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Pantropical climate interactions across ocean basins operate on awide range of timescales and can
improve the accuracy of climate predictions. Here, we show in observations that Central Pacific (CP)
El Niño-like sea surface temperature (SST) anomalies have coevolved with tropical South Atlantic
SST anomalies on a quasi-decadal (~10-year) timescale over the past seven decades. During the
austral autumn–winter season, decadal warmSSTs in the tropical CP effectively induce tropical SST
cooling in the South Atlantic, mainly by strengthening the South Atlantic subtropical anticyclone via
an extratropical atmospheric wave teleconnection in the southern hemisphere. Partially coupled
pacemaker simulations corroborate the observational findings, indicating that tropical CP decadal
SSTs play a primary pacing role, while Atlantic feedback is of secondary importance throughout the
study period. Our results suggest that the tropical CP could be an important source of decadal
predictability for tropical South Atlantic SST and the surrounding climate.

Pantropical climate interactions refer to the coupling of climate variability
across three oceanbasins,with the potential to improve the accuracy of climate
predictions compared to using forecast information from a single basin1–3. In
particular, the interaction between the tropical Pacific and Atlantic Ocean
basins has received considerable attention4–6 over the past decade. In both
ocean basins, the multiple timescales characteristic of climate variability, ran-
ging from seasonal to decadal, require a better understanding of the potentially
timescale-dependent linkages and associated physical processes. This
improved knowledge can benefit seasonal to multiannual climate prediction7.

On interannual timescales (<7 years), tropical Pacific climate varia-
bility is dominated by the El Niño Southern Oscillation (ENSO), the
strongest air–sea coupled variability in the climate system8. Its remote effects
on the tropical Atlantic are well established. For example, during the boreal
spring of the El Niño decay phase, tropical North Atlantic sea surface
temperature (SST) anomalies9 usually show pronounced warming
responses under the influence of several tropical and extratropical

atmospheric teleconnection pathways5,10–13. Interestingly, however, the
influence of ENSO on equatorial Atlantic SST (i.e., Atlantic Niño14) appears
to be much smaller, with no significant concurrent or lagged linear rela-
tionship observed15. This has been attributed to the competing effects of
thermodynamic atmospheric warming and wind-induced dynamic ocean
cooling associated with the ENSO16, the delayed negative impact of North
Atlantic SST17, and the complexity of Pacific ENSO events18. Conversely,
tropical Atlantic SST anomaliesmay also influence the ENSO. For example,
during the boreal spring and summer seasons, equatorial and tropicalNorth
Atlantic SST anomalies tend to be associated with opposite tropical Pacific
SST anomalies, especially in recent decades of observations, and have thus
been proposed as favorable precursors of subsequent ENSO events19–23. An
alternative, competing hypothesis is that these antecedent tropical Atlantic
SST signals are mostly ENSO teleconnection remnants within the complex
ENSO cycles4, or seasonally modulated ENSO responses6,24 with limited
feedback to the Pacific.
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In addition, many studies have identified pronounced quasi-decadal
(~10 years) variability in both the tropical Pacific and theAtlantic, and have
discussed the physical processes within each basin. However, compared to
the interannual timescale, their linkages on this quasi-decadal timescale
have not beenwell recognized. Specifically, there is a distinct Central Pacific
(CP) ENSO-like quasi-decadal variability in the tropical Pacific25,26, which is
an important constitute of the multifaceted statistical decadal modes of the
Pacific decadal oscillation27,28 or interdecadal Pacific oscillation29 and
accounts for a substantial part of their decadal variability25,30. Spatially, it
resembles the SST structure of theNorth Pacificmeridionalmode31–33 and is
accompanied by extratropical North Pacific oscillation-like atmospheric
circulation anomalies34, which drive decadal variability in the North
Pacific35,36 and provide positive feedback to the tropical Pacific SST through
the seasonal footprint mechanism31. Although elusive, its preferred quasi-
decadal timescale has been suggested to originate primarily from ocean
dynamics37,38, including decadal oceanic off-equatorial Rossby wave
adjustments39, decadal variations in the strength of the shallow upper-ocean
overturning circulation40,41, and/or the nonlinear rectification associated
with the bursting of strong ENSO events26,42, etc. By triggering the tropical
central western Pacific deep convection, it strongly influences the weather
and climate around the Pacific rim, including the East Asian rainfall43, the
western Pacific tropical cyclone44, the North American precipitation45, and
the Antarctic climate46 in the southern hemisphere.

In the tropical Atlantic, a similar quasi-decadal (~13 years) timescale
variability in the Atlantic meridional mode has been identified in early
observational reanalysis, which affects regional climate47,48 and could arise
from the unstable thermodynamic ocean-atmosphere interactions (i.e.,
wind-evaporation-SST feedback)49. Another study50 also recognized the
thermodynamic feedback in determining the growth and spatially dipolar
SST structure, but further argued that forcing from or interaction with the
extratropical North Atlantic needs to be invoked to explain the preferred
quasi-decadal timescales, as the tropical Atlantic alone does not favor any
particular timescale. In this context, the tropical Atlantic meridional dipole
may be viewed as part of a coherent Pan–Atlantic decadal oscillation that
also includes the decadal variability of the North Atlantic Oscillation51–53.
Meanwhile, other early studies54,55 have identified a similar timescale decadal
variability with a dominant period of about 20 years in the South Atlantic
that manifests as a north-south dipole structure in the SST field (i.e., the
South Atlantic Subtropical Dipole56,57, SASD; or South Atlantic Ocean
Dipole, SAOD58,59) coupled with a sea level pressure monopole that
describes the strength of the South Atlantic Subtropical Anticyclone60.
Particularly, the northern lobe of this South Atlantic decadal SST variability
is oriented towards the tropical southeast Atlantic, indicating its contribu-
tion to the tropical Atlantic decadal variability in the Atlantic Niño and
Benguela Niño regions61,62. It is further suggested that this South Atlantic
decadal SST dipole may be a regional aspect of the global interdecadal
variability63, but no detailed explanations involving teleconnection physics
and preferred timescale mechanisms are presented in this early work.

Given the similar quasi-decadal timescale variability in both the tro-
pical Pacific and the Atlantic, it is reasonable to speculate about their pos-
sible connections. Some evidence of Pan–Pacific–Atlantic connectivity,
mostly in the southern hemisphere, is emerging from interannual study
results. For example, while previous studies suggested largely independent
variability between ENSO and SAOD55,58, a recent study64 found that
interannual ENSO influences, althoughweakly significant, can somehowbe
detected in theupwelling SSTof theBenguelaCurrent in the austral summer
via meditating the key atmospheric circulation system of the South Atlantic
Subtropical Anticyclone65. Rodrigues et al. (2015)66 found that compared to
the Eastern Pacific ENSO, the CP ENSO exerts a stronger influence on the
SAODon interannual timescales during its peakphase (i.e., austral summer)
by more effectively exciting the Pacific-South American wave train that
modifies the South Atlantic Subtropical Anticyclone. Focusing on the
AtlanticNiño region, Jiang et al. (2023)67 argued for asymmetricmodulation
effects of El Niño and LaNiña phases on equatorial Atlantic SST anomalies,
with the asymmetric atmospheric heatingmainly located in the tropical CP

to theMaritime Continent. Given the pronounced quasi-decadal variability
in the tropical CP and the key role of the subtropical anticyclone circulation
system in controlling the South Atlantic decadal SST variability54,55 and its
tropical extensions, these results indicate that some decadal linkages might
exist between the CP and tropical Atlantic SSTs. Furthermore, Zhao and
Capotondi (2024)68 investigated the Pacific–Atlantic interactions using an
observational-trained linear inversemodel and found that decoupling of the
Atlantic from the Pacific enhances the decadal variance of the tropical CP,
suggesting that the overall Pan–Pacific–Atlantic interaction may dampen
CP ENSO-like decadal variability.

Despite the above evidence, the overall picture of the two-basin con-
nection on this quasi-decadal timescale remains largely unclear. Previous
studies of quasi-decadal variability in the tropical Atlantic are mostly based
on early observational reanalysis49,54,55,63, making their results less certain in
the context of modern data. To fill this important knowledge gap, we revisit
this topic and focus on the two-basin interactionswith the following specific
questions: (1) To what temporal and spatial extent are the quasi-decadal
SSTs of the tropical Pacific and the tropicalAtlantic coupled?That is, what is
the spatial pattern and temporal evolution of coupled interbasin variability
on this quasi-decadal timescale?Does the tropical North and SouthAtlantic
SST anomaly show a similar decadal connection to the tropical Pacific or
not? How strong is the Pacific–Atlantic connection and does it show any
seasonal preferences? (2) How are the two basins coupled? That is, what are
the keyprocesses that link the twooceanbasins onquasi-decadal timescales?
Is thePan–Pacific–Atlantic decadal covariabilitymainly driven byone basin
or by mutual interactions? (3) How to understand the preferred quasi-
decadal timescale in the tropical Atlantic?

In this paper, using modern ocean-atmosphere reanalysis datasets
from the last seven decades (1951–2022) and idealized coupled pacemaker
experiments, we find a robust synchronization relationship throughout our
study period between the decadal climate in the tropical CP and the tropical
South Atlantic in austral autumn–winter seasons. For the tropical North
Atlantic SST anomaly, its decadal connection with the Pacific is much
weaker and mostly statistically insignificant. Such a Pan–Pacific–South
Atlantic quasi-decadal covariability is primarily bridged by the
Pacific–South American wave train in the extratropical southern hemi-
sphere, while the feedback from the tropical Atlantic decadal SST to the
Pacific is of secondary importance. We suggest that the preferred quasi-
decadal timescale of the tropical Atlantic SST is, at least in part, externally
controlled by the remote tropical Pacific.

Results
Decadal SST energy map and Pacific–Atlantic synchronization
Figure 1 shows the main active region of the tropical quasi-decadal SST
variability, indicated by the standard deviation and variance ratio of the
decadal SST anomaly in its dominant frequency band of 8–16 years (see
power spectrum results in Fig. 2). Results are not sensitive to the choice of
filter windows, such as 8–20 years26 or 10–15 years45 as used in previous
studies. Here we divide the annual data into two seasons: March–August
(MAMJJA) and September–February (SONDJF) to account for the sea-
sonality of tropical Atlantic SST variability, which is more pronounced in
the boreal spring-summer season14,58,69. Consistent with previous
studies25,26,35, the quasi-decadal SST variability is more dominant in the
tropical Pacific than in the other two basins, showing a broadCPENSO-like
structure with the equatorial CP SST magnitude around 0.3–0.4 °C
throughout the year and accounting for 15–25% of the total SST variability
(Fig. 1). The Atlantic counterpart is comparatively weaker, showing a
dipole-like decadal SST signal of about 0.1–0.2 °C mainly in the southern
hemisphere during the MAMJJA season and accounting for ~15% of the
SST variance (Fig. 1a). In particular, the maximum decadal SST standard
deviation around the Benguela Niño region and the coastal regions of São
Paulo is reminiscent of the South Atlantic subtropical dipole54,55,57, which is
coupled to the South Atlantic subtropical anticyclone and shows pro-
nounced decadal variability. In contrast, the quasi-decadal SST variability in
the tropical North Atlantic or in the SONDJF season (Fig. 1b) is much
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weaker and less organized. Thus, in the following analyses, wewill primarily
focus on the decadal SST variability during the MAMJJA season in the
tropical South Atlantic, and as will be verified below, this season and region
also show the strongest Pan–Pacific–Atlantic quasi-decadal connection.

To extract the decadal covariability between two ocean basins, we
performed a maximum covariance analysis (Fig. 2a–c) using 8–16 years
bandpass filtered MAMJJA SST anomalies in the tropical Pacific (120°

E–80°W, 30° S–30°N)andAtlantic (70°W–20°E, 55° S–35°N). For thefirst
MCA mode (expvar 55.1%), the heterogeneous correlation pattern of the
Pacific SST shows awell-knownCPENSO-like structure, with an equatorial
CP maximum extending towards the northeastern subtropical Pacific (Fig.
2a), while the Atlantic counterpart (Fig. 2b) shows an SASD/SAOD-
like54,57,58 meridional dipole structure mainly in the southern hemisphere,
with prominent negative correlations in the tropical South Atlantic and a

Fig. 2 | Synchronization of CP and South Atlantic
decadal SSTs. Heterogeneous correlation patterns
(shading) for the leading pair of the MCA mode
between a the tropical Pacific (120° E–80° W, 30°
S–30° N) and b the Atlantic (70°W–20° E, 55° S–35°
N) 8–16-year bandpass filtered MAMJJA SST
anomalies. The cyan contours denote isolines of
±0.73 and 0.81, corresponding to the 90% and 95%
confidence levels with approximately 6 decadal
cycles. c Normalized principal components (PCs)
for the Pacific (red) and Atlantic (blue) MCA SST
modes. The normalized decadal Niño4 (purple; 160°
E–150° W, 5° S–5° N) and sign-reversed tropical
SouthAtlantic (ATLS; orange; 40°W–10° E, 15° S–0°
N) SST indices are also superimposed, with areas
enclosed by black dashed boxes in (a, b). Multi-taper
(tapers = 3) power spectra of the MAMJJA raw
dNiño4, e sign-reversed ATLS SST index, and f their
coherence spectrum. The 90% and 95% confidence
levels based on an AR(1) null hypothesis are shown
as red dashed lines, while the orange shading
denotes the quasi-decadal timescale of 8–16 years.
g Cross-correlation coefficients as a function of the
year between the pairMCAPCs (black line) and SST
indices (red line). Positive leads indicate that the
Pacific signal leads the Atlantic signal and vice versa.
Large and small filled dots mark correlations above
the 90% and 95% confidence levels.

Fig. 1 | Quasi-decadal SST variance maps.Maps of
the decadal SST standard deviation (shading, unit:
K) on an 8–16-year frequency band and its variance
ratio (contours, units: %) relative to the raw SST
anomaly during the aMarch to August (MAMJJA)
and b September to February (SONDJF) seasons for
the period 1951–2022. The blue dashed boxes
enclose the Niño4 (160° E–150° W, 5° S–5° N) and
tropical South Atlantic (40° W–10° E, 15° S–0° N)
regions.
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positive correlation lobe near the São Paulo coastal region. Interestingly, the
heterogeneous correlation in the tropical North Atlantic (Fig. 2b) is only
weakly positive, indicating a small contribution of local SST to the Atlantic
leading principal component (PC) variability. Such a weak decadal con-
nection between the tropical CP and the tropical North Atlantic is further
evidenced by the secondMCAmode (expvar 15.8%; Supplementary Fig. 1),
which shows strong loading in the tropicalNorthAtlantic but almostmuted
signals in the tropical CP. In other words, the highly correlated leading PC
time series (r = 0.82, p = 0.05; Fig. 2c) essentially reflects a synchronization
relationship between the CP ENSO-like and the SouthAtlantic decadal SST
over the past seven decades. Consistent MCA results are also obtained in
another SST reanalysis product, but with a zonal shift of the tropical South
Atlantic maximum correlation center in its first MCA mode (Supplemen-
tary Figs. 2 and 3).

To validate our results, we also analyzed area-averaged SST indices in
the Niño4 (160° E–150° W, 5° S–5° N) and tropical South Atlantic (40°
W–10° E, 15° S–0°) regions. The power and coherence spectra of both
unfiltered indices all show a clear quasi-decadal peak (8–16 years) above the
95% confidence level (Fig. 2d–f and Supplementary Fig. 2d–f), corrobor-
ating our previously identified quasi-decadal variability and coherent inter-
basindecadal relationship.Moreover, their quasi-decadal components show
almost identical decadal variations as the leading pair of PCs (Fig. 2c and

Supplementary Fig. 2c), suggesting that they well represent the quasi-
decadal variability in each basin. The cross-correlation results (Fig. 2g and
Supplementary Fig. 2g) also support a decadal Pan–Pacific–Atlantic syn-
chronization paradigm, but with the South Atlantic variability slightly
leading the Pacific by one year.

We note that on our target quasi-decadal timescale (i.e., 8–16 years),
such a small statistical phase lag does not necessarily imply a physical
causality from the Atlantic to the Pacific, since the Pacific decadal SST is
already evident to drive atmospheric teleconnections a year before its peak,
but is more likely due to a small temporal difference in tropical and extra-
tropical teleconnections that oppositely influence the tropical SouthAtlantic
SST (see next section). Furthermore, our choice ofMCAanalysis season and
domain can be additionally supported by the correlation maps between the
annual-mean decadal Niño4 index and the global decadal SSTs in four
seasons, which show that the strongest Pan–Pacific–Atlantic teleconnection
occurs mainly in the tropical South Atlantic during the boreal spring and
summer seasons (Supplementary Fig. 4).

Decadal evolution of ocean-atmosphere conditions
To understand the physical processes driving the inter-basin decadal cov-
ariability, Fig. 3 shows lead-lag regressed maps of key ocean-atmosphere
surface variables, including SST, outgoing longwave radiation as a proxy for

Fig. 3 | Evolution of surface ocean-atmosphere conditions for decadal inter-basin
linkages. a–d Regression maps of SST (unit: K) onto normalized 8–16-year band-
pass filteredMAMJJANiño4 index at different time lags. A positive lag indicates that
the index leads the physical field and vice versa. e–h as (a–d), but for outgoing
longwave radiation (OLR; shading, positive upward, unit: Wm−2) and sea level
pressure anomalies (contours, unit: hPa). i–l same as (a–d), but for 10 mwind speed

(shading, unit: m s−1) and 850 hPa stream function anomalies (contours, unit:
106 m2 s−1). The positive values of the stream function represent anticyclonic cir-
culation in the northern hemisphere and cyclonic circulation in the southern
hemisphere, and vice versa. Regression coefficients exceeding the 90% confidence
level based on a two-tailed Student’s t-test are stippled.
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deep convection, sea level pressure, 10m wind speed, and the 850 hPa
stream function, onto the normalized decadal Niño4 index. The results are
insensitive to the choice of SST index, as both the Pacific and Atlantic SST
indices have nearly identical decadal components (Fig. 2c, g; R ~ 0.9).

One year before the Pacific SST peak (i.e., lag =−1 year), both the CP
ENSO-like and the SouthAtlantic SST are already apparent and statistically
significant (Fig. 3a). Interestingly, there is almost no SST signal observed in
the tropical North Atlantic, consistent with the previous MCA results (Fig.
2a, b). The warm tropical CP SST (Fig. 3a) induces local deep convection
and broad negative sea level pressure anomalies (Fig. 3e), which also
manifest as a pair of low-level cyclonic circulation anomalies with negative
and positive 850 hPa stream function anomalies north and south of the
equator (contours in Fig. 3i). The associated equatorial CP surfacewesterlies
(shaded inFig. 3i) extend southeast andnortheast toward subtropical Pacific
regions, leading to positive SST anomaly via equatorial Bjerknes feedback
and off-equatorial wind-driven latent heat flux changes26,33. Similarly, the
negative South Atlantic SST anomaly (Fig. 3a) is accompanied by a local
positive sea level pressure anomaly (contours in Fig. 3e) and a pair of low-
level anticyclonic circulations straddling the equator (contours in Fig. 3i). In
particular, the more evident South Atlantic subtropical anticyclone (con-
tours in Fig. 3e, i), which indicates a strengthened SouthAtlantic subtropical
high60, is oriented northwest-southeast, parallel to the orientation of the
climatological South Atlantic convergence zone70, suggesting a potential
anchoring effect by this moisture-rich system. The associated large-scale
surface easterlies in the SouthAtlantic (shaded inFig. 3i) play similar roles to
those in the tropical Pacific, cooling equatorial and off-equatorial SSTs
mainly through oceanic thermocline feedback (TF) and the wind-driven
latent heatflux changes, respectively (see “Methods”; Supplementary Fig. 5).

One year later (i.e., lag = 0year), the Pacific SSTpattern intensifies to its
peak phase, while the Atlantic SST pattern begins to weaken slightly but
remains statistically significant (Fig. 3b). Such an early decay of the Atlantic
SST leads to a statistical one-year phase lag between the two ocean basins
(Fig. 2g) and is mainly due to the stronger ENSO SST and the associated
thermodynamic damping effect of the atmospheric warm Kelvin wave
teleconnection (see next section). However, the overall similarity of ocean-
atmosphere conditions between these two lags (i.e., lag =−1 years, 0 years;
Fig. 3a, b, e, f, i, j) suggests that persistent teleconnection pathways are at
work, and thus the small phase lag does not indicate physical causality. At
longer lags, the SST decays in both basins, with the equatorial Pacific SST
center (Fig. 3c, d) gradually moving eastward and poleward into the sub-
tropical regions due to slow oceanic adjustment processes, while the South
Atlantic SST shows locally rapid decay with no obvious propagation fea-
tures. The atmospheric response is consistently reduced along with these
attenuated SSTs (Fig. 3g, h, k, l).

Considering a synchronous Pan–Pacific–Atlantic decadal connection,
we present the above results for time lags from −1 years to 2 years. To
complete a full ±π/2 phase evolution of a dominant quasi-decadal peri-
odicity of 12 years (i.e., ±3 years), we also supplement these physical
quantities at early (i.e., lag =−3 years and−2 years) and late (lag = 3 years)
lags (Supplementary Fig. 6). At these lags, most of the physical quantities
become statistically insignificant, with less clear evidence to resolve the
inter-basin causality. For example, at a lag of−2 years (Supplementary Figs.
6b, e), the tropical CP SST and local OLR are below and above the 90%
confidence level, respectively, while the opposite situation of broadly sig-
nificant SST and insignificant OLR is observed in the tropical South
Atlantic. In other words, the weak decadal signal-to-noise ratio and limited
observed decadal samples make it difficult to strictly distinguish the first
trigger of the decadal interbasin connection during the onset phase.

The phase evolution of the Pan–tropical Pacific–Atlantic decadal
connection depicted by the above cross-correlation analysis can also be
verified by another signal analysis approach, namely, multitaper frequency-
domain singular value decomposition (MTM-SVD)71. This method has
beenwidely used in previous studies26,72,73 to detect the time-scale dependent
coupling betweendifferent physical quantities of interest and can avoid the a
priori selection of the bandpass filter frequency band. Using the MAMJJA

raw SST anomalies and its combinations of several key atmospheric fields
covering most of the Pacific and Atlantic Oceans (120° E–180°–20° E, 60°
S–60°N), the diagnostic metric of the local fractional variance spectra show
significant narrow-band interannual and quasi-decadal (8–16 years) peaks
(Supplementary Fig. 7). In particular, the reconstructed typical phase evo-
lution on a decadal (10.67 year) timescale (Supplementary Fig. 8) is highly
consistent with the MCA result (Fig. 2) and Niño4-based lead-lag analyses
(Fig. 3), showing a tightly synchronous decadal coevolution between the
tropical CP and the tropical South Atlantic SST. Moreover, we found that
the Pacific deep convection is stronger and established earlier than the
tropical Atlantic counterpart (Supplementary Fig. 8j, k), suggesting a
potentially more dominant role of the Pacific. In contrast, on a typical
interannual timescale (3.57 years; Supplementary Fig. 9), equatorialAtlantic
SST anomaly coevolves with Eastern Pacific El Niño only during its
development phase (Supplementary Fig. 9b–d). During the peak and decay
phases of El Niño (Supplementary Fig. 9e–i), the equatorial Atlantic SST
anomaly is largely muted, but the tropical North Atlantic and subtropical
South Atlantic SST anomalies gradually evolve into pronounced warming
responses. These results are consistent with the previously identified ENSO
teleconnection to the tropical North Atlantic5 and subtropical South
Atlantic70, and an overall fragile interannual relationship between El Niño
and equatorial Atlantic SST16. The distinct interannual and decadal inter-
basin connections may be related to the time-scale dependent Pacific SST
patterns and intensities, which drive different tropical precipitation
responses and remote atmospheric teleconnections.

Roles of tropical and extratropical teleconnection pathways
The wave-train-like subtropical low-level circulations (Fig. 3 and Supple-
mentary Fig. 8) suggest a potential role for extratropical atmospheric tele-
connections in synchronizing the decadal climate of the two basins. In
response to the CP ENSO-like SST forcing (Fig. 3a–c), the equatorially
enhanced deep convection excites upper-level atmospheric Rossby wave
perturbations, emanating wave fluxes that propagate poleward and south-
eastward to the southern tip of South America and then deflect north-
eastward into the Atlantic tropics (Fig. 4a–c). A similar extratropical
teleconnection pathway is also evident in the MTM-SVD results (Supple-
mentary Fig. 8) and has been invoked in previous studies to link the tropical
CP SST anomaly to the Antarctic74,75 or South Atlantic climate64,66 on
interannual timescales. Such Pacific–Atlantic energy dispersion influences
the key subtropical low-level anticyclone system, cooling tropical South
Atlantic SSTs by low-level easterlies in this northern flank. The resulting
negative SST responses can drive low-level easterly winds and anticyclonic
Rossby wave circulations according to Gill theory76, and thus potentially
provide positive feedback to intensify the anticyclonic circulations into the
observed pattern. As the Pacific SST anomalies weaken andmove eastward,
this atmospheric bridge is disrupted (Fig. 4d), and the Atlantic SST
anomalies disappear (Fig. 3d).

In addition to extratropical atmospheric Rossby wave teleconnections,
the tropical teleconnection pathway is also evident. One year before the
Pacific SST peaks (i.e., lag =−1 year), equatorial Central-western Pacific
deep convection releases latent heat andwarms the tropical tropospheric air
temperature (TT), manifesting as a coupled Kelvin–Rossby wave mainly in
the tropical Pacific, with no signal in the tropical Atlantic (Fig. 4e). The
Pacific SST reaches its peak phase one year later (i.e., lag = 0 year), driving a
stronger TT signal that penetrates the tropical Atlantic (Fig. 4f). Such a
remote TT response has a thermodynamic warming effect on the tropical
Atlantic SST by stabilizing the atmosphere77, thereby weakening the nega-
tive SST anomalies in the tropical SouthAtlantic, but slightly strengthening
the positive SST anomalies in the tropical North Atlantic (Fig. 3b–d). This
slightly damped tropical South Atlantic decadal SST during the Pacific SST
peak phase is responsible for the statistical one-year phase differences
between the two basins, as we have shown and discussed before.

During the decay phase (i.e., lag = 1, 2 years), the Pacific SST gradually
moves poleward and eastward (Fig. 3c, d), which consistently promotes the
eastward propagation of the atmospheric warm TT signal (Fig. 4g, h) and
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increases the thermodynamic damping effect on the tropical South Atlantic
SST.Meanwhile, as the Pacific TT signal enters theAtlantic sector, although
the atmospheric Kelvin wave and associated surface easterlies on its far
eastern sidemay also contribute to cooling theAtlantic SST, its effectmay be
too weak to counteract the thermodynamic TT damping effects given the
rapid decay of the South Atlantic SST (Fig. 3c, d).

We note here that the coupled nature of the observations makes it
difficult to directly resolve TT-related thermodynamic feedback processes
through the surface energy budget (Supplementary Fig. 5)77, which already
includes adjusted Atlantic SST signals, and to cleanly separate tropical
Kelvin wave and extratropical Rossby wave teleconnections. Nevertheless,
the slightly delayed arrival of the tropical warm TT signal relative to the
extratropical wave teleconnection suggests a possible first trigger by the

latter, while their subsequent competition weakens the Atlantic SST
response and leads to the intriguing one-year SST phase difference between
the two basins. Apart from the atmospheric wave teleconnections, we also
examined the role of the zonalWalkercirculationand found that it exhibits a
low-level descending branch centered aroundRecife, accompanied byweak
and statistically insignificant low-level divergent westerlies in the tropical
Atlantic, suggesting a minor competing effect with the wave-induced east-
erlies (Supplementary Fig. 10).

Pacific–Atlantic decadal connection in model experiments
To disentangle the respective roles of Pacific and Atlantic SST in the inter-
basin connections through atmospheric teleconnections, we conducted a
series of sensitivity experiments using the Geophysical Fluid Dynamics

Fig. 4 | Competing extratropical and tropical teleconnection pathways.
a–dRegressionmaps of the 200 hPa rotational zonal wind (shading, unit: m s−1) and
wave activity flux (vectors, unit: m2 s−2) onto the normalized 8–16-year bandpass
filtered MAMJJA Niño4 index at different time lags. Positive lag indicates that the
index leads the physical field and vice versa. e–h same as (a–d), but for TT anomalies

(unit: K) vertically averaged between 850 hPa and 200 hPa. Black dashed arrows in
(a–c) illustrate the southern hemisphere extratropical teleconnection pathway.
Stippled shading and green vectors indicate regression coefficients exceeding the
90% confidence level based on a two-tailed Student’s t-test.
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Laboratory coupled general circulationmodel CM2.178 and its atmospheric
component AM2.179. Both models can reasonably simulate the large-scale
atmospheric circulation responses to tropical SST anomalies and have been
widely used in climate research80–82.

Key large-scale features of the observed inter-basin teleconnections are
reasonably reproduced in both a partially coupled Pacific pacemaker
experiment and atmosphericmodel-only simulations (see “Methods”; Fig. 5
and Supplementary Fig. 11). With an imposed CP ENSO-like decadal SST
forcing (Fig. 5a, b), the resulting enhanced central-western equatorial Pacific
convection (Fig. 5c) excites atmospheric tropical Kelvin and extratropical
Rossby waves (Fig. 5d–f) reaching into the Atlantic, both of which dyna-
mically favor equatorial Atlantic anomalous easterlies that cool South
Atlantic SSTs by activating local Bjerknes feedback.Nevertheless, noticeable
model biases are evident. In particular, the Atlantic negative SST response is
generallyweaker andnarrower (Fig. 5b) due to its latedevelopment inboreal
summer (i.e., June–August; Fig. 6a, b), despite similar atmospheric tele-
connection and local wind forcing throughout the MAMJJA season (Sup-
plementary Fig. 12). This arises from amodel bias of climatological oceanic
downwelling in the eastern equatorial Atlantic cold tongue region during
the boreal spring (Fig. 6c, e), which hinders the initiation of TF to cool SSTs.
In the subtropical region (Supplementary Fig. 13), the simulated South
Atlantic Subtropical Anticyclone causes stronger oceanic warming than
observed, mainly due to oceanic downwelling and the Ekman feedback
process (Supplementary Fig. 13a, b, f, g). It tends to offset the atmospheric
cooling effect contributed mainly by the wind-driven latent heat flux

anomalies (Supplementary Fig. 13c–e), resulting in no apparent subtropical
SST cooling response. In addition, the latent heatflux on the east coast of the
subtropical South Atlantic also shows a stronger than observed warming
effect (SupplementaryFig. 13c, d, h, i) on theunderlyingSST, possibly due to
a more stabilized atmosphere, as the model simulates a TT signal that
penetrates theAtlanticmore thanobserved (Figs. 4f and5e).A similaroverly
strong TT effect is also found in other climatemodels, which dominates the
simulated same-sign tropical Atlantic SST responses83,84 to tropical Pacific
decadal SST. These results suggest that while the model can generally cap-
ture the large-scale atmospheric teleconnection pathways, it remains a
challenge to realistically simulate their detailed teleconnection structures
and SST feedback processes at the regional scale, thus hindering a realistic
representation of the observed Pacific–Atlantic decadal connection.

In addition to a fixed CP ENSO-like SST forcing, we also analyze a
tropical Pacific “time series” pacemaker experiment of the same model,
incorporating the historical evolution of tropical Pacific SST anomalies (see
“Methods”). Despite the overall weak cooling SST responses of the equa-
torial Atlantic SST due to the model biases discussed above, we still find
model evidence thatmimics thePacific-SouthAtlantic teleconnection in the
observations (Supplementary Fig. 14). In particular, the fast extratropical
atmospheric teleconnection pathway in the southern hemisphere is well
captured, with the underlying SST showing a concurrent connection with
the Pacific signal. Instead, as in the observed case, the tropical warm TT
pathway is relatively delayed, as evidenced by the delayed warming of the
tropical North Atlantic SST anomalies. Importantly, even in this Pacific-

Fig. 5 | Simulated decadal inter-basin connectivity in a Pacific pacemaker
experiment. a The applied air–sea coupling mask (shading, unit: %) in the partially
CM2.1 coupled model with prescribed CP ENSO-like SST anomaly forcing;
ensemble mean of anomalous b SST (shading, unit: K), c OLR (shading, unit:
Wm−2), d 850 hPa zonal wind (shading, unit: m s−1) and stream function (contours,
unit: 106 m2 s−1), e TT (shading, unit: K) vertically averaged between 850 hPa and

200 hPa, and f 200 hPa rotating zonal wind (shading, unit: m s−1) and wave activity
flux (vectors, unit: m2 s−2) during the MAMJJA season. The green dashed lines in
b enclose the region of no active air–sea coupling with a mask value of zero. Black
dashed arrows in (d–f) illustrate the southern hemisphere extratropical tele-
connection pathway. Stippled shading and green vectors indicate the values
exceeding the 90% confidence level based on a two-tailed Student’s t-test.
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driven model world with limited Atlantic feedback, equatorial South
Atlantic SST responses can lead the Pacific forcing signal by about 2 years.
This may support our observational argument that the phase differences
between the competing extratropical wave teleconnection and tropical TT
pathways result in a subtle lead-lag relationship between tropical Pacific and
South Atlantic decadal variability.

We also examine the potential role of South Atlantic SSTs in for-
cing the Pacific using similar partially coupled Atlantic-driven pace-
maker experiments (see “Methods”; Fig. 7), which shows a rather weak
response with statistically significant responses mostly confined to the
Atlantic basin (Supplementary Fig. 15a–c), but no systematic SST
changes in the Pacific (Fig. 7b). Consistent results were obtained using
only the atmospheric model (see “Methods”, Supplementary Fig.
15d–f). The tropical South Atlantic decadal SST anomalies act mainly to
modulate the climate in their vicinity and generally have limited direct
feedback effects on Pacific SST, possibly due to the relatively small
decadal SSTmagnitude of about 0.15 °C (Figs. 1a and 7b) superimposed
on the Atlantic cold tongue mean state. This is also consistent with a

previous study85 arguing that a broad tropical Atlantic SST forcing is
necessary in both hemispheres to ensure that its influence reaches the
Pacific. Furthermore, we conducted two additional atmospheric model
experiments (see “Methods”) using the Atlantic decadal SST and cli-
matology before and after 1985 to account for the decadal changes in the
Atlantic quasi-decadal SST pattern (see discussion in the next section)
and the continuous warming of the tropical Atlantic background SST.
Nevertheless, we still find no significant responses of the tropical CP
low-level westerlies in these simulations (Supplementary Fig. 16), sug-
gesting an overall secondary role of the direct Atlantic feedback on this
quasi-decadal timescale in our model. Given the complexity of the cli-
mate system, which cannot be perfectly captured in models, and a single
atmospheric model version used here, we do not completely exclude the
possibility of an Atlantic feedback on the Pacific in the observations,
whose role, if any, is expected to be secondary compared to the Pacific
counterparts and may operate, for example, through nonlinear rectifi-
cation from interannual to decadal timescales, and remains open for
further investigation.

Fig. 6 | Influence of equatorial Atlantic mean upwelling bias on the simulated
inter-basin decadal connection. Ensemble the mean of the anomalous SST
(shading, unit: K) response in the Pacific pacemaker experiment during the bMAM
and b JJA seasons. The green dashed lines in (a, b) enclose the region of no active
air–sea coupling with a mask value of zero while the black dashed box encloses the
equatorial Atlantic region (50° W–10° E, 5° S–5° N). Stippled shading indicates
values exceeding the 90% confidence level based on a two-tailed Student’s t-test.

Meridionally averaged equatorial (5° S–5° N) Atlantic vertical velocity (shading,
unit: 10−6 m s−1) and ocean temperature (contours, unit: K) climatology from the last
50 years of simulation of the Pacific-driven control experiment using the CM2.1
model during the cMAM and d JJA seasons. e, f as (c, d) but using the GECCO3
reanalysis data from 1951 to 2018. The thermocline represented by the 20 °C iso-
therm line is thickened in (c–f).
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Discussion
Based on observational analysis over the past seven decades and idealized
pacemaker experiments, we propose here a synchronization relationship
between the tropical CP and the South Atlantic decadal variability (Fig. 8).
Compared to the interannual ENSO SST, which is larger in amplitude and
located in the eastern Pacific (Supplementary Fig. 9), CP ENSO-like decadal
SST anomalies can effectively excite southern hemisphere extratropical

teleconnections that propagate into the South Atlantic, with a less
destructive tropical TT effect due to the weaker (~0.5 °C) and more west-
ward location of the SST forcing. Such a teleconnection configuration may
favor a more pronounced inter-basin connection on this quasi-decadal
timescale, while comparable and competing wave and TT effects on inter-
annual timescales lead to a more fragile interannual relationship16,67.
According to our previous study26, the observed CP ENSO-like decadal

Fig. 7 | Simulated decadal inter-basin connectivity
in an Atlantic pacemaker experiment. a The
applied air–sea couplingmask (shading, unit: %) in a
partially coupled CM2.1 model with prescribed
tropical South Atlantic SST anomaly forcing;
b Ensemble mean of the anomalous SST (shading,
unit: K) response during the MAMJJA season. The
green dashed lines in (b) enclose the region of no
active air–sea coupling with a mask value of zero.
Stippled shading indicates values exceeding the 90%
confidence level based on a two-tailed Student’s
t-test.

Fig. 8 | Schematic of the Pan–Pacific–Atlantic
decadal connection. The CP ENSO-like decadal
SST anomalies (red shading on the map) enhance
local atmospheric deep convection (gray cloud-like
shading) and drive low-level atmospheric circula-
tion changes (purple ellipses), with cyclonic (solid)
and anticyclonic (dashed) circulation anomalies
marked with “C” and “AC”. The green arching
arrow indicates the extratropical teleconnection
pathway, where wave energy propagates from the
Pacific to the South Atlantic. Low-level easterly
anomalies on the northern flank of the subtropical
South Atlantic anticyclonic circulation cool local
SST anomalies (blue shading on the map) mainly
through wind-evaporation SST (WES) and TF in
subtropical and near-equatorial regions, respec-
tively. The warm TT signal driven by the Pacific
decadal SST anomaly manifests as a coupled
Kelvin–Rossby response in the middle to upper
levels (red shading above the map), which decays
rapidly away from the Pacific heating center and has
a weak warming effect on the tropical South Atlan-
tic SST.
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variability may originate from ENSO nonlinearity amplified by tropical
Pacific air–sea coupled processes, with the intermittent occurrence of strong
El Niño events shaping its observed decadal timescale. This, combined with
our results here, suggests a tropical CP origin of the preferred quasi-decadal
timescale of tropical South Atlantic variability, different from previous
arguments emphasizing physical processes within the Atlantic basin49–51.
Given the complexity andmultiple mechanisms of the decadal variability38,
their relative importance deserves further investigation.

The Pan–Pacific–Atlantic teleconnection and the local Atlantic feed-
back processes are strongly dependent on the climatological background
conditions, which exhibit a pronounced seasonality. In observations, the
causes of the more pronounced inter-basin connection in the austral cold
months could be twofold, including a stronger southern hemisphere mid-
latitude jet stream favoring the extratropical Rossby wave teleconnection
and stronger equatorialAtlanticmeanupwelling favoring the oceanicTF. In
most climate models, the eastern boundary upwelling systems, including
those in the tropical Atlantic, have large biases that have persisted through
several model generations86,87, which are also manifested in the CM2.1
model during the MAM season (Fig. 6c, e). Such model biases degrade the
simulated inter-basin connection bymisrepresenting local TF and can arise
from coarse oceanmodel resolution88, missing oceanmodel physics, and/or
biased atmospheric forcing, the latter further complicated by the complex
orography and landscapes surrounding the Atlantic basin, including the
Sahara desert and the Amazon rainforest, which have impacts on climate in
the tropical South Atlantic. Thus, there is a compelling need to better
understand and resolve thesemodel biases to ensure a realistic simulation of
inter-basin linkages and more reliable predictions of the surrounding
climate.

On interannual timescales, the Pacific–Atlantic connection is non-
stationary and exhibits decadal variations89–91 due to decadal changes in the
Atlantic background conditions and the modulated structural changes in
equatorial Atlantic SST anomalies. In a similar context, we also examine our
results by dividing the entire study period (i.e., 1951–2022) into two com-
parable decadal epochs, namely 1951–1985 and1986–2022 (Supplementary
Fig. 17). Interestingly, the tropical Atlantic decadal SST shows ameridional
dipole structure in the first epoch, but manifests as a monopole structure in
the second epoch, with a strong emphasis in the tropical South Atlantic and
weaker signals in the tropical North Atlantic. This is consistent with our
previously presented results that the quasi-decadal variability of the tropical
CP and the tropical South Atlantic show relatively robust coevolution
throughout the period (Fig. 2c), while the tropical North Atlantic is not
connected to the tropical CP from the MCA analysis (Supplementary Figs.
1 and 3). The decadal Pacific–Atlantic evolutions in the first epoch are also
consistent with previous studies showing pronounced quasi-decadal var-
iations in the Atlantic meridional mode in early observational reanalysis
data. Moreover, the significant signals appear to be established earlier in the
tropical South Atlantic than in the tropical North Atlantic (Supplementary
Fig. 17a), suggesting an earlier arrival of extratropical teleconnection
pathway from the southern hemisphere. So far, the physical reasons for the
non-stationary decadal coupling between the tropical CP and the tropical
North Atlantic are not clear, but may be related to decadal teleconnection
changes in the tropical warm Kelvin wave, extratropical wave propagation
paths in the northern hemisphere, and/or tropical Atlantic background
conditions (e.g., mean SST or precipitation) that control the thermo-
dynamic air–sea coupling strengthbetween the twohemispheres.Given that
each decadal epoch contains very few effective samples of about 3 decadal
cycles, statistical significance tests cannot be fully relied upon to determine
whether these changes are due to confounding noisy processes or related to
systematic changes in background conditions, and this issue merits careful
study in the future.

Methods
Reanalysis data
In this study, atmospheric reanalysis data from1951 to 2022 is from thefifth
generation of the European Centre for Medium-Range Weather Forecasts

(ECMWF) reanalysis (ERA5)92. Monthly SSTs for the same period were
used from theNationalOceanic andAtmosphericAdministration (NOAA)
ExtendedReconstructed SST dataset, version 5 (ERSSTv5)93 and theHadley
Center Sea Ice and Sea Surface Temperature dataset (HadISST)94. In addi-
tion, the ocean reanalysis from the German contribution to the Estimating
the Circulation and Climate of the Ocean project, version 3 (GECCO3)95,
which covers the 1951-2018 period due to data availability, was used to
quantify the oceanic feedback contribution to decadal tropical South
Atlantic SST changes. All variables were linearly interpolated onto a com-
mon grid with a horizontal spatial resolution of 2° × 2° and a vertical
resolution of 10m in the upper ocean (down to 350m depth). Anomalies
were calculated relative to the full period climatology and linearly detrended.
To extract variability on the quasi-decadal timescale (Figs. 1 and 2), we used
an 8–16-year Lanczos bandpass filter96. Our results do not change much
when we use other filter cutoff periodicities, such as 8–20 years26 or 10–15
years45.

Decadal heat budget analysis
On decadal timescales, the ocean-atmosphere circulations are in a quasi-
equilibrium state97. In particular, the Newtonian cooling effect on decadal
SST anomalies is generally balanced by ocean dynamics and atmospheric
heat flux driven by large-scale ocean-atmosphere circulation anomalies.
Thus, decadalmixed-layer ocean temperature anomalies or their equivalent
SST anomalies can be decomposed into different oceanic and atmospheric
feedback processes using a decadal mixed-layer heat budget analysis:

T 0
mld ¼

Do þ Qsw þ QlwþQsh þ Qa
lh

�αQlh
ð1Þ

TheDo,Qsw,Qlw,Qsh andQ
a
lh terms in Eq. 1 represent the collective role of

the large-scale ocean dynamics, the net shortwave flux, the net longwave
flux, the sensible heatflux, and the atmospheric forcingof the latentheatflux
anomalies at the sea surface down into the ocean, respectively. TheQlh term
is the climatological net sea surface latent heat flux and α has an
approximately constant value of 0.06 K−1 in tropical oceans97.

The oceanic feedback (Do) is calculated in partial flux form (Eq. 2)98,
which includes the dynamical damping effect of themean ocean circulation,
the TF, the advective feedback in three directions, and nonlinear dynamical
heating terms:

Do ¼ � ∂ �uT 0ð Þ
∂x þ ∂ �vT 0ð Þ

∂y

� �
þ wT 0

H
H � u0 ∂�T∂x þ v0 ∂�T∂y þ w0 ∂�T

∂z

� �
� u0 ∂T

0
∂x þ v0 ∂T

0
∂y þ w0 ∂T 0

∂z

� � ð2Þ

As in our previous study26, the variables T, u, and v denote the anomalous
ocean temperature, and zonal, and meridional ocean current velocities
averaged in the mixed layer, respectively. TH and w represent the ocean
temperature andvertical current anomalies at the bottomof themixed layer.
Variables with an overbar and a prime indicate climatology and anomalies,
respectively. Following previous studies99–101, the mixed layer depthH is set
to a constant valueof 50m,which is close to the average value for the tropical
South Atlantic. This setting does not affect our results much from a basin-
scale integrated perspective, but may be less accurate in the very coastal
regions of the eastern Atlantic (e.g., the Benguela Niño region), where the
assessment of the oceanic feedback is also limited by the coarse resolution of
the ocean reanalysis data and the numerical difference scheme around the
coastal regions.

The latent heat flux includes both the SST response (Qo
lh) and the

atmospheric forcing (Qa
lh), and the latter can be calculated by subtracting the

SST response (i.e., Newtonian cooling) from the total latent heat flux. The
atmospheric forcing is further decomposed into the wind effect (QW

lh ) and a
residual (resid) that includes the effects of relative humidity, surface static
stability, and other factors. In Eq. 3, the T 0

s, W, and W 0 represent SST
anomalies, climatological surface wind speed, and surface wind speed
anomalies, respectively, while other symbols have the same meaning as in
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Eq. 1:

Qa
lh ¼

Qlh � Qo
lh ¼ Qlh � αQlhT

0
s

QW
lh þ resid ¼ Qlh

�W W 0 þ resid
:

(
ð3Þ

Wave activity flux
Todetermine the source anddirectionofwave energypropagation, thewave
activity flux was calculated using the Takaya and Nakamura (TN-WAF)102

method. It is a useful tool to diagnose the propagation direction of the
Rossby wave packet in a non-uniform zonal air flow and infer where the
wave energy is emitted and absorbed. Its horizontal components are defined
as:

F ¼ p cosφ
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where p = 0.2 is the upper-level pressure (200 hPa) normalized by 1000 hPa,
a is the radius of the Earth (6371200m), φ and λ are the latitude and the
longitude coordinates in radians. |U|, U, and V represent basic states of the
upper-level total, zonal, and meridional wind speed, while ψ0 denotes the
geostrophic stream function anomaly.

Statistical significance tests
The composite and correlation analyses in our study are all tested using the
two-tailed Student’s t-test. Before determining the statistical significance of
correlations on our target decadal timescale, the adjusted effective degrees of
freedom103 were calculated as:

1

Nedf �
1
N
þ 2

N

XN
j¼1

N � j
� �

N
ρXX j

� �
ρYY j

� �
ð5Þ

where N and Nedf are the sample size (i.e., 72 years) and effective degrees of
freedom, and the ρXXðjÞ and ρYY ðjÞ are the autocorrelations of 8–16-year
bandpass filtered samples X and Y at lag time step j, respectively.

In our study, the SST index spectra and their relationships all exceed
the 95% confidence level after accounting for the effective degrees of free-
dom, suggesting the robustness of the identified quasi-decadal variability
and inter-basin linkages. Considering the weaker signal-to-noise ratio on
decadal timescales compared to interannual timescales and limited effective
sample size in observations, we relax our statistical confidence level to 90%
in the analysis of decadal Pan–Pacific–Atlantic phase evolutions and asso-
ciated large-scale ocean-atmospheric circulations. The effective degrees of
freedomare evaluatedat each grid point, except for theMCAheterogeneous
correlation patterns (Fig. 2a, b), where a roughly estimated fixed effective
sample size of 6 (72 years divided by 12 years/cycle) is assumed to smoothly
enclose the core regions of inter-basin decadal connectivity for better visual
effects.

Model experimental designs
The CM2.1 model is used for the partially coupled Pacific-driven and
Atlantic-driven pacemaker experiments, for which air–sea coupling
strength is controlled by air–sea coupling masks (Figs. 5a and 7a). A mask
value of 100%means that the ocean and atmosphere are fully coupled, while
a coupling strength of 0%means that themodel’s SST boundary conditions
are simply prescribed to force the atmosphere unidirectionally, as in an
AGCM experiment. The intermediate buffer zone is set to avoid large
unphysical spatial gradients in SST boundary forcing and denotes the
partitioning fraction of model-generated and prescribed SSTs.

In the Pacific-driven control simulation, the tropical Pacific SST is
restored to the observed seasonal climatology from 1951 to 2022, while
elsewhere the ocean and atmosphere are freely coupled. The use of the
observational rather than the model SST climatology here is to reduce the
influence of possible model biases in the background SST states of the
forcing region85,86,104. The control run was integrated for 100 years, with the
first 50 years of simulations used for spin-up and not used in the analysis.
The Pacific-driven perturbation experiment is set up by adding the decadal
CP ENSO-like SST forcing to the observed SST climatology with the same
tropical Pacific air–sea coupling mask. This perturbation run has 50
ensemble members with different initial conditions, branched from the last
50 years of the control run. Each member is integrated for 6 months from
March toAugust. TheAtlantic-drivenpacemaker simulationhas almost the
same model configuration as the Pacific-driven experiment, except for the
air–sea coupling mask and the decadal SST anomaly forcing. To ensure a
realistic magnitude of decadal SST forcing patterns, the Pacific and Atlantic
decadal SST forcings (Figs. 5b and 7b) are derived by regressing the 8–16-
year filtered MAMJJA SST onto the simultaneous normalized Niño4 (160°
E–150°W, 5° S–5°N) and tropical SouthAtlantic (40°W–10° E, 15° S–0°N)
SST indices, respectively.

To understand the observed subtle one-year phase difference between
the two basins, we additionally analyzed the 10-member tropical Pacific
“time series” pacemaker experiment of the same CM2.1 model from pre-
vious studies80,82. Different fromour experimentswith afixedCPENSO-like
SST forcing, their “time series” Pacific pacemaker experiment includes the
observed evolution of SST anomalies in the tropical central-eastern Pacific
for the historical period from 1951 to 2014. Although this experiment has a
slightly different air–sea coupling mask domain and data source of SST
anomaly forcing compared to our experiment, it generally captures the
observed tropical Pacific decadal variability and allows us to test our
hypothesis that the statistical one-year leadof the equatorialAtlantic decadal
variability can arise solely fromPacific forcing in thepresenceof delayed and
competing effect between the tropical and subtropical pathways. More
details on this Pacific “time series” pacemaker experiment can be found in
relevant literature.

In the partially coupled experiments, the SST responses outside the
restoration region also contribute to the atmospheric teleconnection
responses. To isolate the sole effects of Pacific and Atlantic SST, we also
conducted three experiments using only the atmosphericmodel component
to facilitate comparisonswith our coupled simulations. The experiments are
a control simulation and two SST perturbation experiments. In the control
simulation, the model was driven by a repeated global seasonal SST cli-
matology computed over the study period (i.e., 1951–2022) and was inte-
grated for 65 years. The first 5 years of the simulations were discarded as a
spin-up period. In the two SST perturbation experiments, SST boundary
conditions were created by adding the decadal SST anomaly patterns (Figs.
5b and 7b) to the observed SST climatology in the tropical Pacific (150°
E–80° W, 30° S–30° N) and Atlantic (65° W–30° E, 30° S–10° N), respec-
tively. Each simulation has 60 ensemble members with different initial
conditions, branched from the control simulation. Each member is inte-
grated for 12months from January toDecember. In addition, to account for
the decadal changes in the tropical Atlantic decadal SST pattern and the
continuous warming of the background SST states, we conducted twomore
pairs of control and Atlantic SST perturbation experiments, similar to the
configuration above, except that the SST climatology and Atlantic decadal
SST patterns used (Supplementary Fig. 16a, e) were from before and
after 1985.

Data availability
Reanalysis data sets used in this article are all publicly available: theERSSTv5
at https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html; the Hadley
Centre SST at https://www.metoffice.gov.uk/hadobs/hadisst/data/
HadISST_sst.nc.gz; the GECCO3 at https://www.cen.uni-hamburg.de/en/
icdc/data/ocean/reanalysis-ocean/gecco3.html; the ERA5 at https://cds.
climate.copernicus.eu/#!/search?text=ERA5&type=dataset. The ten-
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member “time series” Pacific pacemaker experiment output is available at
https://zenodo.org/records/6004084. Data for the CP-ENSO and tropical
South Atlantic-driven pacemaker experiments are available at https://
figshare.com/s/3bf4a6b7367b7de6e8ef.

Code availability
The MCA/SVD analysis is implemented by the Python package “xeofs”,
which is publicly available at https://xeofs.readthedocs.io/en/latest/. The
analysis code used in this study is available from the corresponding authors
upon reasonable request.
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