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Abstract
During the modern satellite-monitoring era since∼1979, the observed Pacific Walker circulation
(PWC) presented a pronounced strengthening and robust westward-shifting, defying the
model-projected weakening response to anthropogenic warming. The exact cause for the PWC
decadal intensification and the corresponding observation-model disagreement remains indecisive.
Using two targeted experiments wherein sea surface temperature (SST) anomalies in the tropical
eastern Pacific and North Atlantic are separately restored to follow the observed history, we reveal
that the North Atlantic-only SST warming and the tropical eastern Pacific-only SST cooling
contribute partly to the PWC decadal adjustment. The North Atlantic SST warming triggers a
significant westward displacement of PWC, while the tropical eastern Pacific SST cooling drives
mainly the associated shifts of the large-scale atmospheric surface pressure centers. Further, we
identify that the tropical Atlantic–eastern Pacific trans-basin SST gradients have dominated the
PWC decadal variations over the past century. Our results highlight that a reliable representation of
the simulated inter-basin warming contrast between the tropical Atlantic and the tropical eastern
Pacific SSTs may be influential in correcting future projections of the PWC strength.

1. Introduction

The Pacific Walker circulation (PWC) is an integ-
ral, key part of the tropical climate system. On
the inter-annual timescales, the east-west zonally-
oriented atmospheric overturning circulation is inex-
tricably linked to the El Niño-Southern Oscillation
(Bjerknes 1969). For an El Niño case, it features
anomalous ascending over the central equatorial
Pacific and anomalous subsidence over the Mari-
time Continent and the Amazon basin, accompan-
ied by surface westerlies along the equator and east-
erlies in the upper troposphere (Chu and Murakami

2022). The opposite holds for a LaNiña event. Indeed,
for the continuous satellite-monitoring period avail-
able since ∼1979, the observed PWC has experi-
enced a conspicuous intensification (L’Heureux et al
2013). Associated with the decadal-scale reorganiz-
ation of PWC is a great strengthening of tropical
Pacific trade winds (De Boisséson et al 2014), driv-
ing unusually rapid sea-level rise over the tropical
western Pacific (Merrifield 2011) and enhanced heat
transport into the upper Indian Ocean from the trop-
ical Pacific (Lee et al 2015), creating favorable con-
ditions for the 2013 super-typhoon Haiyan sweep-
ing the Philippines (Lin et al 2014) and devastating
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decade-long droughts across western North America
(Delworth et al 2015). It also causes the increased
Amazon flooding extremes (Barichivich et al 2018)
and a shift toward drying eastern Africa (Willi-
ams and Funk 2011) and contributes to the early
2000s global warming slowdown (England et al 2014,
Watanabe et al 2014, Fyfe et al 2016, Yao et al 2017).
Given these climatic consequences worldwide, under-
standing the underlyingmechanism driving the PWC
decadal adjustment is instrumental for future climate
change projections.

Hitherto, four leading hypotheses have emerged
regarding the PWC decadal changes. The first sug-
gests a long-term weakening of the PWC due to a
muted hydrological response to greenhouse warming
(Held and Soden 2006, Vecchi et al 2006), opposing
the observed PWC decadal strengthening in recent
decades. The second considers an ocean dynamical
thermostat-type effect (Clement et al 1996, Luo et al
2017, Seager et al 2019). Specifically, sea surface tem-
perature (SST) over the equatorial western Pacific
warms faster than the eastern Pacific cold tongue
due to the in-situ cold water upwelling. The accel-
erated west-east SST gradient induces a transient
PWC strengthening that may last about 20–30 years
under abrupt CO2 increases (Heede et al 2020),
despite a large discrepancy between the abruptly-
perturbed climate system and the real world. The
third ascribes the PWC decadal strengthening to
internal decadal climate modes (Chung et al 2019),
such as the cold-phase Inter-decadal Pacific Oscilla-
tion (IPO) (England et al 2014) or the warm-phase
Atlantic multi-decadal variability (AMV) (Kucharski
et al 2016, Meehl et al 2021), although these statist-
ical results have yet to be rigorously validated. The
last primarily attributes the PWC decadal intensi-
fication to inter-basin SST variabilities triggered by
basin-wide SSTwarming over the Atlantic (Kucharski
et al 2011, McGregor et al 2014, Li et al 2016) or the
Indian Ocean (Luo et al 2012). However, a broader
view is required to reconcile the respective import-
ance of decadal climate modes and inter-basin SST
variabilities in pacing the timing and magnitude of
observed PWC.

By combining multiple reanalysis datasets with a
hierarchy of coupled climate model simulations, we
carry out a physically consistent, integrated study on
the PWC decadal change, enabling us to resolve the
intense debate on the extent to which the internal
decadal climate modes or trans-basin SST variabil-
ities act as a main driver of the PWC decadal vari-
ation. These results, supported by observations and
pacemaker simulations (Meehl et al 2021), indic-
ate that the PWC decadal variation relies heavily
on the tropical Atlantic-eastern Pacific trans-basin
SST gradients rather than on SST changes solely in
one basin.

2. Datasets, analysis methods, andmodel
experiments

2.1. Reanalysis datasets
The PWC decadal changes are explored using four
reanalysis datasets, including theNOAA20th-century
reanalysis product version 3 throughout 1900–2013
(Slivinski et al 2019), ERA-interim, ERA5 (Dee et al
2011), and JRA-55 (Kobayashi et al 2015) covering
1979–2013. The monthly-mean precipitation from
GPCP version 2.3 (Adler et al 2003) provides the
physical coherence with the PWC decadal changes to
sea level pressure (SLP) and 850 hPa winds. We util-
ize seven SST datasets spanning from 1900 to 2013,
including ERSST v3b, v4, and v5 (Huang et al 2015,
2017), COBE-SST and COBE-SST 2 (Hirahara et al
2014), the Hadley Center Sea Ice and SST (Titch-
ner and Rayner 2014), and Hurrell SST (Hurrell
et al 2008). Owing to observational uncertainties
among different SST datasets, we use themultiple SST
ensemblemean to estimate the Atlantic–Pacific trans-
basin warming contrast.

2.2. PWC strength
Wemeasure the PWC strength by utilizing the follow-
ing three indices. The first is defined as area-averaged
850 hPa zonal winds across thewestern-central equat-
orial Pacific (6◦ S–6◦ N, 150◦ E–210◦ E) (Luo et al
2012). Negative values indicate easterly anomalies,
suggestive of an accelerated PWC. The second is
derived from the area-averaged zonal SLP difference
between the eastern equatorial Pacific (5◦ S–5◦ N,
160◦ W–80◦ W) and western Pacific/eastern Indian
Ocean (5◦ S–5◦ N, 80◦ E–160◦ E) (Vecchi et al
2006). Positive values denote increased trans-basin
SLP gradients, representing an intensified PWC. The
third employs the zonal mass stream function to dis-
play an integral three-dimensional structure of PWC
(Yu and Zwiers 2010) as follows:

ψ =
a∆φ

g

pˆ

0

uddp

whereψ indicates the zonalmass stream function, a is
the radius of the Earth, g is the gravitational accelera-
tion,∆φ = 2π · 10

360 (the radian between 5◦ S–5◦ N),
ud is the divergent component of zonal wind, and
p is the pressure. The zonal mass stream function
is estimated by integrating meridional-mean diver-
gent wind from the top level downward. Positive val-
ues depict a clockwise overturning circulation in the
zonal-vertical section.

2.3. IPO and AMV indices
The SST-based IPO and AMV indices are estim-
ated from the internally-generated components
of observed IPO-SST and AMV-SST anomalies

2



Environ. Res. Lett. 18 (2023) 064016 S-L Yao et al

(figure S1). We first apply the signal-to-noise max-
imizing empirical orthogonal function (EOF) ana-
lysis to global annual-mean SST from the multi-
model ensemble mean of CMIP5 historical simula-
tions (1870–2005) and Representative Concentration
Pathway 8.5 (RCP8.5; 2006–2013) (Ting et al 2009,
Ruprich-Robert et al 2017, Yao et al 2021, 2022),
and extract the radiatively-forced response. After
removing the externally-forced component from the
observed SST (ERSST v3b), the IPO andAMV indices
are derived from the first principal component of an
EOF decomposition to the observed annual-mean
residual SST over the Pacific-wide domain (40◦ S–
60◦ N, from Indonesia to the American Coast) and
North Atlantic (0◦–60◦ N, from the American coast
to Africa/Europe), respectively. Finally, we construct
the IPO and AMV spatial patterns by regressing the
observed residual SST at each grid point against the
IPO and AMV indices, respectively. Note that the IPO
and AMV time series have been low-pass filtered by
applying a zero-phasing Butterworth filter before the
regression.

To untangle the potential linkage of PWC decadal
changes to the Pacific and Atlantic decadal climate
modes, we estimate the PWC strength congruent to
IPO and AMV for 1979–2013, over which the IPO
shifts its phase from positive to negative, and the
AMV translates its phase from negative to posit-
ive (figure S1). We first regress the PWC intensity
(including 850 hPa zonal winds and SLP) at each grid
point against the IPO and AMV indices for 1900–
2013, respectively. Subsequently, the corresponding
regression coefficients for the IPO and AMV are sep-
arately multiplied by the observed IPO and AMV
trends of 1979–2013. This method allows us to dir-
ectly quantifies how much of the observed PWC
decadal changes are due to the IPO or AMV.

2.4. Pacemaker experiments
To enhance our understanding of trans-basin SST
variability generated by each ocean basin in mod-
ulating the PWC decadal changes, we analyze three
pacemaker experiments with CESM1 following an
identical pacemaker experimental protocol (Kosaka
and Xie 2013, Deser et al 2017, Meehl et al 2021).
In these three pacemaker simulations (table S1), SST
anomalies over the tropical Indian Ocean-Western
Pacific (IOWP: 15◦ S–15◦ N, from the eastern African
coast to 180◦ E with 5◦ sponge zones in northern,
southern, and eastern boundaries), the eastern trop-
ical Pacific (TEP: 15◦ S–15◦ N, 180◦ to the American
coast with 5◦ sponge zones in northern, southern, and
western boundaries) and North Atlantic (ATL: 0◦–
60◦N, from theAmerican coast toAfrica/Europewith
5◦ buffer zones in southern and northern boundar-
ies) are separately restored to observations (figure S2).
Outside the targeted regions, the ocean-atmosphere
systems are fully coupled. Each simulation is also
forced with time-varying historical radiative forcing

for 1920–2005 and RCP8.5 for 2006–2013 and com-
prises ten ensemble members initialized with slightly
different initial atmospheric conditions. The three
pacemaker runs are compared with the 35-member
historical simulations to determine towhat degree the
trans-basin SST variability drives the PWC decadal
variations. All the trend results shown here are com-
puted using Sen’s slopemethod, with a 95% statistical
significance using the Mann–Kendall test (Chu et al
2010).

3. Results

3.1. The relative importance of IPO and AMV
Examining the running-window 35 year trends of
observed PWC intensity, derived from 850 hPa zonal
winds averaged over the western-central equatorial
Pacific and the zonal SLP difference between the
equatorial eastern Pacific and western Pacific/eastern
Indian Ocean, we track the timing and magnitude
of observed PWC decadal evolutions. For ease of
comparison, the first year of 35 year trends of two
indices is shown in figure 1(a). Decadal changes in
the 850 hPa winds and inter-basin SLP gradients are
highly correlated over the past century (r = −0.92,
significant at P < 0.05 in figure 1(a)). The observed
PWC strength exhibits considerable multi-decadal
variations, with a noticeable decline from the 1900s
until the 1950s and a rising tendency from the 1960s
onwards. However, the observed PWC strength is
more susceptible to a large uncertainty before 1920,
mainly due to insufficient data coverage (Slivinski
et al 2019). During 1979–2013, the observed PWC
underwent a robust intensification (Ma and Zhou
2016, Li et al 2021), opposing the externally-forced
weakening response to greenhouse warming from
single-model and multi-model ensemble historical
simulations (figure S3). The marked observation-
model discrepancy implies that external forcing is not
the major contributor to a significant strengthening
of observed PWC for 1979–2013.

We further investigate the role of internal variab-
ility by putting the IPO and AMV into the context
of observed PWC historical evolutions. Specifically,
first regressing the observed 850 hPa zonal winds and
SLP at each grid onto the observed IPO and AMV
indices for 1900–2013 and then multiplying the res-
ulting regression coefficients by the running-window
35 year trends in the observed IPO and AMV indices,
we quantify the respective fraction of observed PWC
decadal trends that are linearly congruent with the
IPO and AMV. For 1900–2013, the probability dens-
ity functions of the observed and AMV-induced
35 year PWC trends are roughly analogous but much
broader than the IPO-induced trends (figures 1(b)
and (c)), mainly due to a larger spread for the 35 year
AMV trends caused by less frequent phase shifts of
AMV index (figures S1(c)–(e)). Over 1979–2013, the
35 year IPO trend (−3.40) is extremely rare (figure
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Figure 1. (a) Moving-window 35 year trends of the observed Pacific Walker circulation (PWC) strength shifting from
1900–1934–1979–2013 (dots), measured by the 850 hPa zonal winds averaged over the western-central equatorial Pacific
(6◦ S–6◦ N, 150◦ E–210◦ E) (solid black line) and the area-averaged zonal SLP difference along the equator between the eastern
Pacific (5◦ S–5◦ N, 160◦ W–80◦ W) and eastern Indian Ocean/western Pacific (5◦ S–5◦ N, 80◦ E–160◦ E) (solid blue line). The
colored shading denotes the 95% confidence interval. Note that the 850 hPa zonal wind trends are multiplied by−1 to facilitate
comparison with the trans-basin SLP gradients. (b) Smoothed normalized distribution of 35 year trends of 850 hPa zonal winds
from the NOAA 20th reanalysis version 3 (black curve) and congruent to the observed IPO (IPO-congruent; cyan) and AMV
(AMV-congruent; purple) trends, respectively. Dashed lines indicate 1979–2013 trends. As the AMV-induced 1979–2013 wind
trend (−1.19 ms−1/35 yr in purple dashed line) and the IPO-induced wind trend (−1.13 ms−1/35 yr in cyan dashed line) are
almost equal, the two dashed lines slightly overlap. (c) same as (b) but for running-window 35 year trends of the area-averaged
SLP difference. (d) Observed and simulated 1979–2013 trends of PWC strength from an ensemble mean of four different
reanalysis datasets (Obs), a ten-member ensemble of tropical eastern Pacific pacemaker simulations (TEP), a ten-member
ensemble of North Atlantic Ocean pacemaker simulations (ATL), and a ten-member ensemble of tropical IOWP pacemaker
simulations (IOWP). The error bars indicate the 95% confidence intervals.
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S1(e)), leading to the IPO-induced PWC trends fall-
ing into the left tail of the probability density func-
tion, while the 35 year AMV trend (1.28) is relatively
moderate, making the AMV-induced PWC trends
falling within the middle of the probability density
function.

Because this period matches well with a positive-
to-negative phase shift of IPO and a negative-to-
positive phase transition of AMV, we also isolate
the respective contributions of the IPO and AMV
phase transitions to PWC decadal accelerations by
analyzing the ten-year idealized IPO and AMV pace-
maker experiments, wherein SST anomalies over the
Pacific and North Atlantic are separately restored to
the internally-driven components of observed IPO-
SST and AMV-SST anomalies while holding all radi-
ative forcing fixed at pre-industrial level (see more
details in text S1 of supplementary information)
(Boer et al 2016, Ruprich-Robert et al 2017, Meehl
et al 2021, Yao et al 2021, 2022). The simulated warm-
to-cold phase shift of IPO or cold-to-warm phase
transition of AMV partly accounts for the observed
PWCdecadal strengthening of 1979–2013 (figure S4),
with the former being larger than the latter, although
potential model biases may slacken the simulated
PWC responses to the IPO-SST and AMV-SST for-
cing (Boer et al 2016, Yao et al 2021, 2022). The results
diagnosed by statistical analysis and idealized pace-
maker simulations provide evidence that the IPO or
AMV alone cannot fully trigger the observed PWC
decadal strengthening over 1979–2013.

3.2. The role of trans-basin SST variabilities
For 1979–2013, the observed trade winds over the
western-central equatorial Pacific are intensified
by −2.63 ms−1/35 yr, and the trans-basin SLP
gradients are enhanced by 1.12 hPa/35 yr based
on the ensemble mean of four reanalysis datasets
(figure 1(c)). The observed PWC intensity is well
reproduced by a 44-model ensemble of global SST
anomaly-driven atmosphere-only experiments from
the latest sixth Atmospheric Model Inter-comparison
Project (figures S4 and S5). To more accurately
single out the respective contributions of trans-basin
SST variabilities triggered by each ocean basin to
the PWC decadal strengthening, we systematically
examine three pacemaker experiments, wherein SSTs
over the tropical eastern Pacific, North Atlantic, and
tropical IOWP are separately constrained to follow
the observed SST trajectory while specifying time-
evolving radiative forcing agents throughout 1920–
2013. This experimental framework will likely help
overcome limitations related to simplified model
physics (Li et al 2016), such as the reduced-gravity
ocean-atmosphere model (Kucharski et al 2011)
and the slab ocean-atmosphere model (McGregor
et al 2014), and more rigorously quantify the full
extent of trans-basin interactions. The simulated

magnitudes of PWC response to the eastern Pacific-
induced (−1.64 ms−1/35 yr and 0.74 hPa/35 yr)
and North Atlantic-induced (−1.68 ms−1/35 yr and
0.57 hPa/35 yr) trans-basin variabilities are both con-
sistently underestimated by ∼40% (figure 1(c)). The
underestimation is probably because the simulated
trends are estimated from the ten-member average
and merely represent the potential strength of PWC
forced by the eastern Pacific or North Atlantic. Addi-
tionally, the notable model-observation mismatch
may originate from model biases in simulating the
observed large-scale SST-dipole pattern (figure 2(a)),
characterized by a cold-phase IPO-SST anomaly in
the Pacific-wide basin, a north-south dipole-like SST
anomaly over the Atlantic, and basin-scale warm-
ing in the Indian Ocean. More importantly, tropical
Pacific triangular-like cooling anomalies and Atlantic
north-minus-south meridional SST gradients are
qualitatively well-simulated except for the misrep-
resented Atlantic meridional SST gradients in the
eastern Pacific-pacemaker simulations (cf figures 2(c)
and (e)).

The observed PWC displays a positive trend of
stream function between 120◦ E and 140◦ W (clock-
wise rotation) and a negative trend to the east of
140◦ W (anticlockwise), accompanied by descend-
ing motion in the central-eastern Pacific and ascend-
ing motion across the Maritime Continent and most
of the Atlantic sector (figure 2(b)). This decadal
atmospheric circulation change corresponds to a
significant westward-shifted PWC (Ma and Zhou
2016, Li et al 2021). The North Atlantic warming
initiates stronger ascending motions in the equat-
orial Atlantic and stronger descending motions in
the equatorial central Pacific, leading to a too-far
westward-displaced PWC (figure 2(f)). By compar-
ison, the eastern Pacific cooling drives the observed
westward shifting more realistically (figures 2(b) and
(d)). Because of the common mean-state SST biases
over the tropical Atlantic and Pacific (Kajtar et al
2018, McGregor et al 2018, Li et al 2020), the sim-
ulated subsidence over the central-eastern equat-
orial Pacific and ascent in the Maritime Contin-
ent are generally weaker than observations. Also,
the observed precipitation increase illustrates a west-
ward migration from the central Pacific to the
MaritimeContinent (figure 3(a)), in linewith the sur-
face wind convergence center occupying the Mari-
time Continent and a slight northward migration
of inter-tropical convergence zone (ITCZ) across
the tropical Atlantic–Pacific. The North Atlantic
warming excites the decadal changes in atmospheric
convection (figure 3(c)), with a too-strong north-
ward ITCZ shift, primarily owing to the intensified
Atlantic north-minus-south meridional SST gradi-
ents (Levine et al 2018). The eastern Pacific cool-
ing causes a too-weak northward ITCZ displacement
(figure 3(b)), albeit with surface wind convergence
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Figure 2. The observed and simulated SST (left panel) and Walker circulation (right panel) trends for 1979–2013. (a) Observed
SST trends are from ERSST V3b, and (b) mass stream function trends are based on the four-reanalysis dataset ensemble average.
The simulated trends are calculated from a ten-member ensemble of tropical eastern Pacific pacemaker simulations (TEP;
(c)–(d)), North Atlantic Ocean pacemaker simulations (ATL; (e)–(f)), and tropical Indian Ocean-western Pacific pacemaker
simulations (IOWP; (g)–(h)), respectively. The zonal mass stream function is computed by vertically integrating
meridional-mean divergent wind (5◦ S to 5◦ N) from the top level downward (shading; overlying vectors representing divergent
zonal wind and vertical velocity, which is magnified by a factor of 50 to make its scale comparable to the divergent zonal wind).
Positive values mark a clockwise rotation, representing an enhanced Walker circulation. Stippling denotes regions with
statistically significant trends above the 95% confidence level based on the Mann–Kendall test.

over the Maritime Continent. The statistical analysis
also supports that the warm-phase AMV-induced
easterly wind anomalies extend to the Maritime
Continent (figure 3(e)), with a strong northward-
shifted ITCZ over the central-eastern North Pacific.
In contrast, the cold-phase IPO-induced easterly
wind anomalies are only confined to about 150◦ E
(figure 3(d)). As corroborated in the idealized IPO
and AMV pacemaker experiments (figure S6), a

cold-to-warm phase shift of AMV induces a too-far
westward migration of PWC.

Another salient feature is the corresponding inter-
basin shift of observed atmospheric pressure cen-
ters (figure S7(a)), with increasing SLP in the east-
ern Pacific and decreasing SLP extending from the
tropical Atlantic through the Indian Ocean to the
western Pacific. The large-scale inter-basin SLP see-
saw responses in the North Atlantic-pacemaker and
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Figure 3. Observed and simulated trends of precipitation and 850 hPa winds for 1979–2013. (a) The observed precipitation trend
is based on GPCP V2.3, and 850 hPa winds are estimated from 20CR V3. (b)–(c) The simulated trends are calculated from a
ten-member ensemble of tropical eastern Pacific pacemaker simulations (b; TEP) and a ten-member ensemble of North Atlantic
pacemaker simulations (c; ATL). (d)–(e) Observed precipitation and 850 hPa winds trends are linearly congruent with observed
trends in the IPO index (d; IPO-congruent) and AMV index (e; AMV-congruent) for 1979–2013, respectively.

tropical eastern Pacific-pacemaker experiments agree
well with observations (figures S7(b) and (c)), albeit
at diminished magnitudes. However, the magnitudes
and spatial extents of tropical eastern-central pres-
sure lobes forced by the eastern Pacific cooling are
much larger and wider than those induced by the
North Atlantic warming. The support from the stat-
istical analysis and idealized pacemaker simulations
further demonstrate that a cold-phase IPO plays a
larger role in triggering the trans-basin SLP see-saw
pattern than a warm-phase AMV (figures S7(e)–(j)).
In summary, the comparison between the observed
and pacemaker-simulated results indicates that the
decadal strengthening and westward shift of PWC
for 1979–2013 arise mostly from combined effects
of the North Atlantic warming and tropical eastern
Pacific cooling, rather than SST changes in one basin
alone.

We further evaluate the importance of trans-basin
SST variability generated by the tropical IOWP. SST
warming across the IOWP erroneously produces a
reduced PWC (0.70 ms−1/35 yr and −0.55 hPa/35 yr
in figure 1(d)) in the absence of eastern tropical
Pacific cooling and an increased north-minus-south
Atlantic SST gradient (figure 2(g)). The tropical
IOWP warming-induced trans-basin SST variabil-
ity is insufficient to drive a significant westward-
displaced PWC (figure 2(h)), contrary to previ-
ous findings that the tropical Indian Ocean rapid

warming forces surface easterly wind anomalies in
the whole tropical Pacific (Luo et al 2012, Han et al
2014). This discrepancy may be because a warmer
western Pacific SST induces an intensified warm-
ing contrast between the tropical Pacific and Indian
Oceans, accompanied by increased precipitation in
the equatorial Pacific and reduced precipitation in the
Maritime Continent (figure S8), in good agreement
with the warmer-get-wetter view (Xie et al 2010).
The atmospheric deep convection shift is tightly asso-
ciated with surface westerly wind anomalies cover-
ing the tropical Pacific, potentially counteracting sur-
face easterly wind anomalies occupying the tropical
Pacific typical of a secondary circulation driven by a
tropical Indian Ocean-only warming, as identified in
a new study using the stand-alone atmosphere model
forced by a steadywarming rate of western Pacific SST
(Han and Zheng 2023). Notably, a tropical eastern
Pacific-only cooling and aNorth Atlantic-only warm-
ing in pacemaker simulations both excite anomal-
ous easterly winds over the western-central tropical
Pacific and anomalous westerly winds over the east-
ern Pacific (figures 3(b) and (c)), a surface wind
divergence pattern somewhat similar to the observed
(figure 3(a)). These findings support the notion that
the tropical Indian Ocean tends to act as an inter-
mediate to maintain the Atlantic–Pacific inter-basin
interactions on the decadal timescales (Li et al 2016,
Yao et al 2021).
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Figure 4. The observed and simulated relationship between decadal changes in the Pacific Walker circulation strength and the
inter-basin SST gradients. The tropical AtlanticPacific trans-basin SST gradient (denoted TWC) is defined as the area-averaged
tropical Atlantic SST (15◦ S–15◦ N, 70◦ W–20◦ W) minus the area-averaged tropical eastern Pacific SST (15◦ S–15◦ N, 180◦ to
the American coast). The tropical Indian Ocean-Pacific inter-basin SST gradient (denoted dSSTIOWP-TEP) is defined as the
area-averaged tropical Indian Ocean-western Pacific SST (15◦ S–15◦ N, 40◦ E–180◦) minus the area-averaged tropical eastern
Pacific SST (15◦ S–15◦ N, 180◦ to the American coast). The PWC strength is measured by the area-averaged 850 hPa zonal winds
(denoted U850) over the western-central Pacific (5◦ S–5◦ N, 150◦ E–150◦ W), and the area-averaged zonal SLP difference (dSLP)
between the eastern Pacific (5◦ S–5◦ N, 160◦ W–80◦ W) and the eastern Indian Ocean-western Pacific (5◦ S–5◦ N,
80◦ E–160◦ E). For ease of comparison with the trans-basin SST gradients, U850 is multiplied by−1. Shown are temporal
evolutions of sliding-window 35 year trends of U850 (solid black curves), dSLP (solid blue curves), TWC (solid red curves), and
dSSTIOWP-TEP (solid purple curves). (a) The observed U850 and dSLP are calculated from NOAA 20th reanalysis version 3
reanalysis, and TWC and dSSTIOWP-TEP are estimated from the ensemble mean of seven different SST datasets. The simulated
results are based on a ten-member ensemble of tropical eastern Pacific pacemaker simulations (b; TEP) and a ten-member
ensemble of North Atlantic pacemaker experiments (c; ATL). The correlation coefficients between PWC strength (U850 and dSLP)
and trans-basin SST gradients (TWC and dSSTIOWP-TEP) are shown together with the two-sided P = 0.05 level in each figure.
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3.3. PWC decadal variations linked to tropical
Atlantic-eastern Pacific SST gradients
Our model-simulation results reveal that the tropical
eastern Pacific cooling and North Atlantic warming
work together to drive the PWC decadal strengthen-
ing. Previous findings have shown that the Atlantic
rapid warming, especially in the tropical Atlantic
domain (Ruprich-Robert et al 2017, Yao et al 2021),
partly amplifies recent tropical eastern Pacific cool-
ing (Kucharski et al 2011, McGregor et al 2014, Li
et al 2016, Ruprich-Robert et al 2017, Yao et al
2021), highlighting an active role of the Atlantic–
Pacific inter-basin SST variability in modulating the
PWC intensity. To illustrate the tropical Atlantic–
Pacific inter-basin SST variability, we define a trans-
basin warming contrast index as the difference of the
area-averaged tropical Atlantic SST (15◦ S–15◦ N,
70◦ W–20◦ W)minus the area-averaged tropical east-
ern Pacific SST (15◦ S–15◦ N, 180◦ to the American
coast). This definition precludes the potential impact
of tropical western Pacific involving a common too-
far westward-extended cold tongue in most coupled
models (Luo et al 2018), enabling us to quantify the
Atlantic–Pacific trans-basin decadal SST variability
more reliably than previous approaches (McGregor
et al 2014, 2018).

The tight relationship between the Atlantic–
Pacific trans-basin warming contrast and PWC
strength is well exemplified by time series of moving-
window 35 year trends in tropical Atlantic–Pacific
trans-basin SST gradients (TWC), 850 hPa zonal
winds averaged over the western-central equatorial
Pacific (denotedU850), as well as the zonal SLP gradi-
ents (denoted dSLP) between the equatorial eastern
Pacificminus equatorial eastern IOWP (figure 4). The
observed decadal changes in the tropical Atlantic–
Pacific trans-basin SST gradients (TWC) and PWC
strength are significantly correlated (figure 4(a)), with
two correlation coefficients of 0.83 (P < 0.05), lar-
ger than correlations between the tropical Indian
Ocean/western Pacific-minus-eastern-Pacific trans-
basin SST gradients and PWC strength (r = 0.74
and 0.67, significant P < 0.05), suggesting a higher
dependence of observed PWC decadal variability
on the tropical Atlantic-minus-eastern-Pacific inter-
basin SST gradients. Similarly, the simulated tropical
Atlantic-eastern Pacific trans-basin warming contrast
presents a better connection with the PWC intens-
ity in the tropical eastern Pacific- (figure 4(b)) and
North Atlantic-pacemaker experiments (figure 4(c)).
But this connectivity is distinct for both pacemaker
simulations over the past century. From the 1920s
to 1960s, the simulated coherence between the
tropical Atlantic-eastern Pacific SST gradients and
PWC strength is roughly close to observations (cf
figures 4(a)–(c)), indicating that the tropical eastern
Pacific and Atlantic SSTs are both influential in medi-
ating the PWC decadal variability. From the 1970s
onwards, an enhanced coherence between these two

is only seen in the tropical eastern Pacific-pacemaker
simulations and observations (figures 4(a) and (b)),
emphasizing the dominant role of tropical eastern
Pacific SSTs in recent decades.

4. Summary

Based on three targeted coupled model experiments
where SSTs over the tropical eastern Pacific, North
Atlantic, and tropical Indian-western Pacific are sep-
arately constrained to follow the observed history,
along with idealized pacemaker simulations with
observed IPO-SST and AMV-SST anomalies pre-
scribed, we conduct a comprehensive analysis of
underlying mechanisms of the PWC decadal vari-
ability. Our analysis suggests that a cold-phase IPO
or warm-phase AMV alone cannot fully account for
the observed PWC decadal strengthening for 1979–
2013. During the modern satellite-monitoring era,
the westward shift of observed PWC is largely driven
by North Atlantic rapid warming, albeit with a simu-
lated too-strong westward displacement. The related
inter-basin shift of atmospheric surface pressure cen-
ters originates mostly from strong SST cooling in
the tropical eastern Pacific. Furthermore, with strong
support from observations and time-evolving pace-
maker simulations, the results reveal that tropical
Atlantic-eastern Pacific trans-basin SST gradients are
the leading cause of the PWC decadal changes over
the past century. Our findings provide an alternat-
ive explanation to the prevalent view that the Atlantic
extensive warming tightly related to a warm-polarity
AMV dominates the PWC decadal strengthening
since the 1990s (McGregor et al 2014).

In addition to the dynamic tropical pathway driv-
ing the PWC decadal variability, the extratropical
pathway may influence the PWC decadal changes
through ocean circulation adjustments to extratrop-
ical forcing. One possible explanation is that radiat-
ive cooling of either hemisphere causes colder subsur-
face water upwelling in the eastern equatorial Pacific,
leading to an intensified zonal SST gradient in the
equatorial Pacific and hence an enhanced PWC (Kang
et al 2020). However, the validity of extratropical
aerosol-forced cooling of either hemisphere for 1979–
2013 proves false because the anthropogenic-aerosol
forcing is kept approximately constant during this
period (Tokarska et al 2020). Another view involves
the ocean bridge, linking subduction in the subtrop-
ical gyre domain to upwelling in the eastern equat-
orial cold tongue via the shallow subtropical cells (Gu
and Philander 1997). Still, the extratropical-tropical
oceanic links operate on longer time scales (i.e. more
than 60 years), inapplicable to the observed, shorter
PWC decadal variability (Fedorov et al 2015, Thomas
and Fedorov 2017). Therefore, tropical Atlantic-
eastern Pacific trans-basin SST gradients are key
to understanding the PWC decadal variability. As
almost all the coupledmodels participating in CMIP6
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produce an erroneous inter-basin warming contrast
between the tropical Atlantic and eastern Pacific, dis-
tinct from the observed inter-basin SST dipole-like
pattern (figure 2(a)), the observed PWC pronounced
acceleration for 1979–2013 is still absent in these
coupled models. Our study does not shed light on
what triggers the global-scale trans-basin SST variab-
ility on decadal timescales, a fundamental issue that
requires further investigation.
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