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Strengthened influenceofAtlanticNiñoon
ENSO in a warming climate
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Lei Zhang1,2,3 , Chunzai Wang1,2,3 , Weiqing Han4, Kristopher B. Karnauskas4,5, Michael J. McPhaden6,
Aixue Hu7, Wen Xing1,2, Baiyang Chen1,2 & Heng Liu1,2,8

Atlantic Niño can influence ENSO by modulating the Pacific Walker circulation. This interbasin
connection is dominated by central Atlantic Niño (CAN) events, which began to emerge around 2000.
Our analysis of observational data and climatemodel simulations reveals that the influence of CAN on
ENSO will strengthen in a warming climate due to an enhanced Pacific response. On one hand,
increased variability of the eastern Pacific intertropical convergence zone leads to stronger
subsidence anomalies induced by CAN; on the other hand, strengthened atmospheric variability over
the North Indian Ocean enhances the region’s response to CAN-induced Kelvin waves, promoting
easterly anomalies over the western tropical Pacific. These changes are further linked to the
pronounced interhemisphericwarmingcontrast projectedbyclimatemodels.Our findingsunderscore
the growing influence of Atlantic Niño on ENSO, with important implications for seasonal climate
prediction and future climate change projections.

El Niño–Southern Oscillation (ENSO) refers to the year-to-year fluctua-
tions in the tropical Pacific coupled climate system, characterized by sub-
stantial changes in sea surface temperature (SST), winds, and rainfall across
the central and eastern tropical Pacific Ocean1,2. Through atmospheric tel-
econnections, ENSO exerts significant influences on global weather and
climate conditions including extreme events3,4. Hence, an accurate forecast
of ENSO is of paramount importance for effective societal preparedness
against abnormal climate patterns, thereby mitigating potential economic
losses and yielding substantial societal benefits5–7.However, the present state
of ENSO prediction is still not satisfactory, which is partly due to our
incomplete understanding of its underlying physical drivers8,9.

ENSO primarily arises from coupled interactions between the atmo-
sphere and ocean in the tropical Pacific, known as the Bjerknes feedback10.
Furthermore, it has beenwidely acknowledged that external influences from
other tropical ocean basins can also impact the development and decaying
phases of ENSO11–22. For example, Atlantic Niño, the primary mode of
interannual climate variability in the tropical Atlantic Ocean, reaching its
peak during boreal summer23–25, is capable of generating cold SST anomalies
(SSTAs) in the tropical Pacific. This occurs through the strengthening of the
descendingmotion over the eastern tropical Pacific, drivenby the ascending
motion anomalies over the tropical Atlantic; consequently, the Pacific

Walker circulation strengthens during Atlantic Niño, subsequently leading
to the development of LaNiña in the following winter16,17,26–32. Additionally,
the influence of Atlantic Niño on La Niña can also occur through driving
easterly wind anomalies over the tropical Indian Ocean and the western
tropical Pacific as atmospheric Kelvin waves33,34. Notably, Atlantic Niño
may have also played a role in contributing to the recent so-called “triple-
dip” La Niña during 2020–202235,36. Similarly, Atlantic Niña can induce El
Niño conditions in the Pacific. Hence, Atlantic Niño/Niña serves as a sig-
nificant precursor for ENSO, enhancing its prediction skill37–43. However,
the physical linkage between Atlantic Niño and ENSO remains a subject of
vigorous debate44–46.

Furthermore, as the global mean surface temperature rises due to
increased emissions of anthropogenic greenhouse gases, substantial changes
in the mean state and variability of tropical basins have occurred in recent
decades47–59. These changes may alter the remote influence of Atlantic Niño
on ENSO. For instance, it has been suggested that the triggering effect of the
summertime Atlantic Niño on the subsequent development of La Niña is
projected toweaken in the future under globalwarming60. Thisweakening is
attributed to enhanced tropospheric stability, which weakens the Atlantic
rainfall anomalies associatedwithAtlanticNiño and thereby diminishes the
Pacific response60–62. On the other hand, it has been suggested that the

1State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangdong, Guangzhou, China.
2Global Ocean and Climate Research Center, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangdong, Guangzhou, China.
3GuangdongKeyLaboratory ofOceanRemoteSensing, SouthChinaSea Institute ofOceanology, ChineseAcademyofSciences,Guangzhou,China. 4Department
of Atmospheric and Oceanic Sciences, University of Colorado, Boulder, CO, USA. 5Cooperative Institute for Research in Environmental Sciences, University of
Colorado, Boulder, CO, USA. 6National Oceanic and Atmospheric Administration/PacificMarine Environmental Laboratory, Seattle,WA, USA. 7National Center for
Atmospheric Research, Boulder, CO, USA. 8University of Chinese Academy of Sciences, Beijing, China. e-mail: zhanglei@scsio.ac.cn; cwang@scsio.ac.cn

npj Climate and Atmospheric Science |           (2025) 8:213 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-01105-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-01105-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-01105-w&domain=pdf
mailto:zhanglei@scsio.ac.cn
mailto:cwang@scsio.ac.cn
www.nature.com/npjclimatsci


Atlantic warming in recent decades could enhance the impact of Atlantic
Niño on ENSO63. These results indicate that changes in the Atlantic
Niño–ENSO connection in a warming climate remains somewhat
uncertain.

Analogous to the paradigm shift in ENSO research over the past two
decades64, two distinct types of Atlantic Niño have been identified
recently–the central (CAN)and easternAtlanticNiño (EAN)–motivated by
changes in the dominant pattern of Atlantic Niño in recent decades65. CAN
is located at the edge of the Atlantic warm pool with a large SSTwarming in
the central basin (Fig. 1b), while the eastern type primarily exhibitswarming
anomalies in the cold tongue region (Fig. 1a). Consequently, CAN can
induce more pronounced wind and rainfall changes over the tropical
Atlantic Ocean due to higher background SST, thereby exerting more sig-
nificant remote impacts on ENSO (Fig. 1d)66–68 and the European climate69

through atmospheric teleconnections. Meanwhile, observations suggest a
substantial weakening of EAN since the 1970s likely owing to the deepening
of the thermocline in the eastern tropical Atlantic65, in contrast to the
relatively stable strength of CAN during the same period (Fig. 1c). As a
result, CAN has emerged as the predominant flavor of Atlantic Niño gov-
erning the remote influence on ENSO since 2000. These changes are partly
linked to interdecadal shifts in theprevailingpatterns and climate impacts of
the Atlantic Niño, as previously reported70–75. The distinct climatic impacts
between the twoAtlanticNiño types are consistently represented in state-of-
the-art global climate models, which depict a stronger remote impact of
CAN compared to EAN (Fig. 1e).

Given the distinct remote influences of CAN and EAN on ENSO, as
observed in both observational data and climate models, it becomes
imperative to investigate how their effects on ENSO might evolve in the
future under ongoing emissions of anthropogenic greenhouse gases. This
connection holds considerable significance for projecting future climate
change and also acts as a source of seasonal-to-interannual climate pre-
dictability.Here, through analysis of observational data sets and simulations
from the Couple Model Intercomparison Project Phase 6 (CMIP6) (Sup-
plementary Table S1), we characterize and explain the changes in the
Atlantic Niño–ENSO connection under global warming. Due to the
emerging dominance of CAN in the Atlantic–Pacific interaction, our study
unravels changes in its impact in a warming climate.

Results
Atlantic Niño in CMIP6 models
To investigate the influences of CANandEANonENSO inCMIP6models,
we first distinguish and characterize these two types in the models. Most
previous studies utilize the ATL3 index16,17,76, defined as SSTAs averaged
over the central–eastern equatorial Atlantic Ocean, to represent Atlantic
Niño (see Methods). However, both CAN and EAN are associated with
significant warming in the ATL3 region, and consequently, the index is
inadequate for distinguishing between the twoAtlanticNiño types and their
respective climatic impacts65. To overcome this limitation, we employ
Empirical Orthogonal Function (EOF) analysis of tropical Atlantic SSTAs
(see Methods), following ref. 65. The leading mode (EOF1) describes the
overall Atlantic Niño pattern with warming in both the central and eastern
tropical Atlantic Ocean. The third EOF mode (EOF3) exhibits a zonal
contrast patternwithopposite SST changes between thewestern andeastern
basins, delineating the east-west shift of thewarming center (Supplementary
Fig. S1). As the Atlantic Niño warming center has primarily exhibited an
east-west migration in recent decades, EOF3 effectively characterizes its
pattern diversity65. Hence, by combining these two EOF modes and their
corresponding principal components (PCs), we distinguish the two types of
Atlantic Niño and obtain their respective indices–the CANI and EANI (see
Methods).

We next compare the two Atlantic Niño types between observations
and CMIP6 simulations during the historical period to assess the models’
ability to capture them (Supplementary Fig. S1). It is noted that climate
models tend to underestimate the eastern Atlantic coastal warming asso-
ciated with Atlantic Niño, possibly stemming from deficiencies in

simulating the coastal dynamic processes and interbasin impact from the
tropical Indian Ocean77 or being linked to mean state SST biases in the
eastern basin78,79. This bias may lead to an underestimation of EAN and its
associated impacts. Despite this limitation, CMIP6 models appear to
effectively distinguish between CAN and EAN. Moreover, most CMIP6
models consistently illustrate amore robustCAN–ENSO thanEAN–ENSO
connection (Fig. 1e), similar to the stronger connection between CAN and
ENSO compared to the EAN in observations since 2000 (Fig. 1d). On the
other hand, the ATL3–ENSO correlation falls between those for the two
Atlantic Niño types in CMIP6 models, whereas observations show a gen-
erally higher correlation between ENSO and ATL3 than with CAN (Sup-
plementary Fig. S2). This discrepancy may reflect the influence of natural
variability in the observations. Overall, these results underscore the dom-
inance of CAN in describing the remote influence of Atlantic Niño
on ENSO.

On the other hand, it is noted that CMIP6 model results exhibit a
considerable spread in Atlantic Niño–ENSO connections (Fig. 1e). For
instance, some models simulate overly weak CAN–ENSO correlations, or
even show opposite (positive) ATL3–ENSO and EAN–ENSO correlations.
To explore future changes in the AtlanticNiño’s impact on ENSO, we select
a subset of CMIP6 models that can faithfully simulate the observed rela-
tionship between the two during the historical period. We first evaluate the
ability of models to capture the overall Atlantic Niño pattern (Fig. 2a), and
then rank them based on the simulated Atlantic Niño–ENSO connections
(Fig. 2b). Given the dominant influence of CAN on ENSO, we use the
CAN–ENSO correlation as the criterion, selecting 22 models that offer the
most accurate representation of the CAN’s influence on ENSO for our
analysis (see Methods). These chosen models indeed show a more pro-
nounced ENSO response compared to those excluded from the selection
(Fig. 2c–h).

Strengthened Atlantic Niño–ENSO connection
Using the selected CMIP6 models, we examine future changes in the
Atlantic Niño’s influence on the subsequent development of ENSO under
global warming. We compare the correlation between Atlantic Niño in
boreal summer and ENSO in the following winter for the historical period
(1970–2022) and future projections (2050–2100). Results show that
approximately 70% (15 of 22) of the models simulate a more robust
CAN–ENSO connection under global warming (Fig. 3a). Additionally,
multi-member mean results also suggest a ~11% strengthening in the
CAN–ENSO correlation in a warming climate, which is statistically sig-
nificant at the 90% confidence level based on a bootstrap test (seeMethods).
The ensemble mean increase appears modest due to cancellations across
different models, suggesting some uncertainties in the projected changes in
the CAN–ENSO connection. Nevertheless, these results suggest a
strengthened influence of CANonENSO in awarming climate. In contrast,
the EAN–ENSO correlation weakens in the majority of models (Fig. 3c),
with insignificant multi-member mean changes. Due to these differences
between CAN and EAN, the future change in the ATL3–ENSO correlation
remains somewhat uncertain (Supplementary Fig. S3a). Nevertheless,
considering the predominant influence of CAN on ENSO in both obser-
vations and CMIP6 historical simulations, these results indicate a
strengthened impact of Atlantic Niño on ENSO in a warming climate.

The remote influence of Atlantic Niño on ENSO occurs through two
main pathways. First, it strengthens the subsidence branch of the Walker
circulation in the adjacent Pacific sector16. Second, it induces eastward-
propagating Kelvin waves, leading to easterly wind anomalies over the
tropical Indian Ocean and western tropical Pacific33,34. Indeed, the selected
models show that CAN induces substantial upwardmotion anomalies over
the tropical Atlantic Ocean, which enhance subsidence over the eastern
tropical Pacific and induce ascending anomalies over the tropical Indian
Ocean-western tropical Pacific that promote easterly wind anomalies in the
region. Together, these changes enhance low-level easterly winds across the
tropical Pacific, resulting in cold SSTAs in the region (Figs. 2c–e and 4a, b).
Conversely, owing to its location and cooler background SSTs, the
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anomalous ascending motion associated with EAN is located exclusively
within the eastern tropical AtlanticOcean, exerting a negligible influence on
ENSO (Fig. 4d, e). Notably, compared to the historical period, CAN induces
stronger subsidence and easterly wind anomalies over the eastern Pacific, as
well as enhanced ascending anomalies over the tropical Indian Ocean in
CMIP6 future projections (Fig. 4c and Supplementary Fig. S4b). This result
explains the strengthened CAN–ENSO connection under global warming

as identified above, while the impact of EAN on ENSO remains weak
(Fig. 4e–f).

In contrast to the enhanced Pacific response, the ascending anomalies
and positive rainfall changes over the tropical Atlantic induced by CAN are
projected to weaken in the future compared to the historical period (Fig. 4c
and Supplementary Fig. S4a). This is likely attributable to changes in the
strength ofCAN itself. Previous studies have suggested aweakening trendof
Atlantic Niño over recent decades, and projections suggest a further decline
in the strength of Atlantic Niño due to the deepening of the thermocline in
the tropical Atlantic in a warming climate55,56,58. Indeed, the majority of the
selected CMIP6 models project weaker ATL3 variance in the future (Sup-
plementary Fig. S3b). Further analysis reveals that theweakening ofAtlantic
Niño is associated with the reduced strength of both CAN and EAN under
global warming, with a higher inter-model agreement for the weakening of
CAN compared to EAN (Fig. 3b, d). The reduction of the tropical Atlantic
SSTAvariance inCMIP6 future projections is also primarily observed in the
central equatorial region (Supplementary Fig. S5b). These results suggest
that CAN is associated with weaker SSTAs in future projections. Due to the
nonlinear dependence of tropical rainfall on SST66,67, the atmospheric
response to CAN becomes less pronounced under global warming (Sup-
plementary Fig. S6). Additionally, the increased tropospheric stability in a
warming climate may also contribute to the suppression of the Atlantic
rainfall response to the warm SSTAs during Atlantic Niño60.

The enhanced Pacific response
The findings above suggest that the strengthened CAN–ENSO connection
in CMIP6 future projections primarily arises from the enhanced Pacific
response to the CAN forcing, despite the concurrent weakening of the
tropical Atlantic rainfall anomalies induced by CAN (Supplementary Fig.
S6). Next, we explore changes in the two main pathways through which
Atlantic Niño influences ENSO: Strengthening of the subsidence branch of
the Pacific Walker circulation in the eastern tropical Pacific16 and the
eastward-propagatingKelvinwaves that influence the tropical IndianOcean
and western tropical Pacific33,34.

In the eastern tropical Pacific–the key region for the westward
pathway–changes in winds and rainfall are closely linked to the varia-
bility of the Intertropical Convergence Zone (ITCZ)80. Indeed, the CAN-
induced dry anomalies, enhanced subsidence, and low-level divergence
anomalies over the eastern tropical Pacific are mainly located in the ITCZ
region (Supplementary Fig. S6a, b). Notably, the stronger CAN-induced
descending motion and negative rainfall anomalies in the eastern Pacific
under global warming are also primarily found over the ITCZ region
(Supplementary Fig. S6c). A linear baroclinic model81 experiment shows
that dry anomalies over the Pacific ITCZ can induce prominent easterly
wind anomalies over the tropical Pacific (Supplementary Fig. S7; see
Methods). These results suggest that the amplified Pacific changes driven
by CAN in a warming climate are closely associated with changes in the
Pacific ITCZ.

Atlantic Niño can also induce eastward-propagating atmospheric
Kelvin waves that influence ENSO by generating easterly wind anomalies
over the tropical Indian Ocean. The wind anomalies counteract the pre-
vailing westerly monsoon circulation during boreal summer, leading to
warm SSTAs north of the equator through the “wind-evaporation-SST”
(WES) mechanism, and enhancing local rainfall (Supplementary Figs.
S8 and S9). Subsequently, the anomalous heating over the tropical Indian
Ocean further strengthens easterlywind anomalies over thewestern tropical
Pacific, promoting the development of cold SSTAs in the basin. This
pathway is also projected to strengthen in a warming climate (Supple-
mentary Figs. S8c and S9c), contributing to the enhancedPacific response to
CAN forcing.

The two pathways are closely linked to atmospheric variability in the
Pacific ITCZ and the North Indian Ocean, respectively. In CMIP6 future
projections, the variance of the rainfall and vertical motion anomalies in
both regions increases (Fig. 4g–i, and Supplementary Fig. S10). As a result,
these areas become more sensitive to CAN-induced circulation changes,
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Fig. 1 | Two types of Atlantic Niño. a, b The eastern (EAN) and central Atlantic
Niño (CAN), obtained through combinations of the first and third modes of the
empirical orthogonal function (EOF) analysis using HadISST during 1970–2022
(Supplementary Fig. S1) (see Methods). c 21-year running variance of the normal-
ized June-July-August (JJA)-mean EANI (orange) and CANI (blue). d 21-year
running correlation between the two indices during JJA and the Niño-3.4 index
during December-January-February (DJF). e Correlations between Atlantic Niño
indices during JJA and theNiño-3.4 index duringDJF for the period 1970–2022. The
first column denotes the ATL3–ENSO correlation, the second column for the
CANI–ENSO correlation and the third column for the EANI–ENSO correlation.
Orange represents all models from Coupled Model Intercomparison Phase 6
(CMIP6) analyzed in this study, and blue represents results from the selected CMIP6
models (Fig. 2; seeMethods). Circles and cross signs represent themedian andmean
values, respectively. Error bars denote 25th to 75th percentiles, and vertical lines
denote 10th to 90th percentiles.
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(a) Model selection I: Atlantic Niño pattern
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Fig. 2 | Selection of CMIP6 models. a Pattern correlation coefficients between the
EOF1 mode in CMIP6 models and observations (see Methods). The horizontal
dashed line denotes the selection criterion (r ≥ 0.5). Dark colors denote the selected
models, and light colors denote unselectedmodels.bCorrelation coefficient between
AtlanticNiño indices in JJA and theNiño-3.4 index inDJF for the period 1970–2022.
Gray bars denote the correlation for EANI–ENSO, red for CANI–ENSO, and blue
for ATL3–ENSO. The horizontal dashed line denotes the selection criterion
(r ≤−0.15). The models are ranked and selected based on the CANI–ENSO cor-
relation, considering the dominance of CAN in influencing ENSO (Fig. 1e). Error

bars in (a) and (b) represent uncertainties across different model members (with at
least 2 members) assessed based on a bootstrapping test (seeMethods). cRegression
of JJA-mean sea surface temperature anomalies (SSTAs) on the normalized JJA-
mean CANI for the period 1970–2022 in selected models in (b). Unit is °C. d, eAs in
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results.
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leading to stronger responses to the CAN forcing. Thus, the intensified
Pacific response to CAN can be primarily attributed to the increased
atmospheric variability of the Pacific ITCZ and North Indian Ocean under
global warming.

Variability in the ITCZ80,82 and Indian summer monsoon83,84 has both
been linked to the interhemispheric thermal contrast. In CMIP6 future
projections, a salient feature is the faster warming rate of the Northern
Hemisphere compared to the SouthernHemisphere (Fig. 5a). Thiswarming
contrast increases the interhemispheric temperature gradient during boreal
summer, enhancing moisture and energy supply to the Northern Hemi-
sphere, thus creating more favorable conditions for establishment of con-
vections. Consequently, atmospheric variability in the eastern Pacific ITCZ
and North Indian Ocean–two major rainfall centers in the Northern

Hemisphere and key regions for the Atlantic Niño’s influence on
ENSO–strengthens (Supplementary Fig. S10b, d).

The magnitude of the interhemispheric warming contrast across
CMIP6models is indeed associatedwith changes in the rainfall variability of
the Pacific ITCZ and North Indian Ocean, with correlations exceeding the
90% confidence level (Supplementary Fig. S11a, b). Moreover, the inter-
hemispheric thermal contrast has a more pronounced impact on the
dynamic (wind) component of the ITCZ and Indian summer monsoon
compared to the thermodynamic (rainfall) component. These findings
suggest that the enhanced interhemispheric thermal contrast amplifies the
variability of the ITCZ and the Indian summer monsoon, making these
regions more susceptible to CAN forcing in a warming climate. Addition-
ally, equatorial Pacific SST anomalies may also influence the Pacific ITCZ

Fig. 3 | Changes in the Atlantic Niño–ENSO
connection. a The CANI–ENSO correlation during
the historical period (red) and future projections
(blue) in the selected CMIP6 models (Fig. 2). The
correlation coefficient is between JJA-mean CANI
and DJF-mean Niño-3.4 index, with the sign
reversed. 15 out of 22 models simulate stronger
CANI–ENSO correlations in future projections
compared to historical period, which are shown in
dark colors. Error bars represent uncertainties
across different model members (with at least 2
members) obtained through a bootstrapping test
(see Methods). Multi-member mean (MME) results
during historical period (gray) and future projec-
tions (black) are shown in the last column, with
mean values and error bars assessed based on 115
members of 22 selected models. b As in (a), but for
the CANI variance. c, d As in (a, b), except for the
EANI results.
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and thereby modulate the Pacific response to CAN. However, the rela-
tionship between the eastern equatorial Pacific warming and the CAN-
ENSO connection is weak and inconsistent across different CMIP6models
(not shown).

To further explore the impact of interhemispheric thermal contrast on
the variability of the ITCZ and Indian summer monsoon, we conducted
atmospheric model experiments by applying a uniform 1 °C SST warming
in theNorthernHemisphere (seeMethods). Themodel results exhibit some
notable discrepancies compared to CMIP6 projections (Supplementary
Figs. S10 and S12), which are likely due to the neglect of the non-uniform
SSTwarmingpattern.Nevertheless, themodel results confirman increase in
the variance of rainfall and circulation in both the eastern Pacific ITCZ and
theNorth IndianOcean in response toNorthernHemispheric SSTwarming
(Supplementary Fig. S12). Thesefindings suggest that even in the absence of

changes in local air-sea interaction processes, the enhanced interhemi-
spheric thermal contrast alone can drive stronger variability in the two
regions, thereby enhancing the Pacific response toCAN forcing. Indeed, the
enhanced interhemispheric thermal contrast–one of the most robust fea-
tures in CMIP6 future projections–emerges as the primary driver of the
strengthened CAN-ENSO connection in a warming climate, with a corre-
lation of 0.68 between the two across CMIP6 models (Fig. 5b).

Discussion
In this study, we investigate the influence of Atlantic Niño on ENSO in a
warming climate. Our findings reveal that the central Atlantic Niño (CAN)
plays a pivotal role in influencing ENSO in both observations and CMIP6
historical simulations, and this remote impact will be strengthened under
global warming, despite some uncertainties across different models. In
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Fig. 4 | Enhanced Pacific response toCAN. a Shading denotes regression of the JJA-
mean omega averaged within 15°N–15°S on the normalized JJA-mean CANI during
the historical period. Units are Pa s–1. We have scaled the values of omega by a factor
of 120. Vectors denote regression of zonal winds (m s–1) and omega. b As in (a)
except for the future projections. c Differences between future projections and
historical simulations. d–fAs in (a)–(c), except for EANI results. gVariance of JJA-
mean omega during the historical period. Units are Pa2 s–2. The variance has been

scaled by a factor of 2000. h As in (g) except for the future projections. iDifferences
between historical simulations in (g) and future projections in (h) (future minus
historical). Shown are average of the 22 selected models (Fig. 2). Black vectors in
(a)–(f) and shading in (i) denote results forwhichmore than 70%of themodels agree
with signs of changes. The magenta dashed box denotes South America that sepa-
rates the tropical Pacific and Atlantic Oceans.
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contrast, the remote effect of the easternAtlanticNiño (EAN) onENSOwill
remain limited. The more pronounced influence of CAN on ENSO under
global warming is primarily associated with the strengthened Pacific
response to the CAN-induced rainfall anomalies in the tropical Atlantic
Ocean. This change is in turn attributed to the enhanced variance of the
Pacific ITCZ and the Indian summer monsoon driven by the prominent
warming in theNorthernHemisphere, which increases the sensitivity of the
Pacific Walker cell to the CAN forcing.

In our analyses, we note that the twoNorESMmodels simulate notable
increases in the CANI–ENSO correlation compared to other models (Fig. 5
and Supplementary Fig. S11). We tested the sensitivity of our results to the
removal of the two models (not shown). Even after their removal, there
remains a statistically significant association between the interhemispheric
warming contrast and the strengthened CANI–ENSO connection (r = 0.4,
p < 0.1). While the influence of the enhanced interhemispheric thermal
contrast on changes in rainfall variability over the ITCZand Indian summer
monsoon becomes negligible, its impact on the variability of verticalmotion
over these regions remain statistically significant at the 90%confidence level.
These results suggest that the role of the interhemispheric temperature
gradient inmodulating theCAN–ENSOconnection is robust andnotoverly
dependent on the two NorESM models.

Variations in both the Pacific ITCZ and ENSO have been previously
associated with changes in the Atlantic meridional overturning circulation
(AMOC)85–87. In particular, the AMOC is projected to weaken under global
warming88, which may result in cold SSTAs, higher sea level pressure, and
anti-cyclonic wind anomalies over the North Atlantic. The wind anomalies
further extend to the eastern tropical Pacific, inducing anomalous north-
erlies and a southward shift of the ITCZ in the region. Consequently, the

annual cycle of the Pacific coupled climate system weakens89, promoting a
stronger ENSO variability85. However, the linkage between changes in the
North Atlantic mean state and those in the CAN–ENSO connection across
the CMIP6 models appears weak (Supplementary Fig. S13). Furthermore,
while the ENSO variance indeed increases in the majority of the selected
models, its connection to changes in the CAN–ENSO correlation is negli-
gible (Supplementary Fig. S14).Hence, theweakenedAMOCdoes not seem
to play an important role in the strengthened influence of CAN on ENSO
under global warming.

It has been suggested that the interbasin connection between Atlantic
Niño and ENSO may weaken under global warming, owing to increased
static stability resulting from greater warming in the upper troposphere60.
On the other hand, the weak temperature gradient in the free troposphere
over the tropical region–a result of the fast wave adjustment90–leads to a
relatively uniform distribution of upper tropospheric warming. As a result,
changes in static stability are largely determined by the inhomogeneous sea
surface warming91. As the projected Pacific SST warming is generally more
pronounced than that in the tropical Atlantic (Fig. 5a), the former region
becomes relatively less stable compared to the latter region (Supplementary
Fig. S15). Consequently, the Pacific response to the Atlantic Niño forcing is
less impacted by the increased stability under global warming. Instead, our
analysis suggests that the response of the Pacific sector is strengthened.

It is worth noting that climate models still exhibit notable biases78,
potentially limiting their capacity to accurately simulate tropical climate
variability and to predict their future changes. Specifically, observations
suggest an evident weakening of EAN in the past few decades, while the
strength of CAN has remained relatively stable. In contrast, projections
from CMIP6 models show a significant weakening of CAN under global

Fig. 5 | The role of interhemispheric warming
contrast. aDifferences of JJA-mean SSTA (shading;
°C °C–1) between the historical period and future
projections in the 22 selected CMIP6models (future
minus historical). The global mean SST warming
has been removed. Stippling denotes regions where
more than 70% of the models agree with signs of
SSTAs (with global mean warming removed).
b Scatter plot of the interhemispheric warming
contrast against changes in the CANI–ENSO cor-
relation (sign flipped). The dashed line denotes the
linear regression between the two, and their corre-
lation is shown at the lower right corner (r = 0.68),
which is statistically significant at the 99% con-
fidence level. The interhemispheric warming con-
trast is defined as differences of SST warming
between the Northern (0°–60°N) and Southern
Hemisphere (60°S–0°).
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warming, while changes in the strength of EANare relatively uncertain. The
contrasting results raise questions about whether the observed changes in
CANandEANare primarily drivenby internal climate variability, while the
CMIP6 future projections are predominantly linked to anthropogenic
greenhouse gas forcing. An alternative possibility is that, due to the per-
sistent bias of CMIP6 models in simulating the eastern Atlantic coastal
warming associated with the Atlantic Niño (Supplementary Fig. S1), they
underestimate the EAN and fail to capture its weakening, leading to an
overall weak variance and impacts of the EAN in the models. Nevertheless,
since the influence of EAN on ENSO is weak in both observations and
CMIP6 models, this discrepancy likely has a minimal impact on the con-
clusions of this study.

Given the profound global impacts of ENSO, it is imperative to
understand its interactions with neighboring basins to optimize sources of
potential predictability at seasonal to interannual time scales. Our findings
highlight the pivotal role of CAN in influencing ENSO, emerging as an
increasingly significant predictor for ENSO in the future.On theother hand,
recent studies have suggested that the association between ENSO and tro-
pical Atlantic climate anomalies may arise from the influence of ENSO on
the Atlantic44,92. While analysis of observations and CMIP6models exhibits
negligible tropical Pacific signals during boreal winter before the peak of
Atlantic Niño in the following summer, both the tropical Atlantic warming
and the Pacific cooling occur concurrently in spring (Supplementary Figs.
S16 andS17).Therefore, the extent towhichENSOactively connects the two
basins remains unclear andwarrants further investigation.Nevertheless, our
results emphasize the necessity of considering the interbasin connection
betweenCANandENSO to enhance seasonal climate prediction and future
projections. Moreover, the current generation of climate models still exhi-
bits notable biases in capturing and distinguishing between CAN and EAN,
including their remote influences onother regions. Therefore, it is crucial for
future studies to explore the underlying causes for these model deficiencies
to further improve models’ ability to accurately simulate tropical climate
variabilities and their interactions.

Methods
Observational data
To characterize the two types of Atlantic Niño and examine their connec-
tions with ENSO in observations, we analyzed monthly SST data from the
HadleyCentre Sea Ice andSST (HadISST)93 during 1970–2022.Considering
the large uncertainties in SST reconstructions due to the sparsity of obser-
vational records94, we did not analyze the data during earlier periods. We
obtain SSTAs by removing monthly climatologies for 1970–2022. We then
conducted EOF analysis of the tropical Atlantic SSTAs to obtain the
dominant modes of interannual variability in the region (60°W–20°E,
10°S–10°N)65. The linear trend was removed from the SSTA field prior to
EOF analysis to exclude the anthropogenic global warming trend. The first
EOFdescribesAtlanticNiño as awhole, with prominentwarming spanning
both the central and eastern tropical Atlantic, while EOF3 exhibits a zonal
contrast pattern with opposite signs of SSTA between the western and
eastern Atlantic. EOF2 is primarily associated with the Atlantic Meridional
Mode65.

Observations suggest prominent changes in the dominant pattern of
Atlantic Niño in recent decades. While Atlantic Niño predominantly
exhibited warming in the cold tongue region prior to 2000, the warming
center is located in the central basin in recent decades65. These results
indicate the presence of two distinct types of the Atlantic Niño dominating
different periods. Since EOF3 essentially describes the zonal shift of the
warming center, we combine EOF1 and EOF3 and use (EOF1+ EOF3)/√2
and (EOF1–EOF3)/√2 to describe the patterns of the EAN and CAN,
respectively.

To document the temporal evolution of ENSO, we use the Niño-3.4
index defined as SSTAs averaged over the central tropical Pacific Ocean
(170°W–120°W, 5°S–5°N).We also used (PC1+ PC3)/√2 and (PC1–PC3)/
√2 as the indices to represent the EAN and CAN, and the ATL3 (20°W–0°,
3°S–3°N) todescribe the overall evolution ofAtlanticNiño. Previous studies

have demonstrated that Atlantic Niño can influence ENSO through
atmospheric teleconnection16,17, and the strength of this interbasin con-
nection was assessed by the correlation coefficient between the Atlantic
Niño indices during boreal summer (June–August, JJA) and the Niño-3.4
index during boreal winter (December–February). The statistical sig-
nificance of the correlationwas assessed using the two-sided Student’s t test.
We also obtained signals associatedwithAtlanticNiño byperforming linear
regressions of various variables on each of the normalized indices.

CMIP6 models
To explore future changes in the Atlantic Niño–ENSO connection under
the influence of anthropogenic global warming, we examined 149members
from 33 coupled climatemodels that participate in CMIP6 (Supplementary
Table S1).We analyzed historical simulations during 1970–2014, and future
projections (2015–2100) under Shared Socio-economic Pathway 5-based
Representative Concentration Pathway 8.5 forcing scenario (SSP585)95. We
chose SSP585 as it represents the most severe warming scenarios in CMIP6
models, potentially enhancing the signal-to-noise ratio and thereby facil-
itating the detection of changes in the Atlantic Niño–ENSO connection in a
warming climate. We used monthly SST, surface wind stress, zonal and
meridional winds, and precipitation from each member. All the model
outputs were linearly interpolated onto a common 1° × 1° grid. Anomaly
fields are obtained by removing monthly climatologies during 1970–2100.
Some of the CMIP6 models have multiple ensemble members (Supple-
mentary Table S1), whichwere averaged for eachmodel prior to calculating
the multi-model mean results.

To characterize the two types of Atlantic Niño for both the historical
period and future projections, we employed a similar EOF analysis on
tropical Atlantic SSTAs as described above for observations. Note that not
all the CMIP6models exhibit the zonal contrast pattern in the EOF3mode;
some models depict the observed EOF3 pattern in their EOF4 mode.
Additionally, theACCESS-CM2modeldescribesAtlanticNiño in theEOF2
mode, instead of EOF1. For these models, we used EOF modes corre-
sponding to the observed EOF1 and EOF3 to obtain CAN and EAN. The
period for the EOF analysis was 1970–2100. We did not remove the linear
trend in the model results, as it would introduce artificial multi-decadal
variability contaminating the EOF results. Instead, we excluded the long-
term warming trend by removing linear regression on the time series of
global mean SSTA at each grid. The same approach was employed to
eliminate the influence of the externally-forced warming trend for other
variables.

CMIP6 models exhibit a large spread in simulating the Atlantic Niño
pattern and its remote impact on ENSO. Hence, to examine the future
changes in the Atlantic Niño–ENSO connection, we selected the models
that best replicate the observed interbasin relationship. We first calculated
the pattern correlation coefficient of the EOF1 mode between the CMIP6
models and observations, and selectedmodels that can faithfully reproduce
the overall Atlantic Niño pattern (r ≥ 0.5) (Supplementary Figs. S1 and 2a).
Among the 33models (149members) analyzed, 31 effectively reproduce the
observed Atlantic Niño pattern. We next ranked the CMIP6 models based
on the simulated Atlantic Niño–ENSO correlation. Note that correlations
between different AtlanticNiño indices and ENSOdo not vary consistently;
models with a high CAN–ENSO correlation may not exhibit strong
EAN–ENSO or ATL3–ENSO connections (Fig. 2b). Considering the
dominance of CAN in influencing ENSO in bothmodels and observations,
we used the CANI–ENSO correlation as the criterion (r ≤ –0.15) to identify
a final subset of CMIP6 models. Out of 31 models, 22 models meet these
criteria and are included in our analysis. The criteria were chosen to ensure
that the models adequately simulate the Atlantic Niño pattern and its
connection with ENSO, while also maintaining a sufficiently large sample
size for robust analysis. The results are similar using stricter threshold values
(not shown).

To assess the statistical significance of the results from CMIP6 multi-
model ensemble, we calculated the sign-agreement across selected models.
Changes for whichmore than 70%ofmodels agree on the sign of anomalies
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are considered significant. Additionally, we performed a bootstrapping test
to assess the significance of changes in Atlantic Niño variance and its
influence on ENSO. Specifically, 10,000 realizations were generated by
resampling, with replacement, the values of Atlantic Niño variance or its
correlation with ENSO across different CMIP6 models. The standard
deviation of the mean values from all realizations was used to estimate the
uncertainty range.

Atmospheric model experiments
To investigate the impact of the Pacific SSTAs on the ITCZ, we conducted a
suite of atmospheric model experiments using the National Center for
Atmospheric Research (NCAR) Community Atmosphere Model 5
(CAM5)96. The model resolution was approximately 2.5° × 2°, and each
experiment was integrated for 30 years. Given that themodel typically takes
several years to achieve statistical equilibrium, the initial 5 years were dis-
carded and the subsequent 25 years of outputs were analyzed.

We conducted two experiments to isolate the influence of interhemi-
spheric warming contrast. The control simulation employed monthly SST
climatology from the model as the forcing. In the sensitivity experiment, a
uniform 1 °C SST warming was applied across the entire Northern Hemi-
sphere oceans, with a sponge layer implemented between the equator and
5°N. The experiments demonstrate that the interhemispheric thermal
contrast effectively enhances the atmospheric variability of ITCZ andNorth
Indian Ocean during boreal summer (Supplementary Fig. S12c, f), con-
sistent with CMIP6 simulations. On the other hand, the enhanced ITCZ
variance in the model is located slightly north of the target region in this
study, likely due to themodel bias in simulating areas of high variance in the
mean state (Supplementary Fig. S12).

To investigate the impact of Pacific ITCZ changes on ENSO, we
conducted idealized experiments using a linear baroclinic model81 with a
resolution of T42L20. In these experiments, we introduced negative heating
anomalies in the eastern Pacific ITCZ region (140°W–80°W, 2.5°N–10°N),
with amaximum amplitude of –1 K day–1 at the center (Supplementary Fig.
S7). The heating anomalies peaked in the mid-troposphere, and the mean
state was set to boreal summer conditions. The model was integrated for
30 days, and we analyzed the results from the final 20 days.

Data availability
The observational monthly SST data set fromHadISST can be downloaded
at https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html. The
numerical model results in this study are available from the corresponding
authors upon request.

Code availability
The scripts used to analyze data is available from the corresponding authors
upon request.
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