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The El Nifo-Southern Oscillation (ENSO) is known to respond to tropical

Atlantic (TA) sea surface temperature (SST) forcing. However, the response
time of ENSO to the TA SST forcing is not stationary but varies over decades,
the reasons for which remain poorly understood. Here we show that decadal
changes in ENSO’s response time to TA SST forcing are primarily influenced by
the south-north shift of the dominant mode of TA SST variability itself. Before
the mid-1980s, the southward-shifted TA mode prolongs the response time to
~20 months through an eastward-propagating mid-latitude teleconnection. In
contrast, when the TA mode shifts northward after the mid-1980s, the
response time decreases to 6-9 months via a faster westward-propagating
subtropical teleconnection. Our findings underscore the importance of con-
sidering the meridional shift of the TA mode when understanding the impacts
of the TA SST variability on ENSO, which has profound implications for ENSO

M Check for updates

forecasting.

The interactions between the Pacific and Atlantic Oceans have received
increasing attention due to their profound impacts on weather and
climate'™*. El Niflo-Southern Oscillation (ENSO), a fluctuation between
El Nifio and La Nifa conditions in the tropical Pacific, can trigger sea
surface temperature (SST) variability in the tropical Atlantic (TA)
through  both  tropical and  extratropical  atmospheric
teleconnections®™. In turn, SST variability in the TA, particularly in the
North Tropical Atlantic (NTA) and associated with the Atlantic Nifio,
can also influence the development of ENSO*>?°, This underscores that
the obvious two-way interactions exist between ENSO and the TA SST
variability* .

Recent studies have indicated that the influence of the TA SST
variability on ENSO can vary markedly over decades”>*. In particular,
it has been reported that the response time of ENSO to the TA SST
forcing has decreased from approximately 20 months before the mid-
1980s to around 8 months afterward, likely due to shifts in ENSO

frequency from quasi-quadrennial to quasi-biennial patterns®. This
change suggests that alterations in ENSO characteristics, such as its
dominant frequencies®, may play a crucial role in driving the time-
varying relationships between ENSO and TA SST variability.

While previous studies suggest that changes in ENSO character-
istics explain the shortened response time to TA SST forcing, we
propose that alterations in the characteristics of TA SST variability may
also play a crucial role in driving the time-varying relationship between
ENSO and TA SST variability. We analyze observational data and cou-
pled climate model simulations to investigate this possibility. Our
analysis reveals that a northward shift in the dominant mode of TA SST
variability, occurring after the mid-1980s, is the primary factor
responsible for the reduced response time of ENSO to TA SST varia-
bility. This shift highlights that the south-north displacement of the TA
SST variability mode can influence ENSO’s response time, in addition
to the inherent changes in ENSO properties. These findings advance
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our understanding of the inter-basin interactions between the Atlantic
and Pacific Oceans and have the potential to contribute to more
accurate ENSO predictions.

Results

Decadal changes in the TA — ENSO relationship

We first conducted an empirical orthogonal function (EOF) analysis to
extract the dominant modes of monthly SST anomalies in the TA
region (30°S-30°N, 70°W-20°E) for the period 1950-2023 (see
“Methods”). The first EOF mode features a basin-wide SST anomaly
pattern in the TA region, referred to as the TA mode, while the second
EOF mode exhibits a meridional dipole SST anomaly pattern relative to
the equator (Supplementary Fig. 1), consistent with previous
studies®*’%,

We then calculated the 21-year running correlation between the
boreal winter (December—February, DYF?, where the superscripts ‘0",
‘1, and 2’ denote the current year and the following one and two years,
respectively) Nifi03.4 index and the TA SST index (see Methods) with a
lead time of 0-24 months. The results reveal statistically significant
negative correlations between the preceding TA SST variability and
subsequent ENSO throughout the analysis period. However, the lead

a
DJF

time associated with this relationship exhibits considerable decadal
change around the mid-1980s (Fig. 1a). Specifically, the TA SST varia-
bility can lead ENSO by 18-21 months before the mid-1980s, with the
most significant correlation occurring between the boreal spring-to-
summer (March-August, MAMJJA®) TA SST and DYF? Nifi03.4 indices
(Supplementary Fig. 2). However, this lead time decreased to
6-9 months after the mid-1980s, with the most significant correlation
occurring between the MAMJJA' TA SST and DYF? Nifio3.4 indices.
Next, we focus on the TA mode during the spring-to-summer seasons,
which coincides with the primary peak seasons of the TA SST
variability*.

Physical mechanisms driving the changes in the TA — ENSO
relationship

We next investigated the physical mechanisms responsible for the
decadal changes in the TA-ENSO relationship. Notably, the timing of
the decadal changes in this relationship coincides with the northward
shift of the loading center (see “Methods”) of the spring-to-summer TA
mode itself (Fig. 1b, c; see also Fig. 1d and Supplementary Fig. 3 for
more details). The spatial pattern of the TA mode exhibits the most
prominent warming signals in the South Tropical Atlantic (STA) region
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Fig. 1| Decadal changes in the tropical Atlantic (TA)-EI Nifio-Southern Oscil-
lation (ENSO) relationship and the south-north shift of the TA mode. aThe 21-
year running correlation between the boreal winter Nifi03.4 index and the TA sea
surface temperature (SST) index with a lead time of 0-24 months. Solid, dashed,
and dotted lines mark the region with values exceeding the 80, 90, and 95% con-
fidence levels, respectively. The gray vertical bar indicates the approximate timing
of the decadal change in the TA-ENSO relationship. b, ¢ The first empirical
orthogonal function (EOF) mode of the boreal spring-to-summer (MAMJJA®) SST

(shading; °C) anomalies over the tropical Atlantic during 1960-1984 (P1) (b) and
1990-2014 (P2) (c). The pentagram denotes the position of the loading center of
the TA mode. The impact of the previous winter (DJF®) ENSO signal has been
removed from the MAMJJA® TA SST index using linear regression with respect to
the Nifo3.4 index. d Temporal changes in the latitudinal position of the loading
center of the first EOF mode of the MAMJJA® SST anomalies over the tropical
Atlantic during each of the forty 25-year periods.

Nature Communications | (2025)16:5884

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Article

https://doi.org/10.1038/s41467-025-61130-4

P1 (1960-1984)

P2 (1990-2014)

60°NT°
30°N 1

EQA
30°Sq_.
60°S 1

90°E  150°E  150°W 90°W  30°W

150°E  150°W  90°W

30°W 90°E  150°E  150°W 90°W  30°W

60°Nf~,
30°NR

EQA
30°S
60°S

90°E

SON(+1)

150°E  150°W  90°W

o
T

30°W 90°E  150°E 150°W 90°W  30°W

60°NF
30°N
EQA
30°S 1 P
60°S 1 )

90°E  150°E  150°W 90°W  30°W

150°E  150°W  90°W

30°W

150°E  150°W  90°W

30°W

60°NF 60°Nf 60°NfT=
3
30°N 30°N4 30°N
EQ- EQ EQ
30°S - - 30°S- 30°S -
60°Sq e et 60°S o Sy 60°S :
90°E  150°E 150°W 90°W  30°W 90°E  150°E 150°W 90°W  30°W 90°E  150°E 150°W 90°W  30°W
|
-0.5 -0.4 -0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

SST (°C)

Fig. 2 | Regressions with respect to the spring-to-summer tropical Atlantic (TA)
sea surface temperature (SST). a-h Regressions of SST (shading; °C) and 850-hPa
winds (vectors; ms™) with respect to the spring-to-summer (MAMJJA?, where the

superscripts ““1’, ‘0", ‘', and ‘2’ denote the previous year, current year, the following
one year, and the following two year, respectively) TA SST index during 1960-1984
(P1) for MAM® (a), JJA? (b), SON° (c), DYF" (d), MAM! (e), JJA" (), SON' (g), and DYF?

(h) seasons. i-1 As in (a-d), but during 1990-2014 (P2) for MAMC (i), JJA° (j), SON°
(k), and DYF! (I) seasons. The impact of the previous winter (DJF°) El Nifio-
Southern Oscillation (ENSO) signal has been removed from the MAMJJA® TA SST
index using linear regression with respect to the Nifio3.4 index. Only 850-hPa winds
and SST anomalies significant at the 95% confidence level are shown.

for the period 1960-1984 (P1 hereafter) before the mid-1980s, but this
pattern shifts northward toward the NTA region for the period
1990-2014 (P2 hereafter) afterward. Furthermore, the correlation
patterns between the boreal winter (DJF?) Nifio3.4 index and the TA
SST anomalies with a lead time of 18-21 months show significant
negative correlations concentrated in the STA region during P1, but
this correlation pattern shifts to the NTA region when the lead time
decreased to 6-9 months during P2 (Supplementary Fig. 4). These
results suggest that the decadal changes in the TA-ENSO relationship
may be attributed to the south-north shift of the TA mode itself.
Note that the northward displacement of the loading center of the
TA mode and decadal changes in the TA-ENSO relationship after the
mid-1980s may not be manifestations of changes in the decadal SST
components of the TA mode. This is because the results from the 11-
year high-pass filtered fields resemble those from the unfiltered fields
(Supplementary Figs. 5 and 6). Nevertheless, some changes emerge in
both the amplitude and large-scale distribution pattern of the TA mode
after the removal of low-frequency signals. For instance, upon high-
pass filtering, the warming in the STA region weakens prior to the mid-
1970s, and the warming in the NTA region also substantially decreases
during the period from 1986 to 1995 (Supplementary Figs. 3 and 5).

This indicates that low-frequency variability (e.g., the Atlantic Multi-
decadal Variability) could also modulate the structure and amplitude
of the TA mode*™.

A key question that needs to be answered is why the south-to-
north shift of the TA mode affects the response time of ENSO to TASST
variability. Previous studies have suggested that NTA SST can influence
ENSO through a subtropical teleconnection mechanism'*>>4°, Our
analysis indicates that this mechanism is at work during P2, when the
loading center of warm SST anomalies in the spring-to-summer TA
mode is situated in the NTA region (Fig. 2i-1). As the Atlantic Inter-
tropical Convergence Zone (ITCZ) shifts northward toward the NTA
region during boreal summer, the MAMJJA® NTA warming can effi-
ciently trigger a Gill-type Rossby wave response over the subtropical
northeastern Pacific, which in turn generates anomalous anticyclonic
flow over the subtropical western Pacific through air-sea coupled
interactions. The anticyclonic flow can then enhance the easterly
anomaly over the equatorial western Pacific, facilitating the develop-
ment of a La Nifa event in the equatorial Pacific during the subsequent
boreal winter (D°JF!). Therefore, there is a lag of approximately
6-9 months (from MAMJJA® to DYF'") for the boreal winter ENSO
conditions to respond to the preceding spring-to-summer NTA SST
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Fig. 3 | Schematic diagram illustrating the physical mechanisms driving the
changes in the tropical Atlantic (TA)-El Nifio-Southern Oscillation (ENSO)
relationship. During 1960-1984 (P1), when spring-to-summer TA mode moves
southward, the South Tropical Atlantic (STA) warming can force South Pacific
Oscillation (SPO)-like atmospheric circulation anomalies by an eastward-
propagating Mid-latitude Rossby wave, which can then induce a South Pacific
Meridional Mode (SPMM)-like sea surface temperature (SST) footprint during the
winter of the first year. The SPMM interacts with the trade winds and extends
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negative SST anomalies equatorward into the equatorial Pacific through the
wind-evaporation-SST (WES) feedback, leading to an eastern Pacific (EP)-type La
Nifa event over the equatorial Pacific during the winter of the second year. During
1990-2014 (P2), when spring-to-summer TA mode moves northward, the North
Tropical Atlantic (NTA) warming can quickly initiate a central Pacific (CP)-type La
Nifia event through a westward-propagating subtropical Rossby wave during the
winter of the first year.

variability during P2. It should be noted that easterly wind anomalies
occur from the Indian Ocean to the western Pacific in boreal summer
during P2 (Fig. 2j), which may be attributed to the NTA warming-
induced atmospheric Kelvin wave. This aligns with the notion that
Kelvin waves can quickly influence subsequent La Nifia events*.

In contrast, a different teleconnection mechanism was active
during P1 when the spring-to-summer TA mode exhibited prominent
warm SST anomalies in the STA region (Fig. 2a-h). Since the positive
heating induced by STA warming is primarily confined to the tropical
eastern-central Atlantic (Supplementary Fig. 7a), the Gill-type Rossby
wave response cannot extend westward sufficiently to reach the east-
ern Pacific, unlike the westward influence generated by NTA warming.
However, the positive heating from STA warming can excite a sta-
tionary Rossby wave train with a barotropic structure propagating
eastward in the mid-latitude Southern Hemisphere*"** (Supplementary
Figs. 7b and 8). The wave activity flux associated with this wave train
moves from the South Atlantic southeastward into the southern Indian
Ocean, then turns northeastward toward Australia before eventually
shifting southeastward into the mid-latitude South Pacific. This process
contributes to significant negative South Pacific Oscillation (SPO)-like
atmospheric anomalies in that region***’ (Fig. 2b, ¢ and Supplementary
Fig. 8). It is important to note that STA warming persists from boreal
summer into autumn (Fig. 2a-c), further contributing to the sustained
SPO anomalies in the South Pacific (Supplementary Fig. 9).

The boreal autumn (OND®) wind anomalies associated with the
SPO can subsequently induce a South Pacific Meridional Mode
(SPMM)-like SST anomaly pattern in the subtropical southeastern
Pacific during ND°J' by altering surface heat fluxes***3*° (Supplemen-
tary Fig. 10). The negative SST anomalies related to the SPMM pro-
pagate from subtropics to the central-eastern equatorial Pacific via the
wind-evaporation-SST (WES) feedback mechanism, which also
intensifies the anomalous easterlies over the equatorial Pacific, further
promoting the development of a La Nifa event during DYF? %5
(Fig. 2e-h). As a result, the response time of ENSO to STA SST

variability is extended during P1, with the entire process spanning
approximately 18-21 months (from MAMJJA® to DYF?).

Here, we schematically summarize the physical mechanisms
through which the TA mode modulates the TA-ENSO relationship
(Fig. 3). During P1, when the loading center of the MAMJJA° TA mode
shifts southward to the STA region, the STA warming effectively trig-
gers an eastward-propagating Rossby wave train in the mid-latitude
Southern Hemisphere, which leads to SPO-like atmospheric anomalies
persisting from boreal summer to late autumn (i.e., from JJA® to OND°).
The OND® SPO then induces a SPMM-like SST footprint during ND",
which can finally result in a La Nifia event during DYJF? (see also Sup-
plementary Fig. 11). In contrast, during P2, when the loading center of
the MAMJJA® TA mode moves northward to the NTA region, along with
the northward shift of the Atlantic ITCZ during JJA°, the NTA warming
can quickly initiate a La Nifia event during D°JF' via a westward-
propagating subtropical Rossby wave. Consequently, the TA-ENSO
relationship persists for approximately four seasons longer during P1
compared to P2.

We also note that the northward shift of the SST variability center
in the TA mode from P1 to P2 may explain the changes in ENSO types
observed over the past few decades’**. During P1, the Pacific SST
anomaly pattern induced by STA warming during DYJF? exhibited an
eastern Pacific (EP) type of La Nifia pattern, with the cooling center
primarily located in the eastern equatorial Pacific (Fig. 2h). In contrast,
during P2, the NTA warming tends to amplify cooling in the central
equatorial Pacific during D°JF", resulting in a central Pacific (CP) type of
La Nifa pattern (Fig. 2I). These findings suggest that in addition to
decadal shifts in the mean state of the tropical Pacific pointed out by
previous studie** ¥, the location of the loading center of the TA mode
may also influence the diversity of ENSO events'*">°°",

Model verifications
The role of the south-north shift of the TA mode in impacting the
response time of ENSO to the TA SST variability is also supported by
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Fig. 4 | Relationship between the locations of the tropical Atlantic (TA) mode
and response time of El Nifio-Southern Oscillation (ENSO) in the Coupled
Model Intercomparison Project (CMIP) historical climate simulations.

a Scatterplot of the latitudinal positions of the loading center of the TA mode and
lead time for which negative correlation coefficients are maximized for the pre-
ceding TA sea surface temperature (SST) index with the subsequent winter Nifio3.4
index. Here, the latitudinal position of the loading center is obtained as follows:
First, the lead time when the negative correlation coefficient between the preced-
ing TA SST index and the subsequent winter Nifio3.4 index reaches its maximum is
identified. Then, the latitude at which the maximum value of the first empirical

orthogonal function (EOF) mode of SST anomalies occurs during this identified
lead time is determined. We selected the common analysis period spanning January
1900 to December 1999 for analysis. The linear fit (black solid line) is displayed
together with the correlation coefficient R, slope, and P-value. The pentagram and
circle represent the selected models in Group 1 and Group 2, respectively. The red
and black hexagons represent the observations in P1 and P2, respectively. b, ¢ The
first EOF mode of the boreal spring-to-summer (MAMJJA®) SST (shading; °C)
anomalies over the tropical Atlantic in Group 1 (b) and Group 2 (c). The impact of
the previous winter (DJF°) ENSO signal has been removed from the MAMJJA® TA
SST index using linear regression with respect to the Nifi03.4 index.

historical simulations from Coupled Model Intercomparison Project
Phase 5 and 6 (CMIP5 and CMIP6) (Supplementary Table 1; see
“Methods” for model selections). Among the 26 selected models, there
is a high inter-model positive correlation (R =0.82, significant at the
95% confidence level) between the simulated latitudinal positions of
the TA mode’s loading center and the lead time of the maximum
negative correlation between the preceding TA SST index and the
following Nifio3.4 index (Fig. 4a). This suggests that if the loading
center of the TA mode is positioned more northward, the simulated
response time of ENSO to TA SST variability would shorten. These
findings from coupled climate model simulations provide additional
support for our conclusion that the response time of ENSO to TA SST
variability is influenced by the south-north shift of the TA mode.

We then divided the models into two groups based on their per-
formance regarding the TA-ENSO relationship: Group 1, which pro-
duces a negative TA-ENSO relationship with TA leading ENSO by
approximately 18-21 months, and Group 2, where TA leads ENSO by
only about 6-9 months. Notably, the loading center of the TA mode in
Group 1 is primarily located in the STA region, while in Group 2, it is
mainly situated in the NTA region (Fig. 4b, c), aligning with the
observational findings. The composited evolutions in the two model
groups further support the mechanisms identified in our observational
analyses (Supplementary Fig. 12). In Group 1, where the loading center
of the spring-to-summer TA mode is positioned further south, the TA
SST variability can excite SPO-like atmospheric variability in the South

Pacific via an eastward-propagating mid-latitude Rossby wave train,
leading to the development of an SPMM during the winter of the first
year, which subsequently results in a La Nifia event during the winter of
the second year. In contrast, in Group 2, the more northward position
of the TA mode’s SST variability during spring-to-summer can rapidly
excite a westward-propagating subtropical Rossby wave, contributing
to the development of a La Nifia event in the following winter.

Furthermore, we selected 14 models from the 26 pre-selected
CMIP5/6 models that simulate well the two types of ENSO events (see
“Methods”). We then categorized these 14 models with the loading
center of the TA mode located in the STA and NTA regions into Group
A and Group B, respectively, and then calculated the winter mean
regression values of the Nifio4 and Nifio3 indices onto the preceding
TA SST index for models in Group A and Group B (Supplementary
Fig. 13). All 8 models in Group A have regression values for the Nifio3
index that are greater than those for the Nifio4 index. In contrast,
among the 6 models in Group B, 5 models exhibit larger regression
values for the Nifio4 index compared to the Nifio3 index. These results
from the models further lend support to the hypothesis that the lati-
tudinal location of the loading center of the TA mode may influence
the diversity of ENSO events.

Discussion
We have shown that the south-north shift of the TA mode may be the
primary factor of the decadal changes in the TA-ENSO relationship.
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Along with the northward movement of the TA mode after the mid-
1980s, the response time of ENSO to the TA SST variability is shortened
from 18-21 months to 6-9 months. Our results differ from previous
studies and attribute this decadal change in the response time to the
south-north shift of the TA mode rather than changes in the ENSO
cycle®. Our findings have profound implications for a better under-
standing of two-way interactions between the tropical Atlantic and
Pacific Oceans and predictions of ENSO.

Our results highlight the impact of the south-north shift of the TA
mode on the decadal variability of the TA-ENSO relationship,
prompting an investigation into the underlying causes of this shift. We
suggest that this displacement may be linked to changes in the
intensity of the South Atlantic subtropical high (SASH) and the North
Atlantic subtropical high (NASH). Prior to the mid-1980s, the SASH
variability was relatively strong, corresponding to the southward shift
of the TA mode. In contrast, there has been a marked increase in the
strength of the NASH afterward***“°, which aligns with the northward
shift of the TA mode (Supplementary Fig. 14a). The possible link
between the south-north shift of the TA mode and changes in the
NASH/SASH intensity was also supported by the CMIP5/6 model
results (Supplementary Fig. 15). It is hypothesized that the increased
variability of the NASH and SASH would enhance the northeasterly and
southeasterly trade winds, respectively (Supplementary Fig. 14b). This
strengthening of the trade winds is likely to amplify the WES feedback,
ultimately intensifying the SST anomalies in the NTA and STA
regions®%, Hence, fluctuations in the NASH and SASH variability may
play a crucial role in the south-north shift of the TA mode.

In addition, notable decadal changes have been observed in the
respective magnitudes of the NTA, Atlantic zonal, and STA modes
(Supplementary Fig. 16). Specifically, since the mid-1980s, both the
STA and Atlantic zonal modes have displayed a weakening trend in
magnitude during the spring and summer seasons®* . As a result,
relative to the magnitudes of the Atlantic zonal and STA modes, the
magnitude of the NTA mode has demonstrated an increasing trend*’°.
These changes may also have contributed to the south-north shift of
the TA mode. Further investigation is necessary to deepen our
understanding of this crucial phenomenon.

It is important to note that while we highlight the influence of
changes in the TA mode itself on the decadal variability of the
TA-ENSO relationship, we do not discount the potential contributions
of other processes, such as changes in the ENSO cycle”. In addition,
considering that there may exist complex nonlinear interactions
between changes in the interannual and decadal components of the TA
mode, it is hard to disentangle the role of changes in the interannual
component of the TA mode from that of changes in its decadal com-
ponent, or from the interactions between them. We cannot entirely
rule out the possibility that the south-north shift of the TA mode and
decadal changes in the TA-ENSO relationship after the mid-1980s may
also be affected by changes in the background state in the TA region
associated with global warming or Atlantic multidecadal oscillation
(AMO)*. The interactions among these processes and their relative
significance require further investigation to attain a comprehensive
understanding of the primary factors driving the decadal changes in
the TA mode and the TA-ENSO relationship.

Methods

Observed data

We used the monthly mean SST dataset from the Hadley Center Sea Ice
and SST dataset version 3 (HadISST; 1871-2023)"". Monthly tropo-
spheric winds, geopotential heights, sea level pressure (SLP), pre-
cipitation, and wind speed data were derived from NCEP-NCAR
Reanalysis 1 (1948-2023). Our analysis focused on the time period
1950-2023. All of the anomalies are calculated by first removing the
average seasonal cycle over the entire period (1950-2023) and then
removing the long-term linear trend using the least squares method.

CMIP5/6 historical simulations

We used the monthly historical simulations produced by 50 models
taking part in the CMIP5/CMIP6 for the model datasets. From the 50
models, we first selected the 30 models with a significant maximum
correlation between the preceding TA SST index and the following
Nifi03.4 index (Supplementary Fig. 17). Then, given that several climate
models (e.g., CSIRO-Mk3.6.0, GISS-E2-R, EC-Earth3-Veg-LR, GFDL-
CM4) exhibit considerable changes in the maximum negative corre-
lation between the preceding TA SST index and the subsequent winter
Nifi03.4 index, we excluded these models and instead selected models
in which the maximum negative correlation remains relatively stable
over time. Finally, we selected 26 models that meet the aforemen-
tioned screening criteria (i.e., temporal stability of the TA SST-Nifi03.4
correlation). Supplementary Table 1 provides the main details of the
selected models.

Furthermore, we selected 14 models from the 26 pre-selected
CMIP5/CMIP6 models for further investigation based on their ability to
reproduce the patterns of the CP and EP ENSO in the Taylor diagram
and Taylor skill scores’”* (Supplementary Fig. 18). To identify the two
types of ENSO, we first removed the tropical Pacific SST anomalies that
are regressed with the Nifio1+2 (0°-10°S, 80°W-90°W) SST index and
then applied EOF analysis to the remaining (residual) SST anomalies to
obtain the SST anomaly pattern for the CP ENSO**%. Similarly, we
subtracted the SST anomalies regressed with the Nifio4 (5°S-5°N,
160°E-150°W) index from the total SST anomalies and then applied
EOF analysis to identify the leading structure of the EP ENSO.

We selected the mutual time between January 1900 and Decem-
ber 1999 for the analysis. For all the CMIP5 and CMIP6 outputs, the
anomalies were obtained on the basis of the full 100-year period.
Additionally, all the model data were bilinearly interpolated to a 1° x 1°
latitude and longitude grid for multi-model ensemble (MME) mean
analysis.

Climate indices

The monthly TA SST index is defined as the principal component
(PC) time series associated with the first leading Empirical Ortho-
gonal Function (EOF) of monthly SST anomalies over the TA region
(30°S-30°N, 70°W-20°E)*°. The spring-to-summer (MAMJJA) TA
SST index is obtained by calculating the average of the monthly TA
SST index from March to August. The Nifio3.4 index, the most
commonly used index to represent ENSO intensity, is defined as the
average of SST anomalies over the Nifo3.4 region (5°S-5°N, 170°W-
120°W). The SPMM index is obtained by the leading Maximum
covariance analysis (MCA) mode of the cross-covariance matrix
between SST and 10-m wind anomalies in the subtropical South
Pacific (35°-10°S, 180°-70°W). We linearly removed the con-
temporaneous cold tongue index (CTI; the average SST anomalies
between 6°S and 6°N and between 180° and 90°W) from the fields
month by month prior to MCA to isolate the local internal variability
to exclude the ENSO influence®. The SPO index is defined by the first
EOF of monthly SLP anomalies in the South Pacific (80°-15°S,
140°E-60°W)*°. The NASH index is defined as SLP anomalies aver-
aged over the North Atlantic (10°-30°N, 75°W-0°). The SASH index
is calculated as SLP anomalies averaged over the South Atlantic
(40°-10°S, 50°W-10°E). The Equatorial Atlantic (EA) SST index is
defined as SST anomalies averaged over the central-eastern equa-
torial Atlantic (3°S-3°N, 20°W-0°)”. The STA SST index is obtained
by SST anomalies averaged over the STA region (30°S-0°,
60°W-10°E). The NTA SST index is defined as SST anomalies aver-
aged over the NTA region (0°-20°N, 90°W-20°E).

The loading center

In this study, the loading center is defined as the latitudinal position
where the maximum value of the first EOF mode of SST anomalies is
located over the tropical Atlantic.
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Rossby wave source and wave activity flux

To explore the influence of the STA warming on the generation of
atmospheric Rossby waves, we further analyze the Rossby wave source
(RWS)’® expressed as:

S=—V(Vlg)= —fDy =D =V, - V(f+0) 4))

where S is the source/sink of the Rossby wave; v, represents the
divergent wind vector, {, is the absolute vorticity, f and { are the
planetary vorticity and relative vorticity, respectively, and D, is the
horizontal divergence.

The wave activity flux” is used to investigate the stationary Rossby
wave propagation induced by the STA warming, which can capture
instantaneous wave propagation. Zonal and meridional components
of the wave activity flux on the pressure coordinates are calculated
according to the following equation:

1 [u(e2 - v ) (v - i)

TR u(Wiw, - Wy ) +o(wf - w'e,) @

2|U|

where U=(u,v) is the basic flow, with u and v representing zonal
(eastward) and meridional (northward) wind velocity, respectively; ¢ is
the quasi-geostrophic stream function. Perturbations are denoted by
primes, and the subscripts x and y are derivatives in the zonal and
meridional direction, respectively.

Significance tests

The statistical significance of the correlations and regressions was
determined using a two-tailed Student’s ¢ test. To account for the
temporal autocorrelation of the time series, the number of effective
degrees of freedom was estimated using the method of Bretherton
et al’® The significance of linear trends is determined using the
Mann-Kendall test, which is a non-parametric test used to detect the
presence of linear or non-linear trends in time series.

Data availability

The data that support the findings of this study are freely available.
The HadISST dataset is available at http://www.metoffice.gov.uk/
hadobs/hadsst3/. The NCEP/NCAR Reanalysis 1 is available at https://
psl.noaa.gov/data/gridded/data.ncep.reanalysis.html. The CMIP5
datasets are available at https://esgf-node.linl.gov/projects/cmip5/.
The CMIP6 datasets are available at https://esgf-node.lnl.gov/
projects/cmip6/. Source data are provided in this paper.

Code availability

The data in this study were analyzed with the NCAR Command Lan-
guage (NCL; http://www.ncl.ucar.edu/). All relevant codes used in this
study are available, upon request, from the corresponding author R.Q.D.
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