Recent negative trends in the higher-ranked patterns

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

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

For the EOF4 and EOFS5 resolution coefficients, the correlations in the 7-year running mean

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

and 0.4 (0.32), respectively. Therefore, the decrease in the DJF Nifiol1+2 SST (Fig. 5b) in the recent

SST change is considered responsible for the recent decreases in EOF4 and EOFS5 through the same

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

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

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

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

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

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

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

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

relationships between EOF4-6 and SST.

4.4. Extreme summer SLP variations

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

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

The first, second and third maximum of the EOF2 resolution coefficients during the summers of 1980-
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2020 are recorded in 2013, 2020 and 2017 (Fig. 2b) with the positive to marginal DJF Nifio4 SST

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

resolution coefficients happen in 2012 with the negative DJF Nifio4 SST anomaly (-1.26). The first,

second and third minimum of the EOFS5 resolution coefficients occur in 2004, 2010 and 2018 with

the negative to marginal DJF Nifiol1+2 SST anomalies (0.10, -0.01 and -0.87). The second maximum

of the EOF5 resolution coefficients is found in 2012 with the negative DJF Nifio4 SST anomaly (-

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

recorded after 2001.

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

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

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

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

5. Conclusions

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

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

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

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

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

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

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

and the associated extreme SLP variations.

The following conclusions of (1) — (7) are obtained.

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

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

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

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

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

EOF3.

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

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

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

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

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

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

the recent warming in the extra-tropics.

(3) The major but uncertain SLP pattern EOF1 exhibits no significant trend in the long-term
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variability, but shows the recent year-to-year variations associated with the vertical motion anomaly

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

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

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

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

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

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

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

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

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

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

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

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

CMIP6 historical simulations.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

extreme SLP variations. This study indicates that the previous winter E1 Niflo SSTs are not perfectly

but significantly correlated to the year-to-year appearance of the EOF2 and EOFS5 SLP patterns.

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

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

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

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

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

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

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

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

continents and seas.

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

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

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

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

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

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

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

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

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

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

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

(Endo 2023), and from high-resolution projections of future changes in JJA precipitation in East Asia
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Appendix A

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

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

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

and the notation of 2 .m for the summation from m=1 to m=M,

A.ij= 2 .m [dslpa.m.i xcos(lat.i)] x [dslpa.m.j*cos(lat.j)] /M , (A1)

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

model (dslp.m.1) from the CMIP6 ensemble mean sea-level pressure (dsilpMEAN.1) at i-th grid point

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

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

dslpMEAN.i = (X .m dslp.m.i )/ M . (A3)

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

k-th normalized EOF of the sea-level pressures (dslpEOF.k.i). Using the notation of 2 .k for the

summation from k=1 to k=K,

33



606

607 dslpa.m.i= X .k (Ca.m.k x dslpEOF.k.i) , (A4)
608

609 dslpMEAN.i = X .k (Cmean.k x dslpEOF.k.i) , (A5)
610

611 dslpm.i = 2 k[ (Cmeank + Ca.m.k) x dslpEOF.k.i ] , (A6)
612

613 (SDk)? = X.m(Camk)’/M , (A7)
614

615 dslpm.i = 2 .k[SDXk x (cmean.k + ca.m.k) x dslpEOF.k.i ] . (A8)
616

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

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

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

620

621 df.m.i = dfMEAN.i + dfa.m.i : (A9)
622

623 dfMEAN.i= (2. .mdfmi)/M : (A10)
624
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639

dfCORk.i= ¥.m(Camk x dfa.m.i)/(SD.k) / (Sdfa.i) / M , (Al1)

or
dfCORk.i= 2 .m (ca.m.k x dfam.i) / (Sdfa.i) /M , (A12)
where
(Sdfa.i)> = X .m (dfam.i)>/ M : (A13)

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

in the case of k=3 and f=tas, the notations such as “dsIlpEOF3”, “dtasMEAN”, “dtasCOR3” and “SD3”

are used instead of “dsIpEOF.3.i%, “dtasMEAN.1”, “dtasCOR.3.i” and “SD.3”.
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Appendix B

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

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

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

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

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

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

slpa.t.i= X .k ( Cslpa.tk x dslpEOF.k.i) , (B1)
or
slpa.ti= X .k [ SD.k x cslpa.t.k x dslpEOF.k.i ] , (B2)

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

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

the notation of lat.i to represent the latitude of the i-th grid in the EOF domain,
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Cslpa.t.k = X.i(slpa.t.i x dslpEOF.k.i) xcos(lat.i) xcos(lat.i) . (B3)

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

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

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

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

during t=1 to t=T,

FCORkj= ¥ .t(Cslpa.tk x Fa.tj)/(SdCslpa.k)/(SdFaj) /T , (B4)

where 2 .t represents the summation from t=1 to t=T, and

(SdCslpa.k)?= X .t (Cslpa.tk)?/T , (B5)

(SdFaj)® = X .t(Fatj)?/T . (B6)

37



680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

References

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

Curtis, D. Bolvin, A. Gruber, J. Susskind, and P. Arkin, 2003: The Version 2 Global Precipitation

Climatology Project (GPCP) Monthly Precipitation Analysis (1979-Present). J. Hydrometeor., 4,

1147-1167.

Chen, X., T. Zhou, P. Wu, Z. Guo, and M. Wang, 2020: Emergent constraints on future projections

of the western North Pacific Subtropical High. Nat. Commun. doi:10.1038/s41467-020-16631-9.

Choi, W. and K.-Y. Kim, 2019: Summertime variability of the western North Pacific subtropical

high and its synoptic influences on the East Asian weather. Sci. Rep. 9, 7865.

doi:10.1038/541598-019-44414-w.

Endo, H., 2023: Long-term precipitation changes in the Baiu and Akisame seasons in Japan over the

past 120 years (1901-2020). J. Meteor. Soc. Japan, 101. doi:10.2151/jmsj.2023-019.

Endo, H., A. Kitoh, R. Mizuta, and T. Ose, 2021: Different future changes between early and late

summer monsoon precipitation in East Asia. J. Meteor. Soc. Japan, 96, 1501-1524.

doi:10.2151/jmsj.2021-073.

Endo, H., A. Kitoh, and H. Ueda, 2018: A unique feature of the Asian summer monsoon response to

global warming: the role of different land-sea thermal contrast change between the lower and

upper troposphere. SOLA, 14, 57-63, doi:10.2151/s01a.2018-010.

38



699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

Eyring, V., S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J. Stouffer, and K. E. Taylor, 2016:

Overview of the coupled model inter comparison project phase 6 (CMIP6) experimental design

and organization. Geosci. Model Dev., 9, 1937-1958, doi:10.5194/gmd-9-1937-2016

Held, 1. M., and B. J. Soden, 2006: Robust responses of the hydrological cycle to global warming. J.

Climate, 19, 5686—-5699.

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

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

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

Cambridge University Press, Cambridge, pp.1535.

Ito, R., T. Ose, H. Endo, R. Mizuta, K. Yoshida, A. Kitoh, T. Nakaegawa, 2020: Seasonal

characteristics of future climate change over Japan and the associated atmospheric circulation

anomalies in global model experiments. Hydro. Res. Lett., 14, 130-135, doi:10.3178/hrl.14.130.

Japan Meteorological Agency (JMA), 2023: El Nifio Monitoring Indices. Tokyo Climate Center /

Climate Prediction Division, https://www.data.jma.go.jp/tcc/tcc/products/elnino/index/index.html

(accessed on Sep. 29, 2023).

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

Kobayashi, H. Endo, K. Miyaoka, and K. Takahashi, 2015: The JRA-55 Reanalysis: General

specifications and basic characteristics. J. Meteor. Soc. Japan, 93, 5-48, doi:10.2151/jmsj.2015-

001.

39


https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Rui+Ito
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Tomoaki+Ose
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Hirokazu+Endo
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Ryo+Mizuta
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Kohei+Yoshida
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Akio+Kitoh
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Tosiyuki+Nakaegawa
https://doi.org/10.3178/hrl.14.130

718

719

720

721

722

723

724

725

726

27

728

729

730

731

732

733

734

735

736

Kosaka, Y. and H. Nakamura, 2006: Structure and dynamics of the summertime Pacific—Japan

teleconnection pattern. Quart. J. Roy. Meteor. Soc., 132, 2009-2030, doi:10.1256/q j.05.204.

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

projected future changes over the summertime western North Pacific simulated in the CMIP3

model. J. Climate, 24, 3935 — 3955, DOI:10.1175/2011JCL13907.1.

Matsumura, S. and T. Horinouchi, 2016: Pacific Ocean decadal forcing of long-term changes in the

western Pacific subtropical high. Sci. Rep., 6, 37765, doi:10.1038/srep37765.

Matsumura, S., S. Sugimoto, and T. Sato, 2015: Recent intensification of the Western Pacific

subtropical high associated with the East Asian summer monsoon. J. Climate, 28, 2873-2883,

doi:10.1175/JCLI-D-14-00569.1.

Mizuta, R., H. Yoshimura, H. Murakami, M. Matsueda, H. Endo, T. Ose, K. Kamiguchi, M. Hosaka,

M. Sugi, S. Yukimoto, S. Kusunoki, and A. Kitoh, 2012: Climate simulations using MRI-

AGCM3.2 with 20-km grid. J. Meteor. Soc. Japan, 90A, 233-258.

Naoi, M., Y. Kamae, H. Ueda, and W. Mei, 2020: Impacts of seasonal transitions of ENSO on

atmospheric river activity over East Asia. J. Meteor. Soc. Japan, 98, 655-668.

D0i:10.2151/jmsj2020-027.

Ose, T., H. Endo, Y. Takaya, S. Maeda, and T. Nakaegawa, 2022: Robust and uncertain sea-level

pressure patterns over summertime East Asia in the CMIP6 multi-model future projections. J.

Meteor. Soc. Japan, 100, 631-645, doi:10.2151/jmsj.2022-032.

40



737

738

739

740

741

742

743

744

745

746

47

748

749

750

751

752

753

754

755

Ose, T., Y. Takaya, S. Maeda, and T. Nakaegawa, 2020: Resolution of summertime East Asian

pressure pattern and southerly monsoon wind in CMIP5 multi-model future projections. J. Meteor.

Soc. Japan, 98, 927-944, d0i:10.2151/jmsj.2020-047.

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

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

d0i:10.2151/jmsj.2019-018.

Ose, T., 2017: Future precipitation changes during summer in East Asia and model dependence in

high-resolution MRI-AGCM experiments. Hydro. Res. Lett., 11, 168-174, doi:10.3178/hrl.11.168.

Ose, T., Y.Song, and A. Kitoh, 1997: Sea surface temperature in the South China Sea -an Index for

the Asian Monsoon and ENSO System-. J. Meteor. Soc. Japan, 75, 1091-1107,

d0i:10.2151/jmsj1965.75.6_1091.

Shepherd, T.G., 2019: Storyline approach to the construction of regional climate change information.

Proc. Roy. Soc. A, 475, 20190013. doi:10.1098/rspa.2019.0013

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

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

Tokarska, K. B., M. B. Stolpe, S. Sippel, E. M. Fischer, C. J. Smith, F. Lehner, and R. Knutti, 2020: Past warming

trend constrains future warming in CMIP6 models. Sci. Adv., 6, caaz9549.

Ueda, H. and T. Yasunari, 1996: Maturing process of the summer monsoon over the western North

Pacific — A coupled ocean/atmosphere system. J. Meteor. Soc. Japan, 74, 493—-508.

41


https://doi.org/10.2151/jmsj1965.75.6_1091

756

757

758

759

760

761

762

763

764

765

766

Xie, S.-P., K. Hu, J. Hafner, H. Tokinaga, Y. Du, G. Huang, and T. Sampe, 2009: Indian Ocean

capacitor effect on Indo—western Pacific climate during the summer following El Nifio. J. Climate,

22,730-747.

Yang, K., W. Cai, G. Huang, K. Hu, B. Ng, and G. Wang, 2022: Increased variability of the western

Pacific subtropical high under greenhouse warming. PNAS, 119, doi:10.1073/pnas.2120335119.

Zhou, S., G. Huang, and P. Huang, 2020: Inter-model spread of the changes in the East Asian summer

monsoon system in CMIP5/6 models. J. Geophys. Res.: Atmos., 125, doi:10.1029/2020JD033016.

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

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

10.1007/s00382-017-3959-4.

42



767

768  Table legends

769

770

771 Table. 1

772 Statistics about the linear trends in the 7-year running means of the year-to-year EOF1-6 resolution
773 coefficients in JJA during 1980-2020 in Fig. 2a-f. Students’ t-test is applied for the null hypothesis
774 (trend=0), assuming the degree of freedom (n-2) is 3 for 7-year running means. Underlined bold
775 figures are referred to in the text.
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Table. 1

Statistics about the linear trends in the 7-year running means of the year-to-year EOF1-6 resolution
coefficients in JJA during 1980-2020 in Fig. 2a-f. Students’ t-test is applied for the null hypothesis

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

Statistics EOF1 EOF2 EOF3 EOF4 EOF5 EOF6
Correlation with 0.265 0.624 -0.059 -0.230 -0.601 -0.667
years (r)
Determination rate 7.0% 40.0% 0.3% 5.3% 36.1% 44.5%
by Trend (r*r*100)
Trend /100 year 0.70 1.85 -0.24 -1.12 -2.96 -3.15
Significance for Less than More than | Less than Less than More than | More than
Rejection of 80% 98% 80% 80% 95% 98%
Null hypothesis
(Trend=0)
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Figure captions

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

pressure and the EOF1 resolution coefficient (empty bars in Fig. 2a) using the JRA-55
reanalysis dataset (colors), and the EOF1 pattern multiplied by its CMIP6 inter-model
standard deviations (contour interval = 0.2 hPa). A square enclosed with a thick line
represents the EOF domain. (b)—(f) Same as (a), except for EOF2—-6, respectively. Correlation
coefficients of 0.3 and 0.4 indicate statistical significance at the >95% and >99% levels,

respectively.

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

pattern of future sea-level pressure changes in East Asia (empty bars) and their 7-year running
means (red-filled bars). A blue line is the linear trend for the 7-year means. (b)—(f) Same as
(a), but for EOF2-6, respectively. Units on the vertical axis are divided by the CMIP6 inter-
model standard deviation of each EOF, which is noted along the vertical axis. The same unit is
used for the CMIP6 future ensemble minimum, mean, and maximum changes of the

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

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

temperature and the EOF1-3 resolution coefficients (empty bars in Fig. 2a—c) using the JRA-
55 reanalysis dataset (colors), and the same for the 38 CMIP6 inter-model correlations of the
CMIP6 future changes (contours of -0.6, —0.4, —0.3, 0.3, 0.4, and 0.6). (d)—(f) Same as (a)—(c),
except for the previous DJF surface air temperature (colors) and the CMIP6 future changes in
the mean DJF one (contours). Correlation coefficients of 0.3 and 0.4 indicate statistical
significance at the >95% and >99% levels, respectively.
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Fig. 4. (a)—(c) Recent year-to-year correlations during 1980-2020 between the JJA-mean vertical

downward velocity (pressure velocity) and the EOF1-3 resolution coefficients (empty bars in
Fig. 2a—c) using the JRA-55 reanalysis dataset (colors) and the same for the 38 CMIP6 inter-
model correlations for the CMIP6 future changes (contours of -0.6, —0.4, —0.3, 0.3, 0.4, and
0.6). (d)—(f) Same as (a)—(c), except for the GPCP JJA-mean precipitation (colors) and CMIP6
future changes in JJA-mean precipitation (contours). Correlation coefficients of 0.3 and 0.4

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

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

2001-2020 (colors), and the 20-year mean climatology during 1980—-1999 relative to 1000
hPa (contours). (b) Same as (a), except for the 20-year mean change in the JJA- and DJF-
mean surface air temperature (colors and contours of -0.5, 0.0 and 0.5 K, respectively). (c)
Same as (a), except for the JJA-mean vertical downward velocity (pressure velocity) (in hPa
h™). (d) The JJA-mean 200 hPa zonal wind (in m s™'). (e) The JJA-mean vertical dry static
stability, defined as the difference between the dry potential temperature at 200 and 700 hPa
(in K). An elevated area less than 700 hPa is enclosed by a green line. (f) The JJA-mean

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

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

1999 to 20762095 (colors) and the 20-year mean climatology during 19801999 relative to
1000 hPa (contours), based on the 38 CMIP6 ensemble mean simulations. (b) Same as (a)
except for the JJA-mean surface air temperature in K (colors) and every 0.2K between 3.0 and
4.0 K (contours). (c) The JJA-mean vertical downward velocity (pressure velocity) (in hPa h™
1. (d) The JJA-mean 200 hPa zonal wind (in m s '). (e) The JJA-mean vertical dry static
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stability, defined as the difference between dry potential temperature at 200 and 700 hPa (in
K). An elevated area less than 700 hPa is enclosed by a green line. (f) The JJA-mean

precipitation (in mm day ™).

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

experiments from 1980-1999 to 2000-2014 (horizontal axis) and their future changes from
1980-1999 to 20762095, based on the 38 CMIP6 SSP5-8.5 experiments (vertical axis). (b)—(f)
Same as (a), but for EOF2—-6. Red lines are the CMIP6 inter-model linear regressions between
recent and future changes. Red-filled circles are the CMIP6 ensemble means. Red empty squares
are the JRA-55-based recent changes from 1980-1999 to 2000-2014 (horizontal axis) and the

regression for 2076-2095 (vertical axis).

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

changes in the JJA-mean vertical downward velocity (pressure velocity) (colors), and the same
except for the CMIP6 JJA-mean vertical downward velocity (pressure velocity) during the
CMIP6 present-day simulation (1980-1999) for the EOF4-6 (contours of -0.6, —0.4, —0.3, 0.3,
0.4, and 0.6). Correlation coefficients of 0.3 and 0.4 indicate statistical significance at the >95%
and >99% levels, respectively. (d)—(f) Recent year-to-year correlations during 1980-2020
between the EOF4-6 resolution coefficients (empty bars in Fig. 2a—c) and the GPCP JJA-mean
precipitation (colors), and the 38 CMIP6 inter-model correlations for the EOF4-6 with the
CMIP6 future changes in the JJA-mean vertical downward velocity (pressure velocity) (contours
of -0.6,-0.4, 0.3, 0.3, 0.4, and 0.6). Correlation coefficients of 0.3 and 0.4 indicate statistical

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

Fig.S2. (a)-(f) The same as Fig. 3 (a)-(f) except for EOF4-6.
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Fig. 1. (a) Recent year-to-year correlations during 1980-2020 between the JJA-mean sea-level

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

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

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

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

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

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

890 pattern of future sea-level pressure changes in East Asia (empty bars) and their 7-year running
891 means (red-filled bars). A blue line is the linear trend for the 7-year means. (b)—(f) Same as
892 (a), but for EOF2—-6, respectively. Units on the vertical axis are divided by the CMIP6 inter-
893 model standard deviation of each EOF, which is noted along the vertical axis. The same unit is
894 used for the CMIP6 future ensemble minimum, mean, and maximum changes of the

895 corresponding EOF resolution coefficient, which are noted in the title of each graph.
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Fig. 3. (a)—(c) Recent year-to-year correlations during 1980-2020 between the JJA-mean surface air
temperature and the EOF1-3 resolution coefficients (empty bars in Fig. 2a—c) using the JRA-
55 reanalysis dataset (colors), and the same for the 38 CMIP6 inter-model correlations of the
CMIP6 future changes (contours of -0.6, —0.4, —0.3, 0.3, 0.4, and 0.6). (d)—(f) Same as (a)—(c),
except for the previous DJF surface air temperature (colors) and the CMIP6 future changes in
the mean DJF one (contours). Correlation coefficients of 0.3 and 0.4 indicate statistical

significance at the >95% and >99% levels, respectively.
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Fig. 4. (a)—(c) Recent year-to-year correlations during 1980-2020 between the JJA-mean vertical

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

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

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

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

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

indicate statistical significance at the >95% and >99% levels, respectively.
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Fig. 5. (a) The 20-year mean change in JJA-mean sea-level pressure (hPa) from 1980-1999 to
2001-2020 (colors), and the 20-year mean climatology during 1980—1999 relative to 1000
hPa (contours). (b) Same as (a), except for the 20-year mean change in the JJA- and DJF-
mean surface air temperature (colors and contours of -0.5, 0.0 and 0.5 K, respectively). (c)
Same as (a), except for the JJA-mean vertical downward velocity (pressure velocity) (in hPa
h™). (d) The JJA-mean 200 hPa zonal wind (in m s™!). (e) The JJA-mean vertical dry static
stability, defined as the difference between the dry potential temperature at 200 and 700 hPa
(in K). An elevated area less than 700 hPa is enclosed by a green line. (f) The JJA-mean

GPCP precipitation (in mm day ). (a)—(e) are based on the JRA-55 reanalysis dataset.
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Fig. 7. (a) Recent changes in the EOF1 resolution coefficients in the 38 CMIP6 historical
experiments from 1980—1999 to 2000-2014 (horizontal axis) and their future changes from
1980-1999 to 20762095, based on the 38 CMIP6 SSP5-8.5 experiments (vertical axis). (b)—(f)
Same as (a), but for EOF2—-6. Red lines are the CMIP6 inter-model linear regressions between
recent and future changes. Red-filled circles are the CMIP6 ensemble means. Red empty squares

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

regression for 20762095 (vertical axis).
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Supplement

The characteristics of the CMIP6 future SLP EOFs are analyzed for the EOF1-3 in Ose et al.
(2022) but not enough for the EOF4-6, considering the EOF4-6 of the CMIP6 SLP pattern in East
Asia could not be identified one-by-one from those of CMIP5 while each of CMIP6 EOF1-3
resemble the corresponding one of CMIPS5. In this Supplement, results of additional analysis for the
characteristics of the CMIP6 future SLP EOF4-6 are summarized.

Following the analysis for the CMIP6 future SLP EOF1-3, the causes for the EOF4-6 SLP
patterns in the inter-model uncertainty of the future projection are explored. The 38 CMIP6 inter-
model correlations for the EOF4-6 with the CMIP6 future changes in the JJA-mean vertical velocity
have similar spatial distributions to the inter-model correlation with the CMIP6 present-day JJA-
mean vertical velocity (Fig.S1a-c). This result indicates that the causes for the SLP EOF4-6 in the
future projection are basically the same as those in the EOF1 and EOF3: the inter-model difference
in the CMIP6 present-day simulation of the regional vertical velocity (mostly due to precipitation)
causes the inter-model difference in the future suppression of the regional vertical motion under the
future stabilized tropical atmosphere.

The SLP EOF4-6 represent smaller patterns than the SLP EOF1-3, so that the small-scale
precipitation (or upward motion) anomalies are also correlated inside of the East Asian EOF
domain. Significant correlations of the EOF4-6 SLP patterns with both the JRA-55 year-to-year
precipitation anomalies and those of the CMIP6 future upward vertical velocity changes are
confirmed in the nearly same areas inside of the EOF domain in Fig.S1d-f.

Low temperature in the northern East Asia and warm temperature in the East Asian Pacific are
recognized for EOFS5 in Fig. S2b, which are understood as direct impacts of the EOF5 SLP pattern.
Outside of the East Asian EOF domain, organized overlapping is found only over the limited areas
between the colors and the contours in Fig. S2a-c and Fig. S2d-f, that is, between the recent year-to-

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

987  temperatures. This fact indicates that common forcing between the year-to-year EOF4-6 variability
988  and the future inter-model EOF4-6 variability is limited in the regional surface temperature

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

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

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

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

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

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

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

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

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

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

0.4 indicate statistical significance at the >95% and >99% levels, respectively.
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Fig.S2. (a)-(f) The same as Fig. 3 (a)-(f) except for EOF4-6.
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