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Sea surface temperature (SST) variability interacts dynamically across the Pacific, Atlantic, and Indian 
oceans, exerting pronounced influence on global climate. However, the mechanism of signal transmission 
among these basins remains unclear. Using complex network analysis of lead–lag SST connections, results 
indicate that dominant interannual influences shift sequentially across the Pacific, Atlantic, and Indian 
oceans. At short-term lags (≤6 months), the Pacific strongly affects the Indian Ocean. For medium-term 
lags (7 to 19 months), the Atlantic exerts greater influence on the Pacific. At long-term lags (≥20 months), 
pronounced SST connections emerge from both the Indian and Pacific oceans toward the Atlantic. Coupled 
Model Intercomparison Project Phase 6 models capture short-term Pacific impacts effectively, but only a 
limited subset reproduces medium- and long-term interbasin linkages. Furthermore, model projections 
consistently suggest intensification of these cross-basin interactions under future warming scenarios. 
Quantitative evaluation of lead–lag signal flow among oceans enhances understanding of interbasin 
interactions and large-scale climate variability.

Introduction

   Oceans constitute a fundamental component of Earth’s climate 
system, functioning as critical lower boundary conditions for 
the atmosphere. Owing to substantial heat capacity and strong 
thermal inertia, they regulate the atmospheric variability while 
serving as long-term reservoirs for climate signals across 
diverse time scales [  1 –  3 ]. The Pacific, Atlantic, and Indian 
oceans together account for >70% of the global ocean surface 
area. Given their dominant spatial coverage and dynamic influ-
ence, these basins have drawn substantial attention for their 
role in shaping regional and global climate variability [  4 –  6 ].

   The El Niño–Southern Oscillation (ENSO), originating in 
the tropical Pacific, remains the most prominent mode of inter-
annual climate variability [  7 –  10 ]. However, increasing evidence 
indicates that the variability in the Indian and Atlantic oceans 
can influence ENSO evolution and exert independent impacts 
on the global climate system [  11 –  16 ]. This recognition has 
shifted research focus from single-basin analyses toward inte-
grated interbasin or pantropical perspectives on climate vari-
ability and its mechanisms. Recent reviews have synthesized 
advances in understanding of interbasin interactions [ 4 ,  5 ]. Sea 
surface temperature (SST) anomalies originating in one basin 
can affect remote basins via atmospheric bridges, including 
modifications to Walker and Hadley circulations and excitation 

of planetary-scale stationary waves [  17 ,  18 ], as well as oceanic 
pathways such as the Indonesian Throughflow (ITF) [  19 ]. For 
example, El-Niño-induced changes in the Walker circulation 
often produce a dipole-like SST pattern in the Indian Ocean, 
called the Indian Ocean dipole (IOD) during summer and 
autumn [  20 –  22 ] and an Indian Ocean basin-warming mode 
(IOBM) during winter and spring [  23 –  25 ]. The IOBM persists 
into the subsequent summer through El-Niño-induced oceanic 
Rossby waves and local air–sea interactions in the Indian Ocean 
[ 25 ]. Moreover, La Niña can trigger SST warming off the west 
coast of Australia by enhancing ITF, a phenomenon known as 
the Ningaloo Niño [  26 ]. In turn, these Indian Ocean modes may 
accelerate El Niño decay or trigger a La Niña in subsequent years 
by strengthening equatorial Pacific winds [  27 –  31 ] or increasing 
ITF transport, which modulates the heat content in the equato-
rial Pacific [  32 ,  33 ]. In addition, IOD-related rainfall anomalies 
near the Maritime Continent can generate atmospheric Rossby 
wave trains extending into the South Pacific mid-latitudes and 
further influence the extratropical Pacific climate [  34 ,  35 ].

   Pacific and Atlantic interactions occur through similar 
mechanisms to those linking other basins. During El Niño 
decay in spring, tropical North Atlantic warming arises from 
the anomalous Walker circulation and local Hadley circulations 
[  36 ,  37 ] or from the subtropical cyclone that reduces trade winds 
via the Pacific North American pattern [  38 –  41 ]. Tropical North 
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Atlantic SST anomalies may initiate a La Niña event by strength-
ening Pacific trade winds through Rossby wave responses 
[  13 ,  42 ,  43 ]. Moreover, equatorial Atlantic Niño has been sug-
gested to influence ENSO evolution in subsequent seasons 
[  44 –  48 ]. Significant interactions between the Indian and 
Atlantic oceans have also been documented. Tropical Atlantic 
warming induces easterly anomalies over the tropical Indian 
Ocean through Kelvin wave responses, promoting warming by 
reducing coastal upwelling and surface evaporation [  49 –  51 ]. 
Conversely, a positive IOD may trigger westerly anomalies over 
the equatorial Atlantic via westward-propagating Rossby waves, 
favoring Atlantic Niño development in the subsequent summer 
[  52 ]. Beyond tropical processes, subtropical and mid-latitude 
SST variability also contributes to interbasin climate interac-
tions. For example, atmospheric and SST anomalies over the 
North Pacific during boreal winter and spring, such as the North 
Pacific Oscillation and Pacific Meridional Mode, have been 
shown to influence ENSO evolution by modulating equatorial 
trade winds [  53 ,  54 ]. Similarly, subtropical North Atlantic SST 
variability, including the Atlantic tripole mode, can affect ENSO 
by altering mid-latitude atmospheric and oceanic circulation 
through downstream-propagating Rossby wave trains [  55 ].

   Despite notable progress, significant gaps persist in under-
standing the timing and directionality of interactions among the 
3 oceans. Most previous studies [  12 , 13 , 23 , 42 ] have used composite 
analyses or lagged cross-correlation and regression techniques to 
explore interbasin relationships. These conventional approaches, 
often reliant on predefined climate indices, are highly sensitive to 
regional selection and may overlook the complexity of interactions 
among diverse climate modes [  56 –  58 ]. Particularly for long-
delayed signals, significant links exist among different grid cells, 
but these significant signals are often neglected in conventional 
statistical analyses. Sensitivity experiments using climate models 
are also widely applied to investigate interbasin dynamics; how-
ever, their reliability is constrained by persistent model biases, 
particularly in simulating ENSO characteristics and the mean 
state of tropical SST [ 6 ,  59 –  62 ]. High computational costs and 
uncertainties in the parameterizations further limit feasibility and 
robustness. These challenges emphasize the need for data-driven 
approaches capable of comprehensively detecting and quantifying 
lead–lag linkages across remote ocean basins.

   To address these challenges, a complex network methodology 
was applied to investigate the lead–lag connectivity among the 
Pacific, Indian, and Atlantic oceans on interannual time scales. 
Complex network analysis provides a robust data-driven frame-
work for uncovering intricate linkages within a climate system 
without relying on predefined indices. Previous studies have 
demonstrated its utility in revealing remote teleconnection path-
ways, such as propagating atmospheric signals linking remote 
occurrences of extreme rainfall [  63 ,  64 ] and heat waves [  65 ,  66 ], 
as well as identifying key tropical convection regions driving 
global atmospheric variability [  67 ]. In addition, complex net-
works have been utilized to characterize the topology of SST 
anomalies in the Pacific [  68 ,  69 ] and Indian [  70 ] oceans. However, 
its application to diagnose interactions among the Pacific, Indian, 
and Atlantic oceans remains limited. In this study, time-lagged 
networks of observed SSTs were constructed to systematically 
trace influence flows across the 3 basins. This approach allowed 
identification of leading and lagging regions, quantification of 
propagation delays, and mapping interbasin signal pathways, 
thereby providing a dynamically informed perspective on mul-
tibasin coupling and its broader climate implications.   

Materials and Methods

Datasets
   Monthly SST data for 1979–2023 were derived from the HadISST1 
dataset [  71 ]. Furthermore, monthly SST outputs from 34 climate 
models participating in the Coupled Model Intercomparison 
Project Phase 6 (CMIP6) [  72 ] were analyzed, including historical 
simulations for 1979–2014 and future projections under the SSP5-
8.5 scenario for 2064–2099. Only the first realization (r1i1p1f1, or 
r1i1p1f2/r1i1p1f3 when r1i1p1f1 is unavailable) of each model 
was adopted. Brief information about the 34 CMIP6 models is 
provided in Table  S1 . To extract SST anomalies for network analy-
sis, both observational and model-simulated SST data were inter-
polated onto a 2° × 2° horizontal grid, removing seasonal cycle 
and long-term trends.   

Network analysis and signal flow among  
the 3 oceans
   In this study, 37 networks were constructed for time lags rang-
ing from 0 to 36 months. For each pair of grid cells, a and b, 
the link strength  Ai,(a,b)    was defined as the correlation coeffi-
cient between monthly SST anomalies at the 2 locations, with 
grid cell a leading grid cell b by i months. Only statistically 
significant correlation coefficients (P < 0.05) were retained in 
the network. The analysis domain was confined to 60°S to 60°N 
to exclude regions that may have been covered by polar ice.

   Signal transmission among the Pacific, Atlantic, and Indian 
oceans was quantified using total degree centrality. At time lag 
﻿i,    the total degree centrality from region  A    to  B    was defined as 
the sum of significant links across all grid cells in the 2 regions:

﻿﻿   

   Here,  Di,(A→B)    is the total degree centrality, and  W(a, b) =    

﻿cos
(
(|lata|+|latb|)

2

)
    is a weight coefficient for a link between grid 

points  a    and  b   . For example,  Di,(Pacific→Atlantic)    indicates the 
strengths of signal transport from the Pacific to the Atlantic 
when the Pacific signal preceded the Atlantic signal by  i    
months. The degree of divergence of ocean region is defined 
as the net signal flow, calculated as the difference between 
signals originating from and signals received by that region. 
For example, the degree of divergence of the Pacific was iden-
tified as

﻿﻿   

   Positive  ΔDi    indicates that the region acts as a source of 
interbasin signals, whereas a negative value indicates a sink. 
At zero lag ( i    = 0), the degree of divergence is zero because 
no temporal precedence is defined.   

Singular value decomposition analysis
   To assess the robustness of complex network analysis outcomes, 
singular value decomposition (SVD) was applied to SST anomaly 
fields across paired ocean basins at specific time lags. Specifically, 
three3 SVD analyses are conducted: (a) between Pacific SST 
anomalies (1979 January to 2020 December) and Indian Ocean 
SST anomalies with a lag of 3 months (1979 April to 2021 March); 

(1)Di,(A→B) =
∑

a∈A,b∈B

(
Ai,(a, b) ∗W(a, b)

)

(2)
ΔDi,(Pacific) =Di,(Pacific→Atlantic)+

Di,(Pacific→Indian) −Di,(Atlantic→Pacific) −Di,(Indian→Pacific)
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(b) between Atlantic SST anomalies (1979 January to 2020 
December) and Pacific SST anomalies with a lag of 12 months 
(1980 January to 2021 December); (c) between Indian Ocean 
SST anomalies (1979 January to 2020 December) and Atlantic 
SST anomalies with a lag of 24 months (1981 January to 2022 
December).    

Results
Alternating signal flow among the Pacific, Atlantic, 
and Indian oceans
   Global oceans between 60°S and 60°N are geographically sepa-
rated into 3 major basins: Pacific, Atlantic, and Indian (Fig.  1 B 
to D) oceans. The Arctic Ocean was excluded because of per-
sistent sea ice cover. Signal flow among these basins was quanti-
fied by evaluating total degree centrality across varying time 
lags. Specifically, the degree of divergence is calculated as the 
difference between the signals of one ocean that precede and 
lag those of the other ocean basins. Positive divergence denotes 
a basin acting as a source of signals, while negative divergence 
indicates a sink within interbasin interactions. Alternating 
dominant influences were identified across the Pacific, Atlantic, 
and Indian oceans (Fig.  1 A). During the initial 6 months (short-
lag period), signal transmission was primarily directed from 
the Pacific Ocean to the Indian Ocean (Figs.  1 A and  2 A and 
D). This result is likely manifested as a short-lag influence of 
ENSO in the tropical Pacific on the IOBM. The IOBM often 
emerges during the boreal spring and summer, following the 
mature phase of ENSO in the preceding winter.                

   With delays exceeding 1 year, Pacific influence weakened, while 
Atlantic-to-Pacific signal flows emerged as the dominant mode 
during lags of 7 to 19 months (medium-lag period) (Figs.  1 A and 
 2 B and E). This feature likely reflects the role of tropical North 
Atlantic warming in the boreal spring in initiating La Niña events 
later in the year. Warming of the equatorial Atlantic may also con-
tribute, as Atlantic Niño events peaking in summer can trigger La 
Niña development in the subsequent year. It has been suggested 
that Atlantic Niño events peaking in summer have the potential 
to trigger La Niña events in the following winter [ 44 ], whereas 
those peaking in the boreal winter may lead to La Niña develop-
ment in the subsequent year [  45 ]. Furthermore, La Niña events 
tend to persist and intensify in the second year [  73 ,  74 ], potentially 
contributing to the extended lead of the Atlantic Ocean signals 
over the Pacific, with influences lasting beyond 12 months. 
Moreover, the influence of the Atlantic Ocean on the Indian Ocean 
exhibited a medium-term lag (Fig.  2 C). This is consistent with a 
previous study [ 4 ], which indicates that the Atlantic influences on 
the Indo–Pacific have strengthened, leading to an intensification 
of tropical Pacific cooling and Indian Ocean warming.

   At longer lags of 20 to 36 months, significant flows were 
detected from the Indian and Pacific oceans toward the Atlantic 
Ocean (Figs.  1 A and  2 C and F). These long-delayed signals 
remain rarely addressed in previous studies and are discussed 
further in the following section.   

Possible physical mechanisms
   The spatial configuration of sequential ocean impacts is illus-
trated across the 3 basins. During the short-lagged intervals, 

Fig. 1. Alternating dominances of signal transport from the Pacific, Atlantic, and Indian oceans in sequences. (A) Network degree divergence of the Pacific Ocean (red line with 
circles), the Atlantic Ocean (blue line with triangles), and the Indian Ocean (green line with pentagrams). Red, blue, and green grid cells (2° × 2°) belong to (B) the Pacific, (C) 
the Atlantic, and (D) the Indian Ocean, respectively.
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warm SST anomalies in the tropical central–eastern Pacific 
trigger basin-wide SST warming in the tropical Indian Ocean, 
with a lag of 3 months (Fig.  3 A and B). This mechanism has 
been widely discussed in previous studies; El Niño events tend 
to induce IOBM during spring and summer following a mature 
winter through the modulation of the Walker circulation 
[ 23 – 25 ]. In particular, the Niño 3.4 index exhibits significant 
correlations with Indian Ocean SST anomalies at lags of 1 to 
6 months, indicating a robust lead–lag relationship (Fig.  3 C). 
This is consistent with our complex network analyses, which 
revealed numerous significant links between the SST grid cells 
in the Pacific and Indian oceans at lags of 0 to 6 months (Fig. 
 4 A), further supporting the robustness of the complex network 
approach.                

   A 12-month-lagged linkage between tropical Atlantic warm-
ing encompassing the tropical North Atlantic and the equato-
rial Atlantic and tropical central–eastern Pacific cooling was 
identified through the SVD analysis (Fig.  3 D and E). Springtime 
warming in the tropical North Atlantic tends to trigger La Niña 
events in the subsequent winter via an atmospheric Rossby 
wave response over the subtropical northeastern Pacific [ 13 ]. 
Atlantic Niño events peaking in summer or winter may also 
trigger La Niña by modulating the Pacific–Atlantic branch of 
the Walker circulation [ 45 ,  75 ]. These lead–lag relationships 
may also be dynamically mediated by the propagation of large-
scale sea level pressure and wind anomalies induced by Atlantic 
SST forcing, which propagates eastward across the Indian 
Ocean into the Pacific and modulate the Walker circulation 
[  76 ]. Beyond tropical connections, significant correlations were 
observed between tropical Atlantic SST anomalies and those 
in the subtropical northeastern and southern Pacific, with a lag 
of nearly 1 year (Fig.  3 F). Network analysis further showed that 

certain links between the gridded SST anomalies in the tropical 
Atlantic and those in the subtropical northeastern Pacific 
and subtropical southern Pacific could persist for up to 13 to 
18 months after tropical Atlantic warming (Fig.  4 B). The north-
eastern Pacific signal may reflect prolonged La Niña conditions 
exceeding more than 1 year, whereas the mechanism underly-
ing the tropical Atlantic and subtropical southern Pacific con-
nection remains unclear and lies beyond the scope of this study.

   A remote linkage between the tropical Indian Ocean and 
the subpolar southwestern Atlantic was identified with lags of 
approximately 2 years (Fig.  3 G to I). These long-delayed con-
nections appear mediated by the tropical northwestern Pacific 
and subtropical southwestern Pacific (Fig.  4 C). This long-
delayed signal emerged from a relay of 2 sequential 1-year-
lagged links, effectively integrating and transmitting the signal 
over time (Fig.  4 C).

   The 1-year lag between the Indian Ocean and the tropical 
northwestern Pacific may be reflecting the tropospheric bien-
nial oscillation (TBO). Previous studies suggest that SST link-
age between these 2 regions on biennial time scales could be 
driven by interactions between the Asian monsoon system and 
Indo–Pacific air–sea coupling, which form the basis of the TBO 
mechanism [  77 –  79 ]. The connection between the tropical 
northwestern Pacific and the subtropical southwestern Atlantic 
may involve the development of ENSO, with SST-related con-
vection over the former region acting as a trigger of ENSO 
[  80 –  82 ]. Once the ENSO matures, it can induce Rossby wave 
trains that propagate toward the subtropical South Atlantic 
[ 17 ], thereby establishing a delayed teleconnection. As for the 
Indian-subtropical southwestern Pacific pathway, a 2-stage 
oceanic process may offer a possible explanation. The SST 
anomalies in the Indian Ocean may influence the subtropical 

Fig. 2. Signal flow for 3 time-lag periods. Degree flow from (A) the Pacific Ocean to the Indian Ocean (red line with circles) and the Indian Ocean to the Pacific Ocean (green 
line with pentagrams), (B) the Pacific Ocean to the Atlantic Ocean (red line with circles) and the Atlantic Ocean to the Pacific Ocean (blue line with triangles), and (C) the 
Atlantic Ocean to the Indian Ocean (blue line with triangles) and the Indian Ocean to the Atlantic Ocean (green line with pentagrams). Degree flow among 3 oceans at lags of 
(D) 1 to 6 months, (E) 7 to 19 months, and (F) 20 to 36 months.
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Fig. 3. Patterns of cross-basin interaction at different time delays. Singular value decomposition (SVD) analysis results for (A and B) preceding Pacific sea surface temperature 
(SST) anomalies and lagged Indian Ocean (IO) SST anomalies at a lag of 3 months, (D and E) preceding Atlantic SST anomalies and lagged Pacific SST anomalies at a lag of 
12 months, and (G and H) preceding Indian Ocean SST anomalies and lagged Atlantic SST anomalies at a lag of 24 months. Left singular vectors are shown in (A), (D), and 
(G), while right singular vectors are shown in (B), (E), and (H). Lead–lag correlation coefficients between (C) equatorial central Pacific Ocean (5°S to 5°N, 170°W to 120°W) 
and Indian Ocean (25°S to 25°N, 45° to 95°E), (F) tropical Atlantic Ocean (20°S to 20°N, 60° to 15°W) and subtropical northeastern (NE) Pacific Ocean (10° to 25°N, 145° to 
110°W) (red line), tropical Atlantic Ocean and subtropical southwestern (SW) Pacific Ocean (35° to 20°S, 160° to 135°W) (blue line), and (I) tropical Indian Ocean (12°S to 12°N, 
60° to 85°E) and subpolar southwestern Atlantic Ocean (57° to 45°S, 65° to 30°W). Significant correlation coefficients (P < 0.05) are denoted by thick lines in (C), (F), and (I).

Fig. 4. Schematic diagrams of alternating interbasin sea surface temperature (SST) connections among the Pacific, Atlantic, and Indian oceans. (A) Pink lines indicate the significant 
links from the equatorial central Pacific Ocean (5°S to 5°N, 170°W to 120°W) to the tropical Indian Ocean (12°S to 12°N, 60° to 85°E) for the time lags of 1 to 6 months. (B) Colored lines 
indicate the significant links from the tropical Atlantic Ocean (20°S to 20°N, 60° to 15°W) to the subtropical northeastern Pacific Ocean (10° to 25°N, 145° to 110°W) and the subtropical 
southern Pacific Ocean (35° to 20°S, 160° to 135°W), respectively, for the time lags of 7 to 12 months (top) and 13 to 18 months (bottom). (C) Colored lines indicate the significant links 
from the tropical Indian Ocean to the subpolar southwestern Atlantic Ocean (57° to 45°S, 65° to 30°W) for the time lags of 20 to 26 months (bottom). Short-delayed links mediated 
by the tropical northwestern Pacific (0° to 20°N, 125° to 145°E) and subtropical southwestern Pacific (35° to 22°S, 160°E to 180°) for the time lags of 10 to 13 months are also shown 
in the top panel of (C). Colored curves are plotted only when at least 3 significant links (i.e., significant for at least 3 lags) occur between 2 grid cells during the respective lag periods.
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South Pacific via the ITF or the Tasman leakage [ 32 ,  83 ], and 
these anomalies may subsequently be transmitted to the sub-
polar southwestern Atlantic through the Antarctic Circumpolar 
Current [  84 ,  85 ].   

Simulations and projections by 34 CMIP6 models
   To explore how the alternating connectivity among the Indian, 
Pacific, and Atlantic oceans evolves under warming conditions, 
we calculated the network degree divergence using historical and 
SSP5-8.5 scenario simulations from 34 CMIP6 models. Model 
skill was first evaluated against observed interbasin teleconnec-
tion. The multimodel ensemble (MME) mean of historical simula-
tions reproduced short-lag connections, particularly the dominant 
Pacific influence on the Indian Ocean within 6 months (Fig.  5 A). 
However, the MME mean failed to capture interactions among 
the 3 basins at longer lags, especially those originating from the 
Atlantic (Fig.  5 A versus Fig.  1 A). This limitation is linked to the 
mean-state SST biases in the Atlantic Ocean. The MME exhibits 
a pronounced cold SST bias over the tropical western North 
Atlantic warm pool region compared with observations (see Fig. 
 S1 B), where SST anomalies play a key role in initiating the atmo-
spheric convection anomalies that mediate Atlantic influences 
on the Pacific and Indian oceans. Such cold biases suppress local 
convection and weaken SST–precipitation coupling, thereby 
reducing the ability of the models to simulate longer-lag Atlantic-
originated interbasin connections. To identify higher-performing 
models, we selected 4 models based on significant correlation with 
observations (r > 0.3 for all 3 series): BCC-CSM2-MR, CAMS-
CSM1-0, EC-Earth3, and KOIST-ESM (Fig.  5 B). Compared with 

the MME, these models show a reduction in cold bias in the tropi-
cal western North Atlantic, providing a more realistic mean-state 
SST background. As a result, they better simulated Atlantic-to-
Pacific influences during the second lag period (7 to 19 months), 
although simulated signals remained weaker in magnitude than 
the observations (Fig.  5 B versus Fig.  1 A).        

   Under SSP5-8.5, interactions among the 3 oceans are pro-
jected to intensify by the late 21st century (Fig.  5 C and D). 
Strengthening appears in both the full 34-model ensemble (Fig.  5 C) 
and the subset of 4 higher-performing models (Fig.  5 D). 
Intensification is reflected in increased numbers of significant 
links and higher average link strength (Fig.  S2 ). A plausible 
mechanism involves changes in both the mean and variability 
of SST under global warming. It has been argued that the warm-
ing of the tropical mean SSTs will increase the sensitivity of 
deep convection to SST anomalies, enabling stronger convective 
rainfall [  86 ,  87 ]. Intensified precipitation drives more vigorous 
atmospheric circulation, reinforcing atmospheric teleconnec-
tion pathways. In addition, concurrent upper ocean warming 
strengthens stratification, amplifying thermocline responses to 
wind forcing [  88 ,  89 ]. This enhanced oceanic adjustment magni-
fies local air–sea interactions triggered by remote SST-induced 
atmospheric circulation anomalies. Intermodel correlations 
between changes in SST variance and interbasin link numbers 
also indicated that models with larger future increases in SST 
variability tend to exhibit stronger enhancements in interba-
sin connectivity (Fig.  S3 ), suggesting that the amplified SST 
variability under global warming contributes substantially to 
strengthened 3-ocean linkages.    

Fig. 5. Model simulations and projections of signal flows among the 3 oceans. Network degree divergence for the Pacific Ocean (red line with circles), Atlantic Ocean (blue 
line with triangles), and Indian Ocean (green line with pentagrams) in (A and B) the historical simulations for 1979–2014 and (C and D) the SSP5-8.5 scenario projections for 
2064–2099. The multimodel mean of 34 Coupled Model Intercomparison Project Phase 6 (CMIP6) models is shown in (A) and (C), and the average of the 4 best models—
BCC-CSM2-MR, CAMS-CSM1-0, EC-Earth3, and KOIST-ESM—is shown in (B) and (D). All 3 ocean lines of the best 4 models exhibit correlation coefficients greater than 0.3 
with the 3 ocean lines of observations.
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Discussion
   Using complex network analyses, this study reveals a sequential 
pattern of dominant interbasin SST influences among the Pacific, 
Atlantic, and Indian oceans. At time lags shorter than 6 months, 
Pacific Ocean impacts on the Indian Ocean are most pronounced. 
During lags of 7 to 19 months, Atlantic influences on the Pacific 
become dominant, while longer delays highlight signals from the 
Indian and Pacific oceans toward the Atlantic Ocean. The MME 
mean of 34 CMIP6 models can capture short-lag Pacific domi-
nance but fail to reproduce medium- and long-lag connections. 
Nevertheless, the 4 CMIP6 models (BCC-CSM2-MR, CAMS-
CSM1-0, EC-Earth3, and KOIST-ESM) reasonably simulate 
the observed alternating connectivity. Both the 4 selected mod-
els and the full ensemble project intensified alternating con-
nections among the 3 oceans by the end of the 21st century 
under SSP5-8.5.

   While our data-driven framework (i.e., complex network) 
reveals an alternating interbasin connectivity and its intensifi-
cation in the warmer future, the specific mechanisms for these 
remote SST connections are not thoroughly explored in this 
study. Each ocean basin hosts multiple distinct modes of SST 
variability, whose interplay likely contributes to the complexity 
of cross-basin linkages, underscoring the need for further 
dynamical investigations.

   Previous studies have shown that ENSO displays strong 
quasi-biennial characteristics, while the Atlantic and Indian 
oceans can act as capacitors excited by ENSO, subsequently 
providing feedback into ENSO evolution. Lead–lag SST rela-
tionships inferred from statistical analyses may therefore reflect 
spurious linkage arising from ENSO autocorrelation [  90 –  92 ]. 
However, the present network results reveal a systematic, lag-
dependent shift in the dominant source regions, together with 
basin-scale and off-equatorial spatial structures that differ sub-
stantially from the canonical ENSO SST patterns (Fig.  3 E). 
These features are inconsistent with a simple ENSO recharge 
or quasi-biennial echo projecting back onto the Pacific at a fixed 
phase lag and instead point to more complex pan-oceanic inter-
actions operating across multiple time scales.

   Nevertheless, it must be acknowledged that the statistically 
significant connections identified by the network analysis rep-
resent temporal precedence and coordinated variability, rather 
than definitive physical causality. Therefore, the inferred inter-
basin links should be interpreted as lag-dependent basin-scale 
interaction patterns that highlight where and when coordinated 
SST evolution occurs, guiding targeted dynamic diagnostics 
and sensitivity experiments. Despite this limitation, our results 
highlight the utility of complex network approaches in diagnos-
ing global ocean connectivity. The strengthened interbasin 
linkages under global warming may offer a pathway toward 
enhanced predictability of the global oceans because SST sig-
nals in one ocean can lead those in other oceans. Such strength-
ened links could potentially extend the predictability of 
terrestrial climate, enabling forecasts based on SST anomalies, 
including those related to El Niño. To gain a deeper under-
standing, further analysis using complex networks should con-
sider the couplings between the oceans and the atmosphere, 
which play a crucial role in regulating the global climate.   
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Sea surface temperature (SST) variability interacts dynamically across the Pacific, Atlantic, and Indian oceans, exerting
pronounced influence on global climate. However, the mechanism of signal transmission among these basins remains
unclear. Using complex network analysis of lead–lag SST connections, results indicate that dominant interannual
influences shift sequentially across the Pacific, Atlantic, and Indian oceans. At short-term lags (#6 months), the Pacific
strongly affects the Indian Ocean. For medium-term lags (7 to 19 months), the Atlantic exerts greater influence on
the Pacific. At long-term lags (#20 months), pronounced SST connections emerge from both the Indian and Pacific
oceans toward the Atlantic. Coupled Model Intercomparison Project Phase 6 models capture short-term Pacific impacts
effectively, but only a limited subset reproduces medium- and long-term interbasin linkages. Furthermore, model
projections consistently suggest intensification of these cross-basin interactions under future warming scenarios.
Quantitative evaluation of lead–lag signal flow among oceans enhances understanding of interbasin interactions and
large-scale climate variability.
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