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Existed studies have suggested a precursory relation between Indian Ocean
Dipole (IOD) and El Nifio and the Southern Oscillations (ENSO) with 1-year
time lag. The underlying mechanisms were attributed to atmospheric bridge
and/or oceanic channel processes. In this study, the oceanic channel
dynamics in 23 climate models of the Coupled Model Intercomparison Project
phase 5 (CMIP5) are assessed by correlation analyses in comparison with
observations. The results show that the lag correlations between the IOD and
ENSO anomalies associated with oceanic channel are significant, suggesting
important role of oceanic channel dynamics in the cross-basin teleconnection
in the analyzed CMIP5 models, consistent with observational analyses. In
comparison, the correlations associated with atmospheric bridge are highly
dispersive among the models and generally inconsistent with the observational
analyses, suggesting model deficiencies. In a single climate model, the lag
correlations associated with oceanic channel dynamics are consistent among
different ensemble experiments, whereas those associated with atmospheric
bridge processes are dispersive.

KEYWORDS

Indian Ocean Dipole (IOD), El Nifio and Southern Oscillations (ENSO), oceanic channel,
atmospheric bridge, Indonesian Throughflow (ITF), Coupled Model Intercomparison
Project phase 5 (CMIP5)

Introduction

The El Nino and the Southern Oscillations (ENSO) are the strongest large-scale
ocean-atmosphere interactions on the interannual time scales over the tropical Pacific
Ocean (Bjerknes, 1969; Philander, 1990). The Indian Ocean Dipole (IOD) is a zonal
dipole mode of sea surface temperature anomalies (SSTA) over the tropical Indian Ocean
(Sajietal, 1999; Webster et al., 1999). The Indian Ocean variability is strongly influenced
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by the Pacific ENSO (e.g., Chowdary and Gnanaseelan, 2007;
Du et al,, 2009, 2013; Gnanaseelan et al.,, 2012; Zhang et al.,
2021; Mukhopadhyay et al., 2022). Some studies have suggested
that IOD is forced by ENSO (Alexander et al., 2002; Hastenrath,
2002; Lau and Nath, 2003; Cai et al., 2005; Stuecker et al., 2017).
Some other studies suggest that IOD be an intrinsic mode of
interannual variability of the coupled ocean-atmosphere climate
system over the tropical Indian Ocean (Saji et al., 1999; Yamagata
etal., 2003; Annamalai et al., 2005; Behera et al., 2006; Yang et al.,
2015). Existing studies have suggested that IOD can feedback on
the tropical Pacific SSTA evolution (e.g., Wu and Kirtman, 2004;
Kug and Kang, 2006; Song et al., 2008; Xie et al., 2009; Luo et al.,
2010; Nagura and McPhaden, 2014; Kajtar et al., 2015, 2017;
Wang, 2019; Duan et al., 2020), the processes of which have been
attributed to the atmospheric bridge (Clarke and Van Gorder,
2003; Kug et al., 2006; Izumo et al., 2010; Ohba et al., 2010;
Kug and Ham, 2012; Santoso et al., 2012) or/and through the
oceanic channel of the Indonesian seas (Yuan et al., 2011, 2013;
Zhou et al., 2015; Zhao et al., 2016; Trenberth and Zhang, 2019).
Based on numerical experiments by blocking the Indonesian
gateway in a coupled climate model, Kajtar et al. (2015) suggest
that the atmospheric bridge is a robust element of the Indo-
Pacific interactions, albeit the IOD-ENSO relationship is weaker
than when the oceanic channel is open. On the other hand, by
shutting down the atmospheric bridge, numerical experiments
have shown significant influence of both positive and negative
IOD events on ENSO, implying the role of the oceanic channel
(Yuan et al,, 2011; Zhou et al., 2015; Wang et al., 2021).

The importance of the IOD-forced ENSO variability lies in
the fact that this class of ENSO can be predicted beyond the
spring predictability barrier if IOD is used as a precursor (Izumo
et al, 2010, 2014; Yuan et al, 2011, 2013). The mechanism
underlying the enhanced predictability has been attributed to
the atmospheric bridge by Izumo et al. (2010): a negative IOD
leads to enhanced easterly anomalies over the western Pacific
Ocean in winter forcing upwelling Kelvin waves propagating
eastward. The ensuing advective-reflective ocean-atmosphere
coupled process generates anomalous warming in the eastern
equatorial Pacific cold tongue in the next winter. Later, the
forcing mechanism is updated as forced by the IOD western
pole related to the Indian Ocean basin mode after the 10D
subsides abruptly in winter (Izumo et al., 2016). In contrast,
Yuan et al. (2011) argue that the oceanic channel, i.e., the
Indonesian Throughflow (ITF) variability, should play a critical
role in propagating the IOD anomalies into the equatorial Pacific
Ocean. The oceanic channel dynamics have been corroborated
by longer time lags of the IOD-ENSO precursory teleconnection
for oceanic than atmospheric anomalies in observations (Yuan
et al., 2013). They have shown that the lag correlations between
sea surface temperature anomalies (SSTA) or sea surface height
anomalies (SSHA) in the southeastern tropical Indian Ocean
(STIO) in fall and the oceanic anomalies, i.e., SSTA, SSHA,
and subsurface temperature anomalies, in the equatorial Pacific
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cold tongue 1-year later are all significant, suggesting that
the interannual variability of the ITF play an important role
in connecting the IOD with ENSO. In comparison, the lag
correlations between the surface zonal wind anomalies (SZWA)
over the far western equatorial Pacific (WEP) in fall and the
SZWA, SSTA, and SSHA in the central and eastern equatorial
Pacific in the next fall are all insignificant, suggesting that the
IOD-related atmospheric bridge should not be responsible for
the enhanced predictability at the 1-year time lag. The oceanic
channel dynamics have been shown to be important for the skills
of the climate models in simulating ENSO (Xu et al., 2013). The
initial condition errors of sea temperature in the Indian Ocean
are identified as causal factors of the spring predictability barrier
for El Nifo, with two types of errors (positive and negative IOD-
like patterns) emphasize the mechanism of atmospheric bridge
and oceanic channel, respectively (Zhou et al., 2019, 2020, 2021).

Both the IOD (Ashok et al., 2004; Abram et al., 2008;
Ummenhofer et al., 2011) and ENSO (Gershunov and Barnett,
1998; Wang and Picaut, 2004; An et al., 2005; Leloup et al,,
2007) are subjected to decadal and multi-decadal variability.
Meanwhile, the ITF also shows interannual to decadal response
to the Indo-Pacific forcing (Tillinger and Gordon, 2010; Li
et al,, 2018, 2020). Consquently, the IOD-ENSO relationship is
subjected to decadal and multi-decadal variability as well (Yuan
and Li, 2008; Huang et al., 2010; Xie et al., 2010; Chowdary
et al., 20125 Tao et al, 2015; Sang et al., 2019). In terms of
the oceanic channel dynamic, it is identified to have positive
and negative phases of decadal oscillations. The IOD-ENSO
precursory teleconnection in SSTA during the negative phases
are suppressed by decadal deepening of the thermocline in the
eastern equatorial Pacific (Xu and Yuan, 2014).

The cross-basin coupling between the tropical Indian and
Pacific Oceans on the interannual time scale is reproduced
well in the climate system models that involved in the phase
five of the Coupled Model Intercomparison Project (CMIP5)
(Ha et al.,, 2017). Jourdain et al. (2016) have shown robust
relationship between IOD and its following ENSO in the
historical simulations of the CMIP5 models, with asymmetry
between negative IOD leading El Nino and positive IOD
leading La Nifa. Yuan et al. (2018) have shown that the IOD-
ENSO precursory teleconnection tends to get stronger over
the past century in the historical simulations of the CMIP5
models. The oceanic channel dynamics in the CMIP5 models,
however, have not been investigated. Therefore, in this study,
we will focus on the evaluation of model skills and deficiencies
in simulating the oceanic channel and atmospheric bridge
processes. The next section describes the observational data
and the CMIP5 model experiments. Section Results compares
the observed and simulated lag correlations to assess the skills
of the CMIP5 coupled climate system models in simulating
the oceanic channel and the atmospheric bridge. Discussions
and conclusions are summarized in section Conclusions
and summary.

frontiersin.org


https://doi.org/10.3389/fclim.2022.996343
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Xu et al.

Data and method

Observations

The observational SST data used in this study are the
Hadley center SST dataset (HadISST; Rayner et al., 2003) with
a horizontal resolution of 1° x 1° grid from 1871 to the present.
The SSH data are the Version 5.0 of daily gridded absolute
dynamic topography products produced by the Segment Sol
multi-missions dALTimetrie, d’orbitographie et de localization
précise/Data Unification and Altimeter Combination System
(SSALTO/DUACS) and distributed by the Archiving, Validation,
and Interpretation of Satellite Oceanographic (AVISO), with
support from CNES (http://www.aviso.altimetry.fr/duacs/). The
dataset is daily, at a resolution of 0.25° x 0.25°, which is
available from October 1992 to the present (Ducet et al., 2000).
The subsurface temperature data are obtained from the Quality
controlled subsurface ocean temperature and salinity profiles
and objective analyses (EN) dataset consists of two products:
observed subsurface ocean temperature and salinity profiles with
data quality information, and objective analysis formed from the
profile data with uncertainty estimates (Good et al., 2013). The
latest version of the data is EN.4.2.1, with a horizontal resolution
of 1° x 1° and 42 vertical levels from 1900 to the present. The
surface wind data are from the Twentieth Century Reanalysis V3
(20CRv3), the most recent version of the reanalysis spaning 1836
to the present, with a horizontal resolution of 1° x 1° (Slivinski
et al., 2019).

CMIP5 simulations

The model outputs used in the study are the historical
simulations based on the experimental design of CMIP5 (Taylor
et al., 2012). The historical experiments have considered both
anthropogenic and natural forcing, covering the period from
the mid-19th century to the present. A total of 23 historical
simulations are analyzed in this study (Supplementary Table 1).
For simplicity, only one of the ensemble members (named
“rlilp1”) is analyzed for each model. There is only a few CMIP5
model have provided more than 10 ensemble members. In this
study, we employ the CNRM-CMS5 historical simulation, which
includes 10 ensemble experiments, to discuss the dispersion of
the IOD-ENSO precursory teleconnection in a single climate
system model.

Statistical analysis
The Nino3.4 index is defined as the averaged SSTA in the

area of the equatorial central and eastern Pacific (5°S—5°N,
170°-120°W). The Dipole Mode Index (DMI) is calculated as
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the difference of SSTA between the western (10°S—10°N, 50°-
70°E) and southeastern tropical Indian Ocean (10°S—0°, 90°-
110°E) (Saji et al., 1999). The WEP wind is represented by
the surface wind anomalies averaged over (5°S—5°N, 130°-
150°E).

The lag correlation is calculated as the correlation between
the anomalies in boreal fall and those in the following winter
through fall seasons. The boreal seasons are defined as spring
(March to May), summer (June to August), fall (September to
November), and winter (December to the following February).
The decadal variability of the IOD-ENSO teleconnection in the
observed SSTA data is investigated using running mean lag
correlations over time windows of 7, 11, 21, and 31 years. The
IOD-ENSO teleconnection in the CMIP5 models is investigated
using only the 1l-year running mean lag correlations for
simplicity. The Student’s ¢-test is employed to determine the
95% significance level of the correlations. Throughout this paper,
we call the IOD year as Year 0 and the year following it
Year +1.

Results

IOD-ENSO precursory teleconnection in
CMIP5 models

The IOD-ENSO precursory teleconnection, as represented
by the running mean lag correlations between the STIO SSTA
in fall and the Nifno3.4 SSTA in the next fall, with a running
window of 11, years, undergoes obvious decadal variability (Xu
and Yuan, 2014). As shown in Figure 1A, the running mean
lag correlations after the 1990s are positive, consistent with the
analysis of Yuan et al. (2013). Evidently, the correlations in
that study represent the IOD-ENSO teleconnection during a
decade of positive lag correlations. It can be found that during
some of the decades, e.g., the 1871-1900, the running mean lag
correlations are negative, suggesting that El Nifio events follow
positive IOD events and La Nina events follow negative IOD
events at the 1-year time lag. Thus, the teleconnection during
the negative correlation periods is believed to be different from
that during the positive correlation periods. The structure and
possible dynamics of the teleconnection during the negative
phases of the decadal variability have been analyzed in Xu and
Yuan (2014). In this study, we only focus on the positive phases
for two reasons. First, the oceanic channel dynamics are less
effective during the negative phases. Second, the positive lag
correlations are stronger and more persistent than the negative
over the past 150 years.

The CMIP5 model simulations are subject to the inherent
oscillations of the coupled climate system models so that
their simulated IOD and ENSO generally do not match with
the timing in nature (Taylor et al, 2012). As a result, the
running mean lag correlations in CMIP5 historical simulations
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FIGURE 1

Lag correlation between the STIO SSTA (SSHA) in fall and the SSTA (SSHA) in the Nifio3.4 area in the next fall with a running window of 11 years
in HadISST and CMIP5 historical simulations, the horizontal axis showing window central date. Shading and curves indicate correlation of SSTA
and SSHA, respectively. Index (A=X) refers to different CMIP5 model as listed in Supplementary Table 1.

do not necessarily match the phase of the decadal variability the same kind of decadal variability of the IOD-ENSO
in the observed SST data. Nevertheless, all of the running teleconnection as in the observation (Figure 1). The running
lag correlations of the CMIP5 model simulations have shown mean lag correlations between the STIO SSHA in fall and the
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FIGURE 2

Power spectrum density (PSD) of the 11-year running mean lag
correlation between STIO SSTA in fall and Nifio3.4 SSTA in the
next fall in HadISST and CMIP5 simulations. Only PSD above the
95% significance level are shaded. Index (A=X) refers to different
CMIP5 model as listed in Supplementary Table 1.

Nifo3.4 SSHA in the next fall have also shown the same decadal
variability associated to that of SSTA lag correlations, but with
the positive correlations of SSHA much higher than those of
SSTA in the CMIPS5 historical simulations, an effect perhaps due
to the imperfect correlation between the upwelling anomalies
and the SSTA.

The power spectra of the running mean lag correlations
indicate one or two significant periods from 15 to 50 years,
suggesting  that of decadal-to-multidecadal
variability of the IOD-ENSO teleconnection have been
simulated successfully by the CMIP5 models (Figure 2). In
the following context of this paper, the results of the CMIP5
simulations during the periods when the running mean lag

some kinds

correlations are positive and above one standard deviation are
used to represent the positive phases of the decadal variability.
The time series of these periods are Z-score standardized
and concatenated into a long time series, the lag correlations
of which are analyzed and compared with those in the
observations to assess the skills of the CMIP5 models in
simulating the IOD-ENSO teleconnection and to study the
dynamics of the teleconnection.

The phase-locking of the IOD peak to the boreal fall season
has been simulated well in the CMIP5 climate models (Zheng
et al, 2013; Liu et al, 2014). The cross-model-averaged lag
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correlations between the STIO SSTA in fall and the tropical
Indo-Pacific SSTA in the following winter through fall during
the positive phases of the decadal variability of the 23 CMIP5
historical simulations are compared with those in HadISST
(Figure 3). The observed lag correlations show significant IOD-
and ENSO-type teleconnections, above the 95% significance
level, with positive correlations in the eastern tropical Indian
and western Pacific Oceans and negative correlations in the
eastern equatorial Pacific cold tongue in the winter of Year
0 (Figure 3A). The significant correlations disappear in the
equatorial Pacific cold tongue in the spring of Year +1,
suggesting that the atmospheric bridge processes giving rise
to the IOD- and ENSO-type teleconnections in winter are
short lived and have not lasted through the spring season,
consistent with the existence of the spring barrier (Figure 3B).
The significant lag correlations above the 95% significance level,
re-emerge in summer and fall of Year +1 (Figures 3C,D), with
a similar pattern of the IOD-ENSO lag teleconnection as in
the winter of Year 0, except for an opposite sign. These results
are consistent with those of Yuan et al. (2013), suggesting that
the use of IOD anomalies as precursors provides potential for
improved ENSO predictions beyond the spring predictability
barrier during the positive phases of the decadal oscillation.
The lag correlations of the SSTA in the CMIP5 historical
simulations show similar pattern and evolution in the equatorial
Pacific (Figures 3E-H), which are negative in the central-eastern
equatorial Pacific in the winter of Year 0 but positive in the
summer and fall of Year +1. The lag correlations in the cold
tongue in spring are vanishingly small, suggesting the effects of
the spring barrier.

Figure 4 shows the numbers of CMIP5 models with
significant positive lag correlations of SSTA between the STIO
and the tropical Indo-Pacific Ocean in the following winter
through fall seasons. Since the oceanic channel dynamics
are associated with the eastward movement of significant
positive correlations, the numbers of CMIP5 models for
negative lag correlations are not shown here. It shows that
around half of the CMIP5 models have simulated the ENSO-
type teleconnection and its disappearance in the STIO and
the western tropical Pacific (Figures 4A,B). In the CMIP5
historical simulations, more than half have reproduce the re-
emergence of significant positive correlations in the central-
eastern Pacific Ocean in summer of Year +1 (Figure 4C).
Almost all of the CMIP5 historical simulations have produced
the significant positive correlations in the central-eastern
Pacific in summer of Year +1.
(summer of Year +1) and 6 (fall of Year +1) of the
CMIP5 models, the lag correlations of the SSTA in the
equatorial Pacific cold tongue are still significant, above

Ocean In around 16

the 95% significance level, even if the signals associated
with Nifio3.4 index are regressed out from the cold tongue
SSTA, suggesting independence of the IOD-ENSO precursory
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https://doi.org/10.3389/fclim.2022.996343
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Xu et al.

10.3389/fclim.2022.996343

A Winter of Year 0 for HadISST
e [}

20°N

L, SR
C Summer of Year +1 for HadISST
20°N

90°E 150°E 150°W

FIGURE 3

of positive and negative correlations, respectively.

90°W

Lag correlations between the STIO SSTA in the fall of Year O and the tropical Indo-Pacific SSTA from the winter of Year O through the fall of Year
+1. (A-D) HadISST; (E-H) cross-model averaged from CMIP5 historical simulations. The red and blue shading indicate the 95% significance level
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teleconnection from ENSO in these CMIP5 climate models
(Figures 4G,H).

Lag correlations associated with oceanic
channel dynamics

The lag correlations of SSTA are closely related to the so-
called oceanic channel dynamic, which are evidenced by the
lag correlations of SSHA and subsurface temperature anomalies.
The lag correlations between the STIO SSHA in fall and
the SSHA in the tropical Indian and Pacific Oceans in the
following winter through fall in the altimeter data of 1993-
2012 and averaged from the CMIP5 historical simulations are
shown in Figure 5. The altimeter SSHA lag correlations in the
winter of Year 0 have shown the typical IOD- and ENSO-type
teleconnection over the tropical Indo-Pacific Ocean (Figure 5A),
which is reminiscent of the SSTA lag correlations. The significant
lag correlations of SSHA persist in the western equatorial
Pacific Ocean and in the Indonesian Seas in the spring of Year
+1, in contrast to the vanishing lag correlations of SSTA in
the equatorial Pacific Ocean. A belt of positive significant lag
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correlations extends to the eastern equatorial Pacific, suggesting
the propagation of the equatorial Kelvin waves (Figure 5B),
which lead to the significant positive lag correlations in the
central and eastern equatorial Pacific cold tongue in the summer
and fall of Year +1 (Figures 5C,D). All these characteristics
and the dynamics associated with them have been discussed
in detail in Yuan et al. (2013). The eastward movement of
the significant lag correlations of SSHA from the winter of
Year 0 through the fall of Year +1 suggests strongly that the
oceanic channel, i.e., the interannual variability of the ITF, play
an important role in the IOD forcing on the equatorial Pacific
ENSO at the time lag of 1 year. The CMIP5 historical simulations
have reproduced weaker average SSHA lag correlations in the
cold tongue in the winter of Year 0 (Figure 5E) than in the
observational analysis. This difference can be explained by the
fact that the simulated ENSO phase-locking with the seasonal
cycle ranges from fall to winter in the cold tongue in different
models (Bellenger et al, 2014; Ham and Kug, 2014). The
eastward movement of significant positive lag correlations of
SSHA from the winter of Year 0 to the fall of Year +1 has
been simulated successfully by the CMIP5 models on average
(Figures 5E-H).
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Numbers of CMIP5 models with significant positive correlations between the STIO SSTA in fall and the tropical Indo-Pacific Oceans SSTA in (A)
winter of Year +0, (B) spring of Year +1, (C) summer of Year +1, and (D) fall of Year +1. (E-H) are same as (A—D), but with the ENSO signal

The SSHA lag correlations in the fall winter through
fall seasons show good consistency in the CMIP5 historical
simulations (Figures 6A-D), in good agreement with those in
observation (Figure 5). The significant correlations still exist
in more than half of the CMIP5 models in the STIO and
western equatorial Pacific in the winter of Year 0, and spring
of Year +1, and in the central-eastern equatorial Pacific in the
summer and fall of Year +1, with the ENSO signal removed
(Figures 6E-H). These results suggest that the oceanic channel
dynamics, which are responsible for the IOD-ENSO precursory
teleconnection, have been included in most of the CMIP5
climate models. It should be noting that few of the CMIP5
models have produced artificially correlations at 1-year time
lag for both SSTA and SSHA, suggesting model deficiency
(Supplementary Figures A1,A2). For example, the MIROCS fails
to reproduce the significant positive lag correlation of SSTA; the
MPI-ESM-LR and MPI-ESM-P fail to reproduce the significant
positive lag correlation of SSHA; and the HadGIM2-ES produces
highly significant positive correlations of SSHA over the entire
tropical Indo-Pacific Ocean.

The lag correlations between the STIO SSTA in fall and
the subsurface temperature anomalies in the vertical section
along the equatorial Pacific Ocean from the winter of Year 0
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through the fall of Year +1 suggest eastward propagation of
the IOD anomalies from the Indian Ocean to the equatorial
Pacific Ocean through the Indonesian seas in the thermocline
(Figures 7A-D). After reaching the equatorial Pacific, the IOD
induced signal is amplified by the air-sea coupling over the
tropical Pacific, thereby resulting in the persistent significant
positive correlations in the cold tongue through summer to fall
of Year +1 (Yuan et al, 2011). The lag correlations outcrop
in the central and eastern equatorial Pacific in the summer
and fall of Year +1 to impact the SSTA in the cold tongue
in the observations (Figure 7D). This eastward movement of
positive lag correlations, above the 95% significance level in
the thermocline of the equatorial Pacific Ocean is reproduced
well on average by the historical simulations of CMIP5 climate
models (Figures 7E-H). The propagation together with the
SSHA lag correlations suggest the importance of the oceanic
channel dynamics, i.e., the variability of ITF transport, in the
forcing of the oceanic anomalies in the equatorial Pacific Ocean
by the Indian Ocean (Yuan et al., 2013).

The lag correlations of subsurface temperature anomalies
tend to propagate faster in the CMIP5 models than those in
the observation, as revealed by the significant correlations reach
as far as 120°-150°W in more than 12 of the CMIP5 models

frontiersin.org


https://doi.org/10.3389/fclim.2022.996343
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Xu et al. 10.3389/fclim.2022.996343

A Winter onearOforAviso o E Winter of Year 0 for CMIP5

B Spring of Year +1 for Aviso
_— e

20°S 22 I3 (_)
© 90°E 150°E  150°W 90°W  90°E 150°E 150°W 90°W

FIGURE 5

Lag correlations between the STIO SSHA in the fall of Year O and the tropical Indo-Pacific SSHA from the winter of Year O through the fall of Year
+1 during positive phases. (A—D) Aviso. (E-H) cross-model averaged from CMIP5 historical simulations. The red and blue shading indicate the
95% significance level of positive and negative correlations, respectively.

in spring of Year +1, and surfaces in the cold tongue in to diagnose the atmospheric bridge processes over the tropical
summer of Year +1, roughly lead the observation by 3 months Indo-Pacific Ocean (Xu et al., 2013; Yuan et al,, 2013). These
(Figures 8A-C). In addition, the significant lag correlations in correlations are calculated in the CMIP5 historical simulations
fall of Year 41 are of broader and deeper extension in the and are shown in Figures 9, 10, respectively. As suggested by
CMIP5 models (Figure 8D), which may be attributed to deeper Yuan et al. (2013), the atmospheric bridge processes should
thermocline and/or less diffusion in these models (Castanio- be short lived, and thus cannot responsible to the IOD-ENSO
Tierno et al., 2018). In more than half of the CMIP5 models, precursory teleconnection at 1 year time lag, which is evidenced
the eastward propagation of significant positive correlations by insignificant correlation of WEP SZW A with SSTA and SSHA
persists in the subsurface temperature anomalies, even if the in the cold tongue area. In the CMIP5 historical simulations, the
ENSO signal is removed (Figures 8E-H). Overall, the subsurface atmospheric bridge related lag correlations are much dispersive,
lag correlations corroborate with those of SSTA and SSHA, showing significant positive correlations in the cold tongue at 1
suggesting robust oceanic channel dynamics are included in the year time lag in some of the models, whereas significant negative
CMIPS5 climate models. or insignificant correlations in others.

The lag correlations between the WEP SZWA in fall
and the tropical Indo-Pacific SSTA in the next fall are very

Lag correlations associated with dispersive, with signiﬁcant positive correlations in CCSM4
atmospheric bridge processes and FGOALS-g2 historical simulations but significant
negative correlations in CanESM2 and IPSL-CM5B-LR

The lag correlations between the surface zonal wind historical simulations in the equatorial Pacific cold tongue
anomalies (SZWA) over the WEP in fall and the tropical Indo- (Figure 9). The lag correlations between the WEP SZWA in

Pacific SZWA, SSTA and SSHA in the next fall have been used fall and the tropical Indo-Pacific SSHA have shown similar
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removed.

Numbers of CMIP5 models with significant positive correlations between the STIO SSHA in fall and the tropical Indo-Pacific Oceans SSHA in (A)
winter of Year +0, (B) spring of Year +1, (C) summer of Year +1, and (D) fall of Year +1. (E-H) are same as (A—D), but with the ENSO signal

disparity among the different CMIP5 historical simulations
(Figure 10). Sometimes, the lag correlations in Figures 9,
10 are consistent with each other. For example, in the
FGOALS-g2 historical simulation, the lag correlations are
all significantly positive (Figures 9P, 10P). Sometimes they
are significantly different from each other. For instance, in
CNRM-CMS5, they are significantly negative for the SSTA
correlations (Figure 9R) and positive for the SSHA correlations
(Figure 10R). All of the above are significantly different from
the observational analysis.

In summary, compared with the observational analysis,
the lag correlations between the WEP SZWA in fall and
the tropical Indo-Pacific SSTA and SSHA in the next fall
in most of the CMIP5 historical simulations are unrealistic.
The artificial atmospheric bridge processes in these models
suggest that the atmospheric bridge is highly variable and
difficulty to simulate. They are unlikely playing a dominant
role in the Indo-Pacific teleconnection at the time lag
beyond a season or so. The comparisons also suggest
significant deficiencies in the CMIP5 models, which are
harmful to the simulation and prediction of ENSO using
these models.
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Ensemble dispersion of the IOD-ENSO
precursory teleconnection

To illustrate the ensemble dispersion of the IOD-ENSO
precursory teleconnection in a single climate system model, we
calculate the lag correlations in the 10 ensemble members of
the CNRM-CM5 climate model. Figure 11 shows the 11-year
running mean lag correlation between the STIO SSTA/SSHA
in fall of Year 0 and the Nifio3.4 SSTA/SSHA in fall of
Year +1. The simulated IOD-ENSO precursory teleconnection
shows positive correlations during most of the period from
1850 to 2005 in all of the ensemble members, suggesting
consistent stronger oceanic channel dynamics in the CNRM-
CMS5 climate system model. In eight of the ensemble members,
there are one dominant peak above the 95% significance
level in the power spectral, with typical period of 15-40
years, except the r3ilpi and rl0ilpl, in which show no
significant peak and double peak at periods of 15-20 and 25-50
years, respectively.

During the positive phases of the decadal variability,
the lag correlations between the STIO SSTA and the Indo-
Pacific SSTA show good consistency among the 10 ensemble
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FIGURE 7
Lag correlations between the STIO SSTA in the fall of Year O and the subsurface temperature anomalies in the vertical section along the
equatorial Pacific from the winter of Year O through the fall of Year +1 during positive phases. (A—D) JEDAC. (E-H) cross-model averaged from
CMIPS5 historical simulations. The red and blue shading indicate the 95% significance level of positive and negative correlations, respectively.

members, as revealed by the fact that all of them have
produced the IOD- and ENSO-type teleconnections in winter
of Year 0, and re-emerged in the central-eastern Pacific in
summer and fall of Year +1 (Figure 12). The lag correlations
of SSHA corroborate with those of SSTA, showing eastward
propagation of significant positive correlations from the winter
of Year 0 to the fall of Year +1 in all of the 10 ensemble
members (Figure 13). These results suggest that the oceanic
channel dynamics are consistently robust in the CNRM-CM5
climate models.

In contrast, the lag correlation associated with the
atmospheric bridge processes are not consistent among the
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10 ensemble members in the CNRM-CM5 climate model.
The discrepancy occurs in the lag correlation between the
WEP SZWA and the Indo-Pacific SSTA at the time lag of
1 year, with six ensemble members producing significant
negative correlations span over the entire equatorial Pacific, two
ensemble members producing significant negative correlations
in limited within 150°-120°W, and two ensemble members
without significant correlations (Figure 14). In all of the
ensemble members, there are artificially eastward/westward
propagation of significant correlations along the equatorial/off-
equatorial Pacific (Figure 15). The propagation of the significant
correlation between the WEP SZWA and the Indo-Pacific
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are same as (A—D), but with the ENSO signal removed.

SSHA may attribute to the overestimated atmospheric
bridge processes, thereby making the atmospheric signals
longer lived in the coupled system, which are contradictory
to the observation. The detailed distributions of the lag
correlations associated with oceanic channel dynamics
and atmospheric bridge processes can be found in the

Supplementary Figures 4-8.

Conclusions and summary
In this study, the decadal variabilities of the IOD-

ENSO teleconnection across the Indo-Pacific Ocean are
studied based on running mean lag correlations between the
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SSTA or SSHA in the STIO in fall and the cold tongue
SSTA or SSHA at the 1-year time lag. The analyses have
shown decadal variability of the running lag correlations,
with positive lag correlations generally of larger values and
longer durations and the negative correlations of smaller
value and shorter durations. The dynamics of the IOD-
ENSO teleconnection during the positive correlation phases
of the decadal oscillation are investigated using the historical
simulations of the CMIP5 climate system models. The
skills of the CMIP5 climate models in simulating the
IOD-ENSO teleconnection at the l-year time lag during
the positive phases of the decadal variability are assessed
based on the comparisons of the simulated and observed
lag correlations.
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Composite lag correlations between the WEP SZWA in the fall of Year O and tropical Indo-Pacific SSTA in the fall of Year +1 in NCEP/HadISST
and CMIP5 historical simulations during positive phases. The red and blue shading indicate the 95% significance level of positive and negative
correlations, respectively. Index (A=X) refers to different CMIP5 model as listed in Supplementary Table 1.
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The lag correlations in the CMIP5 model simulations
between the STIO SSTA in fall and the Nino3.4 SSTA
in the next fall show similar decadal variability as in the
observational analyses, suggesting the ability of the models
in simulating the decadal variability of the IOD-ENSO
teleconnection in nature. During the positive phases of the
decadal variability, the lag correlations between the SSTA
in STIO in fall and the SSTA in the equatorial Pacific
cold tongue in the next fall show positive correlations,
above the 95% significance level, in most of the CMIP5
historical runs, consistent with the observational analysis.
The comparisons suggest that the CMIP5 climate models
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are capable of reproducing the IOD-ENSO teleconnection
at the l-year time lag during the positive phases of the
decadal variability. The propagation of sea level anomalies
from the STIO to the central and eastern equatorial Pacific
in the CMIP5 simulations are evidenced by the eastward
movement of the significant positive lag correlations of SSHA
between the STIO in fall and the equatorial Pacific in the
subsequent seasons in CMIP5 historical simulation on average,
suggesting the oceanic channel dynamics at work. The CMIP5
climate models have also simulated successfully the significant
positive lag correlations between the STIO SSTA in fall and
the subsurface temperature anomalies in the following year
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moving eastward from the western Pacific to the eastern Pacific
cold tongue, providing evidence of the oceanic thermocline
processes in connecting IOD with ENSO at the 1-year time
lag. In comparison with the observations, the simulated lag
correlations in the subsurface are deeper and stronger than
in the observations, probably due to a deeper thermocline in
the CMIP5 model simulations. The lag correlation analyses
of the oceanic anomalies of the tropical Indian and Pacific
oceans suggest that most of the CMIP5 climate models have
simulated the oceanic channel dynamics of the IOD-ENSO
teleconnection successfully during the positive phases of the
decadal variability.
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the
western equatorial Pacific SZWA in fall and the tropical
Indo-Pacific SZWA, SSTA, and SSHA in the following
fall are found to be much dispersed among the CMIP5

In contrast, the lag correlations between far

climate models during the positive phases of the decadal
variability. Many CMIP5 models have produced artificial
atmospheric bridge processes across the Indo-Pacific Ocean
in comparison with observational analyses, suggesting
model deficiencies.

In a single climate system model, e.g., the CNRM-CMS5, it
also exists the consistency and discrepancy of lag correlations

associated with oceanic channel dynamics and atmospheric
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Lag correlation between the STIO SSTA/SSHA in fall and the SSTA/SSHA in the Nifio3.4 area in the following fall with a running window of 11
years in different ensemble members in the CNRM-CM5 historical simulations. Shading and curves indicate correlation of SSTA and SSHA,
respectively. The horizontal axis shows window central date. (Right panels) show corresponding power spectral of each ensemble members,
dashed lines indicate the 95% significance level of the power spectra density.

bridge processes, respectively. It is worth mentioning that
more analyses by employing other CMIP5 models would
better reveal the ensemble dispersion of the IOD-ENSO
precursory relationship. Nevertheless, it is sufficient to conclude
that there exists discrepancy of simulated atmospheric bridge
processes in a single climate system model. Meanwhile, although
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we have not gone through all ensemble members of all
CMIP5 models, the consistency of oceanic channel dynamics
is still robust, since all of the analyzed CMIP5 historical
simulations have represent appropriate lag correlations that
associated with oceanic channel dynamics, in agreement with
the observations.
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Numbers of ensemble members of the CNRM-CM5 model with significant positive correlations between the WEP SZWA in fall and the tropical
Indo-Pacific Oceans SSTA in (A) winter of Year 40, (B) spring of Year +1, (C) summer of Year +1, and (D) fall of Year +1. (E-H) are same as (A-D),
but for significant negative correlations.
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Numbers of ensemble members of the CNRM-CM5 model with significant positive correlations between the WEP SZWA in fall and the tropical
Indo-Pacific Oceans SSHA in (A) winter of Year 40, (B) spring of Year +1, (C) summer of Year +1, and (D) fall of Year +1. (E-H) are same as
(A-D), but for significant negative correlations.
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