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Strengthening atmospheric circulation and trade
winds slowed tropical Pacific surface warming
Mojib Latif 1,2✉, Tobias Bayr 1, Joakim Kjellsson 1, Joke F. Lübbecke 1, Thomas Martin 1,

Hyacinth C. Nnamchi 1, Wonsun Park 3,4, Abhishek Savita1, Jing Sun 1 & Dietmar Dommenget 5

The globally averaged sea-surface temperature (SST) has steadily increased in the last four

decades, consistent with the rising atmospheric greenhouse gas concentrations. Parts of the

tropical Pacific exhibited less warming than the global average or even cooling, which is not

captured by state-of-the-art climate models and the reasons are poorly understood. Here we

show that the last four decades featured a strengthening atmospheric circulation and

stronger trade winds over the tropical Pacific, which counteracted externally-forced SST

warming. Climate models do not simulate the trends in the atmospheric circulation irre-

spective of whether an external forcing is applied or not and model bias is the likely reason.

This study raises questions about model-based tropical Pacific climate change projections

and emphasizes the need to enhance understanding of tropical Pacific climate dynamics and

response to external forcing in order to project with confidence future climate changes in the

tropical Pacific sector and beyond.
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There is a debate about how the tropical atmospheric cir-
culation (TAC) responds to external forcing, especially to
rising CO2-concentrations that cause global warming. The

two major atmospheric circulation systems over the tropical
Pacific are the Walker Circulation, a zonal overturning circulation
at the equator, and the Hadley Circulation (HC), a meridional
overturning circulation in each hemisphere extending from the
equator to the subtropics. It has been suggested that in a warming
world, the overall exchange of mass between the boundary layer
and the mid-troposphere must decrease1. Since much of this
exchange occurs in tropical moist convection regions, there the
convective mass flux must decrease, which would slow the TAC.
The Pacific Walker Circulation (PWC) may have indeed slowed
during the period 1861–19922. By performing experiments with
an atmosphere model, it was found that SST warming patterns
are the main cause of the weakened Walker Circulation over
1950–20093. Finally, the majority of current climate models
predict that the tropical Pacific will exhibit an El Niño-like mean-
state response to strongly elevated atmospheric CO2-concentra-
tions, i.e. a reduced SST gradient across the equator, with more
warming in the east than in the west, and slower PWC4–7.

Other observational analyses and climate model simulations,
covering different time spans, provided evidence for a strength-
ening PWC. These cover the periods 1900–20078 and 1979-20089,
the time since 195010 and the early 1990s11, the 20th century12,
and the period 1970–199513. Further, the Held and Soden
argument1 was disputed, noting that the connective mass flux
argument doesn’t necessarily describe regional circulations12. In
line with this, an unprecedented acceleration in the equatorial
trade winds over the Pacific since the 1990s has been described14.
For the period 1900–1991 an increase in the equatorial Pacific
SST gradient was described15 that is consistent with the dyna-
mical thermostat mechanism16, which would tend to strengthen
the PWC. The dynamical thermostat involves vigorous upwelling
in the eastern equatorial Pacific, which would counteract an
externally forced SST warming in this region. The PWC response
to external forcing eventually depends on the balance of the
evaporative cooling17, cloud cover feedback18, and the ocean
dynamical thermostat. The former two are more important over
the warm pool in the west, while the latter is more important over
the cold tongue in the east. Finally, an inter-basin thermostat
mechanism has been suggested19. SST warming in the Indian
Ocean drives stronger trade winds over the tropical Pacific that
reduce the SST in the eastern equatorial Pacific.

Regarding the HC, a number of studies reported a strength-
ening or widening in the recent decades (e.g.,20–24). A poleward
expansion of the Southern Hemisphere HC appears to be robust
in centennial reanalyses25. An HC expansion is observed in state-
of-the-art climate models, when the preindustrial CO2-con-
centration quadruples but with reduced amplitude relative to
observations26. In agreement with the latest suite of climate
models, it has been found that the Northern Hemisphere HC has
considerably weakened over the recent decades27. By conducting
simulations with an atmospheric general circulation model, it was
shown that natural SST variability accounts for nearly all of the
HC widening associated with recent SST evolution28. A possible
connection of HC strength to the Atlantic Multidecadal Oscilla-
tion (AMO) has been suggested and that HC strengthening may
thus have a contribution from internal variability29.

Here we investigate the trends in the SST and atmospheric cir-
culation over the tropical Pacific during the last four decades by
means of observations and reanalysis products and assess the per-
formance of current climate models in simulating these trends. We
find that the climate models fail to simulate major aspects of the
observed trends in the SST and atmospheric circulation and argue
that model bias leads to an erroneous response to external forcing.

Results
Sea surface temperature trends during 1981–2020. Tropical
Pacific SST plays an important role in regional and also global
climate variability, as, for example, during the so-called global
warming hiatus around the turn of the century (e.g.,30–32). The
SST over most ocean regions considerably warmed during
1981–2020, exemplifying the global-scale nature of the warming
in an ensemble of six observational data sets (Fig. 1a; Supple-
mentary Fig. 1). Nonetheless, a band with little warming is
observed extending from western North America in a south-
westward direction to the central equatorial Pacific. A similar
band but with cooling in its center is observed south of the
equator, whereas pronounced SST warming is observed over the
western tropical Pacific. When subtracting the globally-averaged
SST trend to derive relative SST trends the effects of global mean
warming are reduced and regional differences emphasized
(Fig. 1b), which also provides clues about the atmospheric cir-
culation. The relative SST trends show a horseshoe-like warming
pattern with warming in the interior North and South Pacific, and
cooling in the tropical Pacific, reminiscent of the negative phase
of the Pacific Decadal Oscillation (PDO;33,34) or related Inter-
decadal Pacific Oscillation (IPO;30,35,36).

The full (Fig. 1a) and relative SST trends (Fig. 1b) across the
equatorial Pacific exhibit an enhanced SST gradient, similar to
what is observed during short-term present-day La Niña events,
which would tend to enhance the Walker Circulation. Both
internal variability and external factors can influence the zonal
SST gradient (e.g.,37,38). It has been argued that it is extremely
unlikely that the strengthening SST gradient during 1958–2018 is
consistent with modeled internal variability39. Eastern equatorial
Pacific warming may have been delayed by both aerosols and
dynamical thermostat response to CO2-forcing, driving a stronger
SST gradient40. The SST cooling in the eastern equatorial Pacific
during the last decades could also be a transient phenomenon. An
El Niño-like response to CO2-forcing, with a reduced SST
gradient, may prevail in the long run due to off-equatorial
influences41,42. This would fit the idea of a two-timescale
response to external forcing43.

We analyze the SST trends from a number of (extended)
historical simulations (Methods, HIST hereafter) with state-of-the-
art climate models from CMIP6 employing observed external
forcing (Supplementary Table 1). There are major differences
between the modeled SST trends (Fig. 1c, d) and the observations
(Fig. 1a, b). For example, the trend pattern derived from the models
lacks notable zonal gradients and spatial variations are mainly in
the meridional direction. Further, the models simulate warming
across the equatorial Pacific with a maximum in the east where
cooling was observed. Moreover, the models lack the band of
minimal warming (relative cooling) over the northern and the band
with cooling in its center over the southeastern basin. The model-
data differences calculated from the absolute (Fig. 1e) and relative
SST trends (Fig. 1f) are similar, as expected, and resemble the
negative phase of the PDO/IPO. As the multi-model mean
calculated from HIST is an estimate of the externally forced SST
signal, the model-data differences could suggest a major contribu-
tion of long-term internal variability to the tropical Pacific SST
trends. On the other hand, the differences could also point to major
deficiencies in the climate models. The present divergence between
the historical simulations and the observed trends likely either
reflects an error in the models’ forced response or an underestimate
of the multidecadal internal variability by the models44.

Concurrent trends in atmospheric circulation. We investigate
the trends in the PWC and Pacific HC (PHC) during 1981–2020
in ERA5 reanalysis45, a dataset combining vast amounts of
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historical observations into global estimates using advanced
numerical modeling and data assimilation systems that serves
here as validation data. The annual average zonal overturning
streamfunction over the equatorial Pacific (Methods; Fig. 2a,
contours), a measure of the mean-state PWC, is clockwise
(positive streamfunction) with ascent over the western and sub-
sidence over the eastern basin, implying easterly low-level winds
across the basin. A PWC strengthening is observed during the last
four decades (Fig. 2a, color) in all seasons (Supplementary Fig. 2),
which is strongest in boreal winter (December-February, DJF)
and fall (September-November, SON), the seasons when the
equatorial SST gradient and large-scale equatorial atmosphere-
ocean coupling are strong.

An ensemble of atmosphere models forced by the observed
SSTs during 1979–2014 participating in the Atmosphere Model
Intercomparison Project (Supplementary Table 1, AMIP here-
after) also simulate a PWC strengthening in the multi-model
mean (Fig. 2b, color). A PWC index is defined (in ref. 46

Methods, box in Fig. 2a–d). The multi-model mean trend in the

PWC index is in agreement with the trend from ERA5,
demonstrating a strong influence of the SST on the PWC
(Fig. 2e). In contrast, a PWC weakening is observed in HIST in
the multi-model mean (Fig. 2c). Although there is a considerable
spread among the models, the trend in the PWC index from
ERA5 is well outside the trend distribution obtained from HIST
(Fig. 2f), which is consistent with a previous study reporting that
climate model simulations are inconsistent with the PWC
strengthening observed during 1980–201247. A PWC weakening
in the multi-model mean is also observed in an ensemble of
global warming simulations with a number of CMIP6 models
(Supplementary Table 1; Fig. 2d, g), in which the atmospheric
CO2-concentration rises at a rate of 1% per year and quadruples
at the end (1%-CO2 hereafter). This constitutes a radiative forcing
that is much stronger than that in HIST. The probability that the
trend in the ERA5 index is due to internal variability, as estimated
from preindustrial control integrations of the CMIP6 models
(Supplementary Table 1, PICTL hereafter), is very small (Fig. 2h).
In summary, the CMIP6 models are virtually incapable of

Fig. 1 Sea surface temperature (SST) trends 1981–2020 (°C per 40 yr). Left a, c, e: Full linear trends, right (b, d, f) relative linear trends (globally
averaged trends removed). a, b Observations, (c, d) historical simulations extended with simulations employing the RCP8.5 scenario, (e, f) differences
between (a, b) and (c, d). The observed trends are the averages over the trends calculated from 6 different SST datasets, which are shown in
Supplementary Fig. 1.
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Fig. 2 Trends in Pacific Walker Circulation (PWC). a–d Linear trend 1981-2020 in the PWC, as expressed by the zonal overturning streamfunction, in
ERA5, AMIP (1979-2014), extended historical and 1%-CO2 runs. Stippling indicates in (a) a significant trend at the 90% confidence level, and in (b–d) that
at least two thirds of the models agree on the sign of the trend. e–h Linear trend distribution of the PWC index (zonal overturning streamfunction averaged
over the box 145°W – 180°, 700 hPa – 200 hPa) in CMIP6-AMIP, extended historical runs, 1%-CO2 runs, and in the preindustrial control runs (PICTL). The
ensemble-mean trends are given by the light blue vertical lines and the trend from ERA5 by the yellow vertical lines.
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simulating a PWC trend which is consistent with that observed
during the last four decades.

The mean-state PHC consists of two counter-rotating cells
(Fig. 3a, contours), one centered north (positive streamfunction)
and one south of the equator (negative streamfunction), with
upward motion between them reflecting the Intertropical
Convergence Zone (ITCZ). The PHC exhibited a strengthening
of its southern cell, with the largest negative streamfunction
trends in the lower equatorial atmosphere (Fig. 3a, color). The
low-level negative streamfunction trends over the equatorial
Pacific are most pronounced in June-August (JJA) and especially
September-November (SON) (Supplementary Fig. 3c, d). Only a
modest strengthening of the northern cell was observed.

In AMIP (Fig. 3b), HIST (Fig. 3c) and 1%-CO2 (Fig. 3d), the
trend patterns (color) differ considerably from that in ERA5
(Fig. 3a) and also among the ensembles. The trend in the PHC is
not captured in AMIP showing mostly opposite streamfunction
trends (Fig. 3b) than ERA5 (Fig. 3a). This suggests that in
contrast to the PWC, SST forcing does not account for the
observed trends in the PHC. The trends in the PWC in HIST
(Fig. 2c) and 1%-CO2 (Fig. 2d) are consistent with each other
though inconsistent with ERA5, whereas the trends in the PHC
differ markedly between HIST (Fig. 3c) and 1%-CO2 (Fig. 3d),
exemplifying the complexity of the PHC variability. A PHC index
is defined as the average of the streamfunction over the region 5°S
– 8°N, 925 hPa – 500 hPa (box in Fig. 3a–d). The three
corresponding trend distributions of the PHC index (Fig. 3e–g)
have a mean close to zero, indicating an overall little sensitivity of
the models’ PHC to SST or external forcing. Finally, the trend in
the PHC index from ERA5 is outside the distribution from PICTL
(Fig. 3h) and thus inconsistent with the models’ internal
variability. In summary, the AMIP and CMIP6 models are
virtually incapable of simulating the PHC trend observed during
the last four decades.

The near-surface (10m) wind trends over 1981–2020 from ERA5
(Fig. 4) and normalized zonal and meridional components exhibit
stronger equatorial easterlies (Supplementary Fig. 4a) and cross-
equatorial flow (Supplementary Fig. 4b) that reflect the intensified
PWC and low-level southern PHC cell (Figs. 2a, 3a, respectively). A
slight strengthening of the northeasterly trade winds is observed in
the east (Fig. 4), consistent with the minor strengthening of the
PHC’s northern cell (Fig. 3a). The stronger equatorial easterlies and
cross-equatorial winds are highly significant in the centers of action
with respect to the internal variability derived from PICTL,
exceeding several standard deviations of the models’ internal
variability (Supplementary Fig. 4a, b).

The salient feature in Fig. 4 is the cross-equatorial wind trends
over the central Pacific. A wind index is defined as the average of
the meridional 10 m wind over the southeastern equatorial Pacific
(box in Fig. 4 and Supplementary Fig. 5a). The 40-year trend
1981–2020 in the ERA5 index is outside the internal variability
derived from PICT (Fig. 5a). The ERA5 trend is also outside the
trend distribution derived from HIST (Supplementary Fig. 5b)
and 1%-CO2 (Fig. 5b). Further, the distribution derived from 1%-
CO2 is almost symmetric and does not differ much from that
obtained from PICT. Thus, the trend in the ERA5-wind index is
not captured by the CMIP6 models.

All considered AMIP models simulate positive trends in the
wind index (Supplementary Fig. 5c), which, however, are
considerably smaller than that from ERA5. Nevertheless, the
AMIP simulations pose an advance upon the HIST simulations.
As the CMIP6 models do not capture the strengthening of the
cross-equatorial winds, irrespective of whether an external forcing
is applied or not, while the AMIP simulations do capture some of
the observed tendency, we argue that biases in the climate models
distort their response to external forcing.

SST sensitivity to surface-wind trends. First, ensemble integra-
tions are conducted with the Kiel Climate Model (KCM, Meth-
ods) forced by the pattern of global wind-stress trends 1981–2020
from ERA5. The ERA5 data is affected by ship measurement data
and these suffer from a spurious trend48, but satellite data have
been used during the period of interest to constrain the ERA5
winds. Therefore, the KCM’s response to the ERA5 winds should
be interpreted with some caution. Local air-sea heat exchange is
not changed by specifying the wind stresses, but coupled ocean-
atmosphere interactions remain fully active. The KCM simulates
a La Niña-like SST response, with enhanced equatorial easterlies
over the central and western and stronger cross-equatorial winds
over most of the equatorial Pacific (Fig. 6a) that reinforce the
response to the specified wind stresses. The tropical Pacific mean
state experiences a La Niña-like change when cross-equatorial
wind strengthening is applied to a climate model49. In the KCM,
it is the zonal wind-stress component accounting for most of the
SST change (Supplementary Fig. 6a) as opposed to the meridional
component (Supplementary Fig. 6b). The magnitude of the SST
change in the center of the cold anomaly amounts to about 0.4 K
(Fig. 6a). Wind stresses thus could have played an important role
in counteracting externally forced SST warming over the equa-
torial Pacific, consistent with previous studies50,51.

Second, we use the globally resolved energy balance model
(GREB, Methods) to study the influence of local wind-induced
latent heat-flux changes on the SST. When applying the surface-
wind trends 1981–2020 from ERA5 to GREB, two bands of SST
cooling develop, one emanating from the northern and the other
from the southern eastern subtropical Pacific, where the southern
band is more pronounced. The two bands join in the western
equatorial Pacific. In addition to wind stress-forced ocean
dynamical processes acting mostly at the equator, enhanced
wind-induced latent heat loss could have been another important
factor opposing external SST warming especially off the equator.

Discussion
Large parts of the tropical Pacific SST warmed less than the global
average SST or even cooled during the last four decades. Here we
show that a strengthening atmospheric circulation over the tro-
pical Pacific is a key to understand the SST trends. The associated
changes in the trade winds counteracted externally forced SST
warming by influencing ocean dynamical processes as well as air-
sea heat exchange. Current climate models fail to simulate the
observed changes in the atmospheric circulation, irrespective of
whether an external forcing is applied or not, which is a major
reason for the models’ inability to represent the observed SST
trends.

Biases must be considered when assessing the climate models’
performance. There are two prominent tropical Pacific SST biases
that influence the climate dynamics in that region. First, an
equatorial cold bias and second, a warm bias in the southeastern
tropical Pacific52. The major rainfall bands over the tropical
Pacific are also biased in many climate models53, often exhibiting
a double-ITCZ structure that can be traced back to the SST
biases54. Major biases in tropical Pacific interannual variability
have been described too55,56.

Mean-state biases may distort the climate models’ response to
historical forcing57. By returning to the fundamental dynamics
and thermodynamics, and avoiding sources of model bias, the
erroneous warming in state-of-the-art climate models was shown
to be a consequence of the cold bias of their equatorial cold
tongues58. A sensitivity of the ocean thermostat to horizontal
resolution in climate models was observed in CO2-response
experiments42. A CO2-response sensitivity of the tropical Atlantic
ocean-atmosphere system to the size of the SST bias over the

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00912-4 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:249 | https://doi.org/10.1038/s43247-023-00912-4 | www.nature.com/commsenv 5

www.nature.com/commsenv
www.nature.com/commsenv


40S 30S 20S 10S 0 10N 20N 30N 40N
Latitude

1000
850 
700 
600 
500 

400 

300 
250 
200 

150 

100 

P
re

ss
ur

el
ev

el
 / 

hP
a

Trend in Pacific Hadley Cell in ERA5 a)

-0.8 

-0.64

-0.48

-0.32

-0.16

0    

0.16 

0.32 

0.48 

0.64 

0.8  

10
10

   
kg

 s
-1

/1
0 

yr
s

40S 30S 20S 10S 0 10N 20N 30N 40N
Latitude

1000
850 
700 
600 
500 

400 

300 
250 
200 

150 

100 

P
re

ss
ur

el
ev

el
 / 

hP
a

Trend in PHC in CMIP6 AMIPb)

-0.8 

-0.64

-0.48

-0.32

-0.16

0    

0.16 

0.32 

0.48 

0.64 

0.8  

10
10

   
kg

 s
-1

 / 
10

 y
rs

40S 30S 20S 10S 0 10N 20N 30N 40N
Latitude

1000
850 
700 
600 
500 

400 

300 
250 
200 

150 

100 

P
re

ss
ur

el
ev

el
 / 

hP
a

Trend in PHC in CMIP6 HISTc)

-2  

-1.6

-1.2

-0.8

-0.4

0   

0.4 

0.8 

1.2 

1.6 

2   

10
9    

kg
 s

-1
 / 

10
 y

rs

40S 30S 20S 10S 0 10N 20N 30N 40N
Latitude

1000
850 
700 
600 
500 

400 

300 
250 
200 

150 

100 

P
re

ss
ur

el
ev

el
 / 

hP
a

Trend in PHC in CMIP6 1pctCO2d)

-2  

-1.6

-1.2

-0.8

-0.4

0   

0.4 

0.8 

1.2 

1.6 

2   

10
9    

kg
 s

-1
 / 

10
 y

rs

Fig. 3 Trends in Pacific Hadley Circulation (PHC). a–d Linear trend 1981–2020 in the PHC, as expressed by the meridional overturning streamfunction, in
ERA5, AMIP (1979–2014), extended historical and 1%-CO2 runs. Stippling indicates in (a) a significant trend at the 90% confidence level and in (b–d) that
at least two third of the models agree on the sign of the trend. e–h Linear trend distribution of the PHC index (meridional overturning streamfunction
averaged over the box 5°S – 8°N, 925 hPa – 500 hPa) in CMIP6-AMIP, extended historical runs, 1%-CO2 runs, and in the preindustrial control runs
(PICTL). The ensemble-mean trends are given by the light blue vertical lines and the trend from ERA5 by the yellow vertical lines.
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southeastern basin has been observed in the KCM59. Analyses of
seasonal forecast ensembles revealed that the SST trends in the
central and eastern equatorial Pacific are more positive than those
observed over the period 1982–2020, thereby reducing the cold
bias60,61. An overestimated surface net heat flux and under-
estimated local SST-cloud negative feedback favor an El Niño-like
warming bias in climate models62. Regarding the HC, the dis-
crepancy between climate models and reanalyses may not stem
from internal climate variability or biases in models but could

also be related to artifacts in the representation of latent heating
in the reanalyses63. Nevertheless, given the large mean-state
biases and the flawed interannual variability in most climate
models, it is reasonable to assume that their response to external
forcing over the tropical Pacific is biased and erroneous.

Long-term internal variability, especially variability linked to
the PDO, could be an alternative explanation for the dis-
crepancies between the climate models and observations. The
PDO is not a single phenomenon but is instead the result of a
combination of different physical processes, tropical and
extratropical64. Here we stick to the PDO as a simple measure of
internal variability. The PDO index was in its negative phase for
most of the time during the last four decades (Supplementary
Fig. 7a), supporting SST cooling over large parts of the tropical
Pacific (Supplementary Fig. 7b). The largest tropical SST changes
linked to the PDO are typically centered at the equator whereas
the largest SST cooling during the last four decades is observed
south of the equator (Fig. 1a). Such discrepancies cast doubts
about the PDO being the primary cause of the recent multi-
decadal SST trends. Finally, the observed trends in the PWC,
PHC and trade winds are very unlikely due to internal variability
as estimated by climate models, but the models may under-
estimate the variability65,66.
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Fig. 4 Trends in near-surface (10 m) winds. Shown are the linear trends
1981-2020 from ERA5. Arrows indicate wind direction and color wind
speed-magnitude (ms-1). The box indicates the region over which the wind
index is defined (9.5°S-5.5°S, 148°W-106°W).
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Fig. 5 Trend distribution of the wind index. Distribution of non-
overlapping linear 40-year trends in the wind index calculated over the box
shown in Fig. 4. a Distribution calculated from the preindustrial control
integrations and (b) from the 1%-CO2 integrations with the CMIP6 models.
The trend from ERA5 is given by the yellow vertical lines.
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Fig. 6 Influence of the wind trends on sea surface temperature (SST).
a SST (K) and 10m wind response (ms-1) simulated by the Kiel Climate
Model (KCM) forced by the observed wind-stress trends 1981–2020.
Shown is the ensemble-mean difference of the 40-year averages between
the forced experiments and an unperturbed control integration over the
same period. b SST anomalies (K) due to local wind-induced latent heat-
flux change calculated with the GREB model forced by the ERA5 surface-
wind trends 1981–2020. The global average was removed.
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The failure of current climate models to represent some of the
major tropical Pacific SST trends during the last four decades
raises questions about the models’ ability to reliably project future
climate over the tropical Pacific sector, which would also have
global implications. The analyses presented in this study support
the notion that model bias is the key factor hindering a realistic
response to external forcing over the tropical Pacific. Enhancing
confidence in 21st century tropical Pacific and global climate
projections requires a better understanding of the atmospheric
circulation over the tropical Pacific, its internal variability and
response to external forcing, and interplay with SST.

Materials and Methods
Sea-surface temperature observations. We use an ensemble of six SST data sets,
namely COBE67, ERSST68, GISS69, HadISST70, KAPLAN71, and OISST72 to cal-
culate the observed trends for 1981–2020. Each data set was first bi-linearly
remapped to a common 1° × 1° horizontal grid. The monthly anomalies were
calculated and averaged to provide annual anomalies. Then, the linear trends were
calculated using the least-squares method and tested for statistical significance
using the Student’s t-test after accounting for autocorrelation in the time series73.
Finally, the trends and significance were averaged over all six SST datasets. A global
SST average was calculated from yearly anomalies by weighting with the cosine of
the latitude. The global average was subtracted at each grid point before calculating
linear trends and statistical significance to obtain the relative trends.

CMIP6 control simulations. We analyze preindustrial control integrations from
the Coupled Model Intercomparison Project phase 6 (CMIP674,). The models used
in this study are listed in Supplementary Table 1.

CMIP6 historical simulations. We analyze historical simulations with CMIP6
models employing observed external forcing 1850–2014 and extended to 2020 with
data from simulations employing the IPCC-SSP585 scenario, roughly representing
the observed radiative forcing from 2015 onward. The models are listed in Sup-
plementary Table 1.

CMIP6 1%-CO2 simulations. We analyze CMIP6 models which were forced by a
CO2-concentration that rises at a rate of 1% per year and quadruples at the end.
The models used in this study are listed in Supplementary Table 1.

AMIP simulations. We analyze atmosphere models from the Atmosphere Model
Intercomparison Project (AMIP) as part of CMIP6 that were forced by observed
SSTs and sea-ice concentrations for 1979–2014. The models used in this study are
listed in Supplementary Table 1.

Influence of surface-wind trends on SST. The surface winds influence the SST in
two ways, through the wind stress and the air-sea heat exchange. The wind stress
trends can be directly specified to a climate model. However, the trends in the air-
sea heat exchange cannot be easily specified to a climate model due to drift pro-
blems. We therefore proceed in two steps, as described below.

Kiel Climate Model. First, we use the Kiel Climate Model (KCM75,) to investigate
the influence of the wind-stress trends on the SST. The KCM version used here
employs ECHAM5 as an atmospheric component, with a horizontal resolution of
T42 (2.8° × 2.8°) and 31 vertical levels. The ocean-sea ice component is NEMO on a
2° Mercator mesh (ORCA2) horizontally, with increased meridional resolution of
0.5° near the equator and 31 vertical levels. We use for reference a multi-millennial
control simulation with preindustrial CO2-concentration amounting to 286.2 ppm.
An ensemble of 20 wind stress-forced simulations is conducted. Initial conditions
for the wind-forced simulations are taken every 50 years from the preindustrial
control integration (after allowing for an about 1000 years long spin-up phase).
The wind stress-forced simulations are performed by adding the wind-stress trends
for 1981–2020 from ERA5 to the model and they have a length of 40 years.
Ensemble-mean differences between the 40-year averages of the forced integrations
and of the control run over the same period are shown in Fig. 6a.

GREB model. Second, we use the Globally Resolved Energy Balance (GREB) model to
investigate the influence of the surface-wind trends on the SST. GREB allows to isolate
the SST change solely due to local wind-induced latent heat-flux change. GREB is a
flux-corrected energy balance climate model that realistically simulates the mean cli-
mate state and exhibits a global warming SST response consistent with current climate
models76. GREB consists of prognostic equations for the temperature in 3 layers
(mixed layer ocean, surface, lower atmosphere) and atmospheric humidity. The wind
climatology is prescribed, as are cloud cover and ocean mixed layer depth. The surface-
wind climatology was changed by adding the trends for 1981–2020 from ERA5.

Zonal and meridional streamfunction. The zonal and meridional streamfunction
are used as measures for the Pacific Walker and Hadley cells, respectively:

Ψ ¼ 2πa
Z p

0
uD

dp
g

Here uD is the divergent component of the zonal or meridional wind, a the
Earth’ radius, p the pressure and g the constant gravity. The zonal streamfunction is
averaged over the latitude band 5°N-5°S6, and the meridional stream function over
the Pacific is averaged over the longitude band 120°W-70°E.

Data availability
All the datasets used in this study are publicly available. The SST data were taken from
ERSST v5 (available at https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.v5.
html), COBE-SST2 (available at https://www.esrl.noaa.gov/psd/data/gridded/data.cobe2.
html), HadISST1 (available at https://www.metoffice.gov.uk/hadobs/hadisst/), KAPLAN
Extended SST v2 (available at https://www.esrl.noaa.gov/psd/data/gridded/data.kaplan_
sst.html), GISSTEMP v4 (available at https://data.giss.nasa.gov/gistemp/), OISST v2
(available at https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html). The
ERA5 data are taken from https://doi.org/10.24381/cds.f17050d7. The output from
CMIP6 model experiments (PICT, HIST, 1%-CO2, and AMIP) are available at https://
pcmdi.llnl.gov/mips/cmip6/. Data from the model simulations with the KCM and the
GREB will be available on http://data.geomar.de after publication.

Code availability
Scripts used to produce all plots is available upon request. The GREB model is available
at https://bitbucket.org/tobiasbayr/mscm-web-code/src/master/.
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