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Abstract

Understanding the surge in Central Pacific (CP) El Nifio events after the 1990s is a pivotal concern in climate science.
However, the relationship between the Atlantic air-sea signals and the CP El Nifio remains poorly explained systemati-
cally. Here, we show that the Atlantic air-sea signals exhibit a strong correlation with CP El Nifio variability after the
1990s. During the initial preconditioning phase, the positive phase of the North Atlantic Oscillation (NAO) in the preced-
ing winter drives the emergence of the spring negative North Tropical Atlantic (NTA) SST anomalies, which trigger the
initial warming in the central Pacific. During the development phase, the persistent easterly anomalies in the equatorial
eastern Pacific associated with the NTA SST anomalies disrupt the functioning of zonal advection feedback in the equato-
rial eastern Pacific. As a consequence, this contributes to the formation of a CP El Nifio event. Therefore, the increased
prevalence of CP El Nifio events after the 1990s can be attributed to the unique role of easterly anomalies over the equa-
torial eastern Pacific, a key process influenced by Atlantic air-sea signals. This finding advances our understanding of CP
El Nifio dynamics and contributes to more precise climate predictions and meteorological risk assessments.
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1 Introduction

El Nifo-Southern Oscillation (ENSO) events are the most
influential climate variability on Earth, with cold (La Nifia)
and warm (El Nifio) anomalous states emerging in the equa-
torial Pacific Ocean and altering weather and climate on
a global scale through atmospheric teleconnections (Lau
1997; Alexander et al. 2002; McPhaden et al. 2006; Zhong
et al. 2026). After the 1990s, El Nifio events with anoma-
lous sea surface temperature (SST) warming concentrated
over the central Pacific have experienced a notable increase
in occurrence. This distinct event has been referred to as
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“El Nifio Modoki”, “Date line El Nifio”, “warm pool El
Nifio”, or “Central Pacific (CP) El Nifio” (Larkin and Har-
rison 2005; Ashok et al. 2007; Kao and Yu 2009; Kug et al.
2009; Yeh et al. 2011; Yu and Kim 2013). The spatial and
temporal characteristics, physical mechanisms, and climate
impacts of the two types of El Nifio events are quite differ-
ent (Barnston et al. 2012; Clarke 2014; Yeh et al. 2015; Hu
and Fedorov 2018).

Previous studies have provided different explanations for
the mechanisms of CP El Nifio events. Ashok et al. (2007)
suggested that the occurrence of CP El Nifio may be pri-
marily driven by the weakening of the tropical Pacific trade
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winds. The weakened trade winds lead to a deepening of the
tropical eastern Pacific thermocline, which results in fewer
anomalous SST in the tropical eastern Pacific. Xie and Jin
(2018) demonstrated that zonal advective (thermocline)
feedback is more responsible for CP (EP) El Nifio. Yeh
et al. (2009) found that under global warming scenarios,
the tropical Pacific thermocline becomes flattened and the
east—west gradient of thermocline depth is reduced, which
tends to enhance the zonal advective feedback in the central
Pacific and therefore favors CP El Nifio. Xu et al. (2012)
highlighted that the interdecadal variability of subsurface
ocean temperature in the equatorial Pacific is an important
contributor to CP El Nifio occurrence. Chen et al. (2015)
suggested that the westerly wind bursts (WWBs) could
influence the diversity of El Nifio events, and the intensified
(weakened) WWBs contribute to the development of EP
(CP) El Nifio events via the synergistic impacts of equato-
rial wave dynamics and surface warm-water advection.

Outside the tropical Pacific, recent studies recognized
that North Tropical Atlantic (NTA) SST may be a precur-
sor signal for CP El Nifio events (Dommenget et al. 2006;
Rodriguez-Fonseca et al. 2009; Jansen et al. 2009; Rong
et al. 2010; Ham et al. 2013a; Li et al. 2015; Wang et
al. 2017; Jiang and Li 2021; Ding et al. 2023; Tian et al.
2025). The NTA SST impacts the tropical Pacific primar-
ily through two pathways: the Rossby wave process and
the Kelvin wave process (Li et al. 2018). The Rossby wave
process posits that the springtime NTA warming could trig-
ger a low-level cyclonic flow to the west over the eastern
Pacific as a Rossby wave response. On the western side of
the anomalous cyclone, northerly anomalies strengthen the
trade winds over the northeastern Pacific, resulting in a cold
SST anomaly (SSTA) in the region. This cooling effect sup-
presses convection and forms a low-level anticyclonic flow
to the west. On the southern side of the anticyclone, easterly
anomalies act as a trigger for the CP-like La Nifia (Ham et
al. 2013b; Ham and Kug 2015). The Kelvin wave process
supposes that spring NTA cold SST anomalies can induce
surface westerly anomalies in the tropical Indian Ocean
which superimpose on the background mean westerly wind
in the northern Indian Ocean (NIO) and cool the SST there,
which then induce westerly anomalies as a kelvin wave
response to the east and ultimately influence the tropical
Pacific SST (Rong et al. 2010; Yu et al. 2015a, b).

The studies presented above mainly focus on the role of
the NTA SST in the occurrence of CP El Nifio events. In
this study, we provide further evidence that both the atmo-
spheric and oceanic forcings over the North Atlantic play
an important role in the occurrence of CP El Nifio. Our
results highlight the unique role of the Atlantic forcings
in generating CP El Nifio. Moreover, recent evidence sug-
gests that Atlantic air-sea signals underwent a pronounced
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interdecadal change around the early 1990s. Ding et al.
(2023) demonstrated that the relationship between the NTA
SST and ENSO strengthened significantly after the early
1990s, owing to a transition of the North Atlantic Oscilla-
tion (NAO) toward a more positive phase. This interdecadal
strengthening coincides with the increased occurrence of CP
El Nifio events after the 1990s, suggesting a potential linkage
between the two. However, the physical processes through
which strengthened Atlantic air—sea signals contribute to the
increased occurrence of CP El Nifio events remain unclear.
In this study, we provide further evidence that Atlantic air-
sea signals play an important role in the occurrence of CP
El Nifio. The remainder of this paper is organized as fol-
lows. Section 2 describes the datasets, methods, and climate
indices used in this study. Section 3 provides evidence of
the strengthened correlation between Atlantic forcing and
CP El Nifio events since the 1990s and identifies the crucial
process that distinguishes between the two types of El Nifio
events as originating from the Atlantic. Our conclusions are
summarized and discussed in Sect. 4.

2 Data and methods
2.1 Datasets

This study uses three observational datasets: (1) monthly
mean SST data from the Hadley Centre Global Sea Ice and
Sea Surface Temperature (HadISST), with a resolution of
1°x1°, for the period 1950-2024 (Rayner et al. 2003); (2)
monthly mean wind, sea level pressure (SLP), geopotential
heights, net shortwave radiation flux, net longwave radia-
tion flux, net sensible heat flux, net latent heat flux data from
the National Centers for the Environment Prediction and the
National Center for Atmospheric Research (NCEP-NCAR)
reanalysis 1 Dataset, with a resolution of 2.5° x 2.5°, for the
period 1950-2024 (Kalnay et al. 1996); (3) monthly mean
subsurface ocean temperature, circulation, and surface wind
stress data from the Global Ocean Data Assimilation Sys-
tem for the period 1980-2024 (Behringer et al. 1998). All
monthly anomalies in this study are calculated by remov-
ing the average seasonal cycle from 1991 to 2020 and then
removing the long-term linear trend by using least squares.

2.2 Indices

The NTA SST index (NTAI) is defined as the average
of SSTA over the northern tropical Atlantic (0°-15°N,
90°W=-20°E) (Ham et al. 2013b). The NAO index is defined
as the principal component (PC) time series of the first
empirical orthogonal function (EOF) of SLP anomalies
over the northern Atlantic region (20°-80°N, 90°W—40°E)
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(Xie and Tanimoto 1998). The Victoria mode (VM) index is
defined as the second EOF of monthly SST anomalies over
the North Pacific (120°E-150°W, 20°—60°N) (Bond et al.
2003). All climate indices used in this study were standard-
ized prior to the analyses.

The intensity of CP El Nifio can usually be represented by
the Nifo4 index, defined as the area average of SSTA over the
equatorial central Pacific region (5°S—5°N, 160°E—150°W).
In addition, three additional indices for CP El Nifio are also
used, including El Nifio Modoki index (EMI), Nifio Warm
Pool (NWP) index, and CP index. Firstly, EMI is defined as
follows:

EMI = [SSTA|, —0.5% [SSTA], —0.5*[SSTA], (1)

where [SSTA],, [SSTA] and [SSTA]_ represent the area-
averaged SSTA over region A (165°E—140°W, 10°S—10°N),
B (110°W=70°W, 15°S-5°N), and C (125°E-145°E,
10°S—-20°N) (Ashok et al. 2007). In addition, the NWP
index is defined based on Nifio3 and Nifio4 as follows:

NWP = Nino4 - aNino3 >

2
Ni no3*Nino4 > 0 ( )
otherwise

{ NCT = Nino3 - aNi no4
_ ) 2/5
o= { 0,

where Nifio Cold Tongue (NCT) index represents the inten-
sity of EP El Nifio (Ren and Jin 2011). The Nifio3 index
is defined as the area average of SSTA over the equatorial
Pacific region (5°S—5°N, 150°-90°W). The CP index is
defined as the PC time series of the leading EOF of SST
anomalies over the equatorial Pacific region (20°S-20°N,
120°E-80°W), removed Nifiol+2 by linear regression
(Kao and Yu 2009).

2.3 Methods

The mixed-layer heat budget is calculated as follows (Huang
etal. 2012):

or'  WOT  wdT' /'oT or woT' ' oT'
ot~ 9z oz oz dy Oy Oy 3)
_w'oT  wdT’  w'oT" LQ 4R
0z 0z a

where T', @), and R denote the mix-layer temperature, ther-
mal forcing, and residue; u, v, and w denote the zonal,
meridional, and vertical current. The overbar denotes the
climatological seasonal mean, whereas the prime denotes
the anomaly relative to the climatological seasonal mean.
The statistical significance was determined using a
two-tailed Student’s t-test. We employ statistical methods
including correlation and composite analysis to examine

whether the linkage between Atlantic forcings and CP El
Nifio is statistically significant. The effective number (N *)
of degrees of freedom is calculated as follows by (Brether-
ton et al. 1999):

1 - R.R, @
1+ R,R,

where [V is the sample time series size and R, I?, represent
the lag-one autocorrelations of variables  and y.

3 Results

3.1 Relationships between the Atlantic air-sea
signals and CP El Nifo variability

To investigate the reasons for the increase in CP El Nifio
events after the 1990s, it is necessary to identify the air-
sea signals that are most relevant to CP El Niflo variability.
Figure 1 illustrates the correlation patterns of the previous
boreal winter (D-1JFO) SLP and springtime (MAMO) SST
with the subsequent winter (DOJF1) Nifio4 index for the
periods 1955-1989 (hereafter P1) and 1990-2024 (hereafter
P2), respectively. During P1, the correlation pattern exhib-
its a negative NAO-like dipole pattern in the North Atlan-
tic (Fig. 1a). In contrast, during P2, the SLP signal reveals
a stronger Azores High (Fig. 1b). Meanwhile, significant
North Pacific Oscillation (NPO)-related atmospheric sig-
nals are evident over the North Pacific in both P1 and P2
(Fig. 1a,b). As for SST signals, both periods exhibit signifi-
cant VM in the Pacific region (Bond et al. 2003; Ding et al.
2015a,b). However, the significant North Atlantic Tripole
(NAT) pattern emerges exclusively during P2, coinciding
with cold SST anomalies in the NTA region (Fig. 1d, e).
The correlated changes in SLP and SST from P1 to P2 are
characterized by a positive phase of the NAO and a nega-
tive NTA mode in the North Atlantic (Fig. lc, f), respec-
tively, while there are no significant differences between
the two periods in the Pacific region. These results indicate
that the relationship between Atlantic air—sea signals and CP
El Nifio variability became significantly stronger after the
1990s. Similar results are also obtained when three alter-
native indices for representing CP El Nifio variability are
analyzed (Fig. 2).

Furthermore, the mean state differences in SLP and SST
anomalies between P1 and P2 also reveal this shift in air-sea
signals during these two periods, which is consistent with
the correlated changes in SLP and SST fields mentioned ear-
lier. The mean SLP difference (P2 minus P1) is characterized
by a negative phase of the NAO (Fig. 3a). Simultaneously,
the mean SST difference (P2 minus P1) features a NAT-like
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Fig.1 a, b Correlations between the subsequent winter (DOJF1) Nifio4
index and previous winter (D-1JF0) SLP (shading, hPa) anomalies
during 1955-1989 (P1) a and 1990-2024 (P2) b, and c their difference,
respectively. d, e Correlations between the subsequent winter (DOJF1)
Nifio4 index and the boreal spring (MAMO) SST (shading, °C) anoma-
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lies during P1 d and P2 e, and f their difference, respectively. In a, b, d,
e, stipples indicate correlations significant at the 95% confidence level.
Here, the winter (spring) season was chosen because it is the primary
peak season of the NAO (NTA SST)
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Fig.2 a—c As in Fig. 1. ¢, but for the subsequent winter (DOJF1) NWP (a), EMI (b), CP index (¢). d—f As in Fig. 1. f, but for the subsequent winter

(DOJF1) NWP (d), EMI (e), CP index (f)
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Fig. 3 Differences differences of the previous boreal winter (D-1JF0) SLP (shading, hPa) (a) and spring (MAMO) SST (shading, °C) (b) anomalies
between 1990 and 2024 (P2) and 1955-1989 (P1). Stipples indicate SLP and SST anomalies significant at the 95% confidence level

Table 1 CP and EP El Nifio events after the 1990s

CP EP
1994/95 1991/92
2002/03 1997/98
2004/05 2006/07
2009/10 2015/16
2014/15

2018/19

SST anomaly pattern, corresponding to cold SST anomalies
in the NTA region (Fig. 3b). These results further indicate
that the Atlantic air—sea signals are shifting in a direction
conducive to the occurrence of CP El Nifio after the 1990s,
which is consistent with the period since the 1990s when CP
El Nifio events have occurred frequently.

3.2 CP El Nifo events key processes

Before investigating the mechanisms through which the
Atlantic air-sea signals influence CP El Niflo, we first need to
delve deeply into the distinct key processes contributing to
the CP El Nifo events after the 1990s. According to NOAA
CPC data, there have been a total of 10 El Niflo events since
the 1990s, with 6 classified as CP El Nifio events and 4 as
EP El Nifio events (Table 1). The classification between CP
and EP events is based on the index defined by Ren and Jin
(2011). We also conduct composite analyses with other CP
indices, and different CP classification choices have little
influence on our following results.

To elucidate the primary disparities in the development
and formation processes between CP El Nifio and EP El
Nifio events, we first focus on the preconditioning phase.
This stage spans the boreal winter one year prior to El Nifio
maturity (D-1JF0) to boreal spring of the El Nifio develop-
ing year (MAMO). After the 1990s, for CP El Nifio events,

the 200 hPa height field displays a pronounced dipole pat-
tern over the North Atlantic region (Fig. 4a, b). In contrast,
EP El Nifio events do not exhibit the North Atlantic dipole
mode (Fig. 4c, d). The disparities in SSTA between the two
types of El Niflo events are markedly more pronounced. For
CP El Nifo events, there is a significant negative NTA mode
in boreal spring (MAMO), with the entire Atlantic Ocean
exhibiting a NAT pattern (Fig. 4f). In contrast, EP El Nifio
events do not exhibit significant SST signals in the North
Atlantic, but rather a VM pattern in the Pacific (Fig. 4g, h).

Two types of El Nifio events exhibit different air-sea sig-
nals and circulation patterns, which can directly influence
the initial warming processes that lead to the diversity of El
Nifio events. For CP El Nifio events, the initial SST warm-
ing begins in the region (5°N-20°N, 150°W-120°W) dur-
ing spring (Fig. 4f). Meanwhile, there is anomalous upward
motion within a small range near 150°W, which establishes
during DJF and is further intensified due to abnormal warm-
ing of SST in this region during MAM (Fig. 4i, j). Com-
pared with CP EI Nifio events, EP El Nifio events exhibit a
VM signal in the preceding winter, with significant warm
SST anomalies in the central equatorial Pacific (Fig. 4g,
h). Simultaneously, EP El Nifio events are characterized by
strong upward motion within the range of 150°E-150°W
(Fig. 41). The initial warming locations of the two types of
El Nifio events are close to each other, but there are funda-
mental differences in their seasonal evolution characteristics
and precursor signals.

To further discern the mechanism underlying the initial
warming that leads to the diversity of El Nifio events, we
select the region (5-20°N, 150°W-120°W) as the critical
initial warming area and analyze the evolution of various
terms in the SST tendency equation (see Methods). For CP
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Fig. 4 a, b Composite seasonal averages of 200 hPa height (shading,
m) anomalies from D-1JFO0 (a) to MAMO (b) for six CP EI Nifio events
listed in Table 1. ¢, d As in (a, b), but for four EP El Nifio events listed
in Table 1. e-h As in a—d, but for SST (shading, °C) and surface wind
(vectors, m s~ ') anomalies. i-1 As in a—d, but for vertical atmospheric

El Nifio events, the SST tendency term (%) is closest to
the thermal term (Q)/), indicating that the thermal term is the
dominant factor for the initial warming (Fig. 5a, b). Specifi-
cally, there is warming from pre-winter to spring within the
150°W-120°W range (Fig. 5a). To further investigate the
contributors to SST warming, we dissected the thermal term
in the SST tendency equation into its components, includ-
ing shortwave radiation (SWR), longwave radiation (LWR),
latent heat flux (LHF), and sensible heat flux (SHF). Among
these components, the LHF anomaly is the most promi-
nent contributor to SST warming in the critical warming
area (Fig. 5d). The initial warming is mainly manifested as
abnormal LHF caused by abnormal surface winds, indicat-
ing that the surface wind forcing contributes significantly
to the initial warming in the critical area of the CP El Nifio
event during spring (Fig. 4f). The southwesterly winds on
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velocity (averaged between 5°N and 20°N; shading; Pa s ') and equa-
torial atmospheric vector (zonal wind and vertical velocity; vectors;
m s7!). In a—d, stipples indicate height anomalies significant at the
95% confidence level. In e-l, only anomalies significant at the 95%
confidence level are shown

the west side of the NTA-induced anticyclonic circulation
above the critical warming area, reduce the northeasterly
trade winds, weaken surface winds, and generating positive
wind-induced LHF components. According to the wind—
evaporation—SST (WES) feedback mechanism, this forms
the initial SST warming (Ham et al. 2013b; Jiang and Li
2021). Regarding EP El Nifio events, SST warming in this
region is not particularly pronounced during the winter-
spring season and may originate from the inherent warm
SST signals within the Pacific itself, rather than being trig-
gered by abnormal atmospheric circulation in the previous
winter and spring (Fig. 5g, h).

The above analyses reveal the different initial warming
mechanisms of the two types of El Nifio events during the
preconditioning phase of El Nifio. This section further inves-
tigates the anomalous temperature evolution characteristics
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Fig. 5 a—f The longitude-time plot of 5°N-20°N averaged a mixed
layer temperature anomaly tendency (Balt) and b thermal forcing (Q
), ¢ sensible heat flux (SHF), d latent heat flux (LHF), (e) shortwave
radiation flux (SWR), f longwave radiation flux (LWR) anomalies

Fig.6 The longitude-time plot
of equatorial Pacific (averaged
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from JFMO to NDJ (+1) for six CP El Nifio events listed in Table 1.
g-1 As in a—f but for four EP El Niflo events listed in Table 1. Stipples
indicate anomalies significant at the 95% confidence level
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between 5°S—5°N) SST anomalies
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cant at the 95% confidence level
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and key processes of the two types of El Nifio events during
the development phase of the El Nifio. Following the ini-
tial warming in the winter-spring period, both CP and EP El
Nifio events exhibit significant differences in SST evolution
and atmospheric circulation during the summer and autumn
seasons. For both CP and EP El Niifio events, SST warming
initially occurs in the central Pacific region. However, there
is a distinct divergence in the subsequent evolution of SST
and circulation anomalies (Figs. 6 and 7). For CP El Nifio
events, the SST warming remains confined to the central
Pacific region (Figs. 6a and 7a—d). In contrast, for EP El
Nifio events, the SST warming progresses with the seasons

I I I I
-06 -04 -02 0 02 04 06 08 1 1.2

and propagates eastward into the eastern Pacific (Figs. 6b
and 7e—h). This difference in the spatial distribution of SST
warming propagation in the equatorial Pacific determines
the ultimate forms of these two distinct types of El Nifio
events.

To explore the mechanisms underlying the temperature
anomaly evolution of the two types of El Nifio events, we
once again employed the SST tendency equation approach
to diagnose the SST tendency characteristics of these two
types of El Nifio events in the equatorial region (Fig. 8).
The results show that warming occurred mainly within the
range of 150°W-90°W (Fig. 8a, d). Previous studies have
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Fig. 7 a—d Composite seasonal evolution of SST (shading, °C) and e—h As in a—d, but for four EP El Nifio events listed in Table 1. Only
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Fig.8 a—c The longitude-time plot of 5°S-5°N averaged a mixed layer
temperature anomaly tendency ( ) and b anomalous zonal advec-

tion (— % aT), waT ) from JFMO to NDJ

suggested that zonal advection feedback is the most crucial
mechanism driving the development of CP El Nifio events,
while the development of EP El Nifio events relies on the
combined effects of zonal advection and thermocline feed-
back (Kug et al. 2009). Zonal advection feedback dominates
the development of both types of events during spring and
summer. Specifically, the zonal advective feedback of EP
El Nifio events results in a significant positive temperature
tendency in the equatorial eastern Pacific (Fig. 8e). In con-
trast, the zonal advective feedback of CP El Nifio events
is restricted to the central Pacific region (Fig. 8b). In addi-
tion, for CP El Nifio events, the thermocline feedback is
characterized by weaker intensity and continuity (Fig. 8c),
indicating that continuous zonal advection feedback domi-
nates from spring to winter as the largest contributor to CP
El Nino events. In contrast, EP El Niflo events exhibit a
continuous seasonal intensification in the eastern equatorial
Pacific, which persists through autumn and winter (Fig. 8f).
The positive zonal advection feedback and sustained posi-
tive thermocline feedback in the eastern Pacific heat the
eastern Pacific in spring and summer, and the warm SST

I T
0.1 0 01 02 03 04 05 06

(+1) for six CP El Nifio events listed in Table 1. d—f As in a—c, but for
four EP El Nifio events listed in Table 1. Stipples indicate anomalies
significant at the 95% confidence level

develops eastward, ultimately forming the EP El Nifio event
(Figs. 6b and 8e—f). These diagnostic results highlight that
the timing and spatial distribution of the thermocline feed-
back and zonal advection feedback play distinct roles in
determining the diversity of El Niflo events.

The differences in zonal advection feedback between CP
and EP El Nifio events primarily arise from disparities in the
surface wind field distribution, highlighting the pivotal role
of wind anomalies. For CP El Nifio events, there is a persis-
tent easterly anomaly in the eastern equatorial Pacific from
spring to winter (Fig. 9). The presence of this easterly anom-
aly suppresses the eastward propagation of zonal advection
feedback, thereby confining the effect of the zonal advec-
tion feedback to the central Pacific region (Fig. 8b). During
the development phase of the El Nifio, although westerly
anomalies strengthen during both types of El Nifio events,
the westerly anomalies in EP El Nifio events are stronger
and their influence extends closer to the eastern equato-
rial Pacific region (Fig. 9b—c). This facilitates the action of
zonal advection feedback in the eastern equatorial Pacific,
leading to SST warming in that region. Given the persistent
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Fig. 9 a—d Composite seasonal averages of equatorial (10°S—10°N)
averaged latitudinal winds anomalies for MAMO (a), JJAO (b), SONO
(¢), and DJF (+1) (d) seasons for the six CP (black line) and four EP
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Fig. 10 Correlations between the previous boreal winter (D-1JF0) SLP
(shading, hPa) (a) and spring (MAMO) SST (shading, °C) (b) anom-
alies, and spring (MAMO) latitudinal winds anomalies (averaged in

easterly anomalies in the eastern Pacific, the dragging effect
exerted by the wind field on seawater also affects the inten-
sity and scope of thermocline feedback, further determining
the diverse development patterns of El Nifio events (Hu et
al. 2016).
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3.3 North Atlantic forcing mechanisms

The above comparative analysis of post-1990 CP and EP
El Nifio events has identified persistent equatorial eastern
Pacific easterly anomalies as the vital process confining
warm SST anomalies within the central Pacific (Fig. 9).
Given the strengthened Atlantic—-CP El Nifo linkage after
the 1990s shown in Sect. 3.1, we now examine whether
these critical easterly wind anomalies are dynamically
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linked to Atlantic air—sea signals (Fig. 10). The anomalous
SLP associated with the easterly anomalies exhibit a NAO-
like north—south dipole pattern over the North Atlantic. In
addition, the correlated pattern between the easterly anoma-
lies and the SST field resembles the NAT SST pattern. These
results indicate that springtime easterly anomalies are sig-
nificantly associated with North Atlantic forcings, demon-
strating the connection between the Atlantic air-sea signals
and the key processes.

It has been well recognized that NAO can influence
the relationship between NTA and ENSO events (Xie and
Tanimoto 1998; Ding et al. 2023). The intensification of the
NTA-ENSO relationship after the 1990s is closely associ-
ated with the phase transition of NAO. After the 1990s,
the positive phase of the previous winter (D-1JF0) NAO
induces pronounced atmospheric circulation anomalies
over the North Atlantic. The strengthened Azores High
and enhanced subtropical pressure gradient intensify the
northeasterly trade winds over the NTA region. These wind
anomalies increase surface evaporation and upward LHF,
leading to ocean heat loss and cooling of the mixed layer.
At the same time, enhanced wind stress promotes vertical
mixing and entrainment of colder subsurface water, fur-
ther reinforcing the surface cooling. Through the combined
effects of LHF and ocean dynamical processes, negative
SST anomalies develop over the NTA during the following
spring (MAMO). Acting as a bridge, the NTA then trans-
mits the Atlantic influence to the tropical Pacific circulation,
thereby affecting the development of CP El Nifo (Fig. 11).
The unique role of Atlantic air-sea signals in key processes
can be illustrated through the bridging function of the NTA.

Previous studies have highlighted that the existence of
the VM in the Pacific Ocean facilitates the occurrence of
CP El Nino events, underscoring the role of Pacific air-
sea signals in triggering such events (Ding et al. 2015b).
To verify the unique influence of Atlantic signals on CP
El Nifo, we use VM events as representatives of Pacific
SST signals and NTA events as representatives of Atlantic
SST signals. Specifically, we perform composite analyses
on negative NTA events that occurred after the 1990s and
compare these results with the composite fields obtained
from positive VM events after excluding those with nega-
tive NTA events (Fig. 12). The NTA cooling can generate
an anticyclonic Rossby wave over the subtropical east-
ern Pacific as a Gill-type Rossby-wave response during
spring (Gill 1980), which produces an easterly anomaly
on its eastern flank (Fig. 12a). Due to the persistent pres-
ence of easterly anomalies in the equatorial eastern Pacific
(Fig. 13a), warm SST anomalies are ultimately confined to
the central Pacific through zonal advection feedback during
winter (Fig. 12c, d). By synthesizing positive VM events
and excluding years with negative NTA events, we obtain

the seasonal evolution of SST that more closely resembles
the EP El Nifio development process (Fig. 12e-h). There
are no sustained easterly anomalies in the equatorial Pacific
(Fig. 13b), and continuous strong westerly anomalies keep
the warm SST moving eastward. This highlights the unique
role of the Atlantic in CP El Niflo events. In the absence of
an Atlantic signal, the eastward development of warm SST
is not blocked (Fig. 12h), even though the initial warming
occurs in the Central Pacific (Fig. 12¢). These results reveal
that the key process originates from the NTA-induced east-
erly anomalies, thereby further confirming the unique role
played by the anomalous Atlantic air-sea signals.

Finally, we compiled an event-by-event summary of
the major signals related to Atlantic and Pacific precur-
sors associated with the six CP El Nifio events occurring
after the 1990s (Table 2). Specifically, we inspected the
previous winter NAO and spring NTA SST anomalies that
jointly compose Atlantic air—sea forcing, alongside the
VM and seasonal features of WWBs. Five of the six CP
El Nifio events (83%) featured the typical configuration of
Atlantic air—sea signals with a positive winter NAO paired
with negative spring NTA SST anomalies, indicating that
such Atlantic air—sea interactions deliver the most recur-
rent large-scale contribution. Suppressed intense WWBs
activity characterizes the development stage of all six post-
1990 CP El Niflo events, with no clustered strong WWBs
sequences comparable to those closely linked to EP El Niflo.
Such weak WWB activity constitutes a favorable internal
Pacific state conducive to central Pacific warming, yet this
condition alone cannot generate the persistent equatorial
eastern Pacific easterly barrier required to confine warm
SST anomalies. The 2004/05 event was the only case lack-
ing clear signatures of Atlantic air—sea forcing; despite the
absence of intense WWBs, its central Pacific warming sig-
nal was relatively weak and short-lived, further highlighting
the dominant and unique contribution of Atlantic air—sea
interactions. By contrast, the 2014/15 event combined a
positive VM with robust signals of Atlantic air—sea forc-
ing, where Atlantic-related easterly anomalies remained
the primary factor limiting eastward SST expansion despite
the coexisting Pacific precursor. No CP event exhibits sub-
stantial stable central Pacific warming without coordinated
signals of Atlantic air—sea forcing, even under suppressed
WWBs. Overall, these event statistics suggest that Atlantic
air—sea forcing provides the dominant, irreplaceable remote
influence on post-1990 canonical CP El Nifio variability,
whereas the VM only modulates CP evolution when super-
imposed on Atlantic signals, and suppressed intense WWBs
serve as a necessary but insufficient internal condition sup-
porting stable central Pacific warming.
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Fig. 11 a—d Composite seasonal evolution of SST (shading, °C) and
surface wind (vectors, m s ') anomalies from MAMO (a), JJAO (b),
SONO (c¢), and DJF (+1) (d) seasons for the strongly positive NAO
events (NAO+). e-h As in a—d, but for the strongly negative NAO
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events (NAO-). Only anomalies significant at the 95% confidence
level are shown. One positive (or negative) NAO event is defined as a
period when the NAO index anomaly is greater than 1 standard devia-
tion (SD) or less than-1 SD
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Fig. 12 a—d Composite seasonal evolution of SST (shading, °C) and out negative NTA events (VM +without NTA—). Only anomalies sig-
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events (NTA—). e-h As in a—d, but for the strongly positive VM with- (NTA index) anomaly is greater than (less than) 1 SD
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Fig. 13 The longitude-time plot
of equatorial Pacific (averaged

(a) NTA-

(b) WM+ without NTA-
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between 5°S and 5°N) surface
wind (vectors, m s~ ') anomalies
from JEMO to NDJ (+1) for the
strongly negative NTA events
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indicate anomalies significant at
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Table 2 Classification of Atlantic and Pacific precursor signals and
MAM-SON WWBs activity across six CP El Nifio events after the
1990s, Positive (negative) precursor signals denote standardized
anomalies exceeding+ 1 standard deviation

CPEIl NAO NTA VM WWBs Dominant precursor
Niflo interpretation

event

1994/95 + - No  Suppressed Atlantic dominated
2002/03 + - No  Suppressed Atlantic dominated

2004/05 No No No No Pacific internal

variability

2009/10 + - No  Suppressed Atlantic dominated

2014/15 + - + Suppressed  Atlantic dominated
with VM contribution

2018/19 + - No Suppressed Atlantic dominated

(a) The preconditioning phase of CP El Nifio
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Fig. 14 Schematic diagram of Atlantic air-sea signals through key pro-
cesses affecting the preconditioning and development phase of CP El
Niflo events. H and L denote sea level high and low pressure, respec-
tively, and SST+and SST- denote warm SST anomalies and cold SST
anomalies, respectively
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4 Summary and discussion

In this study, we focused on investigating the impact of
Atlantic air-sea signals after the 1990s on CP El Nifio
events, along with the underlying physical mechanisms
responsible for these impacts. Our research findings reveal a
marked enhancement in the correlation between CP El Nifio
variability and the Atlantic air-sea signals after the 1990s,
which is characterized by the occurrence of a positive phase
of the NAO and a negative NTA mode in the North Atlantic.
It has been discovered that the crucial processes distin-
guishing CP El Nifio events from EP El Nifio events lie in
the discrepancies in initial warming mechanisms during the
preconditioning phase of El Niflo events, in addition to the
differing timing and locations of the zonal advection feed-
back and thermocline feedback during the development
phase. As summarized by the schematic diagram in Fig. 14,
during the initial preconditioning phase, the positive phase
of the NAO in the preceding winter drives the emergence of
the spring NAT SST pattern, which corresponds to cold SST
anomalies in the tropical North Atlantic. The cold NTA SST
anomalies induce a pair of cyclones/anticyclones over the
tropical Pacific, and the corresponding anomalous south-
westerly weaken the intensity of the northeasterly trade
winds. This leads to a reduction in sea surface evaporation,
and the wind-related LHF triggers the initial warming in
the central Pacific through the WES feedback mechanism.
During the development phase, the NTA-induced persistent
easterly anomalies in the equatorial eastern Pacific impede
the functioning of zonal advection feedback in the equato-
rial eastern Pacific, thereby restricting the eastward spread
of warm SST anomalies. Ultimately, such easterly anoma-
lies are conducive to confining anomalous surface warm-
ing within the equatorial central Pacific region, which helps
shape the characteristic structure of CP El Nifio events.
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The enhanced influence of Atlantic air—sea signals on
CP El Nifio after the 1990s is unlikely to result solely from
changes within the Atlantic sector. Instead, it may reflect
broader multidecadal changes in the tropical climate back-
ground state. Previous studies have suggested that the
late twentieth-century climate shift was accompanied by
strengthened Atlantic—Pacific interactions and changes in
the coupled atmosphere—ocean mean state, which can mod-
ulate tropical Pacific sensitivity to Atlantic forcing through
adjustments in the Walker circulation, trade winds, and air—
sea coupling processes (Li et al. 2015; Ding et al. 2023). In
addition, Atlantic multidecadal variability has been linked
to the increased occurrence of CP El Nifio events in recent
decades (Yu et al. 2015a, b). Under such conditions, NAO-
induced NTA SST anomalies may exert a stronger influence
on tropical Pacific atmospheric circulation, thereby facilitat-
ing the triggering of CP El Nifio events. Nevertheless, the
relative contributions of multidecadal climate variability
and long-term mean-state changes remain unclear and war-
rant further investigation.

In addition, although the Indian Ocean Dipole (IOD) is
known to influence ENSO variability through atmospheric
bridge processes, its peak phase typically occurs in boreal
autumn (Saji et al. 1999; Zheng et al. 2021), which is less
consistent with the springtime NTA-induced wind anoma-
lies emphasized in this study. In addition, our composite
analyses do not reveal a robust or systematic IOD signal
preceding CP El Nifio events after the 1990s (Fig. 1). This
suggests that, while the Indian Ocean may modulate ENSO
variability, it is unlikely to be the primary driver of the
enhanced CP El Nifio occurrence documented here.

In summary, this study provides important insights into
the complex interplay among climatic signals, air—sea inter-
actions, and the key processes underlying El Nifio diversity.
The study’s meticulous focus on the heightened incidence
of CP El Nifio events since the 1990s substantially contrib-
utes to our understanding of El Nifio dynamics and their
implications for climate forecasting and impact assessment.
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