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Significant winter Atlantic Niño effect on
ENSO and its future projection
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So-Eun Park7, Chao Liu 8, Gagan Mandal 8, Soon-Il An 7,8,9 & Jong-Seong Kug 1,10

The Atlantic Niño, a primary climatic variability mode in the equatorial Atlantic Ocean, exhibits
pronounced variability not only in boreal summer but also in winter. However, the role of the winter
Atlantic Niño in trans-basin interactions remains underexplored compared to its summer counterpart.
Through analysis of observational reanalysis data since themid-twentieth century, here we found that
the winter Atlantic Niño significantly influences the development of El Niño–Southern Oscillation
(ENSO), surpassing the impact of summer Atlantic Niño, with a longer lead time. This effect is
reasonably captured in the CMIP6 Historical simulations from a multi-model ensemble perspective.
Further analysis of the global warming scenario projects that the influence of winter Atlantic Niño on
ENSOwill persist into the future, in contrast to the reduced impact of summer Atlantic Niño. Therefore,
these findings underscore the importance of further investigating the winter Atlantic Niño to gain a
comprehensive understanding of trans-basin interactions and their future changes.

Manifested by various air-sea coupled processes1–7, the Atlantic Niño is
widely recognized as a leading mode of climatic variability in the tropical
Atlantic Ocean on interannual time scales8–12. It exhibits its strongest
variability in the boreal summer season (for convenience, seasons in this
study follow those of the northern hemisphere) when the climatological
mean thermocline depth along the equatorial Atlantic becomes shallower,
accompanied by intensified mean easterly winds. In its positive phase, the
sea surface temperature (SST) anomaly (SSTA) along the equatorialAtlantic
becomes warm with westerly wind anomalies, and vice versa in its negative
phase3,8,10,12–15.

TheAtlanticNiño events also involve precipitation changes around the
Gulf of Guinea, the western coast of equatorial Africa16–22, and Northeast
Brazil23, aswell as thedevelopmentofhurricanes24.Onseasonal timescales, it
is accompanied by a displacement of the Intertropical Convergence Zone
(ITCZ) from the South America to the Atlantic Ocean13,25. This shift in the
ITCZ induces modifications in deep convection, giving rise to stationary
Rossby waves that propagate into themid-latitudes. Consequently, Atlantic
Niño events influence the North Atlantic Oscillation26 and rainfall over the
MediterraneanSea andEurope11,27. Simultaneously, throughmodulationsof
the Walker circulation28, the Atlantic Niño both affects and is affected by

other major climatic phenomena such as El Niño–Southern Oscillation
(ENSO)29–38 and the Indian Ocean Dipole39, which are regarded as crucial
drivers of climate variability in the Pacific and Indian Oceans, respectively.
Given its substantial climatic and socioeconomic impacts21,24,40, the Atlantic
Niño has been of extensive interest.

While a typical Atlantic Niño is commonly characterized by an SSTA
loading center in the eastern equatorial Atlantic during the summer, recent
studies have revealed a variety of spatiotemporal evolution patterns for this
phenomenon41,42. For example, unlike the consistent pattern previously
assumed, the center of Atlantic Niño events is occasionally found in the
central Atlantic region42. Furthermore, the onset and dissipation timings of
these events display considerable diversity41. Particularly, Atlantic Niño
events are frequently observed during the winter43,44, coinciding with the
second shallowest thermocline with easterly winds in that season45. To
differentiate this winter occurrence from the more commonly studied
summer Atlantic Niño (a.k.a., Atlantic Niño I45), in this study, it is termed
the winter Atlantic Niño (a.k.a., Atlantic Niño II45).

Previous studies have examined the lead-lag relationship between the
summer/winter AtlanticNiño and following ENSOwith a half-year29–38 and
one-year lag43,44, respectively. For the summer Atlantic Niño, its effect on
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ENSO was found to be weak during the mid-twentieth century, but
strengthened from the late twentieth to the early twenty-first century29,43,44.
We found that their lagged correlation coefficient is −0.23 since the mid-
twentieth century (1950–2021), which is not significant at the 95% con-
fidence level. Note that the change in their correlation coefficient is negli-
gible when previous ENSO signals are excluded from the summer Atlantic
Niño index (Supplementary Table 1).

In contrast to the summer Atlantic Niño, the winter Atlantic Niño
effect on ENSO was strong during the mid-twentieth century but became
weaker during the late twentieth to early twenty-first century43. During
1950–2021, their lagged correlation coefficient became−0.41, significant at
the 99% confidence level (when simultaneous ENSO signals are removed, it
is −0.40). This result contrasts sharply with the summer Atlantic
Niño–ENSO relationship, which was found to be statistically insignificant
over the same period. Notably, over the same period, the ENSO connection
is most prominent with the winter Atlantic Niño, rather than with other
primary climate variability modes, such as the Northern Tropical Atlantic
(−0.32)46–49 and the Atlantic Warm Pool50,51 (a.k.a., Western Hemisphere
Warm Pool52,53,−0.22) (Supplementary Table 1). This implies that among
the climate variabilitymodes in theAtlanticOcean, the onemost relevant to
the development of ENSO over the last seven decades could be the winter
Atlantic Niño.

This simple correlation analysis implies the significant role of the
winter Atlantic Niño in inter-basin interactions. Nevertheless, unfortu-
nately the winter Atlantic Niño effect on ENSO has not been well investi-
gated so far. Furthermore, there has been a lack of evaluation regarding the
capability of current climatemodels to simulate the relationshipbetween the
winter Atlantic Niño and ENSO.

In this view, we examine the observed winter Atlantic Niño effect on
ENSO in this study by analyzing the reanalysis dataset from 1950 to 2021.
Additionally, we aim to assess the fidelity of climate models participating in
the CoupledModel Intercomparison Project Phase 6 (CMIP6) in capturing
the lagged relationship between the winter Atlantic Niño and subsequent
ENSO events. Based on this assessment, we will also address its future
projection. Through our analysis, we propose that the significant winter
AtlanticNiño effect on ENSOwill persist under global warming, in contrast
to the weakened summer Atlantic Niño–ENSO connection.

Result
Observed relationship between the Atlantic Niño and ENSO
(1950–2021)
We first obtained the monthly indices for the Atlantic Niño and ENSO by
averaging the SSTA in the eastern equatorial Atlantic (0–20°W and
5°S–5°N) and the Niño3.4 region (120–170°W, 5°S–5°N), respectively. To
examine their relationship, we conducted a lead-lagged correlation analysis
spanning from1950 to 2021 (864months). In Fig. 1a, the negative (positive)
values on the x-axis indicate howmany months the ENSO (Atlantic Niño)
leads the Atlantic Niño (ENSO), while the y-axis represents the calendar
months of the leading index. For example, the bottom left area in Fig. 1a
shows that ENSO in October to December positively precedes the Atlantic
Niñowith a lag of 2–4months. This result indicates that theENSO influence
appears relatively modest, consistent with findings from prior studies.

When it comes to the Atlantic Niño-leading-ENSO signals, the upper
red box in Fig. 1a indicates that the Atlantic Niño from June to August
negatively leads ENSO, roughly with a lag of 9months, and these signals are
modest. Meanwhile, the Atlantic Niño from December to February

Summer Atlantic Nino (1st R-EOF)

Winter Atlantic Nino (1st R-EOF)

(a) (c)(b)

)e()d(

Lead-Lagged Corr.
(Nino3.4 vs. Atlantic Nino) Regr. vs. Summer Atlantic Nino

Regr. vs. Winter Atlantic Nino

Fig. 1 | Atlantic Niño and its relationship with ENSO. a Lagged correlation
between the monthly Atlantic Niño and ENSO indices for the period
1950–2021, where the x-axis indicates the number of months by which the
Atlantic Niño index leads the Niño3.4 index (for positive values, the Atlantic
Niño leads ENSO, and vice versa); the y-axis indicates the period from October
to the following September. The negative maximum is found at 5–15 (x-axis)
during December to February (y-axis), indicating that the Atlantic Niño in
boreal winter negatively leads ENSO with a lag of 5–15 months. Hatching
indicates the 99% confidence level using a two-tailed Student’s t-test (degree of
freedom: 50). b The first Rotating-EOF mode of SSTA in the tropical Atlantic
Ocean during summer, along with its PC time series (black line in the bottom
panel, normalized). The black box in the top panel indicates the area of Atlantic
Niño (0–20°W, 5°S–5°N). The areal average of SSTA over the Atlantic Niño

area in summer is illustrated by the red line in the bottom panel (normalized).
Herein, green contours indicate anomalous summer precipitation regressed
onto the summer Atlantic Nino index. The contour interval is 0.5 mm/day
(solid for positive and dashed for negative; the zero line is omitted).
c Anomalies of SST (shading, shading bar at right, 95%), low-level wind
(850 hPa, vector, 95%), and precipitation (green and brown dots for positive
and negative, 95%) in JJA[1] (top) and D[1]JF[2] (bottom) regressed onto the
normalized summer Atlantic Niño index (previous winter ENSO signals are
linearly removed). d Similar to (b), but for winter. e Anomalies of SST (shading,
shading bar at right, 95%), low-level wind (850 hPa, vector, 95%), and pre-
cipitation (green and brown dots for positive and negative, 95%) in D[0]JF[1]
(top) and D[1]JF[2] (bottom) regressed on to the normalized winter Atlantic
Niño index (simultaneous winter ENSO signals are linearly removed).
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significantly leads ENSOwith a lag ranging from 5 to 15 months, as shown
in the bottom red box in Fig. 1a. These results indicate that ENSOhas a close
relationship with the previous winter Atlantic Niño, rather than with the
previous summer Atlantic Niño.

Building upon the aforementioned results, we investigated the spa-
tiotemporal variability of Atlantic Niño during both summer and winter,
along with their subsequent effects on ENSO in the following winter. To
comprehend the variability of the summer Atlantic Niño, we applied the
Rotating-Empirical Orthogonal Function (R-EOF) analysis to the SSTA in
the tropical Atlantic in summer54 (Methods). As depicted in Fig. 1b, the 1st
R-EOF mode, explaining 35.5% of the total variability, reveals a distinct
spatial pattern characterized by strong SSTA amplitude extending from the
eastern equatorial Atlantic Ocean to the subtropical western coast of South
Africa. This spatial pattern resembles that of the summer Atlantic Niño. Its
principal component (PC) time series is illustrated in Fig. 1b along with the
summer Atlantic Niño index which is obtained by averaging the monthly
Atlantic Niño index over the JJA season. Their correlation coefficient is
higher than 0.9, indicating that the 1st R-EOF mode represents a physical
mode55. Additionally, the green contour lines indicate anomalous pre-
cipitation regressed onto the summer Atlantic Niño index. Herein, the
precipitation center is located over the northern area of the Atlantic Niño
region (15°W, 5°N) toward the Sahel, in association with the northward-
displaced ITCZ in summer.

Figure 1c illustrates anomalies of SST, low-level wind (850 hPa), and
precipitation regressed onto the summer Atlantic Niño index. In JJA[1],
SSTA warming is observed along the equatorial Atlantic, accompanied by
westerly winds and enhanced precipitation, consistent with the features of
the summer Atlantic Niño (Fig. 1b). The modulation of the Walker circu-
lation by summer Atlantic Niño results in decreased precipitation over the
equatorial PacificOcean, leading to low-level easterlywinds and subsequent
SSTA cooling in that region. Due to the Bjerknes feedback, the low-level
easterly winds are still observed with SST cooling in the equatorial eastern
Pacific in D[1]JF[2], despite the weak signals.

Subsequently, we applied the R-EOF method to the SSTA in the tro-
pical Atlantic, this time focusing on winter. As illustrated in Fig. 1d, the 1st
R-EOFmode accounts for 23.3%of the total variability and exhibits a spatial
pattern akin to that of the summer Atlantic Niño, implying a similar
underlying development mechanism. Its PC time series has a high corre-
lation coefficient (>0.9) with the winter Atlantic Niño index, which is
obtained by averaging themonthlyAtlanticNiño index over theDJF season
(Fig. 1d). This robust correlation underscores the physical relevance of the
identified R-EOF mode in characterizing the winter Atlantic Niño
phenomenon.

In Fig. 1d, the green contours depict anomalous precipitation in the
DJF season regressed onto the winter Atlantic Niño index. Unlike
the precipitation patterns associated with the summer Atlantic Niño, where
the precipitation center shifts toward the Sahel region (Fig. 1b), the strongest
precipitation anomalies linked to the winter Atlantic Niño are found from
the mouth of the Amazon River to the western Atlantic Ocean along the
equator. This is due to the southward movement of the Atlantic ITCZ
toward South America, coinciding with the South American monsoon.
Previous studies suggest that the Atlantic Ocean’s influence on the Pacific
Ocean tends to increase when anomalous precipitation in the tropical
Atlantic shiftswestward and closer to the equator35,36. This provides a clue as
to why the winter Atlantic Niño effectively affects the Pacific climate.

To investigate how thewinter AtlanticNiño affects the development of
ENSO43, anomalies of SST, low-levelwind (850 hPa), andprecipitationwere
regressed onto the winter Atlantic Niño index. In D[0]JF[1] (where, “1”
indicates the decaying year of the winter Atlantic Niño) (Fig. 1e), SSTA
warming is observed along the equatorial Atlantic with westerly wind
anomalies and enhanced precipitation (please refer to Supplementary Fig. 1
for other seasons). Concurrently, low-level cyclonic circulation is located
near Eastern Brazil (40°W) in both hemispheres, indicative of a Gill-type
response to the equatorial atmospheric latent heat forcing. Since solar
radiation faces the southern hemisphere in this season, precipitation along

the equatorial Atlantic is greater in the southern hemisphere than in the
northern hemisphere. Over the Pacific, northeasterly wind anomalies are
observed over the off-equatorial North Pacific. These easterly wind
anomalies in boreal spring propagate toward the equator (Supplementary
Fig. 1), facilitating the trade wind discharge44,56,57. Through the Bjerkness
feedback, which is driven by the easterly wind along the equator in the
following seasons, LaNiñadevelops in the followingwinter (D[1]JF[2]). It is
worth noting that these results remain consistent when other reanalysis
datasets, such as ERSSTv5 and HadISST, are utilized (Supplementary
Figs. 2, 3). We also note that the existence of previous Summer (JJA[0])
Atlantic Nino events does not affect these results (Supplementary Fig. 4),
due to their low correlation coefficient (0.25; Supplementary Table 1).

Winter Atlantic Niño effect on ENSO in the historical and global
warming scenario
Observational analysis during the last seven decades indicates that the
winter AtlanticNiño exerts amore significant effect on ENSO, compared to
the summer Atlantic Niño. Based on these results, we sought to investigate
how current climate models participating in CMIP6 simulate the winter
Atlantic Niño effect on ENSO in the Historical and SSP585 simulations
(refer to Table 1 for climate models). To do this, we followed the same
process as the observational analysis to obtain the winter Atlantic Niño and
ENSO indices. Then, the 1-year lagged relationship between the winter
Atlantic Niño (D[0]JF[1]) and ENSO (D[1]JF[2]) indices was examined.

Figure 2a indicates the lagged correlation coefficients between them for
each climatemodel, as well as for their Multi-Model Ensemble (MME). For
theHistorical simulations, the correlation coefficients across climatemodels
exhibit a wide range, varying from −0.47 for TaiESM1 to 0.17 for MPI-
ESM1-2-LR, with 23 out of 30 climate models showing a negative correla-
tion.As a result, theMME is−0.11,which is seemingly small but statistically
significant at the 99% confidence level based on the Student’s t-test with a
large degree of freedom. For the SSP585 simulations, 25 out of 30 climate
models show a negative correlation. Accordingly, compared to the His-
torical simulation, their MME is slightly increased to −0.15 (99% con-
fidence level).

In addition to the correlation coefficient, regression coefficients in
each climate model were also analyzed to infer the actual change in
ENSO amplitude concerning variations in the winter Atlantic Niño. To
this end, the original ENSO index (not normalized) is regressed onto the
normalized winter Atlantic Niño index (y-axis in Fig. 2b). In the figure,
the x-axis represents the correlation coefficients from Fig. 2a, wherein
the R-squared value is greater than 0.9, indicating a pronounced linear
relationship between the correlation and regression coefficients. The
slope is 3.89, implying that a correlation coefficient of 0.1 in a particular
climate model corresponds to a change in the ENSO index of
approximately−0.4 °C per standard deviation of the Atlantic Niño.

Table 1 | List of climate models from CMIP6 utilized in the
present study

CMIP6 Models

ACCESS-CM2 E3SM-1-1-ECA IPSL-CM6A-LR

ACCESS-ESM1-5 EC-Earth3 KACE-1-0-G

AWI-CM-1-1-MR EC-Earth3-Veg MIROC6

BCC-CSM2-MR EC-Earth3-Veg-LR MPI-ESM1-2-HR

CanESM5 FGOALS-f3-L MPI-ESM1-2-LR

CESM2 FGOALS-g3 MRI-ESM2-0

CIESM FIO-ESM-2-0 NESM3

CESM2-WACCM GFDL-ESM4 NorESM2-LM

CMCC-CM2-SR5 INM-CM4-8 NorESM2-MM

E3SM-1-1 INM-CM5-0 TaiESM1

Each climate model reserve SST, precipitation, and low-level wind (U, V) dataset.
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Similarly, the slope is about 4.58 for SSP585 simulation (Fig. 2b), which
is stronger than that of the Historical simulations.

The above results suggest that the climate models in CMIP6
reasonably simulate the winter Atlantic Niño-leading-ENSO rela-
tionship from an MME perspective. To examine the processes by
which the winter Atlantic Niño affects following ENSO events, SST,
low-level wind, and precipitation anomalies are regressed onto the
winter Atlantic Niño in each climate model, and the results are
averaged. Figure 3a illustrates the simultaneous oceanic and atmo-
spheric states when winter Atlantic Niño events occur in the His-
torical simulations. Over the Atlantic Ocean, SSTA warming occurs

with westerly winds and enhanced precipitation, with stronger signals
in the southern hemisphere than in the northern hemisphere, mir-
roring observations. However, the overall structure of the winter
Atlantic Niño is meridionally and zonally wider than observed.
Consequently, a pronounced modification of the Walker circulation
is evident, characterized by strong low-level winds over the Pacific
Ocean. From MAM to DJF, the signals over the Atlantic Ocean
gradually decay, while those over the Pacific Ocean grow due to
Bjerknes feedback. In the case of the SSP585 simulations, the overall
evolutionary processes associated with the winter Atlantic Niño are
consistent with those in the Historical simulations (Fig. 3d, e). In

Fig. 2 | The relationship between the Winter Atlantic Niño and ENSO in the
Historical and SSP585 simulations from CMIP6. a The lagged correlation coef-
ficients between the winter Atlantic Niño index (D[0]JF[1]) and the ENSO index
(D[1]JF[2]) across 30 climatemodels from theHistorical (pale blue, 1850–2014) and
SSP585 (pale red, 2015–2100) simulations in CMIP6 are shown (Table 1). Their
MMEs are illustrated on the leftmost side in blue and red. Black borders around each
bar indicate statistical significance at the 95% confidence level based on the Student’s
t-test, with degrees of freedom fixed at 120 for Historical and 70 for

SSP585 simulations. Error bars for theMMEs represent the 95% confidence interval
derived from a bootstrap method (10,000 times). b A scatter plot of correlation (x-
axis) and regression (y-axis, °C) between the winter Atlantic Niño (D[0]JF[1],
normalized) and the ENSO (D[1]JF[2], unnormalized) index is presented. Pale blue
and pale red dots represent climate model results from the Historical and
SSP585 simulations, with their MMEs marked by blue and red dots. The regressed
lines are shown as dotted pale blue and pale red lines.

Regr. vs. Atlantic-Nino Index

Historical (1850-2014) SSP585 (2015-2100)

(a)

(c)

(d)

(f)

(b) (e)

Fig. 3 | Spatiotemporal evolution patterns of oceanic and atmospheric states
regarding the winter Atlantic Niño in CMIP6. aMME of anomalies of SST (°C,
shading bar at right), low-level wind (vector, at 850 hPa), and precipitation (dots,
green and brown for positive and negative) in D[0]JF[1] regressed onto the winter

Atlantic Niño index (D[0]JF[1]) in the Historical simulations (1850–2014).
b, c Same as (a), but inMAM[1] andD[1]JF[2], respectively. Themarked SST, wind,
and precipitation reflect a 99% confidence level based on the Student’s t-test.
d–f Similar to (a–c), but with SSP585 simulations (2015–2100).
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short, these findings suggest that the significant winter Atlantic Niño
effect on ENSO is expected to persist during the global warming
period.

Meanwhile, several climate models underestimate or even
simulate an opposite correlation between the winter Atlantic Niño
and ENSO (Fig. 2a). Hence, to appropriately infer future changes in
the relationship between the winter Atlantic Niño and ENSO, it
would be reasonable to analyze only those climate models that can
faithfully capture the Atlantic Niño−ENSO correlation. In this
regard, we selected 8 models that significantly simulate the Atlantic
Niño−ENSO correlation in the Historical simulation as the “Best
models” (Fig. 2a): TaiESM1, NorESM2-LM, CESM2, MIROC6,
NorESM2-MM, CIESM, MRI-ESM2-0, and IPSL-CM6A-LR. For
these Best models, their MME of the 1-year lag correlation between
winter Atlantic Niño and ENSO for both the Historical and SSP585
simulations are −0.31 and −0.30, respectively. Furthermore, by
examining the lead-lagged regression results using the Best models,
we confirmed that the correlation between the winter Atlantic Niño
and ENSO remains significant under future climate conditions
(Supplementary Fig. 5).

Atmospheric responses to the winter Atlantic Niño in the His-
torical and SSP585 simulations
Previous studies have suggested that the summer Atlantic Niño effect on
ENSO is likely to be weakened under greenhouse warming58. This weak-
ening has been attributed to the reduced precipitation responses over the
equatorial Atlantic Ocean and the decreased variability of the summer
Atlantic Niño59. In contrast, we have shown that the winter Atlantic Niño
effect on ENSO is stronger than the summer Atlantic Niño effect and is
expected tobemaintainedunder globalwarming. In light of these results,we
aimed to examine changes in the variability of the winter Atlantic Niño
under global warming. Additionally, to infer the change in the precipitation
response, climatological mean state of precipitation over the equatorial
Atlantic in winter and its variability were examined.

The left box-whisker plot in Fig. 4a illustrates the distribution of the
standard deviation of the winter Atlantic Niño in climate models from
Historical and SSP585 simulations. It is evident that the distribution in
climate models from the SSP585 simulation is wider than that of the
Historical simulation. However, the MMEs of Historical and

SSP585 simulations are both 0.326, indicating an insignificant difference
between them. This suggests that the variability of the winter Atlantic
Niño is expected to be maintained under global warming.

Meanwhile, the right box-whisker plot indicates the local precipitation
response (0–45°W and 0–5°S) to the winter Atlantic Niño. Similar to the
standard deviation of the winter Atlantic Niño, the distribution of pre-
cipitation response spreads widely in the SSP585 simulations, compared to
the Historical simulations. However, their MMEs are close to each other
(0.413 for Historical and 0.412 for SSP585). This suggests that the local
precipitation response to the winter Atlantic Niño under global warming is
not significantly altered.

Considering the sustained atmospheric response over the equa-
torial Atlantic, we examined the changes in the climatological winter
precipitation mean state under global warming. Figure 4b shows the
difference in winter precipitation between SSP585 and Historical
simulations, revealing intensified precipitation over the equatorial
Atlantic and the South Atlantic Convergence Zone (SACZ) in the
SSP585 simulation. This intensified mean precipitation accompanies
an amplification in the standard deviation of precipitation over the
equatorial Atlantic and SACZ area. Aligned with the enhanced mean
precipitation and its variability, the precipitation response to the SST
over the region is expected to be maintained, under enhanced
atmospheric stability60. In summary, the sustained variability of the
winter Atlantic Niño and the precipitation responses under global
warming collectively contribute to the persistence of the winter
Atlantic Niño effect on ENSO.

Discussion
The Atlantic Niño, recognized as the predominant climate variability mode
in the equatorial Atlantic, has received considerable attention due to its
profound impact on the climateof bothnearby anddistant regions. Previous
research has primarily focused on the summer season when its variability
peaks. However, it is worth noting that significant variability also occurs
during the winter season. Despite this, research on the winter Atlantic Niño
remains relatively scarce. In this context, we investigated the influence of the
winter Atlantic Niño on subsequent ENSO events with a 1-year lag over
the past 70 years. By examining this relationship, we aimed to shed light on
the importance of the winter Atlantic Niño in shaping interannual climate
variability and its implications for broader climate dynamics.

Std ( C)
(Winter Atl-Nino)

d(Pr) / d (Winter Atl-Nino)
(mm/day)

(a)
Historical vs. SSP585

Historical & SSP585

)c()b(

)yad/mm()yad/mm(

Fig. 4 | Variability of the winter Atlantic Niño and precipitation responses to it
with respect to the mean state changes between Historical and
SSP585 simulations. a The box-whisker plot shows the standard deviation of the
winter Atlantic Niño (left, °C) and the precipitation response (0–45°W and 0–5°S,
mm/day) to the winter Atlantic Niño (right) for Historical (blue) and SSP585 (red)
simulations. In the box plot, the bottom, middle, and top edges represent the 25th
percentile (First Quartile, Q1), the 50th percentile (SecondQuartile, Q2, ormedian),
and the 75th percentile (Third Quartile, Q3) of the data, respectively. The

Interquartile Range (IQR) is calculated as Q3 minus Q1. The whiskers extend to the
smallest and largest values within 1.5 times the IQR from Q1 and Q3, respectively.
Data points outside the whiskers are considered outliers. The mean and outliers are
marked by an “x” and dots, respectively. b Differences in climatological mean pre-
cipitation (shading) in the DJF season between SSP585 and Historical simulations.
c Differences in standard deviation of precipitation (shading) in the DJF season
between SSP585 and Historical simulations.
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We have demonstrated that the winter Atlantic Niño exerts a sig-
nificant and greater effect onENSOcompared to the summerAtlanticNiño.
Furthermore, our analysis ofHistorical andSSP585 simulation fromCMIP6
indicates that climate models are capable of reasonably simulating the
relationship between thewinterAtlanticNiño and subsequent ENSOevents
from anMME perspective. Given that the variability of the winter Atlantic
Niño and the precipitation responses to it are projected to be maintained
under global warming, in association with intensified mean precipitation
over the equatorial AtlanticOcean, we anticipate that its influence onENSO
will persist in the future. Therefore, we believe that further investigation of
the winter Atlantic Niño will lead to a better understanding of trans-basin
interactions and their implications for future climate dynamics. Note that
this contrastswith theweakening influence of the summerAtlanticNiño on
ENSO under global warming, which is attributed to the reduction in cli-
matological summer mean precipitation and its decreased variability in the
equatorial Atlantic (Supplementary Fig. 6).

As discussed above, theMMEof climatemodels appears to reasonably
capture the effect of the winter Atlantic Niño on ENSO. However, it is
important to acknowledge that most climate models struggle to accurately
reproduce the spatiotemporal characteristics of theAtlanticNino associated
with the climatologicalmean state. For example, observations reveal that the
Atlantic Niño exhibits peak phases during both summer and winter, yet
climate models rarely simulate these double peaks, thus failing to replicate
such phenomena from an MME perspective (Supplementary Fig. 7).

Regarding the unrealistic simulation of the winter Atlantic Nino in
climatemodels, the winter Atlantic Nino seems to be a decaying phase of the
summerAtlanticNino.To this end,we obtained theMMEof anomalous SST
regressed onto the winter Atlantic index from the previous summer (JJA[0])
to winter (D[0]JF[1]) in Historical simulation (Supplementary Fig. 8). The
results show that a weak SSTA warming in the equatorial Atlantic region
during summer intensifies through the fall and becomes stronger in winter.
Consequently, the winter Atlantic Niño could be considered an independent
mode from the summer Atlantic Niño even in climate models.

Furthermore,whereas the spatial variability of thewinterAtlanticNiño
inobservations iswell explainedbyR-EOF, climatemodels often fall short in
adequately simulating this variability (Supplementary Fig. 9). These dis-
crepancies may be attributed, in part, to the fact that observed re-
intensificationof the climatological low-level easterlywindanddeepeningof
the thermocline along the equatorial Atlantic in boreal winter are not well
reproduced in climate models. These issues regarding the simulation of the
observed climatological mean state in climate models are well-documented
in previous research9,61. Therefore, conducting an in-depth investigation to
improve the climatologicalmean state in climatemodelswould be beneficial
for better simulating the Atlantic Niño and its influence.

Methods
Index
For both observation andCMIP6 analysis, themonthlyAtlanticNiño index
is defined as the areal averaged SSTA over the equatorial Atlantic Ocean
(0–20°W,5°S–5°N) in1950–2021.Toobtain thewinterAtlanticNiño index,
the average for December to February is calculated from the monthly
Atlantic Niño index. When conducting correlation or regression analyses,
the simultaneous winter (DJF) ENSO signal is removed linearly using
regression analysis to exclude ENSO auto-correlation effects. For the
summer Atlantic Niño index, June to August is averaged from the monthly
Atlantic Niño index. When conducting correlation or regression analyses,
the previous winter (DJF) ENSO signal is removed linearly using regression
analysis to exclude ENSO auto-correlation effects. The ENSO index is
retained by averaging SSTA over the Niño3.4 area (120°W–170°W and
5°S–5°N), with a focus on the DJF season.

Rotating EOF (R-EOF) analysis
EOF analysis is commonly used to extract the dominant physical climate
modes that explain the total variability of a specific region well. However,
since it relies solely on amathematical approach, it is not always grounded in

physical principles. Therefore, to complement the limitations of EOF and
improve the physical interpretation, Rotating-EOF analysis is often
employed by rotating the projected EOFs. In this study, varimax orthogonal
rotation, which maximizes the total variance of the squared-loading coef-
ficients was applied to the original EOFs62,63.

Data availability
ReanalysisDataset:We utilized the ECMWFReanalysis v5 (ERA564), which
combines vast amounts of historical observations intoglobal estimatesusing
advancedmodeling and data assimilation systems. Additionally, to confirm
the robustness of the results, we also use the monthly dataset from the US
NOAANationalCenter for Environmental PredictionReanalysis 1 (NCEP-
R165), which is an assimilated dataset that employs a state-of-the-art analysis
and forecast system. For SSTs, NOAA’s Extended Reconstruction Sea
Surface Temperature version 5 (ERSSTv566) and Hadley Centre Sea Ice and
Sea Surface Temperature data set (HadISST67) were selected, both of which
are globalmonthly SSTdatasets. The analysis period for this studywas from
1950 to 2021. CMIP6 Dataset: For Historical and SSP585 simulations, we
can reserve 30 climate models that provide SST, SLP, wind, and precipita-
tion (Table 1). All of observational and CMIP6 data can be downloaded
fromopenURL.ERA5: https://www.metoffice.gov.uk/hadobs/hadisst/data/
download.html. NCEP-R1: https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis.html. ERSSTv5: https://www.esrl.noaa.gov/psd/data/data.php.
HadISST: https://www.metoffice.gov.uk/hadobs/hadisst/data/download.
html. CMIP6: https://aims2.llnl.gov/search/cmip6/.

Code availability
Codes used in the manuscript are available upon reasonable requests from
J.-H. Park (jhp11010@gmail.com).
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