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It is known that winter Atlantic-Nifo events can induce the El Nifio—Southern oscillation (ENSO) in the following winter with a lag of
1-year during one period. On the other hand, summer Atlantic-Nifio events can lead to the ENSO in the subsequent winter with a
half-year lag during another period. In this study, we investigate the distinct interdecadal modulation of the effect of the Atlantic-
Niflos on ENSO by analyzing observational reanalysis datasets. During the mid-twentieth century, the winter Atlantic-Nifio exhibited
increased intensity and extended westward due to warmer conditions in the tropical western Atlantic. As a result, convection
occurred from the Amazon to the Atlantic, triggering an atmospheric teleconnection that led to trade wind discharging and
equatorial Kelvin waves, ultimately contributing to the development of ENSO. In contrast, during late twentieth century, summer
Atlantic-Nifio events were closely linked to the South America low-level jet in boreal spring. This connection led to the formation of
widespread and intense convection over the Amazon to the Atlantic region. Then, the Walker circulation was effectively modulated,
subsequently triggering ENSO events. Further analysis revealed that the interdecadal modulation of the Atlantic-South
America—Pacific mean state plays a crucial role in shaping the impact of Atlantic-Nifios on ENSO by modifying not only the
characteristics of the Atlantic-Nifios but also ocean-atmospheric feedback process. Therefore, improving our understanding of the
interdecadal modulation of the climatological mean state over the Pacific to Atlantic regions enables better anticipation of the

interaction between the Atlantic and Pacific Oceans.
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INTRODUCTION

The tropical Atlantic Ocean exhibits a wide range of climate
variability patterns and exerts a significant influence on local
weather and climate, spanning across the African and American
continents' . Its impact also extends to remote regions such as
the North Atlantic, Europe, Indian Ocean, and the Pacific Ocean*~”.
Among the various variability modes of sea surface temperature
(SST) anomaly (SSTA) in the tropical Atlantic, one prominent mode
is the Atlantic-Nifio”’~'2. The development of Atlantic-Nifio is
attributed to internal processes, particularly the Bjerknes feed-
back'®'314 which demonstrates a positive feedback loop
between the ocean and atmospheric based on the thermocline
slope. Additionally, external forcings from the South and North
Atlantic'>"'® and Indian Oceans'® can contribute to the evolution
of Atlantic-Nifio events.

The Atlantic-Nifio exhibits its maximum variability during the
boreal summer?° (for convenience, seasons denoted in this study
follow those in the Northern Hemisphere). In contrast, the
maximum variability of El Nifio-Southern Oscillation (ENSO) occurs
during winter?'. Concerning the lead-lagged relationship between
the Atlantic-Nifio and ENSO, it is widely recognized that the warm
(cold) phase of the summer Atlantic-Nifio enhances the likelihood
of occurrence of La Nifa (El Nifio) events in the following
winter?>=?7,

An often overlooked aspect of the Atlantic-Nifo is that it has a
second peak during winter?®, This secondary peak is also based on
the presence of a shallow thermocline along the equatorial
eastern Atlantic between October and December. The shallow
thermocline creates favorable conditions for the thermocline
feedback, thereby contributing to the development of winter
Atlantic-Nifio. Recent reports have indicated that, similar to the
summer Atlantic-Nifo, the winter Atlantic-Nifo can also trigger
ENSO events with a lag of 1-year®.

Notably, the effects of the summer and winter Atlantic-Nifios on
ENSO development are not stationary>>2°31, Specifically, the
influence of the summer Atlantic-Nifio on ENSO has intensified
since the mid-twentieth century, particularly after the 19805233931,
Previous studies have attributed this strengthening effect to the
westward expansion of the Atlantic-Nifio and its associated
convective precipitation®*32, The changes in the summer
Atlantic-Nifo characteristics and its impact have been linked to
the long-term natural variability (e.g., Atlantic Multidecadal
Oscillation (AMO))3233, It has also been reported that the position
of the Atlantic intertropical convergence zone (ITCZ), associated to
the South Atlantic warming/cooling, determines the character-
istics of the summer Atlantic-Nifio and that the Indian Ocean plays
a role in transmitting the summer Atlantic-Nifio effect to the
equatorial Pacific®3'. Similarly, the effect of the winter Atlantic-
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Nifo on ENSO was found to be enhanced during the mid-
twentieth century?® although the underlying processes have not
been thoroughly investigated.

While progress has been made in understanding the influence
of the Atlantic on the Pacific3*38, there is still a need for a
comprehensive examination of its non-stationary nature. Specifi-
cally, it is necessary to investigate how the lead-time of the
Atlantic-Nifio effect on ENSO is determined over interdecadal
timescales. Moreover, since the impact of the winter Atlantic-Nifio
on ENSO has only recently been reported??, further investigation
into this process is warranted. Therefore, in this study we aim to
explore the observed interdecadal modulation of the Atlantic-
Nifo effect on ENSO, with a particular focus on its lead time from
the perspective of long-term natural variability. Our analysis will
demonstrate that the interdecadal modulation of the climatolo-
gical mean state across the Atlantic to Pacific Oceans not only
alters the characteristics of the Atlantic-Nifo but also influences
feedback processes. This collective modification plays a crucial
role in determining the lead time of the Atlantic-Nifio effect on
ENSO.

RESULTS

Interdecadal modulation of the relationship between the
Atlantic-Nifio and ENSO

To access the interdecadal modulation of relationships between
the Atlantic-Nifo and ENSO, we first performed a lead-lagged
correlation analysis between the monthly Atlantic-Nifio and Nifo-
3.4 indices (indices are described in the “Method” section). This
analysis was carried out using a 300-month (25-year) running
window, wherein climatological mean of each index was first
subtracted, and the trend within each analyzed period was
removed. For instance, when conducting a correlation analysis
over 1901-1925, the trend during that period was eliminated. In
Fig. 1a, the correlation coefficients for negative lags on the x-axis
are found to be positive overall, indicating a positive lead of ENSO
on the Atlantic-Nifo. However, these results were generally
insignificant, indicating a limited influence of ENSO on the
Atlantic-Nifio during the twentieth century. This limited influence
can be attributed to the complex interactions among various
oceanic and atmospheric processes in the tropical Atlantic, which
are induced by ENSO394°,

In contrast, significant negative correlations in positive lags on
the x-axis demonstrate that the Atlantic-Nifio has had a notable
impact on ENSO throughout the same period. The time lag
involved in this relationship has displayed considerable variability.
Specifically, the Atlantic-Nifio typically led ENSO by less than 9
months (indicated by the right black vertical dotted line in Fig. 1a)
during the early and late twentieth century, whereas lag times of
over 9 months were observed around the 1870s (weak signals)
and in the mid-twentieth century. Given the negative correlation
at these time lags, our findings suggest that warming (cooling)
over the Atlantic-Nifio region promoted the development of La
Nifa (El Nifo) events with an approximately half-year lead during
the early and late twentieth century. In contrast, during the mid-
twentieth century, the Atlantic-Nifio contributed to the ENSO
development approximately with a lag of 1-year.

These findings are consistent with a previous study?® (Hounsou-
Gbo et al. 2020; their Fig. 2); however, the underlying mechanism
responsible for interdecadal modulation of Atlantic-Nifo effects
on ENSO remains to be elucidated. To gain further insight into this
modulation, we focused on the three specific periods with a
criterion of a 9-month lead time; 1890-1925, 1940-1975, and
1980-2015. Subsequently, we subdivided the correlation analysis
by calendar month to determine the lag time by which the
Atlantic-Nifio (y-axis) leads ENSO at each month during these
subperiods (Fig. 1b-d). For the 1890-1925 period (Fig. 1c), the
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strongest signals were observed during the summer season
(June-August) with a lag time of 0-7 months. This suggests that
summer Atlantic-Nifdio warming events were followed by La Nifa
events in the following winter. Similarly, for the 1980-2015 period
(Fig. 1b), the summer Atlantic-Nifio significantly led La Nifia events
with comparable lag times. While winter and spring showed
sporadic and weaker negative correlations with Atlantic-Nifio
events during this period, the summer signals were more
pronounced and significant.

In contrast, during the period 1940-1975, the most robust
correlation was observed for winter with approximately a lag of
1-year (6-15-month) (Fig. 1d). This finding clearly indicates that
winter Atlantic-Nifio warming can trigger a La Nifia event with a
longer lead time of 1-year during specific decades. A similar
pattern to the mid-twentieth century (as shown in Fig. 1a) was
observed for the period before the 1880s; however, we did not
present detailed seasonal lags due to the short time span and
lower significance of that period.

The observed recurring changes in lag may imply that slowly
evolving background conditions play a modulating role in
transmitting the influence of the Atlantic-Nifio to the Pacific. In
the subsequent analysis, we further examine the mechanisms
through which summer (JJA) and winter (DJF) Atlantic-Nifio events
can trigger ENSO events with distinct short- and long-term leads,
respectively.

Summer Atlantic Nifio effects: 1940-1975 versus 1980-2015

To gain insight into the underlying dynamics contributing to the
observed changes in lag scales, we now investigate the
spatiotemporal evolution of ENSO events associated with
Atlantic-Nifo events during each subperiod. We focus on the
two recent periods of 1940-1975 and 1980-2015, as they exhibit
significant differences. It is worth mentioning that the Atlantic-
Nifo effect on ENSO for 1890-1925 is generally comparable to
that observed in the 1980-2015 period, as inferred from the
results in Fig. 1 (please also refer to the Supplementary Fig. 1).

Figure 2a depicts the anomalous patterns of SST, sea level
pressure (SLP), low-level wind, and precipitation regressed on the
summer Atlantic-Nifio index during the 1940-1975 period. In
AMJ[1] (where [1] represents the corresponding year of a summer
Atlantic-Nifio event), a SSTA warming was observed from the
equatorial central Atlantic to the Benguela-Nifio area, accompa-
nied by westerly wind and positive precipitation anomalies (for
other seasons, please refer to Supplementary Fig. 2). Notably,
negative precipitation anomalies were also observed over the
equatorial northwestern Atlantic (indicated by orange dots around
50°W, 5°N), resulting in the formation of an anomalous precipita-
tion dipole over the equatorial Atlantic. This precipitation dipole,
however, is unfavorable to significantly alter the Walker circulation
between the Atlantic to Pacific regions*' (illustrated in Supple-
mentary Fig. 3). Consequently, under these conditions, it becomes
challenging for ENSO to initiate.

The westerly wind anomalies during spring cause further
equatorial Atlantic warming through the Bjerknes feedback
mechanism, leading to its peak phase during summer (JJA[1]).
However, in such cases, the SSTA warming and precipitation
remain confined to the central to eastern equatorial Atlantic and
do not reach the eastern coast of South America. As a result, the
atmospheric teleconnection toward the Pacific is insignificant.
Therefore, signals associated with the summer Atlantic-Nifo
events are rarely observed outside of the Atlantic, particularly in
the tropical Pacific. This result aligns with the lead-lagged
correlation analysis depicted in Fig. 1a, d and signifies a negligible
effect of the summer Atlantic-Nifio on the tropical Pacific.

Moving on to the period 1980-2015, we examined the impact
of summer Atlantic-Nifio events on ENSO. Figure 2b represents the
lead-lagged influence of the summer Atlantic-Nifio during this
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Interdecadal modulation of the relationship between Atlantic-Nifio and ENSO. a 300-month (25-year) running lead-lagged

correlation coefficients between the Nifio-3.4 and Atlantic-Nifio indices for the period 1854-2020 (y-axis). Negative and positive values on the
x-axis indicate leads of Nifo3.4 and the Atlantic-Niflo at monthly timescales, respectively. The left vertical black dotted line indicates the
simultaneous relationship and the right vertical black dotted line denotes the nine-month lead of the Atlantic-Nifo relative to ENSO, dividing
the regimes into short- and long-lead periods. Hatching indicates values above 0.3 at a 95% confidence level using a two-tailed Student’s t-
test with a degree of freedom of 40. The yellow line indicates the number of months for which the Atlantic-Nifio leads ENSO by tracing the
lead month corresponding to the maximum negative correlation value, while the red line illustrates its low-pass filter (120-month) termed the
Atlantic-Nifo lead time index. b Lagged correlation between the Atlantic-Niflo and ENSO indices for the period 1980-2015, where the x-axis
indicates the number of months by which the Atlantic-Nifo index leads the Nifio-3.4 index; the y-axis indicates the period of June to the
following May. The negative maximum is found at 0-6 (x-axis) during July (y-axis), indicating that the Atlantic Nifio in July negatively leads
ENSO with a lag of 0-6 months. Hatching indicates the 95% confidence level using a two-tailed Student’s t-test. ¢, d Similar to b, but for the

periods of 1890-1925 and 1940-1975, respectively.

period. In AMIJ[1], equatorial Atlantic warming is observed,
accompanied by anomalous westerly wind and increased
precipitation. Unlike the period 1940-1975, the SSTA warming
extends westward towards South America without negative
precipitation anomalies in the equatorial northwestern Atlantic
(Supplementary Fig. 4). Particularly, there are notable precipitation
anomalies over the Amazon in the tropical South America,
indicating enhanced convection (Supplementary Fig. 5), and
therefore a strong atmospheric teleconnection toward the Pacific
(Supplementary Fig. 3). Consequently, easterly wind anomalies
with weak SSTA cooling occur over the equatorial central Pacific,
initiating La Nina events.

During AMJ[1], in addition to the westerly wind anomalies over
the equatorial western Atlantic, strong meridional wind anomalies
over the south-central South America (around La Plata basin) to
the tropical South America are observed. These meridional winds,
along with the Andes mountains, correspond to the South
America low-level jet (SALLJ)*>*>. The SALLJ is quantified as the
averaged meridional wind at 850 hPa over the 55-65°W and
15-25°N (for the SALLJ index, please refer to Method and
Supplementary Fig. 6). Note that the SALLJ is northerly all year
long. We have discovered that the variability of the SALLJ during
AMJ[1] significantly precedes both Amazon precipitation (MJJ[1])
and the Atlantic-Nifio (JJA[1]) by a lag of 1- and 2-month during
this period, respectively (Supplementary Table 1).

Based on these findings, we conducted a lead-lagged correla-
tion analysis between the SALLJ index (AMJ[1]) and the summer
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Atlantic-Nifio index (JJA[1]) using a 30-year running window (Fig.
3a). Note that the trend within each 30-year window is removed
from both indices. The correlation coefficient exhibits an
increasing trend since the 1940s and reaches ~0.7 around
2000s, indicating a significant connection between SALLJ and
summer Atlantic-Nifo during recent decades.

Figure 3b-e depict the spatial patterns of low-level wind, low-
level divergence, precipitation, and specific humidity regressed
onto the SALLJ during both periods. During 1940-1975 (Fig. 3b, c),
SALLJ remains confined to the subtropical to mid-latitude regions,
giving rise to a precipitation dipole between the La Plata basin
and southeastern Brazil. In contrast, during the period 1980-2015
(Fig. 3d, e), the SALLJ extends further into the Amazon region,
penetrating through the tropics to mid-latitudes. Consequently,
the SALLJ accompanies a meridionally broad dipole structure of
low-level divergence and specific humidity between the tropics
and mid-latitudes. This result indicates that the SALLJ transports
moisture to the Amazon and equatorial Atlantic, and the
associated low-level divergence triggers convection. As a result,
as SALLJ links to the summer Atlantic-Nifo (Fig. 3a), enhanced
precipitation anomalies occur over the Amazon to equatorial
Atlantic.

To summarize, the summer Atlantic-Nifio combined with SALL)J
triggers strong convection from the Amazon to the equatorial
Atlantic, establishing a persistent Walker circulation (Supplemen-
tary Fig. 3). This circulation induces easterly wind anomalies with
negative precipitation anomalies, leading to SSTA cooling along

npj Climate and Atmospheric Science (2023) 105
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Fig. 2 Effects of Summer Atlantic-Nifio on the following ENSO. a Regressed SSTA (shading, °C, shading bar shown at right), SLPA (contour,
0.5 hPa), low-level wind anomaly (vector, at 850 hPa), and precipitation anomaly (dots; green and orange for positive and negative,
respectively) against the June-July-August (JJA) Atlantic-Nifio index for the period 1940-1975. Top to bottom panels correspond to the
April-May-June (AMJ) mean, JJA mean, August-September-October (ASO) mean, and October-November-December (OND) mean,
respectively. Anomalous SST, winds, and precipitation are marked with a 95% confidence level when the Student’s t-test is satisfied (df = N-2).

b Same as a, but for the period 1980-2015.

the equatorial Pacific. From JJA[1] to D[1JJF[2] (Fig. 2 and
Supplementary Fig. 2), the equatorial Atlantic SSTA warming
decays, while the positive Bjerknes feedback in the Pacific results
in the occurrence of La Nifa events.

Winter Atlantic-Niio effects: 1940-1975 versus 1980-2015
Figure 4a shows the lagged influence of the winter Atlantic-Nifio
during the period 1940-1975. In D[OJJF[1], the winter Atlantic-Nifio
exhibits significant development with anomalous westerly winds.
Simultaneously, there are strong cyclonic convergent flows with
moisture toward the Amazon and equatorial western Atlantic from
both hemispheres (Supplementary Fig. 7), accompanied by
enhanced precipitation over the region. As a result, the atmospheric
features associated with winter Atlantic-Nifio events during the
period 1940-1975 are shifted towards the South America (Fig. 4b
and Supplementary Figs. 4 and 5). The westward displacement of
precipitation induced by the winter Atlantic-Nifio suggests an
effective atmospheric teleconnection toward the Pacific Ocean.
Winter Atlantic-Nifio related warming and precipitation persist
until MAM[1], resulting in the maintenance of an atmospheric
teleconnection toward the Pacific. The northeasterly wind
anomalies observed over the off-equatorial North Pacific in D[0]

npj Climate and Atmospheric Science (2023) 105

JF[1] extend equatorward from winter to spring (for other seasons,
please refer to Supplementary Fig. 9). These easterly wind
anomalies along the equatorial Pacific generate oceanic upwelling
Kelvin waves, initiating a La Nifa event. Concurrently, the
meridional expansion of northeasterly winds is associated with a
stronger positive wind stress curl and increased trade-wind
discharge (Supplementary Fig. 8). Over the northern region of
the northeasterly wind anomalies, subtropical North Pacific highs
becomes prominent. The correlation coefficient between the
winter Atlantic-Nifio and the subtropical North Pacific high from
winter to spring (120-180°W, 5-30°N) reaches a 95% confidence
level (0.5), indicating a close relationship between the subtropical
North Pacific and the Atlantic Oceans.

From spring (MAM[1]) to winter (D[11JF[2]), the winter Atlantic-
Nifo related warming diminishes, but the Bjerknes feedback in the
Pacific develops a La Nifa event. Equatorial easterly wind
anomalies are observed in the western to central equatorial
Pacific, but they do not extend to the far eastern equatorial Pacific,
implying an increased likelihood of Central Pacific (CP)-type ENSO
formation#6-48,

Next, we investigated the winter Atlantic-Nifio effect on the
tropical Pacific during the period 1980-2015 (Fig. 4b). In D[O]JF[1],

Published in partnership with CECCR at King Abdulaziz University
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Fig. 3 Interdecadal modulation of the relationship between SALLJ and Summer Atlantic-Nifo. a 30-year running correlation coefficients
between the SALLJ (AMJ, v, 55-65°E, 15-25°S) and Atlantic-Nifio (JJA) indices, wherein a trend within each 30-year window is removed from
both indices. Black line indicates a 90% confidence level. b Regressed low-level divergence (shading), low-level wind (vectors, 850hPa, 90%
confidence level), and precipitation (dots, green/brown for positive/negative, 90% confidence level) in AMJ onto SALLJ index (AMJ) during
1940-1975. Herein, red box indicated the region of SALLJ. ¢ Same as b, but low-level divergence is replaced into specific humidity. d, e Same

as b, ¢, but during 1980-2015.

there is a SSTA warming accompanied by westerly wind anomalies
in the central equatorial Atlantic. However, precipitation and wind
anomalies associated with Atlantic-Nifio events during this period
are weaker and displaced eastward compared to those observed
in the 1940-1975 (Supplementary Figs. 4, 5, 10, and 11). Moreover,
another area of SSTA warming emerges near northeastern Brazil in
the southern hemisphere, accompanied by northwesterly wind
anomalies that cross the equator in JFM[1] (Supplementary Fig. 9).
As a result, the winter precipitation responses along the equatorial
Atlantic are not well-organized, making it more difficult to
establish effective atmospheric teleconnections towards the
Pacific.

The Atlantic-Nifio persists until MAM[1]. Simultaneously, the
SALLJ is strong, which induces convergent atmospheric flows and
significant precipitation in the Amazon region, generating an
atmospheric teleconnection. Consequently, easterly wind anoma-
lies occur over the equatorial Pacific in MAM[1], leading to SSTA

Published in partnership with CECCR at King Abdulaziz University

cooling along the equatorial Pacific in JJA[1]. However, the limited
development of SSTA cooling entails that La Nifia formation is not
apparent in D[1]JF[2]. We attribute this weak SSTA cooling to the
weak atmospheric teleconnection resulting from the weak and
eastward-displaced Atlantic-Nifo and the absence of trade wind
discharge in previous winter (D[OJJF[1]).

The role of interdecadal climatological mean state change in
the lead time of the Atlantic-Nifio and its effects on ENSO

In this section, we aim to identify the factors that determine the
length of the lead time of the Atlantic-Nifo effect on ENSO, taking
into account the long-term modulation of the climatological mean
state. To achieve this, we first obtained time series indicating how
many months Atlantic-Nifio leads ENSO; this was determined by
tracing the lead month corresponding to the maximum negative
correlation value, represented by the yellow line in Fig. 1a.
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index for the period 1885-2015 indicated as a red curve in Fig. 1a.

Subsequently, the time series was smoothed by applying a low-
pass filter (120-month), which is termed the Atlantic-Nifio lead-
time index (red line in Fig. 1a). Figure 5 shows a regression map of
climatological (25-year) mean SST, low-level wind, and
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precipitation against the Atlantic-Nifio lead time index over the
last century. Note that this result is comparable to the difference
of seasonal (JJA, DJF) climatological mean state between
1940-1975 and 1980-2015 (Supplementary Fig. 12). It is
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demonstrated that, during the period when the Atlantic-Nifio
leads ENSO with a long lead-time (e.g., 1940-1975), tropical
western Atlantic warming with increased precipitation and
equatorial eastern Pacific cooling with stronger easterly wind
and precipitation reduction are prevalent. Concurrently, the
Atlantic ITCZ and South Atlantic Convergence Zone (SACZ) get
intensified with southerly mean wind over the central South
America (i.e, weakened SALLJ). Conversely, during the period
when the Atlantic-Nifio leads ENSO with a short lead time, the
climatological mean state exhibits the opposite characteristics
(e.g., 1980-2015).

Winter Atlantic-Nifio effect on ENSO under tropical western
Atlantic warming and eastern equatorial Pacific cooling mean
state (1940-1975)

When the Atlantic-Nifio leads ENSO with a long lead time
(1940-1975) (Fig. 5), the tropical western Atlantic is warm and
humid (i.e., high moist enthalpy), compared to the tropical eastern
Atlantic, indicating increased zonal mean SST gradient along the
equatorial Atlantic. It allows the winter Atlantic-Nifo and its
relevant convection to be displaced to the west and to be
enhanced by stronger thermocline feedback (Fig. 4b and
Supplementary Figs. 10 and 11), similar to the frequent occurrence
of CP-type El Nifio events under La Nifia-like mean state*®. Thus, a
stronger atmospheric teleconnection toward the Pacific is
established, triggering ENSO events.

Meanwhile, the atmospheric responses over the tropical Pacific
to the winter Atlantic-Nifio during 1940-1975 are illustrated in Fig.
4b (Supplementary Figs. 8 and 9). These responses were first
observed over the off-equatorial North Pacific (5-10°N) in winter
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(DIO1JF[1]), and later expanded both equatorward and poleward in
spring. To comprehend the atmospheric response over the
tropical Pacific to the Atlantic-Nifio induced atmospheric tele-
connection according to the different tropical Pacific mean state,
we devised a vertical wind index (VWI). The VWI is defined by the
areal average of upward motion (-omega at 500hPa) over the
equatorial Pacific (150°E-120°W, 5°S-5°N) during DJF. It should be
noted that the following results are not significantly influenced by
minor variations in the chosen season or area.

Figure 6a, b show anomalous precipitation in JFM regressed
onto VWI during the periods of 1940-1975 (c.f, La Nifia-like mean
state) and 1980-2015 (c.f, El Nifo-like mean state), along with
their differences (Fig. 6¢). A 1-month lag was applied to account
for the effect of vertical wind on precipitation. The analysis
revealed that, under both equatorial Pacific warming and cooling
mean states, anomalous vertical wind enhances precipitation over
the equatorial Pacific (Fig. 6a, b). However, notable differences in
precipitation response are observed over off-equatorial North
Pacific  (150°E-120°W, 5-10°N) between 1940-1975 and
1980-2015 (0.645 and —0.429 in Supplementary Table 2),
indicating a greater sensitivity of precipitation response over the
off-equatorial North Pacific during 1940-1975, attributable to the
poleward-shifted Pacific ITCZ (Fig. 6c).

In addition, we conducted further analysis to examine how the
sensitivity of precipitation to the VWI over the equatorial Pacific
and over off-equatorial North Pacific is influenced by the variation
of equatorial Pacific climatological SST (Supplementary Fig. 13).
The results indicate the sensitivity of equatorial precipitation to
the vertical wind is proportional to the climatological SST in the
equatorial Pacific. Conversely, the sensitivity of north-off equator-
ial precipitation to the vertical wind is inversely proportional to the
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climatological SST in the equatorial Pacific. These results imply
that ITCZ location, controlled by climatological SST in the
equatorial Pacific, determines the location of highest sensitivity
for precipitation over the tropical Pacific.

In short, winter Atlantic Niflo-induced signals are first observed
in the off-equatorial North Pacific along the poleward-shifted ITCZ
during 1940-1975 (Fig. 4a). Since atmospheric feedback processes
in the subtropics are enhanced® when ITCZ is shifted poleward
due to long-term variability (e.g, AMO or IP0)>'~>3, significant
signals can be widely observed from the tropics to the subtropics
in spring. Consequently, ENSO can be developed not only by the
Bjerknes feedback along the equator, but also by trade wind
charging/discharging in connection with the subtropics>*~°,

Summer Atlantic-Nifio effects on ENSO under eastern
equatorial Pacific warming mean state (1980-2015)

During 1980-2015, the influence of the summer Atlantic-Nifio on
ENSO becomes significant via strong Walker circulation. Regarding
this, it is worth noting that the signals induced by Atlantic-Nifio
events are primarily located along the equator in the Pacific. To
examine the sensitivity of atmospheric responses to the summer
Atlantic-Nifo induced atmospheric teleconnection according to the
climatological mean state in the Pacific, we again employed the
VWI, at this moment in MAM, since the atmospheric teleconnection
toward the Pacific begins in the season as the summer Atlantic-Nifo
develops (Fig. 2b and Supplementary Figs. 2 and 3).

Figure 6d-f show the anomalous precipitation along the
equatorial Pacific in AMJ regressed on the VWI under the
equatorial Pacific warming and cooling mean states, along with
their difference. A one-month lag between VWI and precipitation
is considered to account for the effect of vertical wind on
precipitation. The precipitation response over the equatorial
Pacific (150°E-120°W, 5°S-5°N) during 1980-2015 is greater than
1940-1975 (0.783 and 0.625, respectively; Supplementary Table 2)
due to the equatorward shifted Pacific ITCZ. This result suggests
that when the vertical wind over the equatorial Pacific occurs via
modified Walker circulation induced by the summer Atlantic-Nifio,
the atmospheric response along the equator can be amplified
during the equatorial Pacific warming mean state (Fig. 6f).

SALLJ and its connection to the summer Atlantic-Nifio from an
interdecadal perspective (1980-2015)

There is a connection between the SALLJ and the summer
Atlantic-Nifio during 1980-2015, whereas their connection is
broken during 1940-1975. In this regard, we conducted an
analysis to investigate the interannual connectivity between the
SALLJ and summer Atlantic-Nifio from the perspective of long-
term modulation of the climatological mean state. During the
period when the summer Atlantic-Nifio leads ENSO (i.e., opposite
phase of Fig. 5), the climatological mean SALLJ gets intensifies
since its basic direction is northerly. The intensified northerly
mean SALLJ coincides with a decreased climatological mean
precipitation over the Atlantic ITCZ and South Atlantic Conver-
gence Zone (SACZ), as well as an increased climatological mean
precipitation over the La Plata basin in the southeastern South
America. Thus, the stronger climatological northerly mean SALLJ
can be possible as bridging the sinking motion over the tropical
South America to the rising motion over the mid-latitude.

The decreased climatological mean precipitation over the
tropical South America is attributed to the climatologically
equatorial eastern Pacific warming and tropical western Atlantic
cooling (opposite phase of Fig. 5)°”°8. Previous study indicated
that the climatological mean SALLJ tends to intensify under the
AMO negative phases, and vice versa>®. Additionally, it has been
proposed that intensified climatological mean SALLJ is explained
by the poleward-shifted South Atlantic Convergence Zone (SACZ)
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due to the poleward-shifted South Atlantic Subtropical High
(around 10-50°W and 20-40°S)%°.

Based on the analysis, the meridionally extended interannual
SALLJ during 1980-2015 can be formed under the climatological
intensified northerly mean SALLJ. Then the interannual SALLJ links
to the summer Atlantic-Nifio, thereby facilitating the formation of
strong convection and triggering atmospheric teleconnections.

DISCUSSION

The influence of Atlantic-Nifos is not stationary but varies over
decades. Specifically, the summer Atlantic-Nifio effect on ENSO
was more pronounced during the early and late twentieth
century, whereas the winter Atlantic-Nifio effect was dominant
during the mid-twentieth century?. In this study, we examined
spatiotemporal processes to understand how summer and winter
Atlantic-Nifo events initiate ENSO and investigated the role of the
climatological mean state in these processes.

During the period when winter Atlantic-Nifio leads ENSO with a
lag of 1-year (e.g., 1940-1975), the equatorial Pacific exhibits a
cold mean state, while the tropical western Atlantic has a warm
mean state (Fig. 5). This configuration facilitates strong air-sea
interactions over the tropical western Atlantic. As a result, the
winter Atlantic-Nifio can intensify and expand toward the tropical
South America, thereby modulating atmospheric teleconnections
toward the Pacific. Throughout this period, the atmospheric
responses over the off-equatorial North Pacific were particularly
sensitive, following the poleward-shifted Pacific ITCZ. In turn, the
atmospheric teleconnection induced anomalous northeasterly
trade winds over the off-equatorial North Pacific. These anomalous
trade winds played a crucial role in charging and discharging
equatorial heat content, providing favorable conditions for ENSO
development. Simultaneously, atmospheric feedback processes
relayed the easterly wind anomalies into the equatorial Pacific,
initiating ENSO. This process suggests the relationship between
winter Atlantic-Nifio events and the North Pacific subtropical high.
Comprehensively, winter Atlantic-Nifo-ENSO connection seems
to have some similarity with the seasonal footprinting mechan-
ism°06162 pPMM386364 or NTA effect on ENSO36:6766,

During the period when summer Atlantic-Nifio leads ENSO with
a lag of half-year (e.g., 1980-2015), equatorial Pacific experiences a
warming mean state while tropical western Atlantic exhibits a cold
mean state. With the weakened zonal SST gradient along the
equatorial Atlantic, the summer Atlantic-Nifo gets weakened
(Supplementary Figs. 10 and 11). However, during this period, the
interannual SALLJ tends to meridionally extend under the stronger
northerly mean SALLJ, which links to the summer Atlantic-Nifo.
Their combination effectively modulates the Walker circulation.
Meanwhile, the atmospheric response is sensitive along the
equatorial Pacific under the equatorward shifted Pacific ITCZ,
enabling the ENSO events to develop fast by the direct
development of equatorial Kelvin waves. Consequently, we
conclude that the presence of strong and extensive convection
over the Amazon to equatorial Atlantic, rather than the intensity of
the Atlantic-Nifio, is a pre-requisite for the connection between
summer/winter Atlantic-Nifio and ENSO. Our findings align with
previous studies3%31,

Until now, we try to view the distinct decadal modulation of the
Atlantic-Nino and ENSO connection as a long-term natural
variability, associated with the interdecadal modulation of
Atlantic-South America—Pacific mean state. However, it is
beneficial to acknowledge that South America has experienced
warming due to the global warming®”. The South America
warming enhances the land-sea thermal contrast and increases
the amount of available moisture, thereby intensifying the South
America Monsoon and the SALLJ. Since we verified that the SALLJ
connection to the Atlantic-Nifio is possible under strong mean
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SALLJ, we can expect the Atlantic-Nifio’s influence on ENSO can be
stronger in future periods of global warming.

Although we have examined the interdecadal modulation of
the lead time of the Atlantic-Nifio effect on ENSO and the role of
climatological mean states by analyzing observational reanalysis
datasets, further verification using climate model simulation is
necessary. However, most climate models face challenges in
simulating the realistic basic state of the Atlantic and its
interactions with other ocean basins3”68%°, Therefore, careful
modeling approaches are required to increase our understanding
of the influence of Atlantic-Nifio on ENSO.

METHOD

Reanalysis dataset

The Extended Reconstruction Sea Surface Temperature version 5
(ERSSTv5) dataset was employed as the primary source of sea
surface temperature (SST) data for this study. ERSSTv5 is a global
monthly dataset derived from the International Comprehensive
Ocean-Atmosphere Dataset (ICOADS) and can be accessed at
https://www.esrl.noaa.gov/psd/data/data.php’®. This dataset cov-
ers the period from 1854 to the present, making it suitable for
investigating natural variability on interdecadal timescales. For the
analysis of atmospheric processes, the 20th Century Reanalysis
version 3 (20CRv3) datasets from the National Oceanic and
Atmospheric Administration (NOAA) were utilized. These monthly
datasets span from 1836 to 2015”", providing a sufficiently long
time period to examine interdecadal variability of climate
phenomena. Prior to conducting the analysis, all datasets were
detrended for the period under investigation.

Index

In order to investigate the strength of the Atlantic Nifio effect on
ENSO, monthly Atlantic-Nifno and ENSO indices were defined.
ENSO is represented by SSTA averaged over the Nifio-3.4 region
(120°W-170°W and 5°S5-5°N) and the Atlantic-Nifno index is
obtained from the areally averaged SSTA over 0°-20°W and
5°5-5°N. The latitudinal range of the Atlantic-Nifo index is set to
be the same as that of ENSO. Although this is slightly wider than
the conventional range (3°S-3°N), it does not significantly change
the results. We defined the summer/winter Atlantic-Nifio index by
averaging the monthly Atlantic-Nifio during June-July-August
(JJA) and December-January-February (DJF), respectively. For the
summer Atlantic-Nifio, the previous winter (DJF) ENSO signal was
removed linearly using linear regression analysis against the ENSO
index in order to exclude previous winter ENSO effects. For the
winter Atlantic-Nifo index, simultaneous winter (DJF) ENSO
signals were removed. The effects of ENSO signal removal are
negligible since the correlation between the previous winter ENSO
and the following Atlantic-Nifio indices are insignificant (Fig. 1a).
The South America low-level jet (SALLJ) index was obtained by
averaging meridional wind at 850 hPa over 55°-65°W and
15°-25°S, and the Subtropical North Pacific high index was
obtained by averaging the SLPA over 120°-180°W and 5°-30°N.
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