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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Spring North tropical Atlantic (SNTA) sea surface temperature (SST) variability enhances in a warming climate.

■   Larger SNTA SST variability has greater impacts on East Asian Summer Monsoon (EASM) via Kelvin wave response.

■   Wetter tropical Pacific in a warming climate also amplifies SNTA SST impact on EASM via Rossby wave response.
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The  spring  North  tropical  Atlantic  (SNTA)  sea  surface  temperature  (SST)
anomalies  act  as  a  critical  precursor  to  the  East  Asian  summer  monsoon
(EASM)  and  East  Asian  climate  variability.  However,  how  the  influence  of
SNTA  SST  on  the  EASM  changes  in  a  warming  climate  remains  unclear.
Here, using multiple  climate model  simulations,  we demonstrate  a  signifi-
cant  intensification  of  the  impact  of  SNTA  SST  on  EASM  and  East  Asian
climate under greenhouse warming. In a warmer climate, atmospheric and
precipitation responses over East Asia to SNTA SST anomalies are remark-
ably amplified, contributing to a higher frequency of extreme EASM events
following SNTA SST anomalies. Greenhouse warming increases SNTA SST
variability,  which  enhances  the  response  of  tropical  Indian  Ocean  SST
anomalies  via  atmospheric  teleconnection,  thereby  strengthening  the
impact  on  EASM  through  the  stimulation  of  anomalous  anticyclone  over
tropical  western  North  Pacific.  Meanwhile,  a  wetter  tropical  Pacific  mean
state  in  a  warmer  climate  further  amplifies  the  influence  of  SNTA  SST-
induced tropical  central  Pacific  SST anomalies on the EASM. Our  findings
suggest  that  under  continued  greenhouse  warming,  the  EASM  will  be
increasingly modulated by SNTA SST, providing an opportunity to improve
the predictability of East Asian climate.

 INTRODUCTION
The East Asian summer monsoon (EASM) dominates weather and climate

variations over East Asia and its surrounding regions.1,2 Abnormal EASM vari-
ability often leads to extreme events,  such as drought,  flood,  and heat wave
events,  which  pose  significant  threats  to  food  security,  ecosystems,  and
human  health.2-4 For  example,  the  strong  EASM  event  in  2020  resulted  in
devastating floods in  eastern  China,  causing hundreds of  fatalities  and tens
of  billions  in  economic  losses.5,6 Similar  extreme  EASM  events  in  the
summers  of  1998  as  well  as  2016  also  triggered  catastrophic  flooding
throughout  the  Yangtze  River  basin,  exerting  pronounced  influences  on  the
ecosystem,  agriculture  and  lives  of  people.7,8 Given  these  substantial  socio-
economic consequences,  understanding  the  factors  influencing  EASM  vari-
ability and improving its predictability are of paramount importance.

Tropical ocean conditions provide an important source of predictability for
EASM and East  Asian  climate.9-13 Sea  surface  temperature  (SST)  anomalies
(SSTAs)  associated  with  the  El  Niño-Southern  Oscillation  (ENSO)  have
marked impacts on EASM.9-11 During the summer of El Niño decaying phase,
equatorial  central  Pacific  cold  SSTAs  generate  an  anomalous  anticyclone
over  the  tropical  western  north  Pacific  (TWNP)  by  triggering  a  westward-
propagating cold Rossby wave.9,10,14-17 This anomalous anticyclone strength-
ens the western Pacific subtropical high (WPSTH), which is a critical compo-
nent of EASM,9-11 resulting in increased precipitation over East Asia. Further-
more,  warm  SSTAs  in  the  tropical  Indian  Ocean  during  El  Niño  decaying
summer contributes to anticyclonic anomaly development over the TWNP by
stimulating an atmospheric Kelvin wave.11,12,16,17

Emerging studies have suggested that spring north tropical Atlantic (SNTA)
SSTAs has a remarkable influence on EASM independent of ENSO cycle.18-23

SNTA SSTAs influence the tropical  Pacific and Indian Ocean SST during the
subsequent summer, which in turn affect EASM.19,20 Observations show that
many  EASM  events  were  coincided  with  preceding  SNTA  SSTAs,  including
strong  EASM  events  in  1982,  1987,  1997,  2009,  and  2019,  as  well  as  weak
EASM events in 1993, 2007, 2011, and 2017 (Figure S1A). In addition, tropical
Atlantic  SSTAs  provide  a  useful  source  for  the  prediction  of  East  Asian
climate.24-27

How  the  SNTA  SSTAs  forcing  on  the  EASM  may  change  in  a  warming
climate? Studies found a marked enhancement for the relationship between
SNTA  SSTAs  and  EASM  since  the  early1980s  (Figure  S1B).28-30 Study indi-
cated that the internal climate variability, e.g. the Interdecadal Pacific Oscilla-
tion,  play  a  role  in  the  recent  enhanced  impact  of  the  tropical  Atlantic
SSTAs.31 However,  it  remains  unclear  whether  the  intedecadal  enhanced
influence  of  SNTA  SSTAs  on  EASM  since  the  early  1980s  can  be  entirely
explained  by  internal  climate  variability  or  if  it  includes  a  contribution  from
greenhouse  warming.32,33 This  study  explores  how  the  influence  of  SNTA
SSTAs  on  EASM  changes  in  a  warmer  climate  via  comparing  two  91-year
periods of simulations of 41 models from CMIP6. Our findings reveal that the
influence of  SNTA  SSTAs  on  EASM  is  significantly  enhanced  under  green-
house  warming.  Hence,  it  is  suggested  that  greenhouse  warming  has
emerged as the one of the important factors driving the observed enhanced
influence of SNTA SSTAs on the EASM since the early 1980s.

 MATERIALS AND METHODS
 Observational and reanalysis data

Monthly atmospheric data were provided by the National Centers for Envi-
ronmental  Prediction-National  Center  for  Atmospheric  Research  reanalysis
(NCEP-NCAR; https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.rean-
alysis.�derived.html).34 SST data  were  extracted  from  the  Extended  Recon-
structed  Sea  Surface  Temperature  dataset  version  5  (https://psl.noaa.
gov/data/gridded/data.noaa.ersst.v5.html).35 Monthly precipitation data were
derived  from  the  Global  Precipitation  Climatology  Project  (https://psl.noaa.
gov/data/gridded/data.gpcp.html).36 The  above  observational  data  are  all
quadratically detrended in the respective full analysis period.

 Model outputs from CMIP6
This  study  uses  outputs  from  41  coupled  climate  models  participated  in

CMIP6  (Table  S1; https://esgf-node.llnl.gov/projects/cmip6/).  We  use  the
historical simulations and the Shared Socioeconomic Pathway 5-8.5 scenario
simulations (SSP85 simulations for short).37 Monthly mean winds, geopoten-
tial  height,  surface  temperature  (employed  to  represent  SST  in  the  oceanic
region) and precipitation  rate  data  are  all  available  for  the  historical  simula-
tions and SSP85 simulations from these 41 CMIP6 models. This study uses
one  realization  from  each  model  considering  the  model  democracy.38 Addi-
tionally, all outputs were quadratically detrended in the period of 1900-2100.
In this study, present-day climate period is referred to the period over 1901-
1991  (a  total  of  91-year)  and  future  climate  period  is  referred  to  the  period
over 2008-2098 (a total of 91-year).
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 Model experiments
We perform a series of AGCM simulations using CAM5 of the CESM model.

Table  S2 lists  the  details  of  the  numerical  simulations.  EXPCTR indicates  the
control simulation, which was run by observed monthly SST (termed EXPCTR).
The 1st sensitive simulation (denoted as EXPNTA1)  is similar to EXPCTR except
that additional monthly SSTAs are added from March to August in the tropi-
cal Atlantic (Figure S2 for the prescribed SSTAs). The 2nd sensitive simulation
(termed  EXPNTA2)  is  similar  to  EXPNTA1 except  that  the  amplitude  of  the
prescribed SSTAs in the tropical Atlantic is two times of that in the EXPNTA1. In
the  control  and  sensitive  simulations,  the  models  are  integrated  over  30
years. Note that only the last 20 model years in the simulations are employed
for analysis.

In  addition,  to  confirm  the  effect  of  the  mean  precipitation  change  in  the
enhanced  impact  of  SNTA  SSTAs,  we  have  further  run  another  two  sets  of
simulations  parallelly.  First,  a  new  control  simulation  termed  EXPCTR_mean is
run, which is similar to the EXPCTR but SST forcing in the tropical Pacific was
set by a given JJA(0) mean SST (refer to Figure S3A for the prescribed forc-
ing).  The given mean SST has an amplitude of 1oC (Figure S3A).  Adding the
mean SST in the tropical Pacific to the AGCM simulation is an effective way
of  presenting the enhancement  of  mean precipitation in  the tropical  Pacific.
The  difference  between  EXPCTR_mean and  EXPCTR shows  stronger  tropical
Pacific  precipitation  (Figure  S3B),  verifying  the  reliability  of  this  method.  We
then  performed  two  sensitive  simulations.  The  1st sensitive  simulation
(termed EXPTCP) is run by the observed SST plus prescribed JJA(0) SST cool-
ing  in  the  tropical  Pacific  (refer  to Figure  S3C  for  the  prescribed  SST).  The
second  sensitivity  simulation  (termed  EXPTCP_mean)  is  similar  to  the  EXPTCP

except  that  additional  mean  JJA(0)  SST  is  added  in  the  tropical  Pacific.  A
comparison of the difference between EXPTCP and EXPCTR with the difference
between  EXPTCP_mean and  EXPCTR_mean represents  the  influence  of  the  mean
precipitation.

 Bootstrap test
We use bootstrap test method to check if the differences of the two quan-

tities  (e.g.,  SSTAs  in  the  tropical  Indian  Ocean  and  tropical  central  Pacific
related  to  the  SNTA  SST  index)  between  1901-1991  and  2008-2098 are
significant.39,40 Taking the JJA(0) SSTAs in the tropical Indian Ocean related to
the SNTA index as an example, the JJA(0) SSTAs in the tropical Indian Ocean
associated  with  the  SNTA  index  are  calculated  via  linear  regression  during
1901-1991  and  2008-2098 for  the  41  models,  seperately.  Secondly,  the
JJA(0)  SSTAs  in  the  tropical  Indian  Ocean  over  1901-1991  and  2008-2098
are  randomly  resampled  to  construct 10,000 samples.  In  this  process,  the
JJA(0)  SSTAs  in  the  tropical  Indian  Ocean  can  be  selected  again  in  any
models.  If  the  MME  difference  of  the  JJA(0)  SSTAs  in  the  tropical  Indian
Ocean between 1901-1991 and 2008-2098 is greater  compared to the sum
of  the  standard  deviations  over  1901-1991  and  2008-2098, then  the  differ-
ence is significant at the 5% level.

 EASM index
Following ref.41, the EASM index (EASMI) is defined as the difference of the

area-mean  JJA(0)  zonal  wind  at  850hPa  between  22.5o-32.5oN,  110o-140oE
and 5o-15oN,  90o-130oE.  EASM index has been scaled to have one standard
deviation over the entire analysis period to describe their temporal variations.
To  confirm  the  robustness  of  the  obtained  results,  we  also  used  two  other
methods  with  different  variables  to  define  the  EASMI.42,43 Specifically,  ref.42

defined EASMI as region-average 850hPa meridional wind over 20o-30oN and
110o-130oE,  ref.43 defined  EASMI  as  the  region-mean  850hPa  vorticity  over
10o-35oN and 100o-150oE.

 SNTA index
SNTA  index  is  defined  as  area-mean  SSTAs  in  FMA(0)  over  0o-15oN  and

10o-65oW.44 Slight changes in the region used to calculate SNTA index lead to
similar  results.  SNAT index has been scaled to have one standard deviation
over the entire analysis period to depict their temporal variations.

 ENSO index
The Niño-3.4 SST index is employed to indicate the ENSO variability.

 SNTA SSTAs events and anomalous EASM events
We use 1.0 standard deviation of the SNTA index as a criterion to identify

SNTA  SSTAs  events  and  1.0  standard  deviation  of  the  EASMI  to  define
anomalous EASM events.

 WPSTH index
The  WPSTH  index  (WPSTHI)  is  defined  according  the  previous  study  as

region-mean  850-hPa  stream  function  anomalies  in  JJA(0)  (June-July-
August-mean) over 5o-30oN and 115o-155oE.14

 RESULTS
 Connection  between  SNTA  SST  and  EASM  in  observations  and  CMIP6
simulations

In  the  observations  (Figure  1A), a  stronger  EASM  is  featured  by  a  promi-
nent anticyclonic anomaly over the TWNP, indicating an enhancement of the
WPSTH  (Figure  1A). The  strengthening  of  the  WPSTH  leads  to  the  trans-
portation  of  much  richer  water  vapor  coming  from  the  tropical  regions
towards  East  Asia,  resulting  in  increased  precipitation  around  the  lower
reaches  of  the  Yangtze  River,  South  Korea,  and  Japan  (Figure  S4A).  At  the
same  time,  the  enhanced  WPSTH  suppresses  convection  over  the  TWNP
(Figure S4A). The ensemble mean (MME) of the 41 CMIP6 model simulations
reproduces  well  the  key  features  of  the  precipitation  and  atmospheric
anomalies in association with the EASM (Figures 1C & S4B).

The atmospheric anomalies in association with the SNTA index (see Meth-
ods) are similar to those associated with the EASM (Figures 1A-B). Note that
the  anomalies  related  to  the  preceding  winter  Niño3.4  index  have  been
linearly removed from the SNTA index (Methods) to ensure that the identified
relationship is not due to the ENSO cycle.28,29,44 The observed correlation coef-
ficient during the period of 1979-2021 reaches 0.34 between the SNTA index
and the EASM index (EASMI, Methods), which can pass the Pearson's signifi-
cant  test  at  the  5%  level.  In  addition,  the  SNTA  index  shows  a  correlation
coefficient of 0.38 with the JJA(0) WPSTH index (WPSTHI, Methods).

CMIP6 models simulate well  the spring SST pattern in the northern tropi-
cal  Atlantic  during  the  historical  period,  as  represented  by  the  first  leading
mode of the FMA(0) SSTAs in the area of 0o-30oN and 0o-80oW.45,46 The SNTA
SST  pattern  in  most  CMIP6  models  closely  resembles  the  observations
(Figures S5A-B), with the MME pattern correlation reaching 0.98 (Figure S5C).
The  observed  close  connections  of  the  SNTA  SST  with  the  EASM  and
WPSTH can be well captured by the CMIP6 models in the historical period. A
total  of  34  CMIP6  models  produce  a  positive  correlation  of  the  SNTA index
with  the  EASMI  and  WPSTHI  (Figures  1E-F).  Furthermore,  the  observed
correlation  coefficient  is  the  range  of  the  CMIP6  ensemble  (Figures  1E-F).
Therefore,  it  is  reasonable  to  use  these  models  to  investigate  projected
changes in the SNTA SST-EASM relationship in a warmer climate.

 Enhanced forcing of SNTA SSTAs to EASM under greenhouse warming
The influence of SNTA SSTAs on the EASM shows an enhancement under

greenhouse  warming.  The  correlation  between  the  SNTA  index  and  the
EASMI increases in 34 of the 41 CMIP6 models (approximately 82.9%) from
the  current  climate  period  (1901-1991)  to  the  future  climate  period  (2008-
2098)  (Figure  2A).  The  MME  correlation  coefficient  increases  by  94%,  from
0.16 during 1901-1991 to 0.31 during 2008-2098 (Figure 2A). This increase is
significant  at  the  5% level  according to  the  bootstrap test  (Figures 2A & 3A,
see  bootstrap  test  in  Methods).  Note  that  different  definitions  of  the  EASM
index  yield  similar  results  (Figures  2A  & S6).  Among  the  34  CMIP6  models
(excluding the 7 models that show a negative SNTA-EASM connection in the
historical period, see Figure 1E), 28 models (about 82.4%) show an enhanced
connection  (Figure  S7A),  indicating  a  strong  inter-model  consensus.  The
relationship  of  SNTA  index  with  JJA(0)  WPSTHI  also  shows  a  significant
increase in  34 of  the  41 models  in  a  warmer  climate  (Figure  2B).  The MME
correlation  between  SNTA  index  and  WPSTHI  increases  by  approximately
83%,  from  0.18  during  1901-1991  to  0.33  during  2008-2098 (Figures  2B  &
3B).  Similarly,  a  strong  inter-model  consensus  is  found  when  considering
only the 34 models, with 27 out of 34 models (approximately 79.4%) showing
an  enhanced  connection  of  the  SNTA  SST  anomalies  with  the  WPSTH
(Figure S7B).

The strengthened influences of SNTA SSTAs on the EASM and WPSTH are
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Figure 1.  Relationship  between SNTA SST and EASM in  observations and CMIP6 models Anomalies  of  quadratically  detrended JJA(0)  850-hPa winds  and stream function
regressed on the standardized (A) JJA(0) EASM index (see EASM index in Methods) and (B) SNTA SST index (see SNTA index in Methods) during 1979-2021 in observations. (C)
and (D) are similar to (A) and (B), but for MME of 41 CMIP6 models during 1979-2014. Stream function anomalies that cannot pass the 95% confidence level in (A)-(D) are omit-
ted. (E) Correlation coefficients between SNTA index and EASMI for the 41 CMIP6 models and their MME during 1979-2014. Error bar in (E) indicates one standard deviation of
the  correlation  coefficients  across  the  41  models.  Red  bar  in  (E)  indicates  the  observed  result.  (F)  is  similar  to  (E),  but  for  the  correlations  between  SNTA  index  and  JJA(0)
WPSTHI.

ARTICLE    Atmospheric Sciences   

4  　　　The Innovation Geoscience 4(2): 100207, April 21, 2026 www.the-innovation.org/the-innovation-geoscience

https://www.the-innovation.org/the-innovation-geoscience
https://www.the-innovation.org/the-innovation-geoscience
https://www.the-innovation.org/the-innovation-geoscience
https://www.the-innovation.org/the-innovation-geoscience
https://www.the-innovation.org/the-innovation-geoscience
https://www.the-innovation.org/the-innovation-geoscience
https://www.the-innovation.org/the-innovation-geoscience


further  confirmed  by  comparing  JJA(0)  atmospheric  and  precipitation
anomalies  related  to  the  SNTA  index  between  the  periods  1901-1991  and
2008-2098 (Figures  3C-F). SNTA SST warming leads  to  a  stronger  anoma-
lous anticyclone over TWNP (Figures 3C-D) and more pronounced precipita-
tion  responses  over  East  Asia  in  the  future  climate  (Figures  3E-F).  Positive
precipitation anomalies in JJA(0) over East Asia accompanied by SNTA index
during  2008-2098 are  approximately  seven  times  larger  than  those  during
1901-1991 (Figure S8).

There is a notable increase in the occurrence of anomalous EASM events
on  the  heels  of  the  SNTA  SSTAs  events  (see  Materials  and  Methods).  The
ratio  of  SNTA  SST  warming  events  followed  by  anomalously  strong  EASM
events  relative  to  the  total  SNTA SST warming  events  rises  in  31  of  the  41
models  (75.6%)  (Figure  4A),  while  the  ratio  of  SNTA  SST  cooling  events
followed  by  anomalously  weak  EASM  events  increases  in  26  of  the  41
models  (63.4%)  under  future  warming  climate  (Figure  4B).  Similarly,  the
occurrence  ratios  of  SNTA  SSTAs  events  followed  by  anomalous  WPSTH
events also show significant increases in the future warming climate (Figure
S9).  Thus,  SNTA  SSTAs  exert  a  stronger  influence  on  the  EASM  and
contribute  more  significantly  to  the  occurrence  of  extreme  climate  events
over East Asia in a warmer climate.

 Mechanism for enhanced impact of SNTA SSTAs on EASM
SNTA SSTAs influence the EASM by modulating the SST conditions in both

tropical Indian Ocean and tropical central Pacific Ocean.19,28,29,47 On one hand,
SNTA SST warming causes surface easterly  wind anomaly and SST warm-
ing over the tropical Indian Ocean through a Kelvin wave response.19,48,49 The
resulting  tropical  Indian  Ocean  warming  further  affects  the  WPSTH  and

EASM  by  triggering  an  anomalous  anticyclone  over  the  TWNP.11,12,19 On  the
other hand, the SNTA warming leads to an anomalous cyclone over subtropi-
cal northeast Pacific through a Rossby wave response.28,44 The northeasterly
wind anomalies on the west side of this anomalous cyclone lead to tropical
central Pacific SST cooling via bringing colder air from higher latitude regions
and via increasing the evaporation by the enhanced wind speed via the WES
feedback.28,30,50 This SST cooling triggers an anomalous anticyclone over the
TWNP by generating a cold Rossby wave to its west,14,51,52 thereby contribut-
ing to an enhanced EASM.

SNTA SST variability is stronger during 2008-2098 than during 1901-1991
(Figure 5). The intensified SNTA SST variability in the future climate leads to a
stronger atmospheric response in the tropical  Indian Ocean (Figure S10),  as
reflected by the change in geopotential height anomalies in MAMJJA(0) over
tropical  Indian  ocean  (15oS-15oN  and  50o-120oE)  regressed  on  the  SNTA
index.  The  inter-model  connection  between  the  projected  change  of  SNTA
SST  variability  (2008-2098 minus  1901-1991) and  the  change  of  atmo-
spheric  response  in  the  Indian  Ocean  is  0.68  across  the  41  CMIP6  models,
significant  at  the 1% level  (Figure  6B).  The enhanced atmospheric  response
results  in  a  stronger  SST response in  the  Indian  Ocean (Figures  6C-D).  The
MME increase  in  JJA(0)  Indian  Ocean  SST response  to  the  SNTA SSTAs is
113%,  rising  from  0.10oC  during  1901-1991  to  0.22oC  during  2008-2098
(Figure S11). This stronger SST response in the tropical Indian Ocean leads to
a greater impact on the EASM (Figures 6A & E).

The contribution of  stronger  SNTA SST variability  to  the amplified impact
of SNTA SST on the EASM is verified by AGCM experiments (see Methods).53

Three AGCM  experiments  are  performed  with  one  baseline  control  experi-
ment (EXPCTR) and another two sensitivity experiments (EXPNTA1 and EXPNTA2)
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Figure 2.  Enhanced influence of SNTA SST on EASM in a warmer climate (A) Correlations between SNTA index and EASMI during 1901-1991 and 2008-2098 for the 41 models
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(see Table S2 and model experiments in Methods). In the EXPNTA2 experiment,
the  prescribed  SST  forcings  in  the  NTA  are  two  times  of  those  in  EXPNTA1

(Figure S2). Therefore, the difference between EXPNTA2 and EXPNTA1 indicates
the  role  of  the  amplitude  change  in  the  SNTA SSTAs.  A  distinct  anomalous
cyclone  is  observed  over  subtropical  northeast  Pacific  in  MAMJJA(0)  in  the
differences between EXPNTA1 and EXPCTR, confirming the impact of SNTA SST
warming through a Rossby wave (Figure 7A).  Surface easterly  surface wind
anomalies are present over tropical Indian Ocean as a Kelvin wave response
to  the  positive  SNTA  SSTAs  (Figures  7A-B). Additionally,  a  strong  anticy-
clonic  anomaly  occurs  over  TWNP,  indicating  an  enhancement  of  the
WPSTH.  The  EXPNTA2 experiment generates  a  significantly  stronger  atmo-
spheric  Kelvin  wave  response  across  the  tropical  Indian  Ocean,  marked  by
more pronounced low-level easterly wind anomalies (Figures 7A-B). Further-
more,  the  WPSTH  response  (defined  as  MAMJJA(0)  850-hPa stream  func-
tion averaged over 5o-30oN, 115o-155oE) in EXPNTA2 is approximately twice as
strong  as  in  EXPNTA1 (Figure  7C).  These  model  experiments  confirm  that
stronger  SNTA  SST  variability  contributes  to  an  enhanced  impact  on  the
EASM. Note that in these sensitive experiments,  as only the NTA SSTAs are
enhanced while the Indian Ocean SST and central Pacific SSTs are fixed, the

impacts  on  the  EASM  are  also  evident.  This  suggests  that  the  enhanced
SNTA SSTAs can directly influence the EASM via the atmospheric processes,
without  involving  the  air-sea  interaction  and influencing  the  SSTAs in  either
the Indian Ocean or the tropical central Pacific.

SNTA SST warming leads to tropical central Pacific SST cooling in JJA(0)
during  both  1901-1991  and  2008-2098 (Figures  S11B  &  D),  with  a  slightly
stronger  amplitude  in  the  future.  However,  the  difference  of  the  JJA(0)  SST
cooling  in  the  tropical  Pacific  (5oS-5oN  and  170oE-120oW)  between  1901-
1991 and 2008-2098 is not significant (Figure S12A). Furthermore, the inter-
model relationships between the projected change in JJA(0) SST in the tropi-
cal  central  Pacific  and  the  changes  in  SNTA  SST  variability,  as  well  as  the
SNTA SST-EASM connection, are weak across the 41 CMIP6 models (Figures
S12B-C).  This  indicates  that  the  projected  change  in  the  influence  of  SNTA
SSTAs on the EASM is not related to changes in the response of the tropical
central Pacific to the preceding SNTA SSTAs.

Although  the  tropical  Pacific  SST  responses  in  JJA(0)  are  comparable,
mean  precipitation  in  the  tropical  Pacific  is  much  higher  during  2008-2098
compared  to  that  during  the  historical  period  (Figure  S13).54-56 The  wetter
mean  state  can  lead  to  larger  atmospheric  anomalies  in  response  to  SST
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changes  of  the  same  magnitude.57-58 The  inter-model  connection  between
the projected change in the precipitation climatology in the equatorial central
Pacific  (2.5oS-2.5oN,  180o-110oW)  and  the  change  in  the  SNTA  SST-EASM
connection  reaches  0.7  across  the  41  CMIP6  models  (Figure  6F).  This
suggests  that  the  wetter  mean  state  in  the  tropical  Pacific  under  warmer

climate can contribute to an enhanced forcing of SNTA SSTAs to the EASM.
To confirm the contribution of mean precipitation change to the enhanced

impact  of  SNTA  SST,  we  conducted  two  additional  sets  of  simulations  (i.e.
EXPTCP_mean and  EXPCTR_mean,  EXPTCP and  EXPCTR)  (see Table  S2 and  model
experiments  in  Methods).  A  comparison  of  the  difference  between  EXPTCP
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and  EXPCTR with  the  difference  between  EXPTCP_mean and  EXPCTR_mean repre-
sents the role of the mean precipitation change. The differences between the
EXPTCP and  EXPCTR indicate  that  SST  cooling  in  the  tropical  central  Pacific
leads  to  an  anticyclonic  anomaly  over  the  TWNP  through  a  Rossby  wave,
which then further impacts EASM (Figures 7D-E). In comparison, the anticy-
clonic  anomaly  over  the  TWNP  is  significantly  stronger  in  the  difference
between EXPTCP_mean and EXPCTR_mean than that between EXPTCP and EXPCTR. In
particular,  the  JJA(0)  WPSTH  response  (defined  as  JJA(0)  850-hPa  stream
function averaged over 5o-30oN, 115o-155oE) in the EXPTCP_mean is  more than
two times larger than that in the EXPTCP (Figure 7F). These numerical experi-
ments verify that wetter mean state in the tropical Pacific under future warm-
ing climate leads to a stronger atmospheric response to the same SSTAs in
the tropical central Pacific.

 DISCUSSION AND CONCLUSION
This  study  reveals  that  the  influence  of  SNTA  SSTAs  on  EASM  becomes

stronger in a warmer climate. In the future, with a warmer climate, SNTA SST
variability increases, resulting in stronger atmospheric and SST responses in
the tropical Indian Ocean. This, in turn, leads to stronger tropical Indian Ocean
SSTAs, which  further  amplify  its  impact  on  the  EASM  through  an  atmo-
spheric  Kelvin  wave  response.  Meanwhile,  tropical  central  Pacific  SSTAs  in

summer, generated by the preceding SNTA SST variation,  remain compara-
ble in both present-day and future climates. However, a wetter mean state in
the  tropical  Pacific  under  future  warming  climate  leads  to  a  much  stronger
impact  on  the  EASM  through  an  atmospheric  Rossby  wave  response.  The
mechanisms  responsible  for  the  enhanced  impact  of  SNTA  SSTAs  on  the
following  EASM  are  confirmed  through  numerical  experiments.  The  present
study indicates that SNTA SSTAs have become an increasingly more influen-
tial factor for the EASM variation as greenhouse warming continues, thereby
potentially improving the prediction skill of EASM and East Asian climate.

Recent  study  suggested  that  the  increase  in  the  interannual  variability  of
SST  in  the  northern  tropical  Atlantic  under  greenhouse  warming  may  be
linked to  the  enhanced  influence  of  the  preceding  winter  ENSO  via  atmo-
spheric  teleconnection.59 In  the  present  study,  the  impact  of  the  preceding
winter ENSO  has  been  excluded.  Beyond  ENSO,  other  factors  also  signifi-
cantly contribute to SNTA SST variability, such as the North Atlantic Oscilla-
tion  and  air-sea  interactions  in  the  tropical  Atlantic.45,60,61 Further investiga-
tions  will  be  carried  out  to  explore  the  relative  roles  of  the  NAO and air-sea
interactions  in  the  projected  change  of  SNTA  SST  variability.  In  addition,
studies suggested that in the higher-resolution model experiment, the EASM
simulation  is  much  improved.62 In  the  future,  we  would  that  use  this  high-
resolution air-sea coupled models to further investigate the SNTA SST-EASM
relationship.
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change in the correlation between SNTA index and EASMI, and against (B) change in the FMA(0) 200-hPa geopotential height over the tropical Indian Ocean (IO, 15oS-15oN and
50o-120oE) responses to SNTA SST, and against (D) change in the JJA(0) SST in the tropical IO responses to SNTA SST across the 41 CMIP6 models. (C) Inter-model connection
between projected change in the FMA(0) 200-hPa geopotential height over the tropical IO responses to SNTA SST against change in the JJA(0) SST in the tropical IO responses
to SNTA SST.  Inter-model  relationships between projected change in the EASM responses to SNTA SST against  (E)  change in the JJA(0)  SST in the tropical  IO responses to
SNTA SST, and against (F) change in the MAMJJA(0) precipitation climatology in the tropical central Pacific.
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Figure 7.  Numerical experiments confirming enhanced impact of SNTA SSTAs on EASM due to increased NTA SST variability and wetter mean state in tropical Pacific Differ-
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Differences of JJA(0) 850-hPa winds and stream function between (D) EXPTCP and EXPCTR, and (E) between EXPTCP_SSTclim and EXPCTR_SSTclim (see model experiments in Methods).
(F) Histograms of 10000 samples for the differences in region-mean JJA(0) 850-hPa stream function over 5o-30oN, 115o-155oE between EXPTCP and EXPCTR (blue bar), and (B)
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