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Unraveling the interactions between
tropical Indo-Pacific climate modes using
a simple model framework
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The dominant interannual climate phenomena are mainly observed in the tropical Indo-Pacific Ocean.
While climate modes such as the El Niño–Southern Oscillation (ENSO), Indian Ocean Dipole (IOD), and
IndianOceanBasin (IOB)candevelop through intrinsicbasindynamics, interactionsbetween thePacific
Ocean (PO) and Indian Ocean (IO) significantly modulate their characteristics. Here, we quantified the
impacts of tropical Indo-Pacific coupling using an extended nonlinear recharge oscillator model for
ENSO that incorporates key tropical IO climate modes. Enabling the PO-to-IO effect increased the
amplitudes of the IOD and IOB by 23% and 38%, respectively, and regulated IOB seasonality.
Conversely, IO-to-PO connection increased ENSO peak variability by 5%, shortened its periodicity by
1 year, and more than doubled the frequency of extreme ENSO events when coupling strength was
doubled.Over the past decade, strengthened Indo-Pacific interactions resulting frompositive feedback
between basins, have contributed to increased variability and occurrence of major climate modes.

The tropical Indo-Pacific region has themost dominant interannualmodes,
such as the El Niño–Southern Oscillation (ENSO), Indian Ocean Basin
(IOB) mode, and Indian Ocean Dipole (IOD) mode. The ENSO is usually
identified as the first empirical orthogonal functionmode of tropical Pacific
sea surface temperature anomalies (SSTAs), marked by interannual fluc-
tuations between warm (El Niño) and cold (La Niña) phases over the tro-
pical PacificOcean (PO)1,2. The IOBand IOD,which are thefirst and second
empirical orthogonal functionmodes of tropical IO SSTAs, feature a basin-
wide pattern and zonal dipole structure of opposite SSTAs between the
western IO and southeastern IO, respectively3–13. These climate modes are
closely linked not only through the oceanic pathway (i.e., Indonesian
throughflow), but also via the “atmospheric bridge” of the Indo-Pacific
Walker circulation4,14–16. Given their wide-ranging impact and socio-
economic significance5,13,17–20, it is crucial to understand how their interac-
tions alter their characteristics that would appear in the absence of any
interaction.

The ENSO typically develops during boreal summer, reaches its peak
in winter, and dissipates by the following spring (hereafter, the seasons
follow those in the Northern Hemisphere)1,2. IO variability is strongly
influenced by the ENSO15,16,21–25. During the ENSO development phase, the
IOD is often triggered in spring and co-evolves from summer to autumn.
The IOD usually peaks in late fall and decays rapidly due to the seasonal
reversal of the monsoonal winds6,7. In winter, the IOD fades as its damping
process dominates, but the continued influence of the ENSO causes

the development of the IOB through thermodynamic and dynamic
processes14,26–28. The dynamic process includes the effect of oceanic Rossby
waves induced by the ENSO in the equatorial southeastern IO that pro-
pagates to the southwestern IO17,29, whereas the thermodynamic process is
dominated by the anomalous surface net heat flux4,30. The IOB develops
during the mature phase of the ENSO, peaks in early spring, and persists
during summer27. Specifically, El Niño (La Niña) is predominantly asso-
ciated with a positive (negative) IOD and IOB. Consequently, the ENSO is
recognized as the primary driver of IO climate variability.

Although IO variability is driven by the ENSO, both the IOD and
IOB are recognized as intrinsic modes that can exist independently of the
ENSO15,31–33 and, in turn, they can also influence22 the ENSO14,26,34. Izumo
et al. (2010)34 demonstrated that IOD events can foster ENSO development
in the following year by either accumulating or dispersing warm water in
the western Pacific. Specifically, positive (negative) IOD events accom-
panied by equatorial easterly (westerly) winds lead to the dispersion
(accumulation) of heat content in the tropical PO, thereby creating condi-
tions favorable for La Niña (El Niño). Moreover, extreme IOD events co-
evolving with the ENSO can contribute to ENSO development by mod-
ulating Walker circulation26,35,36. In a series of hindcast experiments, the IO
was found to contribute effectively to the development of extreme El Niño
events37. Thus, IOD events can facilitate the development of ENSO in the
following year or positively modulate the development of the co-evolving
ENSO. However, the IOB mode is known to contribute to the ENSO
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lifetime. Because its peak phase occurs approximately one season later than
the mature phase of the ENSO, it can significantly influence the decay
process and transition of the ENSO by inducing equatorial surface wind
anomalies in the tropical PO. Furthermore, the ENSO-driven IOB can act as
a heat capacitor, and this oceanic heat memory affects the following Asian
summer monsoon5,17 through atmospheric teleconnections. Thus, even
after the ENSO dissipates, it can continuously influence the global climate
through the ENSO-driven IOB mode. In summary, the IOD and IOB
modes influence the ENSO differently, mainly because of their seasonal
dependence.

Although the dominant interannual climate modes in the tropical
Indo-Pacific basin are closely interconnected, most previous studies have
mainly focused on one-way interactions using reanalysis data and climate
model simulations. Only a few studies have quantitatively compared the
characteristics of the Indo-Pacific climate modes by considering two-way
interactions14,38,39. Dommenget et al. (2006)39 noted that signals outside the
tropical Pacific basin can provide significant feedback to the ENSO, which
also contributes significantly to ENSO predictability. In particular, Zhao
et al. (2024)40 highlighted the importance of inter-basin interactions in
improving the ENSO forecast skill through an extended nonlinear recharge
oscillator. This simple model framework enabled the isolation of interac-
tions between climate modes through sensitivity experiments, thereby
quantifying the role of each component in the interaction processes.

In this study, we developed a simple coupledmodel by integrating the
climatemodes of the tropical IOwith the nonlinear recharge oscillator of the
ENSO. A distinctive feature of this model compared to that of Zhao et al.
(2024)40 is its explicit separation of SSTAs in both the tropical western IO
and tropical southeastern IO regions, where its variability is most pro-
nounced, to represent IO climate modes. This approach was based on two
key considerations. First, based on the observed SSTA standard deviation
pattern (Supplementary Fig. 1a), variability was most pronounced in the
tropical western and eastern IO regions within the entire IOB. Although
these two regions are primarily linked through local processes, mainly via
equatorial wind anomalies, they also exhibit independent characteristics.
Second, the seasonal coupling between the ENSO and these two regions
operates differently between the IOD and IOB41–44. Wu et al. (2024)41

emphasized the role of thewestern IO in the rapiddecayofElNiño events by

leading strong and earlier-peaking IOB events. By individually examining
the interactions between the western and southeastern regions and their
respective connections with the ENSO, this model effectively distinguishes
each region’s influence on the ENSO, while minimizing the overlapping
effects between the IOD and IOB caused by regional redundancy.
Accordingly, the IOD is defined as the difference between the western and
southeastern indices, known as the dipole mode index, whereas the IOB
mode is defined as the area-weighted average of these indices to characterize
the uniform warming or cooling pattern of the entire IOB. This leads to the
derivation of the IOB-like mode (IOB-M), which closely aligns with the
traditional IOB index in terms of coherence, with a correlation of 0.92
(Supplementary Fig. 1b).

Results
Simulated characteristics of the Indo-Pacific climate modes
using the extended Indo-Pacific recharge oscillator (XRO)
The XROmodel effectively simulates key characteristics of the Indo-Pacific
climate modes, including the seasonality of their standard deviation and
interannual spectral peaks (refer to Methods) (Fig. 1). In our study, all
variables refer to the XRO model results, and observed values will have
“actual” prefixed to the variable name. The Niño3.4 amplitude (TpÞ reaches
itsmaximum inwinter andminimum in summer (Fig. 1a). The thermocline
depth anomalies averaged over the tropical equatorial Pacific basin (5S-5N;
hp) exhibit the strongest amplitude during spring owing to a 90-degree
phase difference with the Niño3.4 index in the context of the recharge-
discharge paradigm (Fig. 1b). The IOB-M index exhibits dominant varia-
bility from winter to summer and given its similar seasonality to the tra-
ditional IOB index, it is reasonable to define the IOB-M using only two
regions (Tw and Te) in the tropical IO instead of the entire basin (refer to
Methods) (Fig. 1c). The IOD shows seasonal phase-locking characteristics,
increasing in summer and peaking in autumn (Fig. 1d).

The XRO also simulated the periodic characteristics of each climate
mode. The periodicity of the ENSO, IOB-M, and IOD exhibited dominant
interannual peaks,with the IODadditionally featuring aquasi-biennial peak
that was comparable to its dominant interannual peak (Fig. 1e–h). This
quasi-biennial peak was strongly expressed at the eastern pole of the IOD
(Te), likely influenced by the ENSO C-mode dynamics24 (Supplementary

Fig. 1 | Model performance in simulating Indo-Pacific climate modes. Seasonal
variations in the standard deviation of the (a) Niño3.4 (TpÞ, b tropical Pacific
thermocline depth anomalies (hpÞ, c IOB-M, and d DMI from observations (black
line) andmodel simulations (red line). The red shading represents the one-standard
deviation inter-ensemble spread. e–h Show the power spectra of each index. The

gray lines in (c) and (g) represent the seasonal variations and power spectrum of the
traditional IOB index, respectively. To enable a fair comparison of the power spectra
between the actual and control experiment, 100 random segments of the control
time series, each matching the length of the observed index, were extracted and
averaged.
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Fig. 3d). Additionally, the model captured strong coupling between climate
modes, as expressed by the simultaneous correlations between climate
indices for each calendar month and their lead-lag relationships (Supple-
mentary Fig. 4). The correlation between the ENSO and IOB-M peaked in
late winter, with a coefficient of 0.8, whereas its strongest association with
the IODoccurred in late autumn,with a coefficient of 0.67. TheXROmodel
broadly captured the observed autocorrelation of each climate mode and
their lead-lag relationship. By capturing the unique characteristics of each
mode and the coupling structures between them, the model provides a
robust framework for quantitatively assessing the impact of coupling in each
basin on the various characteristics of the climate modes.

Coupling effect of the PO on the variability and periodicity of
Indian Ocean climate modes (PO-to-IO)
To examine the role of coupling effects, we conducted several decoupled
experiments and compared them with a control experiment (refer to
“Methods”). This allowed us to identify the individual contributions of the
IO and PO coupling effects on the climate modes.

When the effect of the PO on the IO was switched off, interannual
variability of both IOB-Mand IODmodes substantially decreased (Fig. 2a, b,
e, f). The IOB-M was largely suppressed from winter to spring, whereas the
IOD amplitude was mainly affected by the ENSO during fall. In particular,
during the peak seasons, the standard deviations of the IOB-Mand IODwere
reduced by approximately 38% and 23%, respectively (Fig. 2a, b, n, o).
Without thePO-to-IO effect, the dominant biennial and interannual peaks of
IO variability were suppressed, and their corresponding spectra resembled a
rednoise spectrum (Fig. 2e, f). This result suggests that the effect of the POon
the IO is a keydriver of IO interannual variability. Furthermore, this supports
the argument of Stuecker et al. (2017)24 that the quasi-biennial peak of the
IOD is driven by the ENSO C-mode dynamics.

Interestingly, despite the presence of IO coupling, there were notable
changes in ENSO variability and periodicity (Fig. 2c, d and Supplementary
Fig. 5a, b). Although the shift in ENSO periodicity can be largely attributed

to weakened IO variability, the change in ENSO amplitude cannot be
explained by IO variability alone. Rather, the removal of PO forcing mod-
ified the interactive dynamics between the IO and PO systems, leading to
nonlinear changes in the ENSO system. This suggests that the impact of the
IO on the ENSO depends not only on its intrinsic variability, but also on its
coupling with, and feedback from, the PO. The distinct roles of IO-PO
coupling are further elaborated in the varying coupling experiment pre-
sented later.

To identify which IO region was more sensitive to the ENSO coupling
effect, we conducted additional sensitivity experiments by selectively
decoupling the coupling effect of the PO on each IO region. When the
coupling effect of the PO on the western and eastern IO was independently
turned off, the standard deviation of the IOB-Mdecreased by 34% and 15%,
respectively, whereas that of the IOD decreased by 13% and 15%, respec-
tively (Supplementary Fig. 6a, b, n, o). These results indicate that the
influence of the ENSO on the IOB-M is stronger through the western IO45,
whereas the difference in its influence on each area of the IOD is somewhat
indistinguishable, possibly because of a strong dynamic connection between
the western and southeastern tropical IO.

Couplingeffectof the IOon thevariabilityandperiodicityofENSO
(IO-to-PO)
When the effect of the IO on the POwas turned off, ENSO variability and
periodicity also changed. The ENSO variance measured by Tp decreased
by approximately 5% during the peak season but increased in summer
(Fig. 2g, h, m); thus, the seasonality of the ENSO variance weakened. The
ENSOperiodwas approximately 1 year longer, and the periodicities of the
IOB-M and IOD were also approximately 1 year longer. Changes in the
IOB-M and IOD dominant periods were related to changes in the ENSO
dominant period. These results align with those of previous studies using
coupled GCMs and empirical models, which found that IO variability,
particularly the IOD and IOB, acts as a negative feedback to the ENSO,
accelerating its phase transition and shortening its cycle (Fig. 2i–m)14,22,46.

Fig. 2 | Effects of IO-PO coupling on each climate mode. Seasonal changes in the
standard deviation of the (a) IOB-M and (b) DMI in the control experiment (red
line) and in the sensitivity experiment when the Pacific Ocean (PO) coupling effect
on the IndianOcean (IO) is turned off (cyan line,CPO!IO ¼ 0). Panels c–f as a, b, but
for the power spectra of each index in the two simulations. Panels g–l as a–f, but for
when IO coupling effect on the PO is turned off (cyan line, CIO!PO ¼ 0). Shading

indicates a one-standard deviation inter-ensemble spread. The horizontal dotted
line represents the significant level of each power spectrum. Panels show the stan-
dard deviations of the (m) Niño3.4, n IOB-M, and (o) DMI during their respective
peak seasons: DJF, MAM, and SON. The black, red, magenta, and cyan bars
represent the observation, control, CIO!PO ¼ 0, and CPO!IO ¼ 0 experiment,
respectively.
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Because the western and eastern poles of the IOD interact differently
with the ENSO, we identified the distinct roles of each region. Although the
twopoles are connectedby IO internal circulation, each pole’s impact on the
PO highlights its independent influence on the ENSO by turning off each
pole. The coupling effect of the western IO on the PO showed little impact,
whereas the coupling effect of the eastern IO reduced the ENSO variance in
winter by 7.5% compared with the control experiment (Supplementary Fig.
6g,h,m). This indicated that the eastern IO has a more dominant influence
on the PO than the western IO. During the ENSO period, both regions
contributed similarly to the shortening of its cycle.

Additionally, we conducted experiments to distinguish the effects of
the IOB-M and IOD, represented by a combination of Tw and Te, based on
model equations, to better understand their respective roles in ENSO
variability and periodicity (see “Methods”). The results revealed that
IOD played a more significant role in modulating ENSO peak variability
during DJF season, while both the IOB-M and IOD contributed to the
variability of the thermocline depth anomalies in the Pacific Ocean (Sup-
plementary Fig. 7).

To obtain amore comprehensive view of the dependence of the IO-PO
climate mode characteristics on inter-basin coupling, we performed idea-
lized sensitivity experiments with varying coupling strengths by gradually
adjusting the amplification factor of the annual cycle of the coupling
strength from 0 to 2 (seeMethods). As PO coupling strengthened, both the
IODvariance in fall and the IOB-Mvariance in spring increased (Fig. 3b, c).
Similarly, stronger IO coupling amplified the ENSO variance in winter
(Fig. 3a). Here, we found that the relationship between coupling strength
and climatemode variability is not simply linear, but rather quadratic,with a
greater increase in variability as the coupling strength increases, which is
likely due to the interactive enhancement between the IO and PO climate
modes. Specifically, ENSO variance increased not only when the PO-to-IO
coupling was removed, as shown in the previous results, but also when the
coupling strength was enhanced, suggesting nonlinear and potentially
bidirectional sensitivity. Furthermore, when the IO-to-PO coupling was
weakened, the variability did not decrease linearly, which coupling strength
0 (γ ¼ 0) was bigger than at (γ ¼ 0:25), indicating a non-monotonic,
nonlinear response.

Interestingly, as the coupling strength increased, the dominant peri-
odicity of all climate modes linearly decreased. This suggests that stronger
coupling enhances the frequency of variability, potentially shortening the
lead-time for skillful predictions. Furthermore, as IOB-M coupling to
the ENSO increased, ENSO variability exponentially increased, whereas the
change in IOD coupling modulate ENSO variability linearly (Supplemen-
tary Fig. 8). This suggests that the nonlinear response of ENSO to Indian
Ocean coupling is primarily due to the IOB-M. Interesting point is that
under weaker coupling conditions, the IOD exerts a stronger influence on
ENSO compared to IOB-M. However, as the IO-to-PO coupling strength
increases, the influence of IOB-M on ENSO grows exponentially and
eventually dominates.Additionally, IOB-Mvariabilitywasmore sensitive to
ENSO coupling with the western IO, whereas IOD variability was more
sensitive to ENSO coupling with the eastern IO under sufficiently strong
coupling (Supplementary Fig. 9).

Influence of IO coupling on the ENSO frequency
In the previous section, we demonstrated how the coupling between the IO
and PO influences both the variability and periodicity of the Indo-Pacific
climate modes. Building on these findings, we now explore the specific
impact of the IO coupling effect on the ENSO frequency, further high-
lighting its role in shaping ENSO characteristics. Considering that IO
coupling to the PO strengthens ENSOvariability and shortens its period, we
examined the occurrence frequency of different ENSO types, i.e., single-year
ENSO, multi-year ENSO, and extreme ENSO, with respect to the IO cou-
pling strength. As the IO-to-PO coupling strengthened, the frequencies of
both El Niño and La Niña increased nonlinearly, with a faster ENSO cycle
(Fig. 4a, e). The rate of increase in the ENSO frequency against a unit of
coupling strength becomes significantly larger when the coupling factor
exceeds 1. Under weak coupling condition, the ENSO frequency has
increased as IO-to-PO coupling becomes weaker. However, changes in the
PO-to-IO coupling did not significantly modify the ENSO frequency
(Fig. 4a, e). Here, the increase in the ENSO frequencywas related to a higher
occurrence rate of single-year ENSO events, driven by a stronger IOB effect.
Because the IOB assists in ENSO termination, more frequent single-year
ENSO events with shorter cycles can occur (Fig. 4b, f). The frequency of

Fig. 3 | Variability and periodicity under varying coupling strengths.Dependence
of the standard deviation of the (a) ENSO, b IOB-M, and (c) IOD on the coupling
strength adjusted by multiplying the coupling coefficient (γ) with CIO!PO (magenta
line) and CPO!IO (cyan line). Panels illustrate the dependence of the periodicity of

the (d) ENSO, e IOB-M, and f IOD on varying coupling strengths. The inset in (d)
presents the power spectra for each experiment at γ ¼ 0 and γ ¼ 2, highlighting the
shift in the dominant periodicity of ENSO. Shading indicates a one-standard
deviation of 1000 ensembles.

https://doi.org/10.1038/s41612-025-01217-3 Article

npj Climate and Atmospheric Science |           (2025) 8:336 4

www.nature.com/npjclimatsci


ENSO transitions led by IOB-M events also increased, with a stronger IO
coupling effect (Supplementary Fig. 10a, d).

Conversely, the frequency of multi-year ENSO events decreased as IO
coupling strengthened. Specifically, the frequency of multi-El Niño events
showed a monotonic decrease with increasing coupling strength, whereas
that of multi-La Niña events exhibited nonlinear responses with no sig-
nificant changes at high coupling strengths. This indicates an asymmetric
impactof IOcouplingonElNiñoandLaNiña frequencies, likely originating
from the inherent asymmetry in ENSOpatterns47.Moreover, a stronger IO-
to-PO effect led to a nonlinear increase in the frequency of both extreme El
Niño and La Niña events, highlighting the role of IO in amplifying the
ENSO variability during its peak season (Fig. 4d and h). This amplification
occurs by increasing ENSO amplitude, thereby elevating the likelihood of
extreme ENSO events. Notably, this effect was primarily transmitted
through the IOB-M rather than the IOD (Supplementary Fig. 11). This
nonlinear feature in the IOB’s impact on ENSO stems from its dynamical
interaction with ENSO. The IOB is known to contribute to the rapid decay
of ENSO events and/or facilitate phase transitions. To investigate this
relationship further, we analyzed how the frequency with which the IOB
leads theneutral or opposite-phase ENSOevents responds to changes in IO-
to-PO coupling strength. As shown in Supplementary Fig. 12, the frequency
of IOB events leading El Niño or La Niña increases approximately linearly
with enhanced coupling. In contrast, the frequency of IOB events preceding
neutral ENSO conditions exhibit a nonlinear response.

These findings suggest that under weak coupling, increased IO-to-PO
coupling primarily facilitates the decay of ENSO events back to neutral
conditions, thereby reducing the overall ENSOamplitude and frequency. In
contrast, under stronger coupling, positive (negative) IOB anomalies not
only accelerate the decay of El Niño (La Niña) but also initiate phase
transitions toward La Niña (El Niño), thereby amplifying both the ampli-
tude and frequency of ENSO events.

However, in contrast to the ENSO, the frequencies of the IOD and
IOB-M events remained largely unaffected by changes in the strength of the
PO-to-IO effect. However, as the PO-to-IO effect became stronger, the co-
occurrence ratio of the IODwith the ENSO increased, whereas the fraction
of independent IOD events decreased (Supplementary Fig. 10b, c, e, f).

Independent role of IO variability on the ENSO
While previous results suggest that theperiodicity of IOvariability is primarily
driven by the ENSO, it remains unclear how independently occurring IODor
IOB events—arising from local feedback and stochastic forcing—might

influence the ENSO. To address this, we isolated the PO-to-IO and IO-to-PO
effects by comparing a control experimentwith adecoupled experiment. First,
we confirmed that our model effectively simulated the lead-lag relationship
between the IO climate modes and ENSO (Fig. 5a, b, e, f).

The IOD, particularly during its life cycle from June to December,
exhibited a strong simultaneous positive correlation with a maximum
correlation coefficient of 0.66 when the IOD leads ENSO by one month.
However, as the IOD either dissipated or transitioned, starting in January of
the following year, its simultaneous correlation with the ENSO became
negative, indicating a loss of intrinsic characteristics. When the ENSO led,
the positive lead correlation strengthened within a season, particularly from
June onwards. As the IOD phase shifted, the correlation sign reversed. In
contrast, when the IOD led, the strongest positive lagged correlation
appeared 2–3 months after the IOD reached its peak in autumn. However,
after 8 months, as the ENSO began to shift phase, the correlation between
the IOD and ENSO became negative (Fig. 5a, b).

Decoupling the PO-to-IO effect dramatically weakened the positive
correlation, making it insignificant, suggesting that the ENSO tends to lead
the IOD in cases of simultaneous development. Instead, a weak negative
leading correlation with the IOD remained (Fig. 5c). The IOD could lead to
the ENSO for 8 to 15months during its active season, but the removal of the
IO-to-PO effect resulted in a longer persistence of the positive relationship
(Fig. 5d). Consequently, the leading negative correlations after 1 year of the
IOD disappeared under this setting (Fig. 5d).

The IOB-M, during its life cycle from December to April, exhibited a
strong positive simultaneous correlation with the ENSO, which persisted
until late spring of the following year (Fig. 5e, f). The leading effect of the
ENSO on the IOB-M maintained a robust positive correlation for up to a
year. However, when the IOB-M led the ENSO, a pattern similar to that of
the IOD emerged. As the ENSO started to shift phase, the correlation sign
reversed accordingly. Despite this reversal, the correlation remained sig-
nificant and large, persisting for approximately 1 year.

When the PO-to-IO coupling was shut down, the positive correlation
was significantly weakened, leaving only a significant negative correlation
when the IOB-M led to the ENSO (Fig. 5g). The IOB-M could lead the
ENSO negatively from January to August, suggesting a longer influence
window than the IOD. Conversely, decoupling IO-to-PO resulted in a
longer persistence of the positive relationship, eliminating the one-year
leading negative correlations observed for both the IOD and IOB-M
(Fig. 5h). However, the negative leading correlation of the IOB-M with the
ENSO over a one-year timescale remained under the IO-to-PO decoupling

Fig. 4 | Frequency of the ENSO under varying coupling strengths.Dependence of
the frequency of a El Niño, b Single-year El Niño, cMulti-year El Niño, d Extreme El
Niño, e LaNiña, f Single-year LaNiña, gMulti-year LaNiña, and (h) Strong LaNiña

on the coupling strength, determined by multiplying the coupling coefficient (γ)
with CIO!PO (magenta line) and CPO!IO (cyan line). Shading indicates a one-
standard deviation of 1000 ensembles.

https://doi.org/10.1038/s41612-025-01217-3 Article

npj Climate and Atmospheric Science |           (2025) 8:336 5

www.nature.com/npjclimatsci


experiment, implying that this feature is primarily driven by the auto-
correlationof theENSO(Fig. 5h).Thisfindinghighlights thedistinct rolesof
the IOD and IOB-M in leading the opposite phase of the ENSO in the
followingyear, as demonstratedby their lead-lag relationships.This suggests
that IOvariability can influence theENSObeyond its direct couplingwith it.

Decadal changes in the coupling strength and climate modes
Because the coupling strengthbetween the IOandPOchanges over time,we
illustrated a regime diagram depicting the variability and dominant periods
of the three climate modes as a function of the IO-to-PO and PO-to-IO
coupling strengths (Fig. 6). Subsequently, we compared these results with
the actual decadal changes in the coupling strength and characteristics of
each climate mode using a 30-year moving window. As the strength of the
IO-to-POeffect increased, ENSOamplitude increased significantly (Fig. 6a).
However, the role of the PO-to-IO effect on ENSO amplitude became
notable only when both the PO-to-IO and IO-to-PO effects were strong. In
contrast, the amplitudes of the IOB-Mand IODwere strongly influenced by
the PO-to-IO effect (Fig. 6b, c). The amplitudes of IOD and IOB-M were
influenced by the IO-to-PO effect only under the higher-strength regime of
both the PO-to-IO and IO-to-PO effects.

Regarding thedominant periods of the climatemodes, theENSOperiod
shortenedas both coupling effects increased.However, both IODand IOB-M
periodicities exhibited greater sensitivity to changes in thePO-to-IO coupling
strength in the low range (0–0.5), but their sensitivities were comparable to
that of the ENSO under sufficiently strong PO-to-IO coupling.

The actual decadal changes in both coupling strengths revealed a
strengthening trend in recent decades (gray arrow in Fig. 6a). These cou-
pling strengths (denoted as CPO!IO and CIO!PO) were estimated as an
equally weighted average of the interactions between the PO variables
(Tp; hp) and IO variables (Tw;Te) over a 30-year moving window. There
values are interpreted as relative strengths normalized by the full period
estimates. For example, CTp!Tw represents the regression coefficient
between the monthly coupling parameter cpwi1, estimated in each 30-year
movingwindow, and its corresponding full period estimate over 1958-2023.
Then,CPO!IO is computed as the average of four such regressions:CTp!Tw,
CTp!Te, Chp!Tw, and Chp!Te. Similarly, CIO!PO is defined in the same

manner but in the reverse direction. Both coupling strengths have exhibited
a steadily increasing trend since the 1980s (Supplementary Fig. 13). The
decadal variability of the three climate modes simulated by the XROmodel
(Supplementary Fig. 14) is shown in Fig. 6. It shows an increasing trend in
variability and a decreasing trend in the dominant ENSO, IOB, and IOD
periods. While the decadal changes in IOD and IOB-M amplitudes closely
followed the decadal variation in the PO-to-IO effect, the ENSO did not
exhibit perfect correspondence. This suggests that inter-basin coupling
alone cannot fully explain the decadal changes in ENSO, underscoring the
critical contribution of intrinsic ENSO dynamics. Nevertheless, the
enhanced IO-to-PO effect during recent decades can account for up to 21%
of the increase inENSOvariance, highlighting anon-negligible contribution
of Indo-Pacific coupling to ENSO intensification.

A fixed coupling experiment was conducted to assess whether the
recent intensification in variability and changes in their dominant periods
were due to the increased coupling strength between the IO-PO basins. In
this experiment, the coupling strength was held constant using parameters
fittedacross the entire period,whereas the local parameters variedover time.
The index was reconstructed using a 30-year moving window (Supple-
mentary Fig. 15). In the fixed coupling experiment, the standard deviations
of ENSOand IODdecreasedafter themid-1980s comparedwith the control
experiment. Although the IOB-M showed an increasing trend during the
earlier period, it exhibited a decreasing trend after themid-1980s.Moreover,
shortening of the dominant period was not observed in the fixed coupling
experiments. Consequently, as shown in the regime diagram, increasing
coupling strengths have contributed to the intensification of Indo-Pacific
variability in recent decades.

Discussion
The tropical Indo-Pacific region is the origin of several dominant climate
modes that significantly influence global climate. Recent studies, including
Zhao et al. (2024)40, have emphasized the importance of inter-basin
precursors–extending beyond the PO to include variability in other
basins–in enhancing ENSO predictability. Building on this framework, the
present study further investigates Indo-Pacific interactions using a non-
linear recharge oscillator coupled with the tropical IO, based on

Fig. 5 | Lead-Lag relationship between IO variability and the ENSO. Lead-lag
correlation between the IOD and ENSO indices for (a) the actual observation, b the
control experiment, c CPO!IO ¼ 0, and d CIO!PO ¼ 0. The x-axis represents the
lead month, where negative values indicate the IOD-leading ENSO and positive

values indicate the ENSO-leading IOD. The y-axis spans June to May. Hatching
indicates a 90% confidence level based on Student’s t test. Panel e–h show the same
analysis as a–d, but for the relationship between the IOB-M and ENSO indices.
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observational reanalysis data. A key contribution of this study lies in its
quantitative assessment of two-way inter-basin coupling, with a particular
focus on the feedback nature of these interactions. Specifically, our results
show that PO-to-IO coupling plays a dominant role in driving interannual
variability in the Indian Ocean, while strengthening of IO-to-PO coupling
leads to amplified ENSO variability and a shorter periodicity, thereby
increasing the frequency of both extreme and single-year ENSO events.
These bidirectional coupling effectsmutually reinforce each other, revealing
the nonlinear responses of each climate mode as the coupling becomes
stronger.

Furthermore, we identify decadal changes in coupling strength, high-
lighting the evolving nature of Indo-Pacific interactions and their con-
tribution to recent climate variability. The recent intensification of
variability and shortening of the dominant periods of the three climate
modes are likely related to the stronger coupling observed in recent decades.
In particular, the characteristics of Indo-Pacific climate modes have
undergone significant changes since the 1970s23,28,48–53, including an increase
in the ENSO amplitude54,55. Consistent with this, the intensification of the
IOBand IODhas also beenobserved in historical records50,56. Several studies
have emphasized the critical role of inter-basin interactions, particularly the
stronger influence of the ENSO on the IOD, which has led to an increase in
IOD amplitude since the 1970s23,28. According to previous studies, the
ENSO-to-IOD coupling is influenced by the Atlantic Multidecadal
Oscillation57, while the ENSO-to-IOB coupling is modulated by the Inter-
decadal Pacific Oscillation58. Although the impact of the ENSO on IO
variability has been extensively explored, decadal changes in the influence of
IOon theENSOremain largely unexamined. Therefore, this study advances
our understanding of Indo-Pacific climate mode interactions by demon-
strating that decadal variations in the influence of IO on the ENSOhave also
intensified over time, particularly in the context of two-way interactions
between the two basins.

These observed changes are also relevant in the context of global
warming.Although there is evidence that anthropogenic forcing canmodify
ENSO dynamics—through processes such as the weakening of tropical
Pacific upwelling and changes in thermocline structure59—the projected

behavior of inter-basin coupling remains uncertain, with no clear consensus
among models. Given this uncertainty, our conceptual modeling frame-
work,which explicitly links coupling strength to variability and frequencyof
ENSO and IO modes, offers valuable insights into how changes in Indian
Ocean may influence Pacific variability under future climate changes.

The steady increase in the Indo-Pacific coupling strength in recent
decades appears to be associated with mean state changes, likely driven by
decadal-to-interdecadal variability or long-term trends related to global
warming (Supplementary Fig. 13). We suggest that the strengthening
influence of the Indian Ocean on ENSO may be related to mean state
changes in the Pacific, which may enhance the Pacific Ocean’s sensitivity to
IO impact. Notably, during the recent decades of increased IO-to-PO cou-
pling, themean thermocline depth of PacificOcean has shoaled significantly
(trend : –0.16m year-1, p value < 0.0001). This shoaling implies that Pacific
SST change has become more sensitive to thermocline depth changes
induced by the Indian Ocean’s teleconnection. Such changes are consistent
with the Pacific Climate Change pattern shown in a previous study60.

A comprehensive understanding of Indo-Pacific coupling effects in the
present climate is crucial for improving climate model performance and
enhancing the reliability of future projections. However, biases in climate
models and significant uncertainties remain major challenges for obtaining
accurate projections. Additionally, current climate models tend to over-
emphasize the influenceof thePO,while underrepresenting the role of other
basins inmodulating Pacific variability. To address these limitations, efforts
should be focused on understanding the role of inter-basin coupling effects
in present-day climates and how they relate to changes in the mean state.
This study underscores the need for further investigation of current climate
model simulations using a process-based approach, as well as the devel-
opment of more advanced methodologies for improving future projections
based on these findings.

Methods
XROmodel
To investigate the coupling effect between the tropical IO and PO, an XRO
model was utilized. This model features a nonlinear recharge oscillator

Fig. 6 | Sensitivity of Indo-Pacific climatemodes to coupling strength between the
two basins. Regime diagram of standard deviations of the a ENSO, b IOB-M, and
c IOD for each peak season with respect to the PO-IO coupling (x-axis) and the IO-
PO coupling (y-axis) (contour). The decadal changes in coupling strength, calcu-
lated using a 30-year moving window, are indicated as scatter points within the

contour. The colors of the scatter plots represent the simulated decadal variability of
the climatemodes from the time-varying coupling experiments. Panels d–f show the
dominant periods of the three climate modes, with the other details remaining the
same as those in a–c. The gray arrow in a indicates the progression of time.
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model for the ENSO coupled with stochastic deterministic models for IO
regions.

d
dt

XPO

XIO

� �
¼ L � XPO

XIO

� �
þ NPO

0

� �
þ σξξ ð1Þ

dξ
dt

¼ �rξξ þ w tð Þ ð2Þ

where XPO ¼ ½Tp; hp� and XIO ¼ ½TW ;TE� are the state vectors of the
ENSO and IO, respectively.XPO contains SSTAs averaged over the Niño3.4
region (170°W−120°W and 5°S−5°N) and thermocline depth anomalies
averaged over the equatorial Pacific (120°E−80°W and 5°S−5°N). The
thermocline depth is defined as the depth of the 20 °C isotherm. ForXIO, we
considered SSTAs averaged over the western IO (50°E−70°E and 10°S
−10°N) and southeastern IO (90°E−110°E and 10°S-EQ).

The state vectors are dynamically driven by linear dynamics (L),
nonlinear dynamics (N), and stochastic (ξ) parts. The linear dynamics
contains the local damping and coupling coefficients, as follows:

L ¼ LPO CIO!PO

CPO!IO LIO

� �
ð3Þ

where LPO indicates the ENSO internal recharge-discharge dynamics and
LIO represents the internal processes of the tropical IO.CIO!PO is the impact
of IO on the ENSO. This includes the effects of the atmospheric and oceanic
pathways. The IO can influence the ENSO SST or thermocline, either by
modulating winds through the Walker Circulation or by transporting heat
through the IndonesianThroughflow.CPO!IO is the impact of theENSOon
the IO, which contains the effect of the PO to IO SST in a similar way. Note
that in this conceptual model, coupled dynamics are formulated as linear
and time-invariant for simplicity. Accordingly. linear connections between
two basins–such as those mediated by wind bursts and Walker circulation
anomalies–are incorporated into the coupling parameter as an averaged
influence of inter-basin teleconnections. Meanwhile, to explore the
influence of time-varying coupling, we performed parameter fitting using
a 30-year moving window.

To simulate realistic ENSO characteristics, we included nonlinear
dynamics related to ENSO asymmetry and quadratic nonlinearities
b1Tp

2 þ b2Tphp in NPO
61–63. However, nonlinearities were not observed in

the IO. The detailed equations for the model are provided in the Supple-
mentary Text 1.

Lastly, stochastic forcing (ξ) including synoptic eddies and high fre-
quency is described as red noise with decorrelation time scales of rξ and
amplitudes of σξ , respectively. The rξ is calculated by lag-1 autocorrelation
of the residual of the fitting. This formulation does not account for multi-
plicative noise effects arising from nonlinear processes, such as enhanced
westerly wind bursts associated with background SST change and
Madden–Julian Oscillation modulated by the Indian Ocean, and these
influences are therefore beyond the scope of this study. For parameterfitting
of this model, least-squares fitting with the forward Euler method was
applied to the indices to compute the parameters for each calendar month.
The fitted parameters are shown in Supplementary Fig. 2.

The observational SST and depth of 20 °C isotherm during 1958–2023
were derived from the Ocean Reanalysis System5 (ORAS5) global ocean
reanalysis64. SSTAs were calculated by removing the monthly climatology
for the entire period and were quadratically detrended to remove the
observed long-term trends.

Model simulations
To assess the simulation skill of the XRO model, we conducted stochastic
simulations using parameters estimated from the ORAS5 reanalysis for the
period of 1958-2023. A control experiment was performed by integrating
the model equations with a timestep of 0.1 month for 5000 years, repeated
1000 timeswith different randomnoises to generate ensemblemembers. To

ensure scale consistency at a fine time resolution, the local damping coef-
ficients, TwandTe,were slightly adjusted. This adjustmentdidnot affect the
coupling-related influence on the variability of each climate mode, as con-
firmed by additional sensitivity simulations. Only the last 1000 years of each
ensemble were used in the analysis.

Indices
The ENSO index was based on the Niño3.4 index, which indicates the
average SSTA over the tropical PO (170°W,−120°W; 5°S,−5°N). The IOD
indexwas defined as thedifference in the SSTAbetween thewestern tropical
IO (50°E−70°E and 10°S−10°N) and southeastern tropical IO (90°E
−110°E and 10°S-EQ), known as the dipole mode index6. The index for the
IOB-Mwas defined as the area-weighted average of the SSTAof thewestern
IO (WIO) and southeastern IO (EIO), where the SSTA variability was
strongest in the IO (Supplementary Fig. 1a), withweights of 0.657 and 0.343
forWIO and EIO, respectively. The focus of this study was not to precisely
determine the characteristics of the IOB, but to analyze its interaction with
the ENSO. Therefore, using only the two regions with the highest variability
—those that most directly interact with the ENSO—adequately represents
the features of the IOB. The similarities and differences between the IOB-M
and actual IOB mode are discussed in the Results section.

Variability and periodicity of climate modes
In this study, we investigated how the interaction between the IO and PO
influences the characteristics of climate modes, particularly their variability
and periodicity.

The variability of the ENSO, IOD, and IOB-M was quantified as the
standard deviation of each index, and their periodicity was determined by
the peak period in the power spectra of each index. Spectral analysis was
performed using the Multi-Taper-Method.

Definition of ENSO, IOB, and IOD events
A positive (El Niño) or negative (La Niña) ENSO event is defined when the
3-month running average Niño3.4 index is at or above (El Niño) or below
(La Niña) ± 0.5 °C for 5 consecutive overlapping months. IOB and IOD
events are identified during the respective maturation seasons. IOB events
are detected when the IOB index exceeds a threshold of ± 0.75 standard
deviation during theMAM season. Similarly, IOD events are defined when
the dipole mode index exceeds a threshold of ± 0.75 standard deviation in
the SON season.

Definition of extreme ENSO events
An extreme El Niño event is defined as the Niño3.4 index that exceeds 2 °C
during themature season (December-January-Februarymonths),whereas a
strong La Niña event occurs when the Niño3.4 index is lower than –1.5 °C.

Separation of IOB-M and IOD influences on the ENSO
To distinguish the respective influences of the IOB-M and IOD on the
ENSO, we transformed themodel equation using fitted parameters for each
pole (Tw andTe). The original Eq. (4) forTp, which incorporates the indices
for each pole, can be transformed as shown in Eq. (5):

dTp

dt
¼ a11Tp þ a12hp þ b1Tp

2 þ b2Tphp þ cwip1Tw þ ceip1Te þ σ1ξ1

ð4Þ

dTp

dt ¼ a11Tp þ a12hp þ b1Tp
2 þ b2Tphp þ ðcwip1 þ ceip1ÞðαTw þ βTeÞ

þ ðβcwip1 � αceip1ÞðTw � TeÞ þ σ1ξ1

ð5Þ

This transformation separated the combined effects of the IOB-M and
IOD by isolating their distinct contributions using Tw and Te. We inves-
tigated each effect by decoupling or adjusting the coupling strength using
Eq. (5). The same approach was applied to hp.
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Decadal changes in Indo-Pacific climate modes
To detect changes in coupling strength, we first computed the parameters of
the XRO model using a 30-year moving window. We then simulated the
ENSO, IOB, and IOD indicesusing themodel in eachwindowtoobtain1000
ensemblemembers with 5000 years each. In eachwindow, we calculated the
standarddeviations of the simulated indices over the last 1000years andused
the ensemble mean to facilitate their comparison with observations.

Sensitivity experiments
To confirm the coupling effect of each ocean, we performed several sensi-
tivity experiments.

To confirm the role of coupling, we performed “decoupled experi-
ments”. To see the effect of the PO on the IO, we set CPO!IO to zero, while
keeping everything else the same as in the control experiments. In case of
seeing the effect of the IO on the PO,CIO!PO was set to zero. The difference
between the control and decoupled experiments implies the effects of one-
way interaction by a specific basin.

Todetermine thedifferent statistics of the climatemodes dependingon
the coupling strength, “changing coupling experiments” were performed.
Wemultiplied each coupling coefficient by γ, which varied from 0 to 2. The
coefficient γ represents the annual cycle strength of the coupling strength
between the basins. If γ ¼ 0, then this experiment is identical to a decoupled
experiment; if γ ¼ 1, then it is a control experiment.Weconsideredonly the
annual cycle strength of coupling because the variation in climate mode
properties was influenced more by the annual cycle variation than by its
annual mean variation (not shown). By considering different coupling
strengths, we can understand the decadal changes in climate modes related
to changes in coupling strength.

Finally, to determine whether changes in coupling effects influenced
the decadal variability of the climate modes, “fixed coupling experiments”
were conducted. In these experiments, CPO!IO and CIO!PO remained
constant over time and were applied as fitted parameters throughout the
entire period (1958–2023). By comparing the reconstructed indices using
time-varying coupling parameter changes with those from fixed coupling
experiments, we assessed the impact of decadal changes in the coupling
strength on the decadal variability of climate modes.

Decadal modulation of the coupling coefficients
To verify the decadal variation in the coupling strength, we calculated the
parameters of theXROmodel using a 30-yearmovingwindow, advancing by
1 year at a time. To evaluate the rate of change in coupling strength over time,
we regressed the12monthly couplingparameters fromeachwindowonto the
corresponding 12 monthly coupling parameters fitted over the entire period
(1958–2023), with the y-intercept fixed at zero. The resulting regression
coefficients representhowthecoupling strength ineach timewindowdeviates
proportionally from the overall coupling strength over the entire period.

Data availability
ORAS5 is available from https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-oras5?tab=form.

Code availability
All codes used in themanuscript are available upon request fromH. J. Park,
hjpark1021@yonsei.ac.kr.
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