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Tropical eastern Pacific cooling trend
reinforced by human activity
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Yong Sun Kim8,9, Sang-Yoon Jun1, Joo-Hong Kim 1 & Dongmin Kim 3,10

It remains unresolved whether the La Niña-like sea surface temperature (SST) trend pattern during the
satellite era, featuring a distinct warming in the northwest/southwest Pacific but cooling in the tropical
eastern Pacific, is driven by either external forcing or internal variability. Here, by conducting a
comprehensive analysis of observations and a series of climate model simulations for the historical
period, we show that a combination of internal variability and human activity may have shaped the
observed La Niña-like SST trend pattern. As in observations, SSTs in each model ensemble member
show a distinct multi-decadal swing between El Niño-like and La Niña-like trend patterns due to
internal variability. The ensemble-mean trends for some models are, however, found to exhibit an
enhanced zonal SST gradient along the equatorial Pacific over periods such as 1979–2010,
suggesting a role of external forcing. In line with this hypothesis, single-forcing large ensemble model
simulations show that human-induced stratospheric ozone depletion and/or aerosol changes have
acted to enhance the zonal SSTgradient via strengthening of Pacific tradewinds, although the effect is
model dependent. Our finding suggests that the La Niña-like SST trend is unlikely to persist under
sustained global warming because both the ozone and aerosol impacts will eventually weaken.

Changes in the spatial distribution of SST in the tropical Pacific in response
to increasing concentrations of greenhouse gases have substantial implica-
tions for the global climate1–4. Yet, unlike observations that exhibit a La
Niña-like SST trend pattern since the late 1970s5–7, characterized by
enhancedwarming in thenorthwest and southwestPacificbut cooling in the
tropical eastern Pacific (e.g., Fig. 1b), climate models under the historical
forcing scenario rarely reproduce such a spatial pattern3,4,8–11, undermining
the confidence in model-projected human-induced climate changes.

Considering that El Niño-Southern Oscillation (ENSO) is the major
predictability source and scientific basis for short-term climate predictions,
attributing the causes for the tropical mean state change is essential for
understanding its impact on ENSO and resulting change in ENSO char-
acteristics. For instance,with the strengthened zonal SST gradient across the
tropical Pacific and the westward shift of the dominant region of the
atmosphere-ocean coupling associated with ENSO since 1999/2000, ENSO
has shifted to a smaller variability and higher frequency regime12–14; the

related breakdown of the connection between ENSO SST and warm water
volume14,15 caused a degradation of ENSO prediction skills12,16. A recent
study17 also documented the key role of the tropical Pacific mean state
changes in the evolution and prediction of the triple-dip La Niña in
2020–2023.

A variety of hypotheses have been proposed to explain the observed
tropical eastern Pacific cooling trend amid ongoing increases in greenhouse
gas concentrations, including an ocean dynamic thermostatmechanism18,19,
rectification of the mean state due to weakening non-linear ENSO
amplitude20, inter-basin teleconnections8,21–25, spatially inhomogeneous
aerosol forcing19,26–29, Southern Ocean cooling30,31 due to Antarctic melt-
water discharge3 and/or strengthened westerlies over the Southern Ocean,
and internal variability10,32–37. However, there is still a lack of consensus on
the origin of the observed tropical eastern Pacific cooling trend3,4,11,35,37–40. It
also remains inconclusive whether the cooling trend will persist under
sustained global warming.
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Recently, the onset of the Antarctic ozone hole has been proposed as a
driver of the tropical eastern Pacific cooling trend9. This is because resultant
increases in meridional temperature gradients may lead to a Southern
Ocean cooling via a strengthening of the Southern Hemispheric westerlies;
this cooling could subsequently propagate into the tropical Pacific by
atmospheric eddies, equatorward Ekman transport, and climatological
southeasterlies along the west coast of South America9,30,31. The cooling in
the tropical eastern Pacificmay then be amplified bywind-evaporation-SST
feedback, cloud feedback, and coastal upwelling, along with Bjerknes
feedback9,30,31. However, the stratospheric ozone depletion appears to have
paused after around 2000 as a result of theMontreal Protocol41,42, suggesting
that stratospheric ozone depletion alonemay not explain the whole picture.
Moreover, prior work showed that even if the observed Southern Ocean
cooling trends, thatmight have resulted from stratospheric ozone depletion,

are nudged in coupled model simulations, the cooling does not penetrate
deep enough to the equatorial Pacific43. This implies that multiple forcing
agents and/or internal variability are involved in driving the tropical eastern
Pacific cooling trend. In fact, the contrasting multi-decadal SST trends
between the northwest/southwest Pacific and the tropical eastern Pacific
might occur due to low-frequency internal climate variability10,32–37, in
particular the Inter-decadal Pacific Oscillation (IPO) or Pacific Decadal
Oscillation (PDO). Consistent with this hypothesis, despite model biases
and errors3,4,8,10,11,35,40,44–46, previous studies showed that many aspects of the
observed multi-decadal changes could be explained, in part, by internal
variability10,32–37,47–51.

In this study, by analyzing a series of climate model simulations along
with observations over a period including the pre-satellite era, we investigate
the roles of external forcings and internal variability in driving the

Fig. 1 | Characteristics of the observed change and variability over the Pacific.
a SST trends over the period 1953–2019 from ERSST5, with stippling indicating
statistical significance of the computed trends at the 95% confidence level. b Same as
in a, but over the period 1979–2010. c Sea level pressure (shading) and 850-hPa wind
(vectors) trends over the period 1979–2010 from ERA5. Contours in purple
represent the climatological high-pressure regions. d Spatial pattern of the first EOF
mode analyzed in the Pacific (70°S-60°N, 120°E-60°W) over the period 1953–2019
for 7-yr running-mean, annual-mean SST anomaly. e Same as in d, but for the

second EOF mode. f Spatial pattern correlation over the Pacific between the second
EOF mode shown in e and observed SST trends over multiple periods. In f, x-axis
denotes the start year of a given periodwith y-axis representing the time span. gTime
series of the standardized PC values corresponding to the first two leading EOF
modes shown in d and e. Also shown are the PC time series computed with ERA5
SST (lines in green) and the observed time series of low-pass filtered IPO index
multiplied by −3 (red line).
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contrasting SST trend pattern between the northwest/southwest Pacific and
the tropical eastern Pacific. We begin by analyzing the characteristics of
observed Pacific SST change and variability over an extended period, and
then explore the impact of the IPO on the tropical eastern Pacific cooling
trends over the satellite era. Finally, single-forcing large ensemble simula-
tions are analyzed to determine the role of external forcing agents in driving
a cooling trend over the tropical eastern Pacific.

Results
Observed SST and atmospheric circulation changes in the
Pacific
Before tackling the primary causes for the tropical eastern Pacific cooling
trend during the satellite era, we examine the overall characteristics of the
observed Pacific SST change and variability (Methods). The observed SST
trends over the period 1953–2019 indicate spatial inhomogeneity in
warming, including muted and insignificant warming in the central equa-
torial Pacific and extratropical North Pacific (Fig. 1a). However, the pre-
viously reported LaNiña-like SST trend pattern during the satellite era (e.g.,
Fig. 1b) is absent. An empirical orthogonal function (EOF) analysis is
conducted to identify the leading modes of variability using the 7-year
running-mean, annual-mean SST anomalies in the Pacific (70°S-60°N,
120°E-60°W) over the same period (Methods). The leading EOF mode,
which explains 55.1%of the total variance, is far from a LaNiña-like pattern
(Fig. 1d); the corresponding principal component (PC) of the leadingmode
shows anoverall steady increase over time (solid lines inFig. 1g). In contrast,
the LaNiña-like pattern appears as the secondEOFmode, explaining 20.3%
of the total variance (Fig. 1e). The corresponding PC time series exhibit
multi-decadal fluctuations (dashed lines in Fig. 1g) including a positive
trend over 1980–2010, suggesting that the second EOF mode is closely
linked to multi-decadal internal variability. In line with this hypothesis, the
temporal evolution of PC2 is highly correlated with a low-pass filtered IPO
index52, which is characterized by a positive-to-negative phase shift during
the satellite era.

SST trends are also computed for other periods to determine whether
the observed spatial patterns might vary substantially due to internal
variability (Methods). Spatial pattern correlations over the Pacific between
SST trends and the second EOF mode shown in Fig. 1e indicate that a La
Niña-like SST trend pattern has not always been observed over the past 70
years (Fig. 1f). Specifically, while recent periods starting from the late 1970s
show positive correlations with the largest value observed over 1982–2014,
earlier periods (e.g., 1950–1994) tend to show negative correlations (i.e., El
Niño-like SST trend pattern). Indeed, a marked contrast is evident between
1950–1994 (Supplementary Fig. 1d–f; ElNiño-like pattern and aweakening
of atmospheric circulation) and 1982–2014 (Supplementary Fig. 1a–c; La
Niña-like pattern along with strengthened circulation), highlighting multi-
decadal variability in the Pacific.

Given that both thePC2and IPO time series exhibit a large changeover
theperiodof 1979–2010with ahigh co-variability (Fig. 1g),wenext examine
the observed SST and related atmospheric circulation trends focusing on
that period. As noted in previous studies3,5–9,11,24,46,51, observations indicate a
cooling trend in the tropical eastern Pacific (Fig. 1b and Supplementary Fig.
2a, b), contrasting a pronounced warming trend in the northwest and
southwest Pacific. This SST trend pattern is accompanied by a distinct
cooling trend in the Southern Ocean, which has been attributed in part to
internal variability associated with both tropical teleconnection51,53–56 and
local factors57 including the Southern Annular Mode. On the other hand, a
forced SST response inferred from model simulations integrated with
observed time-varying external forcings (Methods) fails to reproduce the
distinct cooling trends (Supplementary Fig. 2c–i). This model-observation
discrepancy could be attributed tomodelbiases anddeficiencies3,4,8,10,11,35,40,46.
However, for somemodels such as the CESM2LE and IPSL-CM6A-LR, the
ensemble-mean changes exhibit an enhanced zonal SST gradient across the
equatorial Pacific (Supplementary Fig. 2c, d and Supplementary Fig. 3),
suggesting the role of external forcing in driving a cooling trend over the
tropical eastern Pacific. Concurrent changes in sea level pressure and 850-

hPa winds over the tropical Pacific estimated from a reanalysis dataset
(Methods) suggest a strengtheningof thePacificWalker circulation11,21,25,34,50

(Fig. 1c).The accompanying intensificationof thePacific tradewinds,which
are also related to a strengthening of both the Hadley11 and Southern
Hemisphere Ferrel58 cells, are expected to induce tropical eastern Pacific
cooling11,21,25,50.

Impact of internal variability on the tropical eastern Pacific
cooling trend
Based on the potential linkage between the La Niña-like SST trend pattern
and the IPO (Fig. 1), we first examine the role of internal variability by
conducting an EOF analysis for annual-mean SST trends over 1979–2010
across 50 ensemble members of the CESM2 LE59 (Methods). The spatial
pattern of the leading inter-ensemble EOFmode of variability appears to be
related to the IPO(Fig. 2b),with a large inter-ensemble spread (Fig. 2c). Two
sets of SST trends are computed, oneusing the ensemblememberswith their
PC values at the top 10%, and the other at the bottom 10%. Similarly, the
composite mean trends for sea level pressure and 850-hPa winds are
computed for the two subsets. Although these ensemble members were
integrated with the same external forcing, the resulting SST and circulation
trend patterns dramatically differ between the two groups (Fig. 2d–i). They
are alsodistinguished from the ensemble-meanSST trends (Fig. 2a). The top
10% subset qualitatively reproduces the observed changes of the recent
period; therefore, it appears that internal variability plays an important role
in driving a cooling trend over the tropical eastern Pacific.

To further explore and quantify the role of internal variability, the
CESM2 LE ensemble-mean SST anomalies are subtracted from ERSST5
SST anomalies since both external forcing agents and internal variability
may affect the observed SSTs. An EOF analysis is then conducted over the
Pacific for the period 1953–2019, assuming that the difference largely
represents internal variability. The leading EOF mode shows a spatial pat-
tern characterized by opposite signs between the northwest/southwest
Pacific and the tropical eastern Pacific (Supplementary Fig. 4a); the corre-
sponding PC time series is closely related to the IPO including a comparable
temporal evolution over 1980–2010, with other models showing a similar
feature (Supplementary Fig. 4c). Note that a similar spatial pattern appears
as the leading EOF mode from pre-industrial control simulation (Supple-
mentary Fig. 4b). The atmospheric circulation patterns derived from the
ERSST5 minus model ensemble mean are also qualitatively comparable
with those derived from the pre-industrial control simulation (Supple-
mentary Figs. 4d, e), further supporting a definite role of internal variability
in producing the observed cooling trend in the tropical eastern Pacific.

The clear role of the IPO in both observations and large ensemble
model simulations might lead one to conclude that the tropical eastern
Pacific cooling trend over the satellite era could be attributed almost entirely
to internal climate variability. However, prior work indicated that a small
fraction of model simulations can match the observed strengthening of the
Pacific trade winds26, although it cannot be ruled out that climate models
might have deficiencies in representing internal climate variability44 as well
as the forced response10,40.Moreover, the ensemble-mean SST trends exhibit
a strengthened zonal SST gradient along the equatorial Pacific in some
climate models, such as the CESM2 LE and IPSL-CM6A-LR, when forced
by external forcing agents (Supplementary Figs. 2c, d and Supplementary
Fig. 3). It is also noted that as in these twomodels, a slight cooling or muted
warming trend is produced over the southeast Pacific centered around 30°S
in other models. These model results suggest a possibility that both internal
variability and certain external forcing agents have acted in the same
direction to drive the tropical eastern Pacific cooling trend and related
circulation changes over the satellite era.

Linkages of the tropical eastern Pacific cooling trend to external
forcings
In this section, CMIP6 single-forcing simulations for IPSL-CM6A-LR and
HadGEM3-GC31-LL along with the CESM2 Single Forcing Large
Ensemble Project60 are analyzed in conjunction with all-forcing simulations
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(the CESM2 LE for the CESM2 Single Forcing Large Ensemble Project) to
investigate the role of external forcings (specifically, changes in greenhouse
gas concentrations, anthropogenic aerosols, and stratospheric ozone con-
centrations) in the tropical eastern Pacific cooling trend and related atmo-
spheric circulation changes (Methods). We particularly focus on IPSL-
CM6A-LR for two reasons: 1) the ensemble-mean SST trends indicate a
strengthened zonal SST gradient along the equatorial Pacific as in obser-
vations and 2) the CMIP6 archive providesmodel simulation output for the
hist-stratO3 experiment in which external forcing agents were fixed at their
preindustrial levels except for stratospheric ozone concentrations61.

In IPSL-CM6A-LR, HadGEM3-GC31-LL and the CESM2 Single
Forcing Large Ensemble Project, an increase in greenhouse gas concentra-
tions over various periods of the satellite era tends to induce a strengthening

of westerlies over the Southern Ocean62,63 (Supplementary Fig. 5a–c). This
may result in a surface cooling in the southeastern Pacific by atmospheric
eddies, equatorward Ekman transport, and climatological
southeasterlies9,30,31; the resulting cooling might in turn propagate into the
equatorial Pacific via interplay between SST, low-level clouds and atmo-
spheric/oceanic circulations9,30,31, leading to a cooling trend over the tropical
easternPacific.Accompanying sea level pressure and850-hPawind changes
over the equatorial Pacific, however, suggest a weakening of the Pacific
Walker circulation (Supplementary Fig. 5a–c), thereby resulting in a
decrease, rather than increase, in zonal SST gradient along the equatorial
Pacific (Supplementary Fig. 6a–c). In line with previous studies suggesting
the role of aerosol changes19,26,29, the CESM2 Single Forcing Large Ensemble
Project simulations produce an enhanced cooling trend over the tropical

Fig. 2 | Inter-ensemble variability of simulated SST trends due to internal climate
variability. a Ensemble-mean of annual-mean SST trends over the period
1979–2010 for the CESM2 LEwith stippling denoting regions where more than 70%
of the ensemble members exhibit the same sign. b Spatial pattern of the first EOF
mode for the 1979–2010 SST trends across the ensemblemembers. cCorresponding
standardized PC. d Spatial pattern of SST trends averaged over the ensemble

members with their PC values at the top 10%. Stippling indicates regions where the
corresponding ensemble members exhibit the same sign. e Same as in d, but for the
ensemble members with their PC values at the bottom 10%. fDifference in themean
SST trends between the top 10% and bottom 10% subsets. g–i Same as in d–f, but for
trends in sea level pressure (shading) and 850-hPa winds (vectors) with contours in
black denoting the climatological high-pressure regions.
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eastern Pacific and the Pacific sector of the Southern Ocean in response to
imposed anthropogenic aerosol forcing (Supplementary Fig. 6e), which is
accompanied by a strengthening of the Pacific trade winds and enhanced
east-west contrast in sea level pressure over the tropical Pacific, especially
from 1979 to the early 2000s (Supplementary Fig. 5e). The spatial pattern of
the aerosol forcing-induced SST trends, however, appears to be sensitive to a
given time period (Supplementary Fig. 6e); in addition, the impacts of
anthropogenic aerosol forcing on SST and atmospheric circulation over the
Pacific are virtually negligible for HadGEM3-GC31-LL (Supplementary
Figs. 5f and 6f). Moreover, the IPSL-CM6A-LR produces a greater cooling
over the equatorial western Pacific than over the east in response to the
imposed anthropogenic aerosol forcing (Supplementary Fig. 6d). These

discrepancies indicate a substantial model dependency of the linkage
between anthropogenic aerosol forcing and the tropical eastern Pacific
cooling trend.

In IPSL-CM6A-LR, unlike for the greenhouse gas-only and anthro-
pogenic aerosol-only simulations (Supplementary Figs. 6a, d), the corre-
sponding all-forcing experiment produces a strengthened zonal SST
gradient along the equatorial Pacific (Fig. 3a and Supplementary Fig. 7a),
which is accompanied by anomalous anticyclonic circulation over the
southeastern Pacific and related strengthening of the Pacific trade winds
(Fig. 3e and Supplementary Fig. 8a). These discrepancies might result from
natural forcing (i.e., changes in volcanic eruptions and solar activity);
however, the sum of the trends for the greenhouse gas-only, anthropogenic

Fig. 3 | Impact of stratospheric ozone forcing on SSTand atmospheric circulation
over the Pacific. aEnsemble-mean SST trends (unit: K decade−1) over 1979–2010 for
IPSL-CM6A-LR in response to all forcing agents. b Same as in a, but for the sum of
SST trends for the corresponding greenhouse gas-only (GHG), anthropogenic

aerosol-only (AER) and natural forcing-only (NAT) experiments. c Difference
between a and b. d Same as in a, but for the corresponding stratospheric ozone-only
(StratO3) experiment. e–h Same as in a–d, but for trends in sea level pressure
(shading, unit: Pa decade−1) and 850-hPa winds (vectors, unit: m s−1 decade−1).

https://doi.org/10.1038/s41612-024-00713-2 Article

npj Climate and Atmospheric Science |           (2024) 7:170 5



aerosol-only and natural forcing-only simulations (Fig. 3b, f and Supple-
mentary Figs. 7b and 8b) cannot fully explain the SST and circulation trends
for the all-forcing experiment (Fig. 3a, e andSupplementary Figs. 7a and8a).
Similar discrepancies also exist between the CESM2 LE (Fig. 2a) and the
corresponding single forcing simulations (Supplementary Fig. 6b, e) for the
period 1979–2010. These results therefore suggest the role of other non-
greenhouse gas forcing agents in driving a cooling trend over the tropical
eastern Pacific and associated circulation changes.

The differences in SST trend between the all forcing experiment and
the sum of greenhouse gas-only, anthropogenic aerosol-only and natural
forcing-only experiments for IPSL-CM6A-LR exhibit a strengthened zonal
SST gradient along the equatorial Pacific accompanied by pronounced
cooling in the Pacific sector of the Southern Ocean (Fig. 3c and Supple-
mentary Fig. 7c). The corresponding differences in sea level pressure and
850-hPa wind trends also suggest a strengthening of the Pacific Walker
circulation (Fig. 3g and Supplementary Fig. 8c). Unlike in the greenhouse
gas-only and anthropogenic aerosol-only experiments, the sea level pressure
and 850-hPa wind trends for the stratospheric ozone-only experiment
indicate an enhanced zonal pressure gradient over the tropical Pacific aswell
as anomalous anticyclonic circulation over the southeastern Pacific (Fig. 3h
and Supplementary Fig. 8d), which are conducive to driving a cooling trend
over the tropical eastern Pacific (Fig. 3d and Supplementary Fig. 7d) via a
strengthening of the Pacific trade winds. Despite the noticeable impact of
stratospheric ozone depletion, the eastern tropical Pacific cooling patterns
are different between Fig. 3c, d (also between Supplementary Fig. 7c and
Supplementary Fig. 7d): the residual shows the cooling near the equator but
the ozone-induced response accompanies cooling in the subtropical regions.
This difference might be linked to non-linear interactions between strato-
spheric ozone depletion and greenhouse gas forcing and/or other forcing
agents as well asmodel biases and dependency. The residual changes shown
in Fig. 3c and Supplementary Fig. 7c might also be attributed to changes in
land use and/or biomass burning emissions. However, the multi-model,
multi-ensemble-mean SST trends resulting from the land-use change
(Supplementary Fig. 9e), estimated by subtracting the CMIP6 hist-noLu64

from the corresponding historical experiment, are unlikely to fully explain
the residual SST trends; in addition, the CESM2 Single Forcing Large
Ensemble Project biomass burning emission experiment produces a weak
warming trend over the southeastern Pacific and the Pacific sector of the
Southern Ocean (Supplementary Fig. 9f).

The CESM2 Single Forcing Large Ensemble Project everything else
(EE) experiment includes the influences of natural forcing agents and land-
use change, but the resulting trends in SST and atmospheric circulation
(Fig. 4a, e and Supplementary Figs. 10a and 11a) are qualitatively consistent
with those for the IPSL-CM6A-LR stratospheric ozone-only experiment.
Similar results are also obtained from the HadGEM3-GC31-LL total (tro-
pospheric plus stratospheric) ozone-only experiment (Fig. 4c, g and Sup-
plementary Figs. 10c and 11c). Although changes in tropospheric ozone
concentration are likely to induce an overall warming trend65, the SST and
atmospheric circulation trends for the total ozone-only experiment are in
linewith the residual trends computedby subtracting the sumof greenhouse
gas-only, anthropogenic aerosol-only and natural forcing-only experiments
from the corresponding all-forcing run (Fig. 4b, f and Supplementary Figs.
10b and 11b). Themulti-model, multi-ensemble-mean differences between
the historical and hist-1950HC (in which ozone-depleting substances were
fixed at their 1950 levels66) experiments, which represent the impact of time-
varying ozone-depleting substances and resulting stratospheric ozone
concentration changes, also exhibit a pronounced strengthening of wes-
terlies over the Southern Ocean and anticyclonic circulation in the south-
eastern Pacific (Fig. 4h and Supplementary Fig. 11d), thereby playing a role
in inducing a cooling trend over the tropical eastern Pacific (Fig. 4d and
Supplementary Fig. 10d). In addition, southerly wind anomalies found over
the Southeast Pacific adjacent to the west coast of South America (Fig. 4h
and Supplementary Fig. 11d) are likely to contribute to eastern Pacific
cooling via both coastal upwelling30 and equatorward advection3,9,30,31,67.
Previous studies showed that stratospheric ozonedepletion-induced cooling

has acted to intensify the eddy-driven jet58,68,69 and an overall poleward shift
and strengthening of the Southern Hemispheric Ferrel cell58. Hence,
although ozone-depleting substances are powerful greenhouse gases70–73,
stratospheric ozone depletion in Antarctica and its feedback/interactions
with other forcing agentsmight induce cooling in the tropical easternPacific
through intensified Pacific trade winds.

In contrast to the distinct impact of the stratospheric ozone depletion
evident in IPSL-CM6A-LR, the stratospheric ozone-only experiment for
CanESM5 and MIROC6 produces indistinct SST changes or inconsistent
featureswith the residualfields (Supplementary Fig. 9a–d).As in the case for
anthropogenic aerosols, these inter-model discrepancies seem to indicate a
model dependency in the linkage between stratospheric ozone depletion
and the tropical eastern Pacific cooling trend.

Finally, to quantify the impact of forcing agents on the trends in the
tropical Pacific zonal SST gradient and the Pacific Walker circulation, we
computed the ensemble-mean trends in the SST difference between the
western Pacific (10°S-10°N, 110°E-180°) and the eastern Pacific (10°S-10°N,
180°-80°W) and the sea level pressure difference between the eastern Pacific
(5°S-5°N, 160°W-80°W) and the western Pacific (5°S-5°N, 80°E-160°E)74

over various periods for single-forcing large ensemble simulations. Figure 5
indicates that the zonal SST gradient and the PacificWalker circulation tend
to weaken in response to greenhouse gas forcing and biomass burning
emissions in model simulations. In contrast, stratospheric ozone-only (for
IPSL-CM6A-LR), total ozone-only (for HadGEM3-GC31-LL), EE (for
CESM2 Single Forcing Large Ensemble Project), and historical minus hist-
1950HC (for multiple models) simulations, represented by stars, exhibit an
overall strengthening. A similar strengthening results from changes in
anthropogenic aerosols and land use; however, large differences between
models andbetweenanalysis periods appear to indicate that their impacts are
relatively less robust relative to that of ozone depletion inmodel simulations.

Discussion
In this study, we analyzed various climate model simulations along with
observations to address the contrasting SST trends between the northwest/
southwest Pacific and the tropical eastern Pacific over the satellite era after
1979. The tropical Pacific SST is found to have undergone substantialmulti-
decadal fluctuations over the past 70 years, principally due to internal cli-
mate variability associated with the IPO, leading to the tropical eastern
Pacific cooling trend during the satellite era. However, the enhanced zonal
SST gradient along the equatorial Pacific is qualitatively captured by some
realizations of large-ensemble climate model simulations driven by
observed external forcing. Therefore, we further analyzed single-forcing
large ensemble model simulations to determine if there are any specific
external forcing agents acting to produce a cooling trend over the tropical
eastern Pacific.While climatemodel simulations integrated with increasing
concentrations of greenhouse gases tend to exhibit an El Niño-like SST
trend pattern associated with weakened easterly winds over the tropical
Pacific, model simulations forced by non-greenhouse gas forcing agents
produce a cooling trend over the tropical eastern Pacific via strengthened
Pacific trade winds associated with enhanced anticyclonic circulations over
the subtropical South Pacific. In particular, as suggested in previous
studies9,19,26–29, stratospheric ozonedepletion andanthropogenic aerosols are
found to play an important role, albeit with a substantial inter-model dis-
crepancy. Therefore, we conclude that both internal variability and non-
greenhouse gas forcing have acted in the samedirection to shape the tropical
eastern Pacific cooling trend over the satellite era.

Despite the enhanced zonal SSTgradient along the equatorial Pacific in
single-forcing large ensemble model simulations integrated with non-
greenhouse gas forcing agents, all-forcing model simulations rarely capture
the observed cooling trends over the tropical eastern Pacific as well as over
the Southern Ocean. Such failures can be caused by model biases and/or
deficiencies10,40, including distinctly weaker stratocumulus cloud feedback
over the southeastern tropical Pacific30. It is also possible that climatemodels
might overestimate greenhouse gas forcing-induced warming while
underestimating non-greenhouse gas forcing-induced cooling over the
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tropical Pacific and the Southern Ocean, and/or underestimate multi-
decadal internal variability44. Given that the observational record is regarded
as one realization, effectively devising a coordinated multi-model, multi-
ensemble experimental design is needed to resolve the model-observation
discrepancy. In addition to possible biases in the externally forced response,
the model-observation discrepancy might also result from the model defi-
ciency in reproducing the ENSO SST pattern in the tropical Pacific and
ENSO frequency75.

Some studies suggest that the stratospheric ozone depletion is
unlikely the main factor leading to a surface cooling of the Southern
Ocean42,76. This implies that the Southern Ocean cooling may not be the
main pathway by which the stratospheric ozone depletion leads to the
tropical eastern Pacific cooling trend. However, considering large
thermal inertia of the SouthernOcean, SST anomalies resulting from the
Southern Annular Mode (SAM) may feed back to the atmosphere and
thus modulate the persistence of the SAM77. Although it is unclear

Fig. 4 | Potential role of the stratospheric ozone depletion in a cooling trend over
the tropical eastern Pacific. a Ensemble-mean SST trends (unit: K decade−1) over
1979–2010 for the CESM2 Single Forcing Large Ensemble Project EE (everything
else except for greenhouse gases, anthropogenic aerosols and biomass burning
emissions) experiment. b Similar to a, but for the SST trend difference between the
all-forcing experiment and the sum of the corresponding greenhouse gas-only,
anthropogenic aerosol-only and natural forcing-only simulations for HadGEM3-

GC31-LL. c Same as in a, but for the HadGEM3-GC31-LL total (tropospheric plus
stratospheric) ozone forcing-only experiment. d Similar to a, but for the multi-
model,multi-ensemble SST trend difference between the historical and hist-1950HC
simulations, which represents the impact of time-varying ozone depleting sub-
stances and resultant stratospheric ozone concentration changes. e–h Same as in
a–d, but for trends in sea level pressure (shading, unit: Pa decade−1) and 850-hPa
winds (vectors, unit: m s−1 decade−1).
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whether the Southern Ocean cooling is involved, our analysis clearly
shows that the stratospheric ozone depletion can induce the tropical
eastern Pacific cooling trend via a strengthening of the Pacific
trade winds.

An important outstanding question is whether the current tropical
eastern Pacific cooling trend will persist and/or intensify in the future.
Although other factors such as Antarctic meltwater discharge3 and
resulting Southern Ocean cooling30,31 have also played a role, projected
Antarctic ozone recovery41,42,60 and reductions in anthropogenic aerosol
emissions over Asian regions might lead to a warming trend78,79 in the
future if other conditions remain the same. Thus, on the premise that the
model-simulated response to greenhouse gas forcing is largely consistent
with reality in spite of model deficiency in representing ocean
stratification20, the near-future pathways of non-greenhouse gas forcing
may have critical implications for the global climate and the climate
sensivitiy2,59,80,81.

Methods
Observational datasets
We examined observed SST changes using NOAA’s Extended Recon-
structed Sea Surface Temperature version 5 (ERSST5)82 for 1950–2022
along with the European Centre for Medium-Range Weather Forecasts
Reanalysis version 5 (ERA5) dataset83, although these interpolated datasets
might disagree with quality-checked, bias-adjusted non-interpolated data-
sets in the tropical Pacific38, especially, over the central-to-eastern Pacific,
due to insufficient spatiotemporal sampling of in situ measurements. Note
that theHadleyCentre Sea Ice and Sea SurfaceTemperature (HadISST) SST
dataset84 exhibits similar trends to ERSST5 and ERA5 (Fig. 1b and Sup-
plementary Fig. 2a, b). Due to the lack of long-term observations, despite
potential uncertainties and errors in atmospheric circulation trends esti-
mated from reanalysis products85, the ERA5 reanalysis dataset is also used as
a proxy for observations to examine changes in sea level pressure, zonal and
meridional winds, and meridional overturning circulation. We also used a

Fig. 5 | Impact of external forcing agents on the tropical Pacific zonal SST
gradient and the Pacific Walker circulation. a Ensemble-mean trends in the zonal
SST gradient, defined as the SST difference between the western Pacific (10°S-10°N,
110°E-180°) and the eastern Pacific (10°S-10°N, 180°-80°W), under greenhouse gas-
only (GHG, open circles), anthropogenic aerosol-only (AER, open squares), stra-
tospheric ozone-only (filled stars in red), total ozone-only (filled stars in blue), and
biomass burning emission-only (BMB, inverted open triangle in green) scenarios for
IPSL-CM6A-LR, HadGEM3-GC31-LL, and the CESM2 Single Forcing Large

Ensemble Project. Also shown are the ensemble-mean trends for the CESM2 Single
Forcing Large Ensemble Project EE (filled stars in green) experiment and the multi-
model, multi-ensemble mean trends for the historical minus hist-1950HC (filled
stars in purple) and the historical minus hist-noLu (filled triangle in dark yellow)
experiments. The x-axis denotes the end year of a given period starting from 1979.
b, Same as in a, but for the difference in sea level pressure between the eastern Pacific
(5°S-5°N, 160°W-80°W) and the western Pacific (5°S-5°N, 80°E-160°E).
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low-pass filtered Inter-decadal Pacific Oscillation (IPO) index52 (https://psl.
noaa.gov/data/timeseries/IPOTPI/) as a proxy for internal climate varia-
bility over the Pacific on multi-decadal timescales, which is defined as the
SST anomaly averaged over the central equatorial Pacific (10°S-10°N,
170°E-90°W)minus the average of the SSTanomaly in thenorthwest Pacific
(25°N-45°N, 140°E-145°W) and southwest Pacific (50°S-15°S,
150°E-160°W).

Model simulation output
The observed changes in SST and atmospheric variables are compared with
model simulations conducted as part of the Coupled Model Inter-
comparison Project phase 6 (CMIP6)86 as well as the Community Earth
System Model version 2 (CESM2) Large Ensemble (CESM2 LE)
simulations59, both of which were integrated with the CMIP6 historical
forcing (i.e., observed time-varying external forcing agents) over the period
1850–2014. As the CMIP6 historical forcing experiment does not cover the
most recent period 2015–2022, the historical forcing scenario is con-
catenated with a projected future forcing scenario of CMIP6 (i.e., Shared
Socioeconomic Pathway (SSP) forcing scenario SSP3-7.0 or SSP2-4.5). For
the CESM2 LE, we only used a 50-member subset integrated with a
smoothed version of biomass burning dataset over 1990–2020 to avoid
artificial discontinuities in biomass burning emissions59. Meanwhile, given
that the externally forced response can be obscured by internal climate
variability, the model-simulated forced response is estimated only for a
subset of the CMIP6 models that provide simulation output for more than
25 ensemble members over the period 1979–2010: IPSL-CM6A-LR (33
ensemble members), HadGEM3-GC31-LL (50 ensemble members),
MIROC6 (50 ensemble members), CanESM5 (50 ensemble members),
MPI-ESM1-2-LR (30 ensemble members), and ACCESS-ESM1-5 (40
ensemble members), along with the CESM2 Large Ensemble (50 ensemble
members).

To determine the role of external forcing agents in driving the tropical
eastern Pacific cooling trend, the CMIP6 single-forcing simulations, con-
sisting of greenhouse gas-only (hist-GHG61), anthropogenic aerosol-only
(hist-aer61), natural forcing (volcanic eruptions and solar activity)-only
(hist-nat61), stratospheric ozone-only (hist-stratO361) and total (tropo-
spheric plus stratospheric) ozone-only (hist-totalO3), are analyzed in con-
junction with the corresponding all-forcing simulations. For a givenmodel,
residual trends are computed to roughly estimate the combined impact of
land-use change, biomass burning emissions and stratospheric ozone
depletion by subtracting the sum of the hist-GHG, hist-aer and hist-nat
from the corresponding all-forcing experiment for all ensemble members
for which simulation output is available for these four experiments.We also
used the CESM2 Single Forcing Large Ensemble Project60 output in con-
junction with the CESM2 LE. The CESM2 Single Forcing Large Ensemble
Project consists of a series of coupled model simulations integrated with
individual forcing agents, i.e., time-varying greenhouse gas concentrations
(i.e., GHG), anthropogenic aerosols (i.e., AAER), biomass burning emis-
sions (i.e., BMB), and forcings other than GHG, AAER, and BMB (i.e., EE).
The external forcings in the EE experiment include land-use changes, time-
varying ozone concentrations, and natural forcings (i.e., volcanic eruptions
and time-varying solar activity). The temporal evolution of the stratospheric
ozone concentration over the Antarctic, anthropogenic aerosols and other
forcing agents can be found in Fig. 1 of ref. 60.We also used theCMIP6hist-
noLu64 simulations in conjunction with the corresponding historical
simulations to estimate the influences of land-use changes. To additionally
infer stratospheric ozone-induced changes, along with the all-forcing
experiment, we analyzed model simulations conducted under the CMIP6
hist-1950HC scenario for 1950–2014, in which ozone depleting substances
(chlorofluorocarbon andhydrochlorofluorocarbon)werefixed at their 1950
levels, but with other forcing agents identical to those of the all-forcing
experiment66. Given the time-invariant concentrations of ozone depleting
substances in the hist-1950HC, the ensemble-mean differences with the
corresponding all-forcing experiment (i.e., historical minus hist-1950HC)
can be regarded as perturbations resulting from stratospheric ozone

depletion and its feedback/interactions with greenhouse gas increases,
including the warming effect of ozone depleting substances as greenhouse
gases70–73. Due to the unavailability of SST output from the CMIP6 archive
for some cases of the hist-1950HC experiment, we instead used surface skin
temperature output to examine stratospheric ozone-induced SST changes
for the historical minus hist-1950HC simulations, which may cause
potential errors, particularly over sea ice-covered regions. Supplementary
Table 1 provides information on the model simulations analyzed in
this study.

EOF analysis
An empirical orthogonal function (EOF) analysis is applied to observed
annual-mean SST time series in the Pacific (70°S-60°N, 120°E-60°W) in
order to determine dominant modes of variability over a given period.
Before conducting EOF analysis, we smoothed the time series by applying a
7-year running average to reduce interannual and shorter-time scale
variability. The spatial pattern of a given EOF mode is presented by
regressing SST anomalies onto the corresponding standardized principal
component (PC).

Inter-ensemble EOF analysis
By conducting an additional EOF analysis across ensemble members (i.e.,
interensemble-wise EOF) of a given model for simulated SST trends in the
Pacific, we explored the possibility that the observed tropical eastern Pacific
cooling trend is linked inpart to internal climate variability. As the ensemble
memberswere integrated under the same external forcing butwith different
initial conditions, the resulting leading EOF mode, which represents the
dominant mode of inter-ensemble variability, is mainly related to internal
climate variability. Then, on the basis of the corresponding PC values,
composite mean trends are computed, respectively, for the ensemble
members whose PC values are at the top 10% and at the bottom 10% to
examine whether the two subsets are substantially different from each other
(due to internal variability).

Sensitivity of observed SST trend to analysis period
To determine whether the spatial pattern of SST trends in the Pacific might
vary substantially depending on selected time periods, SST trends are
computed for multiple cases, in which the time span ranges from 22 to 73
years, by changing the starting and ending years. For instance, 22-year
trends can be computed over various 22-year periods such as 1950–1971,
1951–1972, …, 2001–2022. In the case of the 73-year period, trends are
computed only over the period 1950–2022. The spatial pattern correlation
between the computed SST trend and the La Niña-like pattern is then
determined to examine whether Pacific SST trends have persistently
exhibited a La Niña-like pattern.

Test on the role of internal climate variability in the tropical
eastern Pacific cooling trend
Considering well-known model biases and deficiencies3,4,8,10,11,35,40,46 includ-
ing missing Antarctic meltwater discharge3, the observed tropical eastern
Pacific cooling trendmight have resulted from greenhouse gas forcing with
internal climate variability playing a minor role. It is also possible that
climate models may have deficiency in simulating the linkage between
stratospheric ozone depletion and the tropical eastern Pacific cooling trend
due to a potential limitation in model resolution to resolve the full-strength
impact of stratospheric ozone depletion87, apart from potentially under-
estimating the impact. To address these questions, we conducted an EOF
analysis over the Pacific for 1953–2019 using the SST anomaly difference
between ERSST5 and the model-simulated ensemble mean. If the model-
simulated forced response is largely consistent with reality, the resultant
EOF and PC are expected to exhibit a feature that is closely linked to
observed low-frequency internal climate variability such as the IPO. The
EOF and related atmospheric circulation anomaly patterns are also com-
pared with those for pre-industrial control simulations in which there is no
change in external forcing agents.
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Statistical information
In this study, the standard least squares linear regression approach is used
to compute trends and regression coefficients. Statistical significance of
the computed trends and regression coefficients is assessed using a two-
sided Student’s t-test at the 95% confidence level with reduced degrees of
freedom to account for autocorrelation in a given time series. In the case of
model-simulated trends, the statistical significance is determined by
checking whether more than 70% of the model simulations exhibit the
same sign.

Data availability
The ERSST5 data set is available at https://psl.noaa.gov/data/gridded/
data.noaa.ersst.v5.html, the ERA5 data set at https://cds.climate.
copernicus.eu, the HadISST data set at https://www.metoffice.gov.uk/
hadobs/hadisst/data/download.html, the CESM2 Large Ensemble
output at https://www.cesm.ucar.edu/projects/community-projects/
LENS2/data-sets.html, the CESM2 Single Forcing Large Ensemble
Project output at https://www.cesm.ucar.edu/working-groups/climate/
simulations/cesm2-single-forcing-le, the CMIP6 simulation output at
https://esgf-node.llnl.gov/projects/cmip6/, and the low-pass filtered
IPO index at https://psl.noaa.gov/data/timeseries/IPOTPI/.

Code availability
The code used to generate the figures in this study is freely available at
https://doi.org/10.5281/zenodo.11647501.
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