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ABSTRACT: In the last decades, many efforts have been made to understand how different tropical oceanic basins are
able to impact El Nifio-Southern Oscillation (ENSO). However, the collective connectivity among the tropical oceans and
their associated influence on ENSO are less understood. Using a complex network methodology, the degree of collective
connectivity among the tropical oceans is analyzed focusing on the detection of periods when the tropical basins collec-
tively interact and the Atlantic and Indian basins influence the equatorial Pacific sea surface temperatures (SSTs). The
background state for the periods of strong collective connectivity is also investigated. Our results show a marked multide-
cadal variability in the tropical interbasin connection, with periods of stronger and weaker collective connectivity. These
changes seem to be modulated by changes in the North Atlantic Ocean mean state a decade in advance. In particular,
strong connectivity occurs in periods with colder than average tropical North Atlantic surface ocean. Associated with this
cooling, an anomalous convergence of the vertical integral of total energy flux (VIEF) takes place over the tropical north—
west Atlantic, associated with anomalous divergence of VIEF over the equatorial eastern Pacific. In turn, an anomalous
zonal surface pressure gradient over the tropical Pacific weakens the trades over the western equatorial Pacific. Conse-
quently, a shallower thermocline emerges over the western equatorial Pacific, which can enhance thermocline feedbacks,
the triggering of ENSO events, and therefore, ENSO variability. By construction, our results put forward opposite condi-
tions for periods of weak tropical basin connectivity. These results have important implications for seasonal to decadal
predictions.

KEYWORDS: Atmosphere—ocean interaction; Large-scale motions; Climate variability; Multidecadal variability;
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1. Introduction 2022). Several authors also argued that ENSO can induce a tro-
pospheric warming inhibiting the convection over the tropical
Atlantic and thus favoring ocean heat gain (Chiang and Sobel
2002; Chang et al. 2006). Regarding the Indian basin, the ENSO-
induced anomalous Walker circulation produces descending mo-
tions over the eastern side, activating the Bjerknes feedback and

El Nifio-Southern Oscillation (ENSO) is the dominant inter-
annual variability mode of the ocean—atmosphere coupled sys-
tem, becoming the major source of predictability for the
seasonal to interannual climate around the globe (McPhaden
et al. 2006; Timmermann et al. 2018). It is widely accepted that o - . )
ENSO has impact on the sea surface temperature (SST) anoma- contributing to the development of a Pos1t1ve Indian Ocefan di-
lies of the adjacent tropical basins, such as tropical North Atlantic P ole (IOD; Wang and Wang 2014; Krishnamurthy and Klftman
(TNA; Wu et al. 2020; Garcia-Serrano et al. 2017; Wade et al. 2003). However, ENSO’s impact on the equatorial Atlantic has
2022) and Indian Ocean (Lau and Nath 2003; Wang and Wang been found to be inconsistent due to the existence of counteract-
2014). In particular, ENSO phenomenon alters the Pacific- ing effects (Latif and Grotzner 2000; Chang et al. 2006; Liibbecke
North American (PNA) pattern and tropical atmospheric circu- ~ 0d McPhaden 2012), ENSO asymmetries (L. Jiang et al. 2023),
lation, weakening the trades over TNA and warming the sea sur- and favorable/unfavorable tropical Atlantic background state
face via latent heat fluxes (Enfield and Mayer 1997; Klein et al.  (Martin-Rey et al. 2018).

1999; Giannini et al. 2001; Garcia-Serrano et al. 2017, Wade et al. During the last decades, there is emerging evidence about the
existence of remote precursors for ENSO phenomena. SST

anomalies in TNA (Ham et al. 2013a,b), equatorial Atlantic
(Rodriguez-Fonseca et al. 2009; Polo et al. 2015; Martin-Rey

P Supplemental information related to this paper is available €t al. 2014), and Indian Ocean (Saji et al. 1999; Izumo et al.
at the Journals Online website: https://doi.org/10.1175/JCLI-D-23-  2010) could influence the equatorial Pacific SST variability.
0450.s1. Each interbasin interaction occurs in a different season, in
agreement with the seasonal cycle of the interannual variability
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Walker circulation. The modified western equatorial Pacific
easterly winds trigger the physical mechanisms associated with
La Nifa (El Nifio) development for a warming (cooling) in the
equatorial Atlantic (Rodriguez-Fonseca et al. 2009; Polo et al.
2015). Regarding the tropical North Atlantic impact on ENSO,
it is maximum in boreal spring when a warming (cooling) of this
region produces an equatorial atmospheric Rossby wave, due
to the anomalous convection. It is translated into a surface anti-
cyclonic response over the central Pacific, which produces
anomalous currents advecting cold (warm) anomalies to the
central Pacific, developing a La Nina (El Nifio) (Ham et al.
2013a). Although there is some skepticism about the real exis-
tence of this teleconnection (Zhang et al. 2021), recent studies
have provided further evidence about the important role of
TNA persistence until boreal summer (Jiang et al. 2022) and
the atmospheric Kelvin wave response over the Indian Ocean
and Maritime Continent for enhancing the easterlies preceding
ENSO phenomenon (Rong et al. 2010; Yu et al. 2016; S. Chen
et al. 2022; Jiang and Li 2021; Ma et al. 2022). The impact of the
Indian Ocean on ENSO takes place in boreal fall, when the
IOD (Saji et al. 1999), an internal air-sea coupled mode of in-
terannual variability, peaks. A positive IOD is characterized by
cold anomalies in the eastern Indian Ocean and warm condi-
tions over the western side, fostered by anomalous easterly
winds in the central basin via the Bjerknes feedback (Webster
et al. 1999; Saji et al. 1999). During boreal fall, a positive (nega-
tive) IOD alters the Walker circulation, generating anomalous
westerly winds over the western Pacific, that contributes to
El Nifo (La Nifia) development in the following winter sea-
son (Annamalai et al. 2010; Luo et al. 2010). Several authors
have also reported an opposite-sign connection between ENSO
and the occurrence of an IOD pattern 14 months in advance
(Izumo et al. 2010, 2014). Thus, the existence of warming and
cooling conditions in the tropical Atlantic and Indian basins, re-
spectively, during previous seasons can promote the develop-
ment of ENSO during the next winter.

Tropical basin interactions (TBIs) are, therefore, a new
paradigm of research that highlights the need of an integrated
view of the whole tropics to understand the climate variability
from interannual to decadal time scales (Cai et al. 2019;
Rodriguez-Fonseca et al. 2020). In this sense, and in contrast
with previous studies that focused on individual basin precur-
sors, the present study aims to provide a global picture of
tropical ocean basins as a whole unique predictor of ENSO
phenomena.

A remarkable feature of the TBIs is their nonstationary be-
havior, since they only occur in particular decades (Rodriguez-
Fonseca et al. 2020; Martin-Rey et al. 2014, 2015; Polo et al.
2015; Wang et al. 2017; Cai et al. 2019; Ding et al. 2023;
W. Chen et al. 2022; Park et al. 2023b). The causes of the de-
cadal activation of the TBI are still under debate. Recent studies
have refuted the idea of multidecadal behavior of tropical basins
impacting ENSO (Jiang et al. 2021; F. Jiang et al. 2023). How-
ever, some studies have suggested the important role of changes
in the oceanic and atmospheric background states, driven by the
Atlantic multidecadal variability (AMV), the decadal variability
of the North Atlantic Oscillation (NAO), or decadal variations
in the ITCZ location (Martin-Rey et al. 2014; Ding et al. 2023;
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Losada et al. 2022) as a switch-on for TBIs. In addition, a modi-
fication in the spatial structure of the tropical interannual
modes, together with an enhancement of equatorial variability
and convection, has been suggested as a possible cause for the
activation of TBI at multidecadal time scales (Martin-Rey et al.
2014, 2018; Wang et al. 2017; Losada and Rodriguez-Fonseca
2016; Cai et al. 2019; Losada et al. 2022; Ding et al. 2023).

The existence of TBIs opens windows of opportunity for im-
proving the seasonal to decadal climate predictions. SST anoma-
lies in the tropical Atlantic and Indian basins can enhance the
predictability of ENSO through changes in the surface winds over
the central and west tropical Pacific (Frauen and Dommenget
2012; Dayan et al. 2014; Losada and Rodriguez-Fonseca 2016;
Exarchou et al. 2021). These anomalous surface winds can inten-
sify the Bjerknes feedback giving rise to stronger ENSO events
(Keenlyside et al. 2013; Wang and Wang 2021). Moreover, a sta-
tistical hindcast that includes the information about the air-sea
coupled mechanism of the Atlantic—Pacific connection shows an
increase in ENSO predictability during the first and last decades
of the twentieth century (Martin-Rey et al. 2015). This multideca-
dal modulation of ENSO predictability can be understood by the
nonstationarity feature of this interbasin linkage (Martin-Rey et al.
2014; Crespo-Miguel et al. 2023), which also coincides with de-
cadal changes in ENSO properties and mechanisms (Grothe et al.
2020; Crespo et al. 2022; Weisheimer et al. 2022; Gan et al. 2023).

The aim of this study is twofold: (i) to analyze the TBIs as
collective connectivity among the interannual variability modes
that characterize the tropical oceans and which peaks before
the ENSO peak (i.e., the Pacific is lagged up to 9 months with
respect to the Atlantic and Indian Oceans) and (ii) to analyze
the multidecadal variations of the connections identifying the
global mean states associated with high connectivity.

In this study, the degree of collective connectivity among
the tropical oceans is analyzed considering them as a nonsta-
tionary core, whose influence on ENSO can vary in time. In
particular, we explore the variability of the degree of collec-
tive connectivity along the observational record, focusing on
the detection of periods where the tropical oceans are more
active interacting among them and influencing ENSO in the
same calendar year. The favorable conditions that could lead
to the nonstationary behavior of collective tropical basin in-
teractions are also described. To do so, we consider a complex
network perspective and construct a climate network in which
each one of the nodes represents one of the main interannual
variability modes that characterize the tropical oceans. In this
way, the climate indices representative of these modes are
Atlantic zonal mode (Atl3), Nino-3 (ENSO), IOD, and TNA.
To investigate the TBIs and their variability, we calculate the
mean network distance (Tsonis et al. 2007; Martin-Gémez
and Barreiro 2015), a useful tool from complex network the-
ory that provides a measure of the degree of collective con-
nectivity among the tropical oceans, considering them as a
core. Previous studies have analyzed the interaction between
two tropical basins using moving window correlation analysis
with a linear interdependence measure (Pearson’s correlation
coefficient; e.g., Rodriguez-Fonseca et al. 2009; Martin-Rey
et al. 2014, 2015; Polo et al. 2015; Wang et al. 2017). Here, we
make a step forward by utilizing a novel metric that allows for

Unauthenticated | Downloaded 03/04/26 12:38 PM UTC



1 AUGUST 2024 REVIEW 3871
(a) Regions of the oceanic indices (b) Monthly std Oceanic indices
12 —%— Nino3
—F— A3
1 TNA
—*—10D
g 08
= 3
< 06
04
R
oo LT

longitude

P E S PO P

FIG. 1. (a) Domains of the network’s nodes where the SST anomalies are averaged for computing the following
indices: Nifio-3 (red box), Atl3 (blue box), TNA (green box), and IOD (magenta boxes). For the case of the IOD, the
index is constructed as the difference between the western and eastern boxes. (b) Monthly standard deviation of the
Nifio-3 index (red curve), Atl3 index (blue curve), IOD index (magenta curve), and TNA index (green curve). Values
are computed from the monthly SST anomalies from HadISST during the period 1900-2010.

considering both the linear and nonlinear relationships under-
lying TBIs and enables the comprehensive analysis of all trop-
ical basins collectively.

This study is organized as follows. The data and methodol-
ogy considered in this study are introduced in section 2. In
section 3, the results regarding (i) the collective connectivity
among tropical oceans and its multidecadal variability, (ii) the
favorable conditions that are related to periods of strong con-
nectivity among tropical oceans, and (iii) the drivers leading
periods of strong TBI are presented. Finally, section 4 com-
prises the main conclusions and the discussion of the results.

2. Data and methodology
a. Data

We consider monthly SST values from Hadley Centre Sea Ice
Sea Surface Temperature database, version 1.1 (HadISSTvl1.1;
Rayner et al. 2003), with a spatial resolution of 1° X 1°, and also
from NOAA Extended Reconstructed SST, version 5 (ERSST.v5;
Huang et al. 2017), with a spatial resolution of 2° X 2°. Both data-
sets cover the period 1890-2019. In addition, we use monthly SST
values from the ECMWEF’s first atmospheric reanalysis of the
twentieth century (ERA-20C reanalysis; Poli et al. 2016) ranging
from 1900 to 2010.

To analyze the changes in mean state and circulation that
could lead or modulate the connectivity among the tropical
oceans, we use the 3D velocity at different vertical levels of
1000, 900, 800, 700, 600, 500, 400, 300, 200, and 100 hPa; mean
sea level pressure; zonal and meridional wind stress; and the
zonal and meridional components of the vertical integral of the
total energy flux (VIEF) from the ERA-20C reanalysis system
during the period 1900-2010 (Poli et al. 2016). The zonal
(meridional) component of VIEF represents the zonal flux of
the total energy (sum of potential, kinetic, internal, and latent
energies) integrated over the whole vertical column, that is, the
vertical integral of the product between the zonal (meridional)
wind and the total energy (Berrisford et al. 2011).

Moreover, we also consider the monthly values of the 20°C
isotherm depth (z20) as a proxy of the thermocline depth over
the period 1900-2008. We estimate the z20 from the Simple

Ocean Data Assimilation (SODA) project, version 2.2.4 (Carton
and Giese 2008). The SODA reanalysis uses the POP2.x ocean
model. SODA data have 0.5° X 0.5° horizontal resolutions from
1871 to 2008 (we use the data for the period 1900-2008). A se-
quential assimilation algorithm is used with a 10-day updating
cycle. NOAA Twentieth Century Reanalysis, version 2 (20CRv2),
surface wind stress, and variables for the bulk formula are applied.
It assimilates the World Ocean Database 2009 (WODO09)
standard levels of temperature and salinity and SST from
International Comprehensive Ocean—Atmosphere Data Set,
version 2.5 (ICOADS 2.5).

b. Methodology
1) CONSTRUCTING THE CLIMATE NETWORK

To analyze the collective connectivity among the tropical
oceans, we consider a complex network perspective and construct
a climate network. For this purpose, we first need to define the no-
des of the network (interactive agents) and the criterion through
which we consider that two nodes are connected (interacting).

The climate network is constructed considering as nodes
the main interannual variability modes that characterize the
tropical oceans: TNA, Atl3, ENSO (Nifio-3), and IOD. The
specific domains for the nodes are (150°-90°W, 5°N-5°S) for
Nifo-3, (20°W-0°, 3°N-3°S) for Atl3, (80°W-20°E, 0°-15°N)
for TNA, and (50°-70°E, 10°S-10°N) and (90°-110°E, 10°S-0°)
for the western and eastern regions of the Indian Ocean, respec-
tively, for the IOD (see longitude-latitude boxes in Fig. 1a).

Each one of these nodes is characterized by an index that
represents the variability of the SST anomalies centered on the
season of its peak of variability during the period 1900-2009:
Nifio-3 in November-January (NDJ), Atl3 in June-August
(JJA), TNA in March-May (MAM), and the Indian Ocean di-
pole in August-October (ASO) (see Fig. 1b). SST anomalies
are computed by removing the seasonal mean over the period
1900-2010. We then remove the linear trend of the anomalies
considering the full period of study. In the case of the 10D,
the index is constructed as the difference between the western
box and the eastern box. For all cases, the indices are calcu-
lated for all SST databases, which cover the period 1900-2009
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for ERSST.v5 and HadISSTv1.1 and the period 1910-99 for
ERA-20C.

SST anomalies for each of the regions are spatially averaged in
the corresponding peak season, and the linear trend is removed.
After that, a Butterworth filter is applied to the indices using a
cutoff frequency of 1/11 yr~'. The obtained filtered anomalous
SST indices (nodes) are then standardized. Finally, we consider
that two nodes are connected when the Spearman correlation co-
efficient is statistically significant. The significance is established
based on the Monte Carlo method, estimating the correlation
thresholds that correspond to the 90% percentile for each pair of
the network’s nodes. For this purpose, 500 surrogate time series
of each node are computed considering the nodes as red (white)
noise if their autocorrelation at lag 1 year is (not) statistically sig-
nificant in a one-tailed ¢ test at the 95% confidence level.

The constructed network considers all nodes leading Nifio-3:
Atl3, IOD, and TNA, which are centered in JJA, ASO, and
MAM seasons, respectively. Also, Nifio-3 is considered for the
following NDJ, which is the season of El Nifio peak. Therefore,
we could interpret the network as the group of nodes that inter-
act together and influence ENSO.

2) QUANTIFYING THE DEGREE OF COLLECTIVE
CONNECTIVITY AMONG TROPICAL BASINS

Once the network is constructed, we focus on analyzing the
degree of collective interaction among the network nodes.
For this purpose, we use the mean network distance, a useful
tool from the complex network theory that allows to quantify
the degree of collective interaction among the network nodes
and detects the period of maximum and minimum degree of
collective connectivity (Tsonis et al. 2007; Martin-Gémez and
Barreiro 2015). Mathematically, it is defined as

2
d@t) = m%\ﬂ(l = IriD 0

where N represents the number of network nodes (four in our
case) and r;; represents the correlation coefficient between
the nodes i and j. Here, we use the Spearman rank correlation
coefficient, which is computed considering a centered moving
window with 21-yr length. The choice of 21 years was done
by similarity with previous studies (Rodriguez-Fonseca et al.
2009; Martin-Rey et al. 2014, 2015; Polo et al. 2015). Nonethe-
less, the sensitivity of the results to the choice of the moving
window length was tested considering moving windows from
15 to 29 years. It was found that the results are not sensitive
to the moving window length chosen (not shown). The time
step used for consecutive correlation is 1 year. Therefore, the
mean network distance time series contains 89 values, each
one of them representing the degree of collective connectivity
considering a 21-yr moving window. For each moving win-
dow, Eq. (1) is itemized in six terms, each one of them repre-
senting the contribution to the mean network distance of each
one of the six possible combinations among network nodes.

In Eq. (1), the absolute value of the correlation coefficient is
utilized since this metric serves as a quantitative measure of the
level of interaction between nodes, irrespective of the correlation’s
sign. The maximum (minimum) value of the mean network
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distance is V2(0), which corresponds to a completely disconnected
(connected) network. Therefore, the smaller the mean network
distance, the larger the degree of collective connectivity among
nodes. This measure has demonstrated its potential to detect peri-
ods of maximum/minimum connectivity among several nodes
(Tsonis et al. 2007; Martin-Gémez and Barreiro 2015). Unlike
most previous studies, in which authors analyze the interaction
between two tropical basins using moving window correlation
analysis with a linear interdependence measure (e.g., Rodriguez-
Fonseca et al. 2009; Wang et al. 2017), our methodology allows us
to work with all the tropical basins as a collective core and analyze
its connectivity and variability.

Finally, synchronization periods are defined as temporal inter-
vals during which the mean network distance falls below a pre-
determined threshold value. Consequently, we consider these
periods to exhibit statistically significant collective interconnec-
tivity among the tropical oceans. This threshold is computed by
applying the Monte Carlo method to the nodes’ indices. Surro-
gate time series of each node are computed, considering the no-
des as red noise (white noise) if their autocorrelation at lag 1
year is (is not) statistically significant in a one-tailed ¢ test at the
95% confidence level. Using these series, we compute 500 surro-
gate time series of the mean network distance, which allows de-
termining the 5% level.

3) BACKGROUND CONDITIONS ASSOCIATED WITH THE
TROPICAL OCEAN BASIN CONNECTIVITY

The mean network distance time series computed following
section 2b can be understood as a low-frequency climate vari-
ability index. Focusing on it, we select three different periods in
terms of the degree of collective tropical basin connectivity and
analyze the favorable mean state background conditions associ-
ated with high (with respect to low) connectivity among the
tropical oceans. Maps of mean differences in SST, mean sea
level pressure (MSLP), Walker circulation, wind stress, and di-
vergent components of the vertical integral of the total energy
flux (V,_vier) are used. The term V,_ygF is used as a proxy of
convection development in the atmosphere. Regions showing di-
vergence (convergence) would be related to the development
(inhibition) of convection (Green et al. 2019). In the case of the
tropical areas, this would give an idea of the ITCZ position.

The term V), _vigr is computed from the zonal and meridional
values of the total energy fluxes integrated in all the vertical col-
umns (VIEF), from ERA-20C reanalysis. To obtain the diver-
gent components from the zonal and meridional components of
VIEF, we first calculated the velocity potential xyigr by solving
Poisson’s equation: VV = Ayxvigr, where V is the vector with
the zonal and meridional components of the VIEF and yvigF is
the associated velocity potential. Afterward, we computed the
V,—vier gradient of xvier (Vy-vier = VXvier)-

Monthly values of these variables are first annually averaged.
Then, we compute the anomalies by subtracting the mean over
the period 1900-2010 and remove the linear trend. Maps of mean
differences were calculated as the difference between the mean
of the anomalies of a specific field in a window belonging to the
synchronized period minus the mean of the anomalies of the
same specific field in a window belonging to the nonsynchronized
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FIG. 2. (a) Mean network distance time series using SST from HadISSTvl (blue line),
ERSST.v5 (red line), and ERA-20C (black line). The red dashed line represents the threshold
level considering a 95% confidence level in computing considering the Monte Carlo method.
(b) Moving Spearman’s correlation among each pair of nodes considering 21-yr moving windows.
Windows are centered. Statistically significant values according to the Monte Carlo method are
represented by black crosses. SST is from HadISSTv1.

period. We also compute annual average and linearly detrended
720 anomalies over the equator and compare the mean of the
anomalies in two periods, one belonging to the synchronized pe-
riod and the other belonging to the nonsynchronized period.

4) DETECTING DRIVERS FOR TBI DEVELOPMENT

To identify the drivers of the climate system that could lead to
the development of periods of higher degree of collective tropical
connectivity, we consider the mean network distance time series
d(1) as a low-frequency climate variability index and perform cor-
relation maps between this index and the 21-yr running mean
anomalies of global SST, MSLP, Walker circulation, wind stress,
and the divergent components of VIEF. These correlation maps
are computed with the atmospheric and oceanic fields leading the
mean network distance from lag —9 to lag 0 (years). Correlation
maps are multiplied by (—1), and therefore, they indicate the oce-
anic or atmospheric pattern that corresponds to an increase in
connectivity (decrease in the mean network distance). By con-
struction, the opposite maps will correspond to the spatial patterns
promoting decrease in collective connectivity.

Statistical significance is evaluated considering an Ebisuzaki test
(Ebisuzaki 1997), which is a nonparametric test used to estimate
the statistical significance of correlation coefficients between time
series with serial correlation. We consider a 90% confidence level.

3. Results

a. Collective connectivity among the tropical oceans
during the last century

The degree of collective connectivity presents a large multi-
decadal variability, with two periods of strong connectivity
during the last century: from 1910 to 1935 and from 1975 to

1998 (Fig. 2a). However, very low connectivity takes place in
the decades in-between, from 1935 to 1975 (Fig. 2a).

To better understand the meaning of d(f), correlation coeffi-
cients between each pair of network nodes are presented in
Fig. 2b. The results depicted in Figs. 2a and 2b demonstrate
that periods characterized by lower mean network distance val-
ues (Fig. 2a) align with increased significant connectivity among
node pairs (Fig. 2b). Notably, Fig. 2b reveals that during syn-
chronization periods, the Atl3, TNA, and IOD exert a signifi-
cant influence on the SST anomalies in the equatorial Pacific
(except TNA during the second synchronization period).

Furthermore, it is noteworthy that the majority of connec-
tions (Atl3-Nifio-3, TNA-Nifio-3, Atl3-IOD, and TNA-IOD)
exhibit a transition from significant negative correlations (dur-
ing synchronization periods) to nonsignificant correlations that
even change in sign (during the disconnection period). Similar
results are shown for AtI3-TNA, which shifts from positive
correlation to nonsignificant positive/negative values. How-
ever, the IOD-Nifio-3 connection exhibits positive correlation
scores during synchronization periods and reduces its intensity
becoming nonsignificant (but positive) during the nonsynchro-
nization periods. There is an agreement between HadISSTv1.1
and ERSST.v5 datasets (Fig. 2a and Fig. S1 in the online sup-
plemental material). Finally, the results in Figs. 2a and 2b are
not sensitive to the choice of Nifo-3, Nifio-3.4, or Niflo-4 index.

The nonstationary connectivity between tropical basins is
shown in Figs. 2a and 2b. We now select three different periods:
the synchronized periods P1 (1910-30) and P3 (1980-98) and
the nonsynchronized period P2 (1950-70). These periods do not
overlap among them and coincide with intervals of climate in-
terest, as the climate shift reported in the tropical Pacific in
1976, which is in between P2 and P3 (Miller et al. 1994; Hare
and Mantua 2000). Results do not differ when changing slightly
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(top) Period P1 (1910-30), (middle) period P2 (1950-50), and (bottom) period P3 (1980-98). Shaded areas are statistically significant con-

sidering the Monte Carlo test with a 90% confidence level.

the nonsynchronized period between the window centered in
1950 and 1960 in Fig. 2a. Period P2 corresponds to the window
centered in 1960 in Fig. 2a, which represents a time interval of
minimum tropical connectivity. Although years before the satel-
lite era present uncertainties, especially prior to 1950s, they are
also interesting to be analyzed because they have the advantage
of avoiding the effects of global warming (Fig. 2a) and coincide
with another climate shift in the 1920s-30s (Drinkwater 2006).
Therefore, it is worth including them in the analysis, although due
to the lack of observational data to be assimilated by the reanaly-
sis, the results for this period should be analyzed with caution.
The nonstationary connectivity between tropical basins is
also confirmed by the spatial correlation maps between Nifio-3
NDJ and anomalous SST in NDJ and in the previous seasons
(ASO, JJA, and MAM,; see Fig. 3). Correlation maps are com-
puted for the selected nonsynchronized period P2 and syn-
chronized periods P1 and P3. During P2, an El Nifio pattern in
NDJ is associated with an anomalous warming in the Indian
Ocean and western north and south tropical Atlantic, devel-
oped from MAM to NDJ (Fig. 3, left). Extratropical anomalies
appear in the Southern Hemisphere in P2. On the contrary, in
P1 and P3, tropical basin interactions prior to the development
of ENSO are remarkable, with anomalous warm SSTs over
the equatorial Pacific in NDJ significantly correlated with a
positive IOD in ASO and negative SST anomalies in the equa-
torial Atlantic in JJA. Notice that an anomalous cooling over
the TNA region in MAM is shown in P1 (Fig. 3), in contrast
with P3, when there is no significant signal. This lack of neg-
ative and significant correlation in this 21-yr window is pri-
marily understood by the dominant role of the equatorial
Atlantic-ENSO linkage during the 1970s—90s and the delayed
activation of the TNA-ENSO reported in the literature. The
TNA-ENSO connection started becoming significant in the
early 1990s (Rodriguez-Fonseca et al. 2009; Martin-Rey et al.
2014; Ham et al. 2013a; Wang et al. 2017; Park et al. 2023a,b).
However, given that ERA-20C reanalysis only has available
data from 1900 to 2010, we only can focus on the mean

distance from 1910 to 1998. Remarkably, the ENSO-like SST
anomalies are already present in boreal spring (MAM) and
persist up to the winter season (NDJ) during P2 (Fig. 3, second
row), which can suggest a persistent event from the previous
winter season. However, in P1 and P3, anomalous equatorial
Pacific SSTss started to develop in MAM, coinciding with an
anomalous cooling in TNA and equatorial Atlantic, and are
reinforced in the following seasons, boosted by the Atlantic
zonal mode and IOD forcings (Fig. 3, second column). This re-
sult corroborates that other tropical basins (Atlantic and Indian)
can favor the ENSO development in P1 and P3.

The above results provide evidence about the nonstationary
behavior of the collective connectivity among tropical basins,
existing periods when tropical basin interactions are strong
(1910-35 and 1975-98) and the tropical Atlantic and Indian SSTs
lead the ENSO peak, and periods when the tropical basins evolve
independently and El Nifio presents stronger persistence with no
interactions of other tropical basins in the seasons before the peak
(1935-75). In the following section, we investigate the global back-
ground conditions associated with periods of high connectivity.

b. Background conditions favoring the tropical ocean
basin connectivity

1) COMPARISON OF 1980-98 (P3) VERSUS 1950-70 (P2)

Overall, the climatological conditions of P3 are character-
ized by colder extratropics and warmer tropics than in P2
(Fig. 4a). In particular, a negative Atlantic multidecadal oscil-
lation (AMO)-like SST pattern emerges over the Atlantic
Ocean for periods of strong connectivity (the opposite for
weak connectivity; Fig. 4a). The cooler TNA region coexists
with the warmer equatorial Indian and Pacific basins. Notice
that an east-west SST gradient appears over the central Pacific
with warmer anomalies over the eastern part.

Regarding sea level pressure, a positive NAO-like configu-
ration is shown over the North Atlantic in agreement with an
intensification of northeasterlies and an underneath sea sur-
face cooling (Li et al. 2013; Martin-Rey et al. 2018) during the
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FIG. 4. Mean difference maps computed as the difference between the mean values in P3 and
the mean values over P2 of (a) SST (contours), (b) MSLP (contours) and wind stress (arrows),
and (c) thermocline depth (m) for the z20 averaged over 5°N-5°S. Negative (positive) values
mean shallower (deeper) thermocline. (d) VIEF (contours) and V,_yigr (arrows), (e) precipita-
tion (shaded), and (f) Walker circulation (arrows). Shaded areas in (e) and (f) represent clima-
tology. Shaded regions in (a), (b), and (d), circles in (c), and black arrows in (b) and (f) are statis-
tically significant considering a 90% confidence interval.
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period of tropical connectivity (Figs. 4a,b). Although the
tropics present a general increase in SLP, a relative minimum
appears over the central equatorial Pacific, producing two
anomalous zonal pressure gradients: one that strengthens the
easterlies in the easternmost side of the basin (230°-270°E)
and another one that weakens them in the western—central
equatorial Pacific (150°-230°E) (Fig. 4b). In addition, a shal-
lowing of the thermocline takes place over this region,
which is consistent with the divergence of winds produced
by these SLP gradients. The weakening (strengthening) of
the easterlies in the western (eastern) equatorial Pacific
during the period of connectivity is consistent with the de-
velopment of a shallower (deeper) thermocline over this re-
gion (Fig. 4c). Some authors have discussed how, under this
background state, characterized by a shallower thermocline,
the Bjerknes feedback is more efficient (Trascasa-Castro
et al. 2021; Crespo et al. 2022).

Figure 4d shows xvigr and its associated V,_vigr. Regions
of anomalous V,_ygr divergence are usually related to the lo-
cation of anomalous wetter conditions as a region of anoma-
lous energy transport divergence (Green et al. 2019) being a
diagnostic used to locate the ITCZ. The opposite occurs for
regions of convergence. In our results, and during the period
of tropical connectivity, two anomalous centers of conver-
gence V,_vigr appear over the tropical Atlantic (over the
northeast American coast and over Senegal-Mauritania Coast;
Fig. 4d), which coincide with regions of anomalous sea surface
cooling (cf. Figs. 4a,d). This anomalous convergence of V,_vier
over the tropical North Atlantic occurs together with a
northwest—southeast V,_vigr anomalous divergence band
that extends from the western equatorial Pacific (around
170°E) to the southeast tropical Pacific (around 20°S, 250°E)
(Fig. 4d). Over the tropics, those regions where anomalous
divergence of V,_yier develops (Fig. 4d) coincide with regions
with an anomalous increase in the precipitation (Fig. 4¢) and
vice versa. The location of these divergence centers together
with that of the regions of positive region suggests that during
periods of more tropical basin connectivity, there is an equator-
ward displacement of the ITCZ over the western equatorial
Atlantic (between 320° and 350°E) and Pacific (between 160°
and 200°E, and around 240°E) and an eastward displacement
of the South Pacific convergence zone (SPCZ), which is the
northwest-southeast precipitation band that extends from the
western equatorial Pacific (around 0°, 170°E,) to the southeast
tropical Pacific (around 20°S, 250°E) (Figs. 4d,e).

Moreover, this period of strong connectivity is character-
ized by a weakening of the Pacific Walker circulation, as
shown in Fig. 4f. Over the Maritime Continent, the strong cli-
matological upward branch is debilitated and is associated
with anomalous subsidence around 140°E (Fig. 4f). This
downward motion agrees with a reduction in rainfall and the
spatial distribution of precipitation and yvigr anomalies
(Figs. 4e,d). Over the equatorial Pacific, anomalous upward
(downward) motions are found over 170°E-250°W (250°-320°E),
which are consistent with the equatorial anomalous divergence
(convergence) of the V,_vigr (cf. Figs. 4d.f), the distribution of
anomalous precipitation anomalies on the equator (Fig. 4e),
and the anomalous MSLP pattern (Fig. 4b). The latest
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suggests anomalous convergence of winds over the equatorial
Pacific around 230°E (Fig. 4f), which is in agreement with the
convergence of zonal winds at lower levels in the Walker cir-
culation (Fig. 4f). Moreover, the anomalous wind stress di-
vergence observed over 150°E (Fig. 4b) is also consistent
with the anomalous upward motions over there in the
Walker circulation (Fig. 4f).

Therefore, the oceanic and atmospheric background condi-
tions that promote collective tropical connectivity of the tropi-
cal basins are (i) a cooler north tropical Atlantic (Fig. 4a) that
co-occurs with an anomalous convergence of the V,_vgr over
the western North Atlantic (around 40°-50°N, over the north-
eastern American coast) and warmer tropics with a diver-
gence of the V,_yigr over the equatorial regions; (i) an
equatorward displacement of the western Pacific and Atlantic
ITCZ (Fig. 4e) and an eastward displacement of the SPCZ
(Figs. 4d.e). Both displacements provide anomalous wetter con-
ditions over most of the equatorial western Pacific. (iii) A center
of relative lower pressure anomalies over the equatorial Pacific
(around 250°E) produces two zonal MSLP gradients over the
equatorial Pacific, which weakens (strengthens) the trade winds
over the western (eastern) equatorial Pacific (Fig. 4f), reducing
the pilling of water over the warm pool and causing the thermo-
cline to rise (deepen) over the western (eastern) equatorial
Pacific (Fig. 4c). The combination of an equatorward ITCZ and
a shallower thermocline (which favors the ENSO development)
could promote favorable conditions for other tropical basins to
influence ENSO variability and, therefore, to develop a stronger
collective connectivity among the tropical basins. By construc-
tion, the opposite takes place in periods of noncollective tropical
basin interactions.

2) COMPARISON OF 1910-30 (P1) VERSUS 1950-70 (P2)

A similar behavior takes place in the synchronized period
P1, during the beginning of the twentieth century, compared
to P2. A cooling around the regions of the northern subtropi-
cal gyres takes place in agreement with an increase in SLP
over these atmospheric anticyclonic circulations (Figs. 5a,b),
as in P3 (Figs. 4a,b). Ekman transport produces a relative
warming in the center of these gyres. A concomitant equatorial
Pacific a warming emerges in agreement with a relative decrease
in SLP in the center of the basin, in consonance with an en-
hancement of the surface wind convergence (Fig. 5b). This con-
figuration could be due to the impact of the North Atlantic on
the equatorial Pacific by alteration of the Hadley circulation. As
a consequence of the equatorial wind convergence and the SLP
gradient over the central Pacific, the trades weaken in the west-
ern part where the thermocline becomes shallower, while it
deepens over the eastern equatorial Pacific (Fig. 5c).

Our results have identified the atmospheric and oceanic
mean states that characterized those periods with more collec-
tive connectivity. However, the origin of these background
conditions is still unclear. Several authors have suggested the
AMV as a possible modulator considering just a single node of
the TBI. In this way, Martin-Rey et al. (2014) identified how the
equatorial Atlantic and Pacific could interact together for nega-
tive phases of the AMV, while Wang et al. (2017) analyzed how
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FIG. 5. Mean difference maps computed as the difference between the mean values in P1 and
the mean values over P2 of (a) SST (contours), (b) MSLP (contours) and wind stress (arrows),
and (c) thermocline depth (m) for the z20 averaged over 5°N-5°S. Negative (positive) values
mean shallower (deeper) thermocline. (d) VIEF (contours) and V,_vigr (arrows), (e) precipita-
tion (shaded), and (f) Walker circulation (arrows). Shaded areas in (e) and (f) represent climatol-
ogy. Shaded regions in (a), (b), and (d), circles in (c), and black arrows in (b) and (f) are statisti-
cally significant considering a 90% confidence interval.
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Fig. 6. Correlation maps of the degree of collective connectivity onto anomalous (a) SST at lag —16, (b) SST at lag —9, (c) SST at
lag —4, (d) VIEF and V-VIEF at lag —9, (e) VIEF and V-VIEF at lag —4, (f) MSLP and wind stress at lag —4, and (g) MSLP and wind
stress at lag 0. Dots in (a)—(c), black arrows in (f) and (g), and shaded areas in (d)-(g) represent correlation values that are statistically
significant considering an Ebisuzaki test with a 90% confidence level. Lag —9 (—4) means that the atmospheric or oceanic field is leading
9 (4) years in the degree of collective connectivity. Positive (negative) correlation values suggest that an increase in the collective connec-
tivity among the tropical oceans is related to an increase (decrease) in the atmospheric field.

during the positive AMV phase the tropical North Atlantic
impact on ENSO was enhanced. Nevertheless, the emergent
global ocean picture discussed in the present work presents
several SST anomalies interacting with ENSO that merit
consideration (Fig. 4a). Recent findings, based on model
sensitivity experiments, have put forward how the equator-
ward displacement of the ITCZ can produce a flattening of
the thermocline depth promoting tropical Atlantic impact on
ENSO (Losada et al. 2022). Nevertheless, no work has focused
so far in the collective connectivity among tropical basins and
their associated influence on ENSO neither in the origin of the
background conditions promoting them. In the next section,
we dig into the physical processes leading to favorable condi-
tions for collective connection among the tropical oceans using
observations.

¢. Evolution of background conditions preceding
collective tropical interbasin interactions

To understand the origin of the background conditions de-
scribed in the previous sections and detect possible drivers
leading to the subsequent development of high tropical con-
nectivity, as well as to investigate the physical mechanism for
TBIs, we perform a correlation analysis between the degree
of collective connectivity and the different oceanic/atmo-
spheric fields from previous years leading to the activation of
TBI. Correlation maps show a statistically significant cooling
over the North Atlantic region that starts at lag —16 (years)
and extends toward the tropical latitudes from lag —13, per-
sisting until lag —4 (see Figs. 6a—c as examples; see Fig. S2).
The SST structure resembles a negative AMO-like pattern
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that could act as the decadal precursor for favorable future
conditions for tropical connections.

A possible mechanism linking the subtropical North Atlantic
cooling with the subsequent development of warmer anomalies
over the equatorial Pacific (Figs. 6a—c) could be through
anomalous changes in the zonal and meridional overturn-
ing atmospheric circulations and in the ITCZ location. The

persistence of the cooler SSTs over the subtropical North
Atlantic from 13 up to 4 years before appears associated
with the development of a statistically significant anomalous
convergence of V, vigr over the northeast American coast
and western Senegal-Mauritania Coast (see Figs. 6a—¢). These
anomalies over the North Atlantic appear together with a strong
anomalous V,_vigr divergence over the central-eastern
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FIG. 7. Schematic for the origin of background conditions promoting collective TB connectiv-
ity and enhancement of ENSO variability: condition 1 takes place 16 years ahead, condition 2
from 9 to 4 years ahead, and conditions 3 and 4 from 4 to the years in which the connectivity

among tropical basins is maximum.

tropical Pacific (Figs. 6d,e) around 200-270°E, which per-
sists until lag —4.

The persistence of this anomalous V,_ygr divergence over
the equatorial Pacific (Figs. 6d,e) would be associated with the
appearance of significant MSLP anomalies afterward over the
equatorial Pacific (Figs. 6f,g). The anomalous MSLP pattern dis-
plays two gradients: one that weakens the trades over the western
equatorial Pacific and another that strengthens them over the
eastern part (Figs. 6f,g, also in agreement with Figs. 4b and 5b).
This, in turn, could induce a shallower thermocline depth over
the western equatorial Pacific (Fig. 4) and enhance thermocline
feedbacks, triggering ENSO events (Trascasa-Castro et al. 2021).
These conditions are favorable for the development of periods of
strong connectivity. Figure 7 shows a scheme illustrating the
mechanism aforementioned.

The present results put forward a possible role of the AMV,
from 16 years in advance, on the equatorial Pacific background
conditions, the latter being responsible for changing the
ocean and atmospheric conditions for ENSO development,
in a way that the other equatorial modes of variability can
interact with it.

The role of AMV has been already proposed as a low-
frequency precursor for TNA-ENSO and AtI3-ENSO inter-
actions (Martin-Rey et al. 2014; Wang et al. 2017). However,
our results highlight the need for a global ocean footprint to
trigger collective tropical connectivity. Indeed, Fig. 8a shows evi-
dence that the SST patterns shown in Fig. 6 represent the multi-
decadal variability of the Atlantic and Pacific Oceans. Positive
IPO (depicted in Fig. 8b) is negatively and simultaneously
related to grid distance (red line in Fig. 8a), while positive
AMV (depicted in Fig. 8c) is positively related to grid dis-
tance from 16 years earlier (blue line in Fig. 8a), lending

strength to its crucial role as a precursor to TBI. The results
addressed here only allow us to hypothesize the physical
mechanisms that might lead to the degree of connectivity
among tropical oceans. A further study would be needed us-
ing model experiments in order to fully prove the linkage
suggested in this study.

4. Conclusions and discussion

A complex network perspective has been used in this study to
analyze, for the first time, the collective connectivity among the
tropical oceans, focusing on the Atlantic and Indian Ocean lead-
ership on ENSO during the calendar year and its variability dur-
ing the last century.

This new methodology reveals that the collective connectiv-
ity among the tropical oceans exhibits a large multidecadal
variability, bringing to light the existence of two periods of
strong collective connectivity, at the beginning (1910-30) and
end of the twentieth century (1980-98), and a period of dis-
connection in the decades in-between (1950-70). During peri-
ods of strong connectivity, the tropical Atlantic and Indian
Oceans (characterized by the Atl3, TNA, and IOD modes
and respective indices) are significantly correlated with Nifio-3,
suggesting that during these periods an external forcing could in-
crease the equatorial Pacific variability.

We have also characterized the background conditions favor-
able for the development of collective tropical interbasin connec-
tivity (Figs. 4-6 and 8). A cooler north tropical Atlantic co-occurs
with an anomalous convergence of the V,_vigr over the western
North Atlantic (around 40°-50°N, over the northeastern Ameri-
can coast) and equatorward displacement of the western Pacific
and Atlantic ITCZ and an eastward displacement of the SPCZ.
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FI1G. 8. (a) Correlation between AMO and network distance d(¢) (blue line) and between IPO
and network distance (red line). Negative lags mean AMO or IPO leading network distance.
Correlation between AMO and IPO (green line); in this case, negative lags mean AMO leading
IPO. Circles represent correlation values that are statistically significant considering a 90% confi-
dence level using an Ebisuzaki test. (b) Correlation between IPO index and SST. Positive IPO is
related to warmer anomalies over the equatorial Pacific and cooler anomalies over the north-
western and southwestern Pacific. (c) Correlation between AMO index and SST. Positive AMO
is related to anomalous warming over the North Atlantic region.

Both displacements provide anomalous wetter conditions over
most of the equatorial western Pacific. Additionally, the zonal
MSLP gradients developed over the equatorial Pacific weaken
(strengthen) the trade winds over the western (eastern) equatorial
Pacific, causing the thermocline to anomalously rise (deepen) over
the western (eastern) equatorial Pacific. Shallower thermocline
could induce more thermocline feedbacks and therefore
higher ENSO variability during periods of higher collective
connectivity.

We have also investigated the preceding conditions that lead
to collective tropical interbasin interactions. Through a correla-
tion map analysis, we find that the development and persistence
of the cold anomalies in the tropical North Atlantic are associ-
ated with the development of (i) anomalous V,_yigr conver-
gence over the tropical northwest Atlantic and (ii) an anomalous
V,-vier divergence over the tropical eastern Pacific. The persis-
tence of the SST signal over the tropical North Atlantic would
be making the divergence of the V,_ygr over the eastern Pacific
to persist also in time. Moreover, it would be also related to
gradual increase in the MSLP over the region as the lag time

reduces. The anomalous increase in MSLP spread along the
tropical Pacific from lag —4, developing an anomalous zonal
pressure gradient that weakens the trades over the western equa-
torial Pacific and strengthens them over the eastern part. This, in
turn, would induce a mean state associated with connectivity
(Figs. 4 and 8).

Although P1 and P3 periods illustrate a similar mean state
compared to P2 (Figs. 4 and 5), the processes of their interan-
nual variability may be different. This is discussed below.

We first look at the zonal wind stress variability changes in
every period with respect to P2 (Fig. 9a). The zonal wind
stress variability over the eastern (235°-265°E) and western
(130°E-180°) equatorial Pacific regions is enhanced during
the most connected periods P1 and P3 (Fig. 9a). Remarkably,
the zonal winds in these key regions are influenced by the
other tropical basins. During P1 and P3, Atlantic SST indices
(TNA and Atl3, fixed in MAM and JJA, respectively) are
able to impact the Pacific winds in both the eastern and
western regions during the following seasons (solid and
dashed green and blue lines in Figs. 9b,c). This interbasin
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FIG. 9. (a) Ratio of the variance of the zonal wind stress at the equator for all periods (centered) and the total vari-
ance. (b) Lead-lag correlation in the advanced 21-yr window between SST anomalies in TNA in MAM (dashed line),
Atl3 in JJA (solid line), and IOD in ASO (dashed—dotted line) and seasonal zonal wind stress anomalies in the equa-
torial western Pacific (130°E-180°) from January-March (JFM) to DJF. Positive lags are those seasons following
the peak of each SST index, indicating that zonal wind is lagging. (c) As in (b), but for equatorial eastern Pacific
(235°-265°E) zonal wind stress anomalies. (d) Correlation between z20 averaged over the equatorial Pacific (5°N-5°S;
130°E-90°W) and the zonal wind along the equatorial Pacific (5°’N-5°S) for the three periods commented along the
text. P1 and P3 are periods of interbasin connection, and they are represented in blue and green lines, respectively.
(e) Correlation between z20 averaged over the equatorial Pacific (5°N=5°S; 130°E-90°W) at lag 0 and Nifio-3 index
lagging (positive lags) and leading (negative lags) for the three periods.

contribution is strengthened by a decadal situation in the P1 and P3, synchronized periods (dashed-dotted blue and
Atlantic according to a previous study by Martin-Rey et al.  green lines in Figs. 9b,c).

(2014). Additionally, the Indian index also influences the These zonal winds on interannual scales affect the ENSO
zonal wind in the western and eastern Pacific during both, evolution through the alteration of equatorial thermocline.
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The zonal wind stress relates to the equatorial Pacific thermocline
in different ways: In P1, it is the wind over the eastern re-
gion that impacts z20 (positive correlations in blue line in
Fig. 9d), while in P3 it is the wind over the western region
that impacts z20 (positive correlations in green line in Fig. 9d).
However, the linkage of z20 wind is drastically reduced and
even reversed in P2 (Fig. 9d, red line). Although for all three
periods the increase in z20 will lead to the positive SST of the
Nifio-3 region (Fig. 9¢), only during P1 and P3 the interbasin
connections are established (Fig. 2). This can be understood
by the favorable mean state and enhanced zonal wind variabil-
ity during those decades, which could favor the stronger
coupling with the ocean dynamics (z20) underlying ENSO
development as explained.

In addition to this evidence on the connection between
zonal wind stress over the equatorial Pacific and SST indices,
especially in the P3 period, the mean zonal MSLP gradients
developed over the equatorial Pacific weaken (strengthen)
the trade winds over the western (eastern) equatorial Pacific,
causing the mean thermocline to anomalously rise (deepen)
over the western (eastern) equatorial Pacific. If the mean
thermocline is shallower in the western equatorial Pacific, it is
easier for a wind forcing to develop ENSO events through the
thermocline feedback (Trascasa-Castro et al. 2021). Both fac-
tors, shallower mean thermocline (Fig. 4c) and increased wind
stress variability (Fig. 9a), may cooperate to enhance SST var-
iability over the equatorial Pacific and therefore ENSO vari-
ability in P3. This increase in wind stress could be caused by
Atl3, TNA, and IOD; however, no clear evidence was found re-
garding the possible influence of the changes in the variance in
Atl3, TNA, and IOD in the enhanced correlation between these
basins and the zonal winds over the tropical Pacific (Figs. 9b,c).
A further study would be needed to elucidate this question.

Regarding changes in the ENSO characteristics during the
twentieth century, there are several works that have reported
observed changes that agree with our results, as the variance
increased from the 1980s (An and Wang 2000; Gan et al.
2023; Crespo et al. 2022; Weisheimer et al. 2022) and also
modeled with simple stochastic linear models (Crespo et al.
2022). In particular, Crespo et al. (2022) and Crespo-Miguel
et al. (2023) have demonstrated that ENSO can be repre-
sented as a full recharge oscillator during the period coincid-
ing with our last (P3) synchronization period (1980-98). This
can be understood by a stronger impact of warm water vol-
ume (WWYV) on SSTs, which suggests that during this period,
WWYV is a good predictor for ENSO events.

It is shown here that there is a coherent mean state asso-
ciated with more collective connectivity (Figs. 4 and 5).
However, it is still unknown how much of this connectivity
would be due to changes in ENSO character on its own as
some authors claim (Jiang et al. 2021) and how much
would be related to changes in other interannual modes in
other tropical basins. Due to the temporal limitation of
available observations, historical and pi-control simula-
tions with the CMIP6 initiative can provide a climate
benchmark scenario to further investigate this issue. This
could be the subject of further study by the authors. In ad-
dition, changes in ENSO mechanisms in different periods
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could also be caused by changes in the Walker circulation,
which could be related to our results (Thual and Dewitte
2023). The processes behind the ENSO development dur-
ing different periods and the connection with the other ba-
sins using observations must be studied in depth using
model experiments, being out of the scope of this work
and the aim of future work.

The findings of this study underscore the potential practical
applications of the study’s results in enhancing our under-
standing and predictive capabilities across various time scales.
It holds significant scientific implications for identifying opti-
mal time frames that provide valuable insights into seasonal
to decadal climate predictions.
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