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Abstract

The Indian Ocean Dipole (IOD) and the El Niño-Southern Oscillation (ENSO) are two
major modes of interannual climate variability that interact across the Indo-Pacific region.
Although the autumn IOD is known to influence ENSO with a lag of about one year,
the decadal stability of this relationship remains poorly understood. Here we investi-
gate the decadal variability of the lagged IOD–ENSO relationship using observations and
30 Coupled Model Intercomparison Project Phase 6 (CMIP6) models. Observational anal-
yses reveal pronounced non-stationarity in the lagged IOD-ENSO linkage, characterized
by a stronger (weaker) relationship during the negative (positive) phase of the Atlantic
Multidecadal Oscillation (AMO). CMIP6 models exhibit a wide spread in their ability to
reproduce this behavior, with only a subset capturing the observed decadal modulation.
The inter-model differences are consistent with variations in the simulated amplitude of
AMO variability. Models with more realistic AMO variability tend to better reproduce the
observed decadal variability of the lagged IOD-ENSO linkage. These results suggest that
AMO variability may be one contributing factor to the modulation of the lagged IOD–ENSO
relationship, with potential implications for ENSO prediction.

Keywords: Indian Ocean Dipole (IOD); El Niño-Southern Oscillation (ENSO); decadal
variability; inter-basin interaction

1. Introduction
The Indian Ocean Dipole (IOD) and the El Niño-Southern Oscillation (ENSO) are two

dominant modes of interannual climate variability that exert widespread impacts on global
weather and climate [1–5]. These two modes are not independent, but interact through
air–sea coupling processes across the Indo-Pacific region, leading to significant variability in
their respective evolution and teleconnections [6–10]. Among these interactions, increasing
attention has been paid to the delayed influence of the boreal autumn IOD on ENSO in
the following year, as it provides an important source of ENSO predictability beyond the
spring predictability barrier [11–15].

The mechanisms underlying the lagged IOD–ENSO relationship have been extensively
investigated. Previous studies have proposed that atmospheric bridge represents a primary
pathway, whereby IOD-induced Walker circulation anomalies modify wind stress and
ocean–atmosphere conditions over the tropical Pacific, thereby favoring ENSO develop-
ment in the following year [12,14,16–18]. In addition, oceanic pathways associated with the
Indonesian Throughflow have been proposed as another important mechanism through
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which Indian Ocean anomalies can be transmitted into the Pacific and affect ENSO’s sub-
sequent evolution [19–23]. Recently, inter-basin interaction mechanisms involving the
Atlantic Ocean have also been proposed. In particular, the so-called “IOD-Atlantic-ENSO”
pathway suggests a two-stage process in which positive IOD events can trigger Atlantic
Niño conditions, which in turn influence ENSO development through tropical Atlantic–
Pacific teleconnections [13,24,25]. These mechanisms highlight the fact that the delayed
IOD–ENSO relationship emerges from multiple interacting atmospheric and oceanic pro-
cesses across tropical basins.

Growing evidence suggests that the lagged IOD–ENSO relationship exhibits pro-
nounced decadal variability [26–28]. Observational analyses show that the relationship
between the boreal autumn IOD and the following winter ENSO was relatively weak dur-
ing 1930–1960. However, from the mid-1970s onward, the lagged correlation strengthened
and remained relatively strong until the 1990s [27]. This decadal fluctuation in coupling
strength does not exhibit a simple linear trend, but instead exhibits marked transitions be-
tween different epochs, suggesting potential modulation by decadal climate variability [29].
This decadal variability has important implications for ENSO predictability. When the
lagged IOD–ENSO relationship is strong, Indian Ocean conditions provide useful predic-
tive signals for ENSO evolution at approximately one-year lead time. In contrast, when
the relationship weakens, the predictive utility of IOD-related signals declines, potentially
reducing forecast skill [30]. Understanding the causes of this non-stationarity is therefore
important for improving the reliability of ENSO prediction.

The observed decadal variability of the lagged IOD–ENSO relationship raises an impor-
tant question regarding its relationship with decadal climate modes. While several studies
have suggested that decadal climate variability may play a role in modulating the lagged
IOD–ENSO relationship, its relationship with major modes of climate variability remain un-
clear [27,31]. In particular, the Atlantic Multidecadal Oscillation (AMO) has been proposed
as a possible factor associated with changes in tropical inter-basin interactions [32–34].
Climate models provide an essential tool for understanding and simulating variability in
inter-basin interactions [35–37]. Therefore, assessing whether state-of-the-art models can
reproduce the observed decadal modulation of the lagged IOD–ENSO relationship is a
necessary step toward understanding the robustness of simulated Indo-Pacific teleconnec-
tions. In this study, we analyze 30 CMIP6 models to evaluate their ability to reproduce the
observed decadal variability of the lagged IOD–ENSO relationship. We hypothesize that
differences in the representation of AMO variability among models may contribute to their
divergent capabilities in simulating this decadal modulation.

2. Data and Methods
2.1. Data

Monthly sea surface temperature (SST) data are obtained from the NOAA Extended
Reconstructed Sea Surface Temperature version 4 (ERSSTv4; 1900–2014) [38]. Monthly
outputs of historical simulations of 30 models each from CMIP6 are utilized (see Table 1).
We selected the time period from January 1900 to December 2014 in this study, the same as
in the observations. All data were interpolated onto a common 1◦ × 1◦ grid for multi-model
ensemble (MME) mean analysis. Only one ensemble member is considered. To exclude the
influence of global warming, long-term linear trends in variables are removed using the
least squares method. A 21-year running mean is applied to extract the dominant signals
on decadal timescales.
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Table 1. Information on the 30 CMIP6 model datasets used in this study.

Model Name Country Resolution Model Name Country Resolution

AWI-CM-1-1-MR Germany 384 × 192 EC-Earth3 Europe 512 × 256
CAMS-CSM1-0 China 320 × 160 FIO-ESM-2-0 China 288 × 192

CanESM5-1 Canada 128 × 64 GISS-E2-1-G-CC USA 144 × 90
CAS-ESM2-0 China 256 × 128 GISS-E2-1-G USA 144 × 90
CESM2-FV2 USA 144 × 96 HadGEM3-GC31-LL UK 432 × 324

CESM2-WACCM-FV2 USA 144 × 96 HadGEM3-GC31-MM UK 432 × 324
CESM2-WACCM USA 288 × 192 IPSL-CM6A-LR France 144 × 143

CESM2 USA 288 × 192 MIROC-ES2L Japan 256 × 128
CMCC-ESM2 Italy 288 × 192 MIROC6 Japan 256 × 128
CNRM-CM6-1 France 256 × 128 MPI-ESM-1-2-HAM Germany 384 × 192
CNRM-ESM2-1 France 256 × 128 MPI-ESM1-2-HR Germany 384 × 192

E3SM-1-0 USA 360 × 180 MPI-ESM1-2-LR Germany 384 × 192
E3SM-1-1-ECA USA 360 × 180 NESM3 China 192 × 96

E3SM-1-1 USA 360 × 180 SAM0-UNICON Republic of Korea 288 × 192
EC-Earth3-Veg Europe 512 × 256 UKESM1-0-LL UK 192 × 145

2.2. Index Definitions

The Niño 3.4 index quantifies ENSO variability, defined as area-averaged SST anoma-
lies over 5◦ S–5◦ N, 170◦ W–120◦ W [39]. The Dipole Mode Index (DMI) quantifies
IOD variability, defined as the difference in area-averaged SST anomalies between the
western Indian Ocean (10◦ S–10◦ N, 50◦ E–70◦ E) and eastern Indian Ocean (10◦ S–0◦,
90◦ E–110◦ E) boxes [1]. The Atlantic Niño index is defined as area-averaged SST anomalies
over 15◦ S–5◦ N, 30◦ W–10◦ E following Fan and Meng [13]. The Atlantic Multidecadal
Oscillation (AMO) index is computed as the annual mean SST anomalies averaged over the
North Atlantic basin, spanning latitudes from the equator to 60◦ N. The autumn refers to
September, October and November (SON). The numbers 0 and +1 in parentheses indicate
that the month belongs to the same year and the ensuing year of the DMI, respectively.
The Walker circulation is represented by zonal and vertical wind anomalies averaged over
10◦ S–5◦ N.

2.3. Statistical Significance Test

The statistical significance of decadal-scale linear regression and correlation is assessed
using a two-tailed Student’s t-test. To account for the reduction in degrees of freedom due
to autocorrelation, the effective sample size is estimated following Bretherton et al. [40]. In
this framework, the effective number of degrees of freedom N∗ is defined as:

N∗ ≈ N
1 − RxRy

1 + RxRy
, (1)

where N is the original sample size, N∗ is the effective sample size, and Rx and Ry denote
the lag-1 autocorrelation coefficients of variables x and y, respectively.

3. Results
3.1. Observed Decadal Variability of the Lagged IOD–ENSO Relationship

The IOD typically peaks in boreal autumn and decays during winter, providing a
potential precursor for ENSO evolution in the subsequent year. Following Izumo et al.
(2010) [12], the lagged relationship between the IOD and ENSO is characterized using
the SON (0) DMI and the OND (+1) Niño3.4 index, corresponding to an approximately
14-month lead time. To examine the stability of this linkage on decadal timescales, a 21-year
sliding correlation is applied to the standardized SON (0) DMI and OND (+1) Niño3.4
index. As shown in Figure 1a, the lagged IOD–ENSO relationship exhibits pronounced
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decadal variability, with strong negative correlations occurring before 1920 and during
1970–2000, and weak negative or even positive correlations prevailing during 1920–1960
and after 2000 (Figure 1a, red solid line).

Figure 1. Connection between the decadal variation in the IOD–subsequent-year-ENSO relationship
and the AMO. (a) Decadal variation in the IOD–subsequent-year-ENSO relationship (red solid
line), decadal variation in IOD–subsequent-year-ENSO relationship after removing the D (0) JF
(+1) ENSO effect (red dotted line) and the 21-year running mean normalized AMO index (blue
line). The time-varying relationship between the IOD and following-year ENSO is measured by the
21-year sliding interannual correlation between the DMI in SON (0) and the Niño 3.4 index in OND
(+1). (b) Correlation map of the 21-year sliding correlation between SON (0) DMI and OND (+1)
Niño 3.4 with decadal SST anomalies (1900–2014). The decadal SST anomalies are derived from a
21-year sliding mean. Dotted shading indicates correlations that are statistically significant at the
95% confidence level.

Previous studies have suggested that decadal climate variability may play a role in
modulating Indo-Pacific interactions, with the Atlantic Multidecadal Oscillation (AMO)
proposed as a potential contributor. We therefore examine whether observed decadal
modulation of the IOD–ENSO relationship is associated with the AMO. Figure 1b shows
the correlation between the decadal variability of the lagged IOD–ENSO relationship and
global SST anomalies, revealing significant positive correlations across the North Atlantic
basin, a pattern broadly consistent with the AMO. This result suggests that the AMO
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provides an important large-scale background for the decadal modulation of the lagged
IOD–ENSO relationship. Although stronger (weaker) coupling generally occurs during
negative (positive) AMO phases (Figure 1a), deviations from this tendency indicate that
other modes of decadal climate variability may also contribute during specific periods.
Notably, this relationship remains robust after linearly removing the influence of concurrent
ENSO variability in D (0) JF (+1) (Figure 1a, red dotted line), indicating that the observed
decadal modulation is not solely attributable to ENSO autocorrelation.

3.2. Evaluation of the Lagged IOD–ENSO Relationship in CMIP6 Models

Motivated by the observed decadal modulation of the lagged IOD–ENSO relationship,
this section evaluates the performance of CMIP6 models in three steps. First, we examine
whether the models reproduce the basic characteristics of the IOD and ENSO, including
their seasonal phase-locking and quasi-biennial variability, and select a subset of models
that reasonably capture these fundamental features. Second, using this selected subset,
we assess the ability of the models to reproduce the observed relationship between the
autumn IOD and the following year’s ENSO. Finally, we investigate whether the models
can represent the decadal variability of this lagged relationship and its association with
the AMO.

3.2.1. Simulation of the Basic Characteristics of IOD and ENSO in CMIP6 Models

Because the lagged IOD–ENSO relationship is strongly season-dependent, CMIP6
models must first reproduce the observed seasonal phase-locking characteristics of both the
IOD and ENSO. We first examine the seasonal phase locking of IOD and ENSO in 30 CMIP6
models (Figure 2a,b). In observations (bold black lines), IOD peaks in SON and ENSO in
DJF. For IOD, 26 models capture the SON peak, while four models show a peak outside
SON (dashed gray lines in Figure 2a), consistent with earlier findings [41]. For ENSO, four
models simulate a peak in spring or summer, opposite to the observed winter peak (dashed
gray lines in Figure 2b). This common bias likely arises from difficulties in simulating key
ENSO dynamics [42]. These eight models are therefore excluded, leaving 22 models for
subsequent analyses. A summary of the seasonal phase-locking characteristics and model
selection for all 30 CMIP6 models is provided in Table S1. All following results are based
on this selected ensemble.

After selecting models based on seasonal phase-locking, we further examine their
ability to reproduce the quasi-biennial tendency of ENSO and IOD, which is necessary
to distinguish IOD-induced variability from ENSO’s intrinsic oscillation. Most CMIP6
models capture ENSO’s quasi-biennial tendency, although the amplitude at a one-year
lag is systematically overestimated in many models (Figure 2d). In observations, the
quasi-biennial tendency of the IOD is weaker and less regular. The CMIP6 multi-model
ensemble broadly reproduces this feature, but with a weaker secondary peak at one-year
lag (Figure 2c). These results highlight the need to account for ENSO self-oscillation when
assessing the lagged IOD–ENSO relationship.

3.2.2. Simulation of the Lagged IOD–ENSO Relationship in CMIP6 Models

Using the 22 models that reasonably capture the basic characteristics of the IOD and
ENSO, we further evaluate their ability to reproduce the observed lagged relationship
between the autumn IOD and the following year’s ENSO.

Figure 3a shows the lead-lag partial correlations between SON (0) DMI and the Niño3.4
index in observations (black line) and CMIP6 models (colored lines), with the concurrent
ENSO signal removed. In observations, the SON (0) DMI is significantly negatively corre-
lated with the OND (+1) Niño3.4 index, with a correlation coefficient of −0.27, indicating
an approximately 14-month lagged relationship between the autumn IOD and the fol-
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lowing year’s ENSO. Most CMIP6 models reproduce this negative lagged relationship,
although the simulated correlation strength varies substantially across models, ranging
from −0.11 to −0.62. Many models simulate stronger negative correlations than observed,
while two models, HadGEM3-GC31-LL and HadGEM3-GC31-MM, produce negative but
statistically insignificant correlations. In addition to differences in correlation strength,
some models exhibit biases in the timing of the maximum negative correlation, with the
strongest relationship occurring one or two seasons earlier or later than in observations.
These discrepancies highlight substantial inter-model spread in simulating the timing and
strength of the lagged IOD–ENSO connection.

Figure 2. Seasonal cycles and autocorrelations of IOD and ENSO in CMIP6 models. (a,b) Normalized
standard deviations of (a) DMI and (b) Niño 3.4 index. Colored thin lines represent individual
models, bold gray line shows multi-model ensemble (MME) mean, and bold black line represents
observations (OBS). Dashed gray lines indicate models that misrepresent the seasonal phase-locking
of either IOD or ENSO; these models are excluded from subsequent analysis. (c,d) Autocorrelations
of (c) SON DMI and (d) NDJ Niño 3.4. Pink and gray bars mark represent zero lag for IOD and ENSO,
respectively. Dashed line indicates 95% confidence level. MME (bold gray) and observations (bold
black) are also shown. The letters J, A, J, and O denote January, April, July, and October, respectively.

To facilitate a quantitative comparison among models, Figure 3b summarizes the
partial correlation coefficients at the observed 14-month lag for selected 22 CMIP6 models,
together with the observations and the multi-model ensemble (MME). The observed cor-
relation coefficient is −0.27 (gray dashed line), while the MME reproduces a comparable
value of −0.36, indicating that the ensemble mean reasonably captures the observed lagged
IOD–ENSO relationship. Nevertheless, considerable inter-model spread remains, with
individual models exhibiting substantially stronger or weaker lagged correlations than
observed. Using the observed correlation coefficient (−0.27) as an objective threshold,
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models with correlation values lower than −0.27 are considered to reproduce the observed
lagged relationship and are therefore retained for subsequent analyses. Based on this
criterion, 16 models are selected, while the remaining models are excluded.

Figure 3. Lead-lag partial correlations between the SON (0) DMI and Niño 3.4 index in CMIP6
models. (a) Partial correlations with the D (0) JF (+1) ENSO signal removed; colored thin lines denote
individual models, the bold gray line denotes the multi-model ensemble (MME) mean, and the bold
black line denotes observations (OBS). The pink and gray shadings mark the IOD peak season and
the ENSO peak season (~14 months after the IOD peak), respectively. Black dashed lines denote
the 95% confidence level. (b) Partial correlations at the 14-month lag, sorted in ascending order for
the 22 selected models (blue bars). The black and gray bars represent OBS and MME, respectively.
Error bar on MME indicates one standard deviation across the selected models. The gray dashed line
marks the observed correlation value.
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3.2.3. Representation of Decadal Variability in the Lagged IOD–ENSO Relationship

Using the subset of CMIP6 models that reasonably reproduce the IOD-following
year’s ENSO relationship, we further examine whether they capture the observed decadal
variability of this relationship and its association with the AMO. In observations, the
lagged IOD–ENSO relationship shows a clear phase dependence. The correlation is weak
and statistically insignificant during positive AMO phases, but becomes stronger and
statistically significant during negative AMO phases. Specifically, the partial correlation
between SON (0) DMI and OND (+1) Niño3.4 is −0.169 during positive AMO phases
and −0.358 during negative AMO phases (Figure 4a), indicating a strengthened lagged
connection under negative AMO conditions.

Figure 4. Partial correlation scatter plots of SON (0) DMI versus OND (+1) Niño 3.4 index under
different AMO phases. (a) Observations and (b–f) CMIP6 high-capability group (HCG) models:
CAMS-CSM1-0, CNRM-CM6-1, EC-Earth3, EC-Earth3-Veg, and UKESM1-0-LL. Within each panel,
the left (right) subplot corresponds to the positive (negative) AMO phase. Red (blue) dots denote the
respective phase years, and black lines show the least-squares linear fit. Values in the upper-right
corner are partial correlation coefficients; * and ** indicate significance at the 90% and 95% confidence
levels, respectively.

Based on their ability to reproduce this observed phase-dependent contrast, the CMIP6
models are classified into two groups (Table S2). The high-capability group (HCG; five
models) consists of models that successfully capture the observed AMO-related modula-
tion, characterized by weaker or statistically insignificant IOD–ENSO correlations during
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positive AMO phases and stronger negative correlations during negative AMO phases
(Figure 4). This behavior is broadly consistent with observations and indicates that these
models can represent the observed decadal variability of the lagged IOD–ENSO relation-
ship. In contrast, the low-capability group (LCG; six models) exhibits an opposite phase
dependence. In these models, the lagged IOD–ENSO relationship is generally stronger
during positive AMO phases than during negative AMO phases, contrary to the observed
behavior (Figure 5). The corresponding partial correlation coefficients for each model
under positive and negative AMO phases are summarized in Table S2, which provides a
quantitative basis for the classification of model capability. Models that do not show a con-
sistent or robust phase-dependent response are not included in either group. This contrast
between the HCG and LCG indicates substantial inter-model differences in representing
the AMO-associated decadal modulation of the IOD–ENSO teleconnection.

Figure 5. Partial correlation scatter plots of SON (0) DMI versus OND (+1) Niño 3.4 index under
different AMO phases. (a) Observation and (b–g) CMIP6 low-capability group (LCG) models: CAS-
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ESM2-0, CESM2-FV2, CESM2-WACCM-FV2, E3SM-1-1-ECA, FIO-ESM-2-0, and IPSL-CM6A-LR.
Within each panel, the left (right) subplot corresponds to the positive (negative) AMO phase. Red
(blue) dots denote the respective phase years, and black lines show the least-squares linear fit. Values
in the upper-right corner are partial correlation coefficients; * and ** indicate significance at the 90%
and 95% confidence levels, respectively.

3.3. AMO-Related Modulation of Model Differences in the Decadal Lagged IOD–ENSO Relationship

Based on the classification in Section 3.2, CMIP6 models are grouped into a high-
capability group (HCG) and a low-capability group (LCG) according to their ability to
reproduce the AMO-related modulation of the lagged IOD–ENSO relationship. To diagnose
the physical processes associated with this inter-model discrepancy, we compare the multi-
model ensemble (MME) mean responses of air–sea coupling over the Indo-Atlantic-Pacific
sector, focusing on the seasonal evolution of SST, 925 hPa winds, Walker circulation, and
sea surface height anomalies (Figures 6–8).

Figure 6. Lagged partial regression of SST anomalies (shading, ◦C) and 925 hPa wind anomalies (vec-
tors, m s−1) onto the normalized SON (0) DMI in the HCG multi-model ensemble mean. (a–f) AMO
positive phase; (g–l) AMO negative phase. The concurrent ENSO effect is removed by linearly
regressing on the D (0) JF (+1) Niño 3.4 index. Dotted area indicates that the regressions are significant
at 95% confidence level. Green boxes indicate the Atlantic Niño area.
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Figure 7. Lagged partial regression of the equatorial Walker circulation (10◦ S–5◦ N averaged)
onto the normalized SON (0) DMI in the HCG multi-model ensemble mean. (a–f) AMO positive
phase; (g–l) AMO negative phase. Shading denotes vertical velocity anomalies (Pa s−1), and vectors
represent the composite of zonal wind (u, m s−1) and vertical velocity (ω, Pa s−1), with ω multiplied
by −100 for scaling. The concurrent ENSO signal is removed by linearly regressing on the D (0) JF
(+1) Niño 3.4 index. Dotted area indicates that the regressions are significant at 95% confidence level.

In the HCG, the IOD-related inter-basin response exhibits a clear dependence on the
AMO phase. During negative AMO phases, a coherent Indo-Atlantic-Pacific teleconnection
pathway emerges. Positive IOD events are associated with westerly wind anomalies over
the tropical Atlantic in boreal winter, followed by the development of an Atlantic Niño-like
SST warming over the equatorial Atlantic (Figures 6g and 8g). This Atlantic Niño-like
warming is accompanied by anomalous easterly winds over the central equatorial Pacific
(Figure 7g–k), which favor the development of a La Niña-like SST pattern through coupled
ocean–atmosphere feedbacks. The associated circulation pattern suggests a basin-scale
reorganization of the Walker circulation extending across the Indo-Atlantic-Pacific sector.
During positive AMO phases, these Atlantic and Pacific responses are substantially weaker
and shorter-lived, indicating a suppressed inter-basin teleconnection.
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Figure 8. Lagged partial regression of sea surface height anomalies (shading, 10−2 m) onto the
normalized SON (0) DMI in the HCG multi-model ensemble mean. (a–f) AMO positive phase;
(g–l) AMO negative phase. The concurrent ENSO signal is removed by linearly regressing on the D
(0) JF (+1) Niño 3.4 index. Dotted area indicates that the regressions are significant at 95% confidence
level. The green box indicates the Atlantic Niño region.

In contrast, the LCG exhibits little sensitivity to the AMO phase. Similar Pacific SST
and wind anomalies are present during both positive and negative AMO phases, and the
associated Walker circulation anomalies show limited phase dependence (see in Supporting
Information Figures S1–S3). In addition, the Atlantic Niño-like SST anomalies do not
show a consistent weakening during positive AMO phases. This weak phase dependence
suggests that the LCG does not effectively represent the AMO-related modulation of inter-
basin coupling. The contrasting behaviors between the HCG and LCG indicate that the
simulated tropical Atlantic response, particularly the Atlantic Niño-like SST warming, is
closely linked to model fidelity in representing the AMO-associated modulation of the
lagged IOD-ENSO teleconnection.

Figure 9 further indicates that these differences are closely associated with the simu-
lated amplitude of the AMO. Observations exhibit a pronounced horseshoe-shaped SST
anomaly pattern over the North Atlantic, with amplitudes of approximately 0.6–0.8 ◦C per
standard deviation. The HCG reproduces both the spatial structure and magnitude of this
variability reasonably well, whereas the LCG simulates substantially weaker AMO-related
SST anomalies. The weaker AMO variability in the LCG is accompanied by a reduced
sensitivity of the tropical Atlantic to decadal background-state changes, which may limit

https://doi.org/10.3390/atmos17090817

https://doi.org/10.3390/atmos17090817


Atmosphere 2026, 17, 817 13 of 18

the effectiveness of Atlantic-mediated inter-basin interactions. Consequently, the decadal
modulation of the IOD–ENSO relationship is less evident in these models. While these
results do not establish a direct causal link, they suggest that realistic simulation of AMO
variability may be an important contributor to reproducing observed decadal fluctuations
in Indo-Pacific teleconnections.

Figure 9. Regressions of SST anomalies onto the normalized AMO index. (a) Observations; (b) high-
capability group (HCG) multi-model ensemble mean; (c) low-capability group (LCG) multi-model
ensemble mean. The dotted areas indicate the 95% confidence level.
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4. Discussion and Conclusions
Using observations and CMIP6 historical simulations, this study shows that the lagged

relationship between the autumn IOD and the following-year ENSO is not stationary but
undergoes pronounced interdecadal fluctuations associated with the phase of the AMO.
Notably, this modulation is reproduced primarily by the high-capability group (HCG),
whereas the low-capability group (LCG) largely fails to capture the observed decadal
modulation, highlighting substantial inter-model diversity in representing inter-basin
teleconnections on decadal timescales. This diversity is closely associated with differences
in how models simulate the Atlantic’s role as a mediating pathway between the Indian
and Pacific Oceans, rather than with deficiencies in the basic seasonal or interannual
characteristics of the IOD and ENSO themselves. These results indicate that realistic
AMO variability is essential for reproducing the decadal modulation of Atlantic-mediated
Indo-Pacific teleconnections.

A plausible explanation for the close relationship between AMO simulation skill and
the representation of the decadal IOD–ENSO linkage is that the realism of simulated AMO
variability reflects how well a model captures the coupled ocean–atmosphere processes
governing North Atlantic low-frequency variability. Among these processes, the Atlantic
Meridional Overturning Circulation (AMOC) is widely regarded as the dominant driver of
multidecadal SST variability in the Atlantic and therefore plays a central role in determining
the realism of simulated AMO variability [41–44]. Biases in the strength or variability of the
AMOC can alter ocean heat transport and suppress the amplitude or persistence of AMO
variability, leading to unrealistic multidecadal SST evolution in the North Atlantic [43,44].
Models that fail to reproduce realistic AMOC variability are therefore less likely to cap-
ture the Atlantic SST background state required for maintaining the Atlantic-mediated
teleconnection linking the IOD and ENSO. In addition to AMOC, previous studies have
suggested that biases in surface heat fluxes and NAO-related atmospheric variability may
also affect the simulation of AMO by modulating North Atlantic SST persistence, mixed-
layer processes, and air–sea coupling [45–48]. Although these processes are not explicitly
diagnosed here, previous studies suggest that improving their representation may enhance
simulations of Atlantic-mediated decadal Indo-Pacific teleconnections.

Our findings also extend previous understanding of the Atlantic pathway linking
the IOD and ENSO. Previous studies have shown that the Atlantic Ocean acts as an
important bridge through which the IOD influences the subsequent evolution of ENSO [13].
These studies mainly focused on the teleconnection mechanism operating on interannual
timescales. However, whether this Atlantic-mediated pathway remains stationary across
different decadal background states has received much less attention. By combining
observations with CMIP6 historical simulations, the present study demonstrates that the
strength of the Atlantic-mediated pathway varies with the AMO phase. Consequently, the
lagged IOD–ENSO relationship exhibits pronounced interdecadal modulation rather than
remaining stationary across different background climate states.

The implications of these findings extend beyond understanding the physical mech-
anism linking the IOD and ENSO and are also relevant to climate prediction and model
evaluation. Because the strength of the lagged IOD–ENSO relationship varies with the
AMO phase, the predictive value of the autumn IOD cannot be regarded as stationary.
During negative AMO phases, the stronger Atlantic-mediated teleconnection suggests
that the autumn IOD may provide a more reliable precursor for subsequent ENSO devel-
opment. In contrast, this precursor relationship becomes weaker during positive AMO
phases, implying reduced predictive skill. From a modeling perspective, our results sug-
gest that evaluating climate models solely on their ability to reproduce the individual
characteristics of ENSO or the IOD may be insufficient for assessing their capability to
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simulate inter-basin climate interactions. Accordingly, the HCG models identified here
provide a useful reference for studies of Atlantic-mediated Indo-Pacific teleconnections
and seasonal-to-interannual climate prediction.

Despite the physical interpretation and broader implications discussed above, sev-
eral uncertainties remain in interpreting the simulated decadal modulation of the lagged
IOD–ENSO relationship. First, CMIP6 models are known to exhibit a systematic bias
toward overly strong negative IOD variability, while recent studies suggest that negative
IOD events transmit their influence to the Pacific through the Atlantic pathway less effi-
ciently than positive IOD events [49,50]. Such event asymmetry may affect the simulated
strength of the lagged IOD–ENSO relationship and therefore contribute to uncertainty in
the representation of its modulation by the AMO. In addition, although the present study
suggests that AMOC and other Atlantic processes contribute to inter-model differences
in AMO simulation skill, these mechanisms were not directly diagnosed. Future work
should therefore explicitly quantify the respective contributions of AMOC variability, sur-
face heat fluxes, and NAO-related atmospheric variability to the simulated AMO and the
associated Atlantic-mediated teleconnection. Targeted numerical experiments, such as
pacemaker simulations or partially coupled model experiments, would further help isolate
the causal roles of Atlantic variability and air–sea coupling in modulating the decadal
IOD–ENSO relationship.

Overall, this study demonstrates that the decadal modulation of the lagged IOD–ENSO
relationship is closely linked to the phase of the AMO and that CMIP6 models capable
of realistically simulating AMO variability more successfully reproduce this modulation.
These findings extend previous understanding of the Atlantic-mediated IOD–ENSO path-
way by highlighting the role of low-frequency Atlantic variability in regulating inter-basin
climate interactions. More broadly, this study emphasizes the importance of consider-
ing decadal background state when interpreting interannual climate relationships and
improving seasonal-to-interannual climate prediction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos17090817/s1, Table S1: Seasonal phase-locking validation
of IOD and ENSO in 30 CMIP6 models. Table S2: Lagged IOD–ENSO partial correlations under
different AMO phases for CMIP6 models and their capability classification. Figure S1: Lagged
partial regression of SST anomalies (shading, ◦C) and 925 hPa wind anomalies (vectors, m s−1)
onto the normalized SON (0) DMI in the LCG multi-model ensemble mean. (a–f) AMO positive
phase; (g–l) AMO negative phase. The concurrent ENSO effect is removed by linearly regressing
on the D (0) JF (+1) Niño 3.4 index. Dotted area indicates that the regressions are significant at 95%
confidence level. Green boxes indicate the Atlantic Niño area; Figure S2: Lagged partial regression of
the equatorial Walker circulation (10◦ S–5◦ N averaged) onto the normalized SON (0) DMI in the LCG
multi-model ensemble mean. (a–f) AMO positive phase; (g–l) AMO negative phase. Shading denotes
vertical velocity anomalies (Pa s−1), and vectors represent the composite of zonal wind (u, m s−1)
and vertical velocity (ω, Pa s−1), with ω multiplied by −100 for scaling. The concurrent ENSO signal
is removed by linearly regressing on the D (0) JF (+1) Niño 3.4 index. Dotted area indicates that the
regressions are significant at 95% confidence level; Figure S3: Lagged partial regression of sea surface
height anomalies (shading, 10−2 m) onto the normalized SON (0) DMI in the LCG multi-model
ensemble mean. (a–f) AMO positive phase; (g–l) AMO negative phase. The concurrent ENSO signal
is removed by linearly regressing on the D (0) JF (+1) Niño 3.4 index. Dotted area indicates that the
regressions are significant at 95% confidence level. Green boxes indicate the Atlantic Niño area.
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