
1.  Introduction
Back in 1974, the first seasonal climate prediction was issued, predicting an El Niño event in the next 
year based on an assumed persistence of the atmospheric component of the El Niño-Southern Oscillation 
(ENSO; Quinn, 1974), which even predated the understanding of many fundamental ENSO dynamics. The 
predicted El Niño did not occur as expected, however, it prompted the recognition that ENSO is the leading 
source of predictability in the global coupled ocean-atmosphere system (Cai et al., 2019; Latif et al., 1998; 
McPhaden et al., 2006; Wyrtki et al.,1976). Over the past few decades, the biggest step forward in our under-
standing of ENSO predictability is that ENSO events can be predicted up to three seasons in advance due to 
the slowly evolving heat content in the tropical Pacific upper ocean (Cane & Zebiak, 1985; Jin, 1997a, 1997b; 
Wrytki, 1975). Despite pronounced advances in ENSO theory and ENSO simulation in climate models, the 
effective predictive skill is still limited to three seasons due to the spring predictability barrier (Battisti, 1988; 
Webster & Yang, 1992). Counterintuitively, ENSO predictability has even decreased to only one season over 
the recent two decades (Hendon et al., 2009; McPhaden, 2012; Wang et al., 2010; Zebiak & Cane, 1987). 
Several studies have further revealed that sea surface temperature (SST) anomalies in other basins may 
also be involved in shaping ENSO evolution and that a better understanding of inter-basin interactions can 
be exploited advantageously to improve seasonal-to-interannual predictions (Cai et al., 2019; Wang, 2019). 
Particularly, Indian Ocean SST has been highlighted as a potential precursor candidate to increase ENSO 
prediction lead times (Kug & Kang, 2006; Kug et al., 2005; Izumo et al., 2010), considering the actively in-
terconnected climate system in the Indo-Pacific domain.
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on Earth, has profound impacts on the Indian Ocean dipole (IOD), another important climate pattern. 
Much attention has been paid to potentially increased ENSO predictability by utilizing IOD conditions, 
inferred from a statistically significant correlation with ENSO at a long lead time. However, the intrinsic 
dynamics for the causality of this IOD-ENSO relationship remain largely elusive. Here, we demonstrate 
that the observed nonstationary IOD-ENSO lead-lag relationship is mainly ENSO-driven and therefore 
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Typically, a developing El Niño can trigger a positive Indian Ocean dipole (IOD) event, characterized by 
positive SST anomalies in the western tropical Indian Ocean and negative SST anomalies along the Suma-
tra-Java coast (Figure 1a; Allan et al., 2001; Saji et al., 1999; Webster et al., 1999). The IOD peaks in boreal 
autumn and decays rapidly in the beginning of winter. As El Niño matures, a basin-scale warming devel-
ops in the Indian Ocean (IOBW; Xie et al., 2009; Yang et al., 2007), which usually peaks in boreal spring 
and persists into early summer. Recent studies suggested that interannual Indian Ocean climate variabil-
ity, though largely driven by ENSO variability, might in turn feed back onto the ENSO evolution (Behera 
et al., 2006; Dommenget et al., 2006; Frauen & Dommenget, 2012; Jansen et al., 2009; Wu & Kirtman, 2004; 
Yu et al., 2002). Strong positive IOD events may induce anomalous westerlies in the western Pacific, con-
ductive to El Niño development in the following month (Annamalai et al., 2010; Luo et al., 2010). During 
the El Niño decaying spring to summer, the IOBW-related easterly anomalies in the western Pacific, may 
in turn contribute to the rapid demise of the El Niño (Kug & Kang, 2006; Kug et al., 2005). However, the 
potential contribution of the Indian Ocean feedbacks to ENSO prediction might be limited, considering that 
these sources of the predictability are essentially originating from the ENSO cycle itself (Luo et al., 2010).

Different from the consensus on the ENSO predominance on the IOBW, considerable debate exists upon 
whether the IOD could be described as an intrinsic mode (Allan et al., 2001; Annamalai et al., 2003; Clarke 
& Van Gorder, 2003; Dommenget & Latif, 2002; Izumo et al.,  2014; Kajtar et al.,  2017; Saji et al.,  1999; 
Stuecker et al., 2017; Sun et al., 2015; Yang et al., 2015). It is an issue of practical importance because an 
independent source of climate variability may provide additional potential information for ENSO predic-
tion complementary to traditional effective predictors such as the Pacific warm water volume (Jin, 1997a; 
Meinen & McPhaden, 2000). In addition, recent studies indicate that the IOD has the potential to improve 
ENSO prediction beyond one year of lead time (Clarke & Van Gorder, 2003; Izumo et al., 2010, 2014). That 
is, a negative IOD event during boreal autumn tends to be followed by an El Niño formation in the winter 
of the following year (Figure 1b). This statistical lead relationship of IOD over ENSO, if confirmed, would 
provide a pathway to enhance ENSO predictability beyond its spring barrier. However, we find that the IOD 

Figure 1.  Relationships between El Niño-Southern Oscillation and Indian Ocean dipole (IOD). (a) Regression of boreal autumn (September–November) sea 
surface temperature (SST) anomalies (shading; °C) upon the ensuing winter (December–February) Niño3.4 index (defined as the SST anomaly averaged over 
5°S–5°N, 120°–170°W). (b) Regression of boreal winter SST anomalies (shading; °C) upon the autumn DMI (defined as the SST anomaly difference between 
the western [10°S–10°N, 50°–70°E] and eastern Indian Ocean [10°S–0°, 90°E−110°E]) in the previous year. Dots in panels (a) and (b) indicate regression 
coefficients that are statistically significant at the 95% confidence level. (c) 20-year running correlation of the winter Niño3.4 index with the autumn DMI of 
the previous year. Solid bars indicate values exceeding the 95% confidence levels. (d) Observed (red line) and hindcasted (black line) Niño3.4 index (°C) using 
the autumn DMI of the previous year. Light and dark gray rectangles indicate the El Niño and La Niña years with a statistical IOD contribution accounting for 
more than 20%, respectively.
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cannot be identified as an effective precursor for ENSO regardless of whether some feedback from IOD on 
ENSO exists, since the statistical IOD leading relationship over ENSO depends crucially on the ENSO cycle. 
Further investigation based on theoretical demonstration and climate model analyses shows that ENSO 
periodicity and cycle regularity are the key factors that control the statistical IOD-ENSO relationship. It 
highlights that ENSO dominates the inter-basin interaction between the tropical Pacific and Indian oceans 
on interannual timescales.

2.  Data and Methods
2.1.  Observations and Statistics

The monthly SST dataset utilized in this study is the global sea ice and SST analysis (1979–2019) from 
the Met Office Hadley Centre (HadISST version 1.1), which has a horizonal resolution of 1° × 1° (Rayner 
et al., 2003). Anomalies were computed by removing the monthly mean climatology over the period 1979–
2019. The linear trend was removed to avoid possible influences related to global warming. The multi-taper 
method (MTM) with three tapers (Thomson, 1982) was used to confirm the rationality of the estimation for 
the ENSO period based on the autocorrelation structure (Figure S4 in Supporting Information S1). Statis-
tical significance tests were performed based on the two-tailed Student's t test. ENSO events were defined 
according to the definition of the Climate Prediction Center based on a threshold of ±0.5°C of the Niño3.4 
index (SST anomalies averaged over 5°S–5°N, 120°–170°W) for five consecutive months. Thirteen El Niño 
events (1982, 1986, 1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, 2015, 2018, and 2019) and 13 La Niña 
events (1983, 1984, 1988, 1995, 1998, 1999, 2000, 2005, 2008, 2010, 2011, 2016, and 2017) were identified.

2.2.  Climate Models

Monthly SST output from the Phase 6 of the Coupled Model Inter-comparison Project (CMIP6) pre-indus-
trial control (pi-control) simulations were utilized. Only one ensemble member was used for each model, 
mostly r1i1p1f1 with select models using ensemble member r1i1p1f2 based on availability. The last 100 years 
of 40 available model simulations were used for our analyses (see Table S1 in Supporting Information S1).

2.3.  Theoretical RO ENSO-IOD Model

We consider a set of simultaneous equations including a simple recharge oscillator model (Chen & Jin, 2020; 
Jin, 1997a) for ENSO (Equations 1–3) and an ENSO-forced dynamical-statistical model (Hasselmann, 1976; 
Stuecker et al., 2017) for the IOD (Equation 4)
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In this framework, the RO model (Equation 1–3) describes the dynamic relationship between the ENSO-re-
lated SST anomalies (TE) and the western equatorial Pacific thermocline anomalies (hw). The RO ENSO 
time series (TE) were then used to force the IOD model (Equation 4) to obtain the IOD time series. Details 
for the theoretical RO ENSO–IOD model and the estimated parameters are available in the Text S1 and 
Table S2 in Supporting Information S1.

3.  Observed ENSO-IOD Relationship
We first revisit the observed lead-lag relationship between ENSO and IOD (Figure  1). A developing El 
Niño is usually accompanied by a positive IOD in boreal autumn (Figure 1a) and the positive IOD event 
tends to be followed by SST cooling in the central to eastern Pacific during the winter of the following year 
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(Figure 1b). Can we identify the IOD as a precursor for ENSO more than a year in advance based on statis-
tical results? The conclusion should not be readily made, especially considering that the observed leading 
IOD-ENSO relationship is only marginally significant (Figure 1b) and highly variable in recent years (Fig-
ure 1c). If we consider the whole period as different samples with the same time span of 20 years, 10 out of 
21 samples show a statistically insignificant correlation between IOD in autumn and following year ENSO 
conditions in winter. Their statistical relationship hovers at the 95% significance level until it collapses after 
the mid-2000s.

We here demonstrate that the statistical lead relationship of IOD over ENSO beyond one year only exists 
within the chain of ENSO events themselves (i.e., ENSO transition from El Niño to La Niña or vice versa). 
To quantify the possible IOD feedback on ENSO, we compare the observed and statistically hindcasted win-
ter Niño3.4 index by using the autumn IOD of the previous year as a predictor (Figure 1d). The ENSO events 
in which the statistically hindcasted winter Niño3.4 amplitudes attain more than 20% of the observed am-
plitudes are defined as ENSO events with an apparent IOD contribution and eight events (three El Niño and 
five La Niña events) are identified. Note that the qualitative conclusion is not sensitive to the criterion of the 
percentage. Interestingly, for all ENSO events with an apparent IOD contribution, there are indeed opposite 
signed ENSO-related SST anomaly conditions in the tropical central to eastern Pacific during the previous 
winters (Figures 2a–2d). For the El Niño events with an apparent IOD contribution, the previous winter 
Pacific SST condition is manifested with significant cold SST anomalies in the eastern Pacific (Figure 2b). 
These La Niña events (Figure 2c) are similarly preconditioned with prominent positive SST anomalies over 
the central to eastern Pacific (Figure 2d). This result implies that the so-called contribution of previous 
autumn IOD to ENSO predictability originates from the previous ENSO conditions. In other words, we can 
also hindcast the Niño3.4 index by using the previous winter Niño3.4 index for these ENSO years with an 
apparent IOD contribution (red dots in Figures 2e and 2f). This dependence of the IOD contribution on the 
ENSO precondition is further evidenced by a particular case. During the second and third year of consecu-
tive ENSO events, there exists a significant positive correlation between the current winter ENSO and the 
previous winter ENSO conditions (blue dots in Figure 2f). For these events, there even appears a significant 
positive correlation between the autumn IOD and winter ENSO of the next year (blue dots in Figure 2e). 
We emphasize that no evident IOD-ENSO relationship can be observed for other ENSO years. Therefore, 
we conclude that the observed statistical IOD-ENSO relationship is fully consistent with ENSO forcing IOD.

4.  Multi-Climate Model Analyses and Theoretical Demonstration of the IOD-
ENSO Relationship
Sampling issues due to the short observational record limits further insight into the IOD-ENSO relation-
ship. Therefore, we examine the inter-basin IOD-ENSO relationship in 40 coupled models using the CMIP6 
pi-control simulations (Table S1 in Supporting Information S1). Considering that the observed IOD-ENSO 
relationship beyond one year is tightly linked with ENSO preconditions in the previous winter, we approxi-
mately describe the ENSO cycle as winter ENSO lagged correlations by one year (RENSO(0)&ENSO(1)). The mod-
els exhibit a large diversity in ENSO cycle features (Figure 3a), which offers a chance to examine linkages of 
the ENSO cycle with the statistical lead relationship of IOD over ENSO. There is a significant inter-model 
relationship (R = 0.70, statistically significant at the 95% confidence level) between the simulated ENSO 
lagged correlation with itself (RENSO(0)&ENSO(1)) and the relationship between winter ENSO and autumn IOD 
in the previous year (RIOD(0)&ENSO(1)) (Figure 3b). Based on the values of RENSO(0)&ENSO(1), we select the five 
models with the highest negative correlation (blue bars in Figures 3a and 3c) and the five models with 
highest moderately positive correlation (red bars in Figures 3a and 3d). For the models that have the most 
negative ENSO lagged correlation, the IOD-ENSO lagged relationship exhibits a statistically significant IOD 
lead correlation over ENSO (Figure 3e). In contrast, the models without negative ENSO lagged relationship 
are not showing any long-lead signals of IOD before ENSO events in the previous year autumn (Figure 3f). 
These model results confirm that our observation-based conclusion that the so-called precursory IOD signal 
is dependent on the ENSO cycle.

It naturally comes to a question of how the ENSO cycle regulates the inter-basin IOD-ENSO relationship. 
To describe the general structure of the ENSO cycle, we show the autocorrelation of the observed Niño3.4 
index as a function of lag months as a demonstration (Figure S1 in Supporting Information S1). The ENSO 
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cycle feature is mainly determined by two factors: the time distance of the maximum negative autocorrela-
tion (defined as ENSO periodicity) and the correlation coefficient distance between the maximum positive 
and negative autocorrelation (defined as ENSO regularity). Since the maximum positive autocorrelation 
coefficient is a constant with the value of 1, we here used the absolute value of the maximum negative 

Figure 2.  Observed statistical lead relationship of Indian Ocean dipole (IOD) over El Niño-Southern Oscillation (ENSO) dependent on the ENSO cycle. (a) 
El Niño events with an Indian Ocean dipole (IOD) contribution accounting for more than 20% and their composites with error bars corresponding to one 
standard deviation. Red bars denote the winter Niño3.4 index (°C), black bars the statistical IOD contribution (°C), blue bars the winter Niño3.4 index (°C) 
of the previous year, and gray bars the autumn DMI (°C) of the previous year. (b) Composite SST anomaly (°C) pattern in the previous winter during these El 
Niño events. Panels (c) and (d) are the same as panels (a) and (b) except for La Niña events. Dots in panels (b) and (d) indicate regression coefficients that are 
statistically significant at the 95% confidence level. Scatterplot of boreal winter Niño3.4 index against (e) Autumn DMI and (f) Winter Niño3.4 index of the 
previous year. Red dots in panels (e) and (f) denote the ENSO years with IOD contribution accounting for more than 20%, blue dots the consecutive ENSO 
years, orange dots the other ENSO years, and gray dots denote the residual years. The linear fits for the red and blue dots are displayed together with the 
corresponding correlation coefficients R and P values. The correlation coefficient (R; black) and P values for all dots is also shown.
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autocorrelation coefficient to measure the ENSO regularity change. We construct a conceptual ENSO-IOD 
framework involving the ENSO recharge oscillator (RO) model (Chen & Jin, 2020; Jin, 1997a) and an EN-
SO-forced IOD dynamical-statistical model (Stuecker et al., 2017; Zhao et al., 2019, 2020) The ENSO period 
and its cycle regularity are determined by the critical parameter that controls the fundamental properties of 
the RO ENSO (Chen & Jin, 2020). The theoretical model (see Section 2) results show that the statistical lead 
relationship of IOD over ENSO (RIOD(0)&ENSO(1)) is strengthened as the ENSO period is shortened and its cycle 
becomes more regular in a basically linear manner (gray dots in right side of Figure 4a). Importantly, the 
observed statistical lead relationship of IOD over ENSO can be realistically reproduced if we set the ENSO 
period and its cycle regularity to the observed value in the theoretical RO ENSO-IOD model, in which any 
feedback from IOD to ENSO is not allowed by design.

Figure 3.  Phase relationship of Indian Ocean dipole (IOD) with El Niño–Southern Oscillation (ENSO) in pi-control climate simulations. (a) Correlation 
of boreal winter Niño3.4 index with the following winter Niño3.4 index for 40 CMIP6 models. The models are ranked by the correlation coefficients in an 
ascending order. (b) Scatterplot of RENSO(0) & ENSO(1) (the correlation coefficient between the winter Niño3.4 index and the following winter Niño3.4 index) 
and RIOD(0) & ENSO(1) (the correlation between the autumn DMI and the winter Niño3.4 index of the following year). The linear fit (solid black) is displayed 
together with the correlation coefficient R and P values. The gray dashed lines denote the observations for reference. (c) Composite of the regressed winter SST 
anomalies (°C) upon the previous winter Niño3.4 index for the leftmost five models with the most negative correlation coefficients (models indicated by blue 
bars in panel (a)) and (d) the rightmost five models with the most positive correlation coefficients (models indicated by red bars in panel (a)). Panels (e) and (f) 
are the same as panels (c) and (d) except for the regressed winter SST anomalies (°C) upon the autumn DMI of the previous year.
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Figure 4.  Factors regulating the statistical lead relationship of Indian Ocean dipole (IOD) over the following year El Niño-Southern Oscillation (ENSO) in 
pi-control climate simulations. (a) Scatterplot of correlation coefficients between the winter Niño3.4 index and autumn DMI of the previous year with ENSO 
period and ENSO cycle regularity. The black markers denote the relationship of correlation coefficients between the winter Niño3.4 index and autumn DMI of 
the previous year with ENSO period and ENSO cycle regularity in RO ENSO-IOD model experiments (see details in Section 2), superimposed by one standard 
deviation (gray shading). The gray dashed lines denote the observed ENSO period, ENSO cycle regularity, and statistical IOD lead relationship over ENSO. (b) 
Combined effect of ENSO period and its cycle regularity in determining the statistical IOD lead relationship with ENSO. Respective correlation coefficient R 
and P values are displayed in panels (a) and (b). The linear fit (solid black) is also shown in panel (b).
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A more complicated and realistic perspective is that ENSO periodicity and regularity vary at the same time 
for different states of the climate system (Figures S2 and S3 in Supporting Information S1). These two fac-
tors are not correlated across the CMIP6 models (R = −0.02, statistically insignificant at the 95% confidence 
level), which makes the CMIP6 results less comparable to the theoretical experiments with controlled pa-
rameters (Figure 4a). Despite that, the qualitative relationship between the IOD-ENSO lead relationship 
with ENSO period and regularity can be well captured. A high inter-model relationship can be obtained 
(R = 0.77, exceeding the 95% confidence level) when considering these both factors (Figure 4c).

5.  Conclusions
We have come to appreciate that ENSO provides a large fraction of seasonal climate predictability and 
successful ENSO forecasts therefore allow decision makers to improve climatic risk management (Pfaff 
et al., 1999). Despite significant advances in our understanding and simulation of ENSO, the ENSO pre-
dictions passing through the boreal spring are still of relatively low reliability and ENSO predictability 
has varied considerably from one decade to another (Allan et al., 1996; Latif et al., 1998; McPhaden, 2012; 
Zhang et al., 2019). Sustained efforts during recent years have largely paid off to find possible additional 
predictability sources outside of the tropical Pacific to potentially extend the prediction horizon of ENSO. 
However, we put forward a new concept here that the observed IOD-ENSO inter-basin lead-lag relationship 
is only a manifestation of ENSO cycle complexity, which is of crucial relevance for investigating inter-basin 
climate feedbacks. We emphasize that the character of the observed cross correlation between ENSO and 
IOD is tightly regulated by ENSO pacing. That is, the previously identified long-lead IOD signal actually 
adds no additional information to ENSO prediction despite that the possible feedback from IOD on ENSO is 
not quantified here. Therefore, to improve ENSO prediction skill, we need to refocus on tropical Pacific air-
sea coupled dynamics (Zhang et al., 2021), particularly for understanding ENSO complexity and diversity 
(Timmermann et al., 2018) and improving climate models in their ability to simulate different ENSO types 
based on the right balance of feedback mechanisms (Hayashi et al., 2020).

Data Availability Statement
The data used to reproduce the results of this study are available online. Met Office Hadley Centre SST data 
are publicly available at: https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html. The CMIP6 
datasets are available at https://esgf-node.llnl.gov/projects/cmip6/.
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