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An anomalous strengthening in western Pacific subtropical high (WPSH) increases
moisture transport from the tropics to East Asia, inducing anomalous boreal summer
monsoonal rainfall, causing extreme weather events in the densely populated region.
Such positive WPSH anomalies can be induced by central Pacific (CP) cold sea-surface
temperature (SST) anomalies of an incipient La Nina and warm anomalies in the
Indian and/or the tropical Atlantic Ocean, both promoting anticyclonic anomalies over
the northwestern Pacific region. How variability of the WPSH, its extremity, and the
associated mechanisms might respond to greenhouse warming remains elusive. Using
outputs from 32 of the latest climate models, here we show an increase in WPSH vari-
ability translating into a 73% increase in frequency of strong WPSH events under a
business-as-usual emission scenario, supported by a strong intermodel consensus.
Under greenhouse warming, response of tropical atmosphere convection to CP SST
anomalies increases, as does the response of the northwestern Pacific anticyclonic circu-
lation. Thus, climate extremes such as floods in the Yangtze River Valley of East China
associated with WPSH variability are likely to be more frequent and more severe.

western Pacific subtropical high | East Asia flooding | climate extreme | climate change

The western Pacific subtropical high (WPSH) is an anticyclonic system hovering over
the middle and lower troposphere of the northwestern Pacific, strongest in boreal sum-
mer (1, 2) (SI Appendix, Fig. S1A). The southerly winds in the west flank of the system
transport moisture from the tropics to East Asia and collide with dry and cold flows
from the north (2-4). These winds influence meiyu (Baiu in Japan and Changma in
Korea) and an associated elongated rain belt that usually starts moving northward from
southern China in May before its seasonal southward withdrawal in August, dominating
variability of East Asian summer rainfall (3—6). The WPSH undergoes strong interannual
variability (S Appendix, Fig. S1B), exerting a severe impact on the boreal summer climate
over the densely populated region of East Asia (2, 6-8).

A strong WPSH event occurs when the WPSH undergoes a westward intensifica-
tion, influencing regional climate and leading to anomalous rainfall and inducing
severe floods (4, 9). For example, during the 2020 strong WPSH event, floods in the
Yangtze River Valley of East China caused hundreds of deaths, millions of hectares of
crops destroyed, and tens of billions in economic damage (9, 10). Further back, in
1998, a strong WPSH contributed to river floods in East China that killed thousands
and affected more than 200 million people (11).

Previous research examined observed WPSH variability, impact, and change over the
period from 1979 to 2017 (12) or response of future climatological WPSH to green-
house warming in models (13—17). There is an upward trend of the observed WPSH,
which is expressed in a leading mode, but whether the WPSH variability above the
trend has changed is not clear (12). Other studies found either a stronger or little
changed mean WPSH under greenhouse warming (12—17). However, how WPSH var-
iability that rides on the mean state, frequency of strong WPSH anomalies above the
mean change, and associated mechanisms will change under future greenhouse warm-
ing remain largely unknown.

Multiple processes from ocean basins affect variability of the WPSH (5, 8, 18-22).
One process is an atmospheric response to sea-sutface temperature (SST) variability in the
central Pacific (CP) (Nifio4 region, 5°S-5°N, 160°E-150°W), where cool anomalies of an
incipient La Nifia develop in boreal summer (June, July, and August, JJA) (23); an incipi-
ent La Nifa suppresses CP local convection, generating a westward propagated atmo-
spheric Rossby wave that strengthens the WPSH (8, 24-29). An enhanced convection
over the Maritime Continent associated with the La Nifa strengthens the WPSH by
modulating local Hadley circulation with increased anticyclonic circulation over the
northwestern Pacific (30-32). Anomalous warming of the tropical North Atlantic is also
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involved in driving positive WPSH anomalies by inducing CP
cold SST anomalies and suppressed convection (33-35).

Another process involves the Indian Ocean, where boreal
summer warming induced by a previous-year El Nino triggers
warm Kelvin waves emanating into the tropical western Pacific,
inducing an anomalous anticyclone at the low troposphere of
the northwest Pacific (36, 37). Although the Indian Ocean
mechanism can operate by itself with a residual warm condition
of the decaying El Nino in the equatorial Pacific, it is in part
incorporated in the impact of CP SST variability as the
previous-year El Nifio transitions to an incipient La Nina.

Because of the vast impact, how variability of the WPSH
might change under greenhouse warming is an important issue.
Assuming that greenhouse warming has an impact, one expects
that observed WPSH variability of the past 42 y (1979 to
2020) should already be impacted. However, due to the short
length of observational data and strong internal variability (38),
whether change between the latter half (2000 to 2020) and
former half (1979 to 1999) period has emerged out of inter-
nal variability is not clear. As such, we examine how WPSH
variability might change under long-term further increasing
greenhouse warming by comparing simulated WPSH vari-
ability between two 100-y periods of the 20th and 21st cen-
turies. Over a longer period, impact of greenhouse warming
is more detectable because the influence from internal vari-
ability is weaker and the climate change signal is larger (39,
40). Below we show that WPSH variability increases under
long-term global warming, in turn suggesting that part of the
observed change in WPSH variability is driven by greenhouse
warming.

Observed WPSH Variability Associated with
CP SST

To depict observed WPSH variability we use the circulation
field from a reanalysis product (see Reanalysis Datasets). We
apply an empirical orthogonal function (EOF) analysis (41) to
the detrended JJA 850-hPa stream function anomalies refer-
enced to the climatological average of the period 1979 to 2020,
in the northwestern Pacific domain (10°N-40°N, 110°E-
180°E). We use EOF analysis to identify and separate the main
process dominating WPSH variability. The stream function is
calculated based on winds (7, 42) and can capture the main
characteristics of WPSH variability (30, 34) (see Indices of
WPSH). We specifically avoid the commonly used geopotential
height in the low or middle troposphere (18), as geopotential
height is expected to increase with rising tropospheric tempera-
tures under global warming (43-45).

The first two leading EOF patterns and principal component
(PC) time series correspond to two components of WPSH vari-
ability (Fig. 1 A and B). EOF1 explains 77% of the total vari-
ance and features positive stream function anomalies over the
whole northwestern Pacific with maximum anomalies around
20°N, 135°E. Its spatial pattern (Fig. 1A4) captures main char-
acteristics of a positively abnormal WPSH event, such as coher-
ent high-pressure anomalies over the middle (500 hPa) and low
(850 hPa) troposphere, an anomalous anticyclone anomaly at
low troposphere, and positive rainfall anomalies in the Yangtze
River Valley (SI Appendix, Fig. S2).

EOF2 explains 9.3% of the total variance. It is characterized
by a southwest—northeast dipole pattern with positive anoma-
lies over the northwest Pacific and negative anomalies to its
northeast (Fig. 1B) and is associated with anomalous warming
in the north Indian Ocean, preceded by a prior-year El Nifio
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event with residual warm anomalies in the Pacific (36, 37) (S/
Appendix, Fig. S3). Our depiction of WPSH variability above is
similar to that in previous studies (8), but the order of the
EOFs is different, due in part to the focused domain and data
we used (see Indices of WPSH).

Time series of our PC1 compares well with other WPSH
indices used in previous studies, for example based on areal
average of 850-hPa eddy geopotential height over 15°N-25°N,
120°E-150°E (44) or areal average of stream function anoma-
lies over the same domain (30, 34), where highest variability is
seen (Fig. 10). Correlation of the PC1 with the areal stream
function anomalies average, or the areal eddy geopotential
height average, is 0.95 or 0.80, respectively. All the three indi-
ces identify four strong positive WPSH events that occurred in
1995, 1998, 2010, and 2020, defined as when an index is
larger than a threshold value of 1.5 SD over the 42 y of 1979
to 2020 (Fig. 1C) (see Indices of WPSH).

EOF2 reflects influence from the Indian Ocean warming,
which is in part contributed by a previous-year El Nifio, and
shows a positive correlation with Nino4 (S Appendix, Fig. S3).
Large values of PC1 and PC2 appear in different years. PC2
contributes only to the 1995 and the 2020 strong WPSH
events. As such, normalized PC1 is used to assess WPSH vari-
ability and identify strong WPSH events.

The PC1 varies coherently with SST variability in the Nino4
region, a positive index being associated with cold Nino4
anomalies, accompanied by anomalous warming over the Mari-
time Continent/South China Seas and in the tropical Adantic
(Fig. 1D; see Indices of WPSH). Warm tropical Atantic anoma-
lies usually peak in JJA and are conducive to an incipient La
Nina (33, 46), via anomalous CP easterlies resulting from
increased CP subsidence as the tropical Atlantic convection
enhances (34, 35). The anomalous CP easterlies contribute to
Nifio4 cooling and hence to strengthening of the WPSH.

Focusing on the Pacific, the anomalous cooling in the Nino4
region suppresses local convection (SI Appendix, Fig. S4),
strengthening the WPSH by generating a westward propagated
atmospheric Rossby wave (8, 24-27). The positive SST anoma-
lies and enhanced convection over the Maritime Continent
associated with La Nina also strengthen the WPSH (87
Appendix, Fig. S4) by modulating local Hadley circulation with
increased anticyclonic circulation over the northwestern Pacific
(30, 31). In addition, easterly anomalies over the equatorial
western Pacific associated with the WPSH in turn induce east-
ward propagating oceanic upwelling Kelvin waves, strengthen-
ing the CP cool anomalies, suggesting a positive feedback loop
between the CP SST and the WPSH. These processes lead to a
correlation coefficient of —0.73 between PC1 and the Nino4
SST, statistically significant above the 99% confidence level
(Fig. 1E).

Increased WPSH Variability in
Future Projection

We use outputs from 32 models participating in the Coupled
Model Intercomparison Project phase 6 (CMIP6). These models
are forced with historical forcing until 2014 and with Shared
Socioeconomic Pathways (SSP) 5-8.5 (SSP5-8.5) emission sce-
nario from 2015 onward to 2099 (47) (see CMIP Model).
Monthly anomalies are calculated referenced to the climatological
mean over the whole period and subsequently quadratically
detrended. We apply EOF analysis on JJA stream function anom-
alies to obtain the WPSH variability pattern and index, as in the
observations. Sharing a similar spatal pattern with observation,
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Depiction of observed WPSH variability. (A) JJA averaged 850-hPa stream function anomalies (square meters per second) regressed onto the first PC

(PC1) of EOF of JJA 850-hPa stream function anomalies over the northwest Pacific (10°N-40°N, 110°E-180°E) for the period of 1979 to 2020. EOF1 accounts
for 77% of the total variance. (B) Same as A, but for PC2, which accounts for 9.3% of the total variance. The black box in A and B shows area of our EOF anal-
ysis. (C) Time series of normalized PC1 (black curve) and regional average of 850-hPa stream function anomalies (Regional SF, red curve) and 850-hPa eddy
geopotential height over 15°N-25°N, 120°E-150°E (eddy GpH, blue curve). The black dashed line shows the 1.5 SD value. Years with an index larger than 1.5
SD are identified as 1995, 1998, 2010, and 2020. (D) Correlation of JJA SST anomalies with PC1. Correlation coefficients of +0.27, +0.32, and +0.41 are statisti-
cally significant above the 90%, 95%, and 99% confidence levels, respectively. (E) Relationship between normalized JJA Nino4 and PC1, with a linear fit (red
line) and corresponding correlation coefficient (Cor) and P value (P) shown. PC1 is principally influenced by Nino4 SST variability. The observed WPSH vari-
ability might be influenced by greenhouse warming, but we focus on changes in WPSH variability under future greenhouse warming.

the dominant EOF (EOF1) accounts for 60 to 83% of the total
variance across the 32 models and on a multimodel mean basis
explains 72% of the total variance (Fig. 24). The second mode
does not show an intermodel consensus in its response to green-
house warming (further details are discussed in Influence from
SST beyond the Pacific Ocean). Like in observations, we mainly
focus on the variability change of PC1.

The PC1 is related to Nino4 SST variability, in particular to
an incipient CP La Nina when the JJA Nino4 index is negative,
accompanied by anomalous warming over the Maritime Conti-
nent/South China Sea region (Fig. 2B). In every model, a sta-
tistically significant (95%) correlation is produced between the
PC1 and the Nino4 SST index, and the simulated correlation
between the PC1 and the Nino4 index aggregated over all
models is high and statistically significant (Fig. 2C), and this
conclusion holds even if CP El Nino samples are excluded. In

PNAS 2022 Vol.119 No.23 2120335119

contrast to the observed, involvement of the tropical Atantic is
weak owing to a weaker tropical Atlantic influence on the
Pacific (46, 48). Nevertheless, simulation of WPSH variability
and its dynamics is reasonable.

We first compare simulated WPSH variability between the
periods 2000 to 2020 and 1979 to 1999. The multimodel
ensemble mean shows an increase of 4%, indicating a potential
impact from greenhouse warming. However, only a total of 19
out of 32 (59%) models generate an increase (SI Appendix, Fig.
S5). The intermodel consensus is low and does not exceed
68%, and the multimodel ensemble mean increase in not statis-
tically significant, suggesting that any influence from green-
house warming is yet to emerge out of internal variability.
Despite this, below we show greenhouse warming during the
past 42 y should have generated an increase in WPSH variabil-
ity even though it is yet to emerge out of internal variability.

https://doi.org/10.1073/pnas.2120335119 3 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120335119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120335119/-/DCSupplemental

Downloaded from https://www.pnas.org by CSIRO Library Services on May 31, 2022 from | P address 140.253.235.29.

A First principal pattern in models
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Fig. 2. WPSH variability and mechanism in CMIP6 models. (A) Multimodel average of JJA 850-hPa stream function anomaly (square meters per second) pat-
tern obtained by regression onto modeled first PC (PC1) of EOF of JJA 850-hPa stream function anomalies over the northwest Pacific (10°N-40°N, 110°E-
180°E) in the period of 1900 to 2099. (B) Multimodel average correlations of JJA SST anomalies with PC1. (C) Relationship between normalized Nino4 and PC1
aggregated over 32 CMIP6 models for the present-day (1900 to 1999) and future (2000 to 2099) climate, with a linear fit (solid line) and statistical properties
shown, including the slope of the linear fit (Slope) and its SE, correlation coefficient (Cor) and P value (P). In each model, Nino4 and PC1 are averaged in bins
of 0.5 intervals. The models reasonably simulate the observed WPSH variability and its relationship with Nino4 SST.

We compare variability of the PC1 between the 20th- (1900
to 1999) and 21st-century (2000 to 2099) climate. A total of 30
out of 32 models (94%) show an increase in PCI variability
from the 20th century to the future period (Fig. 34). The strong
intermodel consensus is supported by a multimodel ensemble
mean increase of 16%, statistically significant above the 95%
confidence level according to a bootstrap test (see Statistical Test).
The increase in variability translates to an increased frequency of
strong WPSH events, defined as when the PCI is greater than
1.5 SD. A total of 27 out of the 32 (84%) models produce a
higher frequency of strong WPSH events in 2000 to 2099. The
multimodel ensemble mean frequency increases by 73%, from
4.5 events per century in the 20th century to 7.8 events per cen-
tury in the 21st century (Fig. 3B). The conclusion of an increased
frequency of the strong WPSH is not sensitive to the threshold
used (87 Appendix, Fig. S6).

The increase in WPSH variability in response to greenhouse
warming is further supported by results from CMIP5 models.
We analyze 35 available CMIP5 models forced by historical
emissions of greenhouse gases before 2005 and a Representative
Concentration Pathway 8.5 (RCP8.5) (49) from 2006 to 2099,
equivalent to the SSP5-8.5 emission scenario (see CMIP Models).
An analysis identical to that conducted for CMIP6 models finds
that 27 out of 35 CMIP5 models (77%) generate an increase in
WPSH PC1 variability, translating into a multimodel ensemble
mean increase of 11% in WPSH PCl variability and 56% in
occurrences of strong WPSH events (8] Appendix, Fig. S7).

An increased variability of PC1 and generally unchanged var-
iability of PC2 result in an increased variability of WPSH in
the future. The total variability of WPSH, defined as stream
function anomalies averaged over 15°N-25°N, 120°E-150°E,
shows an increase in the future climate supported by 84% of
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the models (27 out of the 32 models show an increase) (S/
Appendix, Fig. S8 A and B). Models that generate a greater
increase in WPSH stream function index variability systemati-
cally generate a greater increase in the detrended WPSH geopo-
tential height index variability and WPSH zonal wind shear
index variability (87 Appendix, Fig. S8C), suggesting that the
long-term increase in the mean geopotential height associated
with the rising tropospheric temperatures under global warming
is accompanied by the increase in WPSH variability that rides
on the long-term trend.

Thus, by comparing simulated 100-y-long WPSH variability
between the 20th and 21st centuries we show that greenhouse
warming leads to increased WPSH variability. It follows that
greenhouse warming over the past 42 y should have contrib-
uted to the increase in WPSH variability over the period 1979
to 2020 discussed above.

Higher Sensitivity to CP SST in a
Warming Climate

The increase in WPSH variability and in frequency of strong
WPSH events underpinned by the strong intermodel consensus
is despite the fact that only half of the models (16 out of 32, or
50%) produce an increase in JJA Nino4 SST variability, suggest-
ing that the increase in WPSH variability is not due to a change
in JJA Nino4 SST variability (SI Appendix, Fig. S9). Instead, the
increase in WPSH variability results from an increased WPSH
sensitivity to Nifo4 SST under global warming.

We calculate the sensitivity by regressing the PC1 onto the
Nifio4 index separately for the 20th century and the 21st cen-
tury to obtain the change between the two periods. To facilitate
intermodel comparison, changes in WPSH variability and in
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Fig. 3. Projected changes of WPSH variability and strong events. (A) A total of 30 out of the 32 CMIP6 models (94%) generate an increase in WPSH PC1 vari-
ability from the 20th-century (blue bars) to the 21st-century (red bars) climate. The multimodel mean of the increase is 16%, which is statistically significant
above the 95% confidence level (see Statistical Test). (B) The increase in WPSH PC1 variability translates into a 73% increase in the frequency of strong WPSH
events defined as when PC1 > 1.5 SD. The increased frequency is supported by a strong intermodel consensus, with 84% (27 out of the 32) models simulat-
ing an increase and is statistically significant (see Statistical Test). Models show a decrease are marked by green circles.

the sensitivity are both scaled by the corresponding rise in
global mean temperature in each model. In most models, the
sensitivity increases, and a greater increase in WPSH sensitivity
is systematically associated with a greater increase in WPSH
variability (Fig. 44). An overall increased sensitivity of the
WPSH to Nifio4 is also seen among models (Fig. 20).
Similarly, for each model, we calculate sensitivity of tropical
atmosphere convection to Nifio4 SST by regressing grid-point
outgoing longwave radiation (OLR) anomalies at the top of the
atmosphere to the Nifo4 index in each period separately to
obtain pattern of change in convective sensitivity, scaled by the
corresponding global mean temperature rise. The multimodel
ensemble mean over the 32 models shows an overall increase
in convective sensitivity in the future period. In response to
same-sized CP negative SST anomalies, the pattern of depressed
convection in the central to eastern Pacific but enhanced con-
vection in the western Pacific and the Maritime Continent, and
vice versa, for CP positive SST anomalies is stronger in
the 21st-century than in the 20th-century climate (Fig. 4B).
Consequently, there is a commensurate increase in sensitivity
of grid-point 850 hPa stream function anomalies to the
Nino4 index, obtained similarly as for the grid-point OLR.
The multimodel ensemble mean change in the circulation

PNAS 2022 Vol. 119 No.23 2120335119

sensitivity features a stronger anomalous anticyclonic circula-
tion response over the northwestern Pacific to the same
Nifio4 cooling in the 21st century than in the 20th century
(Fig. 40).

That the increased atmosphere convective sensitivity is sys-
tematically responsible for enhanced sensitivity of the northwest
Pacific stream function is further illustrated in an intermodel
relationship between changes in the convective sensitivity pat-
tern and changes in the circulation sensitivity pattern. For each
model, we obtain intensity of the convective sensitivity change,
and of the circulation sensitivity change, by a pattern regression
of an individual-model change pattern onto the ensemble-mean
pattern. A greater change in the tropical Pacific convective sen-
sitivity leads to a greater circulation sensitivity (Fig. 4D), and
therefore a greater increase in WPSH variability.

Several factors are responsible for the increased convective sensitiv-
ity. These include a faster warming in the Maritime Continent than
in the CP such that atmosphere convection is more likely to move
to the Maritime Continent, generating greater convective anomalies
(23), and a generally more sensitive atmosphere to the SST anoma-
lies because of the Clausius—Clapeyron relationship, whereby satu-
ration vapor pressure increases exponentially with the increasing

temperature (50). As such, response of the tropical humidity and
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Fig. 4. Mechanisms for projected changes of WPSH. (A) Intermodel relationship between projected changes in WPSH PC1 variability and changes in sensitiv-
ity of WPSH to JJA Nino4 using 32 CMIP6 models, scaled by global warming rate in each model. A linear fit (red line) and statistical property are shown. The
sensitivity is calculated as the regression coefficient of PC1 onto Nino4. JJA Nino4 has been normalized over the whole period first. (B) Multimodel average
of projected change in sensitivity of JJA OLR to JJA Nino4 scaled by global warming rate in each model. Stippled areas indicate where the multimodel aver-
aged change is statistically significant above the 95% confidence level according to a two-tailed Student’s t test. (C) Same as B but for JJA stream function.
The OLR and stream function anomalies in each grid have been normalized over the whole period in each model before calculating the sensitivity. (D) Inter-
model relationship between intensity of the projected change in the OLR sensitivity pattern shown in B and in the stream function sensitivity pattern shown
in C. The intensity is calculated by regressing the sensitivity change pattern scaled by global warming rate in each model onto the multimodel mean sensitiv-
ity change pattern in the domain of (10°S-10°N, 100°E-120°W) for OLR and (30°S-30°N, 110°E-120°W) for stream function. A linear fit and statistical properties
are shown in red. An increased sensitivity of tropical convection to Nino4 in warming climate leads to an increased response of atmosphere circulation to

Nino4 variability and hence strengthened WPSH variability.

associated gross moist instability to SST anomalies is larger in a
warmer world of the 21st century than in the 20th century.
Impact from Internal Variability

To examine the possibility that the increase in WPSH variabil-
ity is due to chances or internal variability, we make use of a set
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of 40-member simulation experiments with the Community
Earth System Model Large Ensemble (CESM-LE) (39) (see Large
Ensemble Experiments). These experiments are forced similarly to
CMIP5 models, starting from 1920, and the only difference
among them is a small perturbation in the initial condition result-
ing in different internal variability (51). We compare the change
between the two 90-y periods: 1920 to 2009 and 2010 to 2099.
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Without impact from greenhouse warming, there would be a
50 + 18% chance of generating an increase or decrease in
WPSH variability. However, like in CMIP5 or CMIP6 models,
the set of experiments produce an increase in WPSH variability
in 35 out of 40 (88%) experiments (S/ Appendix, Fig. S10), with
a statistically significant increase in the multiexperiment ensemble
mean change. Further, the increase in WPSH variability similarly
results from an enhanced sensitivity to Nifio4 SST variability (57
Appendix, Fig. S11; see Large Ensemble Experiments).

We also apply outputs of an 1800-y preindustrial (PI)-control
experiment using the CESM. The PI-control simulation, with no
greenhouse warming forcing, is used to measure the impact of
internal variability on the WPSH. We calculate 1,700 sets of
90-y SD of the WPSH index by constructing 1,700 sets of 90-y
continuous time series of WPSH index with different starting
year. We then rank the 1,700 values of 90-y SD of the WPSH
index from the smallest to the largest (S Appendix, Fig. S12) and
identify the 95th percentile value to represent the upper bound
of magnitude of WPSH variability associated with internal
variability.

The 95th percentile value of the 90-y SD is 2.9 x 10° m%/s,
which is larger than the CESM-LE 40-experiment ensemble
mean value (2.7 X 10° m?/s) of the WPSH index SD during
the period 1920 to 2009. Further, only 7 out of the total 40
experiments have an SD larger than 2.9 x 10° m®/s (SI
Appendix, Fig. S12). Thus, although greenhouse warming has
already been proceeding in 1920 to 2009, its impact on WPSH
variability has not emerged out of internal variability.

By contrast, the 40-experiment ensemble mean value of the
WPSH index variability during 2010 to 2099 (future period
defined in CESM-LE) is 3.2 X 10° m?/s and is larger than the
95th percentile value of the 90-y SD (2.9 % 10° m?/s) in the
PI-control experiment. In addition, 36 out of the total 40 experi-
ments have a WPSH variability larger than 2.9 x 10° m?/s, indi-
cating that the increased WPSH variability in the future is not
due to internal variability but to greenhouse warming (S/
Appendix, Fig. S12).

We further compare the magnitude of internal variability in
different time length over which the statistics are calculated.
The SD of the 1,700 values of 90-y SD of WPSH index is
1.8 X 10° m?/s, while the SD of the 1,700 values of 40-y SD
of WPSH index is 3.0 x 10° m®/s (SI Appendix, Fig. S124),
supporting the notion that the impact of internal variability is
smaller when the time length used to calculate statistics is
longer.

In conclusion, the projected increases in WPSH variability
and in frequency of strong WPSH events are despite a lack of
intermodel consensus on changes in boreal summer SST vari-
ability in the central equatorial Pacific. Instead, the increase in
WPSH variability is underpinned by a stronger sensitivity of
the atmosphere convection to SST in the central equatorial
Pacific under greenhouse warming. The higher convective sen-
sitivity in turn generates a greater circulation response, giving
rise to higher WPSH variability. The associated increase in the
frequency of strong WPSH events means that climate extremes
as seen in 1998 and 2020 are projected to occur more fre-
quently (87 Appendix, Fig. S13) with severe impacts on lives of
the densely populated East Asian countries.

Materials and Methods

Reanalysis Datasets. Monthly wind, stream function, SST, geopotential
height, OLR, and precipitation data are from ERAS (fifth generation of the Euro-
pean Centre for Medium-Range Weather Forecasts atmospheric reanalyses)
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datasets (52) for the period of 1979 to 2020 with a horizontal resolution of
0.25° x 0.25°. All anomalies are referenced to the climatology over the whole
period and linearly detrended. We also use monthly stream function data from
NCEP/NCAR (National Centers for Environmental Prediction/National Center for
Atmospheric Research) reanalysis (53) and precipitation data from GPCP (Global
Precipitation Climatology Project) Version 2.3 Combined Precipitation Data Set
(54) over the same period and get similar results.

Indices of WPSH. Variability of the WPSH is conventionally described by geo-
potential height over the northwestern Pacific. However, geopotential height
under greenhouse warming increases with temperature (44, 45). As such, we
use stream function to represent the WPSH and apply EOF (41) analysis to the
stream function field over the northwestern Pacific (10°N-40°N, 110°E-180°E).
The WPSH index defined as regional average of stream function anomalies over
the 15°N-25°N, 120°E-150°E is highly correlated with geopotential height
anomalies averaged over the same domain and another zonal wind shear index,
defined as the zonal wind anomalies difference between 5°N-15°N, 100°E-
130°E, and 20°N-30°N, 110°E-140°E (36, 55, 56), with a correlation coefficient
of 0.87 and 0.86, respectively. These three indices show a similar ability in
depicting the East Asian summer climate.

The leading mode of the EOF based on ERAS reanalysis explains 77% of the
total variance. PC1, scaled to unity, is highly correlated with the regionally aver-
aged stream function anomalies and eddy geopotential height (Fig. 1C) both
averaged over the 15°N-25°N, 120°E-150°E. Eddy geopotential height is
defined as geopotential height anomalies referenced to zonal mean geopoten-
tial height over 0 to 40°N and is constructed to remove the increase associated
with global warming (44).

PC1 is highly correlated with JJA Nino4 with a correlation coefficient of
—0.73 (Fig. 1E), while previous research (8, 36) documented that WPSH index
defined based on geopotential height and zonal wind shear is not significantly
correlated with the concurrent El Nino-Southern Oscillation (ENSO) index.
The stream function index tends to have a higher correlation with CP SST than
the other indices. The geopotential height index has a larger variance over the
higher latitude than over the lower latitudes, whereas the stream function index
has a larger loading over the tropical region and therefore is more linked to the
CP SST. The distinct relationship of CP SST with the indices is mainly contributed
by the nonstrong event years because the WPSH index based on stream function
or geopotential height generally identifies the same strong events (Fig.1C). The
more fundamental cause of the weak correlation is because PC1 is negatively
correlated with Nino4, but PC2 is positively correlated with Nino4 at a correlation
coefficient of 0.38 (see also Fig. 1 and S/ Appendix, Fig. S3B), such that the total
WPSH variability is weakly correlated with CP SST. This further demonstrates the
need for a EOF analysis to separate the two parts of WPSH variability.

CMIP Models. We use monthly outputs from 32 climate models participating
in CMIP6 (47) and 35 models participating in CMIP5 (49). These models are
forced with historical anthropogenic and natural forcings before 2005 for CMIPS
and prior to 2014 for CMIP6 and future greenhouse gases under the RCP8.5 for
CMIP5 and the equivalent updated scenario for CMIP6, the SSP5-8.5. Each
model simulation covers a 200-y period of 1900 to 2099. To enable intermodel
comparison, all data are regridded to a common resolution of 1° longitude by
1° latitude. Monthly anomalies are constructed from a climatological average
over the full period 1900 to 2099 before they are quadratically detrended.

Influence from SST beyond the Pacific Ocean. EOF2 of JJA stream function
over the northwestern Pacific is associated with a warm north Indian Ocean and
a preceding eastern Pacific El Nino (S Appendix, Fig. S3). An anomalous warm-
ing in the Indian Ocean occurs in the ensuing summer after an El Nino event
matures. The warming causes an anomalous anticyclone at the low troposphere
of the northwest Pacific by triggering warm Kelvin waves emanating into the
tropical western Pacific, a process referred to as the Indian Ocean capacitor effect
(36, 37). In observations PC2 only contributes to half of the strong WPSH events,
i.e., 1995 and 2020 (S/ Appendix, Fig. S3). EOF3 reflects the influence of local
SST on WPSH through atmosphere-ocean feedback (8, 27), which explains 4%
of the total variance and is not considered further in our analysis of
model outputs.

CMIP models simulate a PC2 pattern similar to that in observations. Changes
in variability of PC2 between the 20th century and future period show no
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intermodel consensus, with 50% of the models showing an increase and the
other 50% showing a decrease. The intensity of the anomalous anticyclone associ-
ated with a warm Indian Ocean and a preceding EI Nino under global warming is
influenced by several processes. Similar to the stronger response of EOF1 to the
CP La Nina, the anomalous anticyclone induced by the warm Indian Ocean may
be stronger under global warming due to the increased sensitivity of tropospheric
temperature to SST anomalies (57). However, rainfall and latent heat anomalies
over the Indian Ocean associated with SST anomalies are weaker because of an
increase in static stability of the boundary layer in a warmer climate, unfavorable
for formation of anomalous anticyclone over the northwest Pacific (58). In addi-
tion, a projected smaller SST gradient between the tropical Indian Ocean and the
northwest Pacific also weakens the anomalous anticyclone associated with the
preceding El Nino (59). Competition of these processes and intermodel differ-
ences in ENSO property, such as El Nino decaying pace (60), contribute to the
intermodel divergence of the projected change in PC2 variability.

statistical Test. We use a bootstrap test (61) to examine whether the increased
WPSH variance is statistically significant. We randomly resample the 32 WPSH
index SD values of the CMIP6 models in the 20th-century climate (1900 to
1999) to form 10,000 realizations of 32-sample mean SD. Each resampling pro-
cess for a realization is independent and any of the 32 samples can be repeated.
The same is carried out for the 21st-century climate (2000 to 2099). The multi-
model ensemble mean increase in WPSH variability between the 20th-century
and 21st-century climate is statistically significant above the 95% confidence
level if the multimodel mean increase in WPSH index SD between the two cen-
turies is greater than the sum of the SDs of the 10,000 interrealizations in the
20th-century and 21st-century climate.

Large Ensemble Experiments. We take 40 members of simulation exper-
ments of the CESM-LE (39) to examine the role of internal variability. These
experiments are subject to greenhouse warming that follows the CMIP5 design
protocol (49) with historical emissions of greenhouse gases from 1850/1920 to
2005 and RCP8.5 forcing from 2006 to 2100. Ensemble member 1 was carried
out from 1850, and the other members were created from perturbations of
ensemble member 1 in 1920. The initial conditions are identical (end of 1919),
except with an imposed infinitesimally small random perturbation to the atmo-
spheric state at the level of machine round-off error (10" °C in air tempera-
ture) at the beginning of 1920. Therefore, any subsequent difference between
model experiment members is due to internal variability (51).

Results from CESM-LE strengthen the conclusions and mechanisms in CMIP
models. The multiexperiment mean EOF1 pattern is similar to those in

1. S.Y.Tao, L. X. Liu, A review of recent research on the East Asian summer monsoon in China.
Monsoon Meteorol. 1987, 60-92 (1987).

2. Y.Ding, C. L. C. Johnny, The East Asian summer monsoon: An overview. Meteorol. Atmos. Phys.
89, 117-142 (2005).

3. R.Zhang, A. Sumi, M. Kimoto, A diagnostic study of the impact of El Nino on the precipitation in
China. Adv. Atmos. Sci. 16, 229-241(1999).

4. C.P.Chang, Y. Zhang, T. Li, Interannual and interdecadal variations of the East Asian summer monsoon
and tropical Pacific SSTs. Part I: Roles of the subtropical ridge. J. Clim. 13, 4310-4325(2000).

5. T.Zhou etal., Why the Western Pacific subtropical high has extended westward since the late
1970s. J. Clim. 22, 2199-2215 (2009).

6. T.Tomita, T. Yoshikane, T. Yasunari, Biennial and lower-frequency variability observed in the early
summer climate in the Western North Pacific. J. Clim. 17, 4254-4266 (2004).

7. E-J.Lee, J.-G. Jhun, C.K. Park, Remote connection of the Northeast Asian summer rainfall
variation revealed by a newly defined monsoon index. J. Clim. 18, 4381-4393 (2005).

8. B.Wang, B. Xiang, J.-Y. Lee, Subtropical high predictability establishes a promising way
for monsoon and tropical storm predictions. Proc. Natl. Acad. Sci. U.S.A. 110, 2718-2722
(2013).

9. Z-Q.Zhou, S.-P. Xie, R. Zhang, Historic Yangtze flooding of 2020 tied to extreme Indian Ocean
conditions. Proc. Natl. Acad. Sci. U.S.A. 118, €2022255118 (2021).

10.  Huaxia, China raises flood response to second-highest level. www.xinhuanet.com/english/2020-
07/12/c_139207054.htm. Xinhua News, 12 July 2020. Accessed 12 February 2021.

11, S.N. Jonkman, Global perspectives on loss of human life caused by floods. Nat. Hazards 34,
151-175 (2005).

12. W. Choi, K.-Y. Kim, Summertime variability of the western North Pacific subtropical high and its
synoptic influences on the East Asian weather. Sci. Rep. 9, 7865 (2019).

13. C.He, T.Zhou, Responses of the Western North Pacific subtropical high to global warming under
RCP4.5 and RCP8.5 scenarios projected by 33 CMIPS models: The dominance of Tropical Indian
Ocean-Tropical Western Pacific SST Gradient. J. Clim. 28, 365-380 (2015).

14.  B. Preethi, M. Mujumdar, A. Prabhu, R. Kripalani, Variability and teleconnections of South and East
Asian summer monsoons in present and future projections of CMIP5 climate models. Asia-Pac. J.
Atmospheric Sci. 53, 305-325 (2017).

15. A Cherchi et al., The response of subtropical highs to climate change. Curr. Clim. Change Rep. 4,
371-382(2018).

https://doi.org/10.1073/pnas.2120335119

observation and CMIP models (S/ Appendix, Fig. S10 A and B). We compare
changes between the initial 90 y (1920 to 2009) and last 90 y (2010 to 2099).
Among the 40 experiments, 35 (88%) experiments show an increase in WPSH
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under greenhouse warming shows no interexperiment consensus (S/ Appendix,
Fig. S114), but an increased sensitivity of WPSH index to Nino4 leads to the
increase in WPSH variability (S/ Appendix, Fig. S11B).
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