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The lag correlations between the observed sea surface temperature anomalies

(SSTA) in the southeastern tropical Indian Ocean in fall and those in the

Pacific cold tongue at the one-year time lag are calculated in running

windows of 7–11 years and are shown to have decadal variability. Similar

decadal variability has also been identified in the historical simulations of

the Community Climate System Model version 4 (CCSM4) that participates

in the Coupled Model Intercomparison Project phase-5 (CMIP5). During the

positive phases of the decadal variability, the significant lag correlations are

diagnosed to be dominated by the oceanic channel dynamics, i.e., upwelling

Kelvin waves associated with the Indian Ocean Dipole (IOD) force enhanced

Indonesian Throughflow transport anomalies and western Pacific thermocline

anomalies to propagate eastward, resulting in SSTA in the central-eastern

equatorial Pacific Ocean. During the negative phases of the decadal variability,

the subsurface lag correlations suggest that the western Pacific Ocean are

still dominated by the oceanic channel dynamics, but do not correlate well

with the SSTA in the cold tongue due to a deeper thermocline in the eastern

equatorial Pacific. The IOD-ENSO teleconnection is not a�ected significantly

by the anthropogenic forcing during either the positive or the negative decadal

phases. The CCSM4model is found to underestimate Indonesian Throughflow

transport variability but overestimate the westerly wind anomalies in the

western-central equatorial Pacific, which forces unrealistic anomalies in the

equatorial Pacific Ocean associated with the IOD.
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Introduction

The Pacific and Indian Oceans span over two-thirds of

the global longitudinal domain. The variability of the ocean in

this part of the earth is of great importance to global climate

variability and predictability. The strong interannual modes of

climate variability in the Pacific and the Indian Oceans, the

El Niño-Southern Oscillation (ENSO) and the Indian Ocean

Dipole (IOD), interact with each other through the Walker

Circulation (Klein et al., 1999; Alexander et al., 2002; Clarke

and Gorder, 2003; Lau and Nath, 2003; Lau et al., 2005;

Kug et al., 2006; Luo et al., 2010). This process is called the

atmospheric bridge.

The two oceans are also connected by the Indonesian

Throughflow (ITF). The precursory relation between IOD

and ENSO is suggested recently by Yuan et al. (2011, 2013),

indicating that the upwelling anomalies in the southeastern

tropical Indian Ocean (STIO) during a positive IOD event

propagate through the Indonesian seas and elevate the

thermocline of the western Pacific warm pool. The anomalies

then propagate to the eastern Pacific cold tongue to induce

significant sea surface temperature anomalies (SSTA) and

climate variations at the time lag of 1 year. This process is named

the “oceanic channel” dynamics by Yuan et al. (2011), in contrast

to the atmospheric bridge process.

Enhanced predictability of ENSO at the lead time of 1

year across the spring persistence barrier has been suggested if

anomalies over the tropical Indian Ocean are used as a predictor

(Clarke and Gorder, 2003; Izumo et al., 2010; Luo et al., 2010;

Zhou et al., 2015). Analyses have suggested that about half of

the cold tongue SSTA standard deviation can be predicted at

the one-year lead when IOD anomalies are used as precursors.

Lag correlation analyses have suggested that the oceanic channel

dynamics are important for the interannual predictability of the

tropical Indo-Pacific climate across the spring barrier (Yuan

et al., 2011, 2013, 2017; Xu et al., 2013), the equatorial wave

dynamics of which have been investigated by Yuan et al. (2018).

The oceanic channel dynamics are evidenced by the propagation

of sea level from the STIO to the western equatorial Pacific

Ocean, giving rise to the significant lag correlations between

the oceanic anomalies in STIO in fall and those in the Pacific

equatorial vertical section and in the cold tongue at the one-year

time lag (Yuan et al., 2013). Recent studies have also suggested

that the IOD-ENSO teleconnection is subject to decadal and

multi-decadal variations (Xu et al., 2013; Izumo et al., 2014;

Xu and Yuan, 2015), the dynamics of which are not clear

at present.

The decadal variability of the IOD-ENSO precursory

teleconnection has been shown to have positive and negative

phases alternatively by Xu and Yuan (2015), using the long

time series of the Simple Ocean Data Assimilation (SODA)

data. The results have shown that the oceanic channel dynamics

prevail during both the positive and negative phases of

the decadal variability. Deeper thermocline in the eastern

equatorial Pacific was identified during the negative phases of

the decadal variability than during the positive phases, which

explains the disappearing or even reversing of the IOD-ENSO

precursory relation.

The SODA data are a forced ocean assimilation not

dynamically consistent in general. In this study, the experiments

of the Community Climate System Model version 4 (CCSM4)

that participates in the Coupled Model Intercomparison Project

phase-5 (CMIP5) are used to evaluate the skills of the model

in simulating the IOD-ENSO precursory relation during the

positive phases of the decadal variability. The dynamics of the

inter-basin precursory relation are investigated and the skills of

the models in simulating the precursory relation through the

oceanic channel and the atmospheric bridge are assessed.

The paper is organized as the following. Section Data

and model introduces the observational data and the model

simulations used in the study. Section Results presents the

results of the lag correlation analyses of the CCSM4 model

simulations during the positive phases of the decadal variability,

which are compared with the analyses based on observational

data. Comparisons of the oceanic channel dynamics during

the positive and negative phases of the decadal variability

and the effects of the anthropogenic forcing are discussed in

Section Discussions. Conclusions are summarized in Section

Conclusions of this paper.

Data and model

Gridded observational data

The observed sea surface temperature (SST) data used in this

study are the Hadley Center sea Ice and SST data (HadISST)

covering the global ocean from 1870 to near present with a

resolution of 1◦ longitude by 1◦ latitude (Rayner et al., 2003), the

extended reconstruction of global SST (ERSST V3b) covering

the global ocean from 1854 to present on a 2◦ × 2◦ horizontal

grid (Smith et al., 2008), and the Kaplan SST (Version 2.0)

covering the global ocean from 1856 to present on a 5◦ ×

5◦grid (Kaplan et al., 1998). The sea surface height data are

the merged altimeter data from the Aviso project on a global

grid of 1/3◦ longitude by 1/3◦ latitude resolution from 1993 to

present. The subsurface temperature data are on a grid of 5◦

longitude by 2◦ latitude at 11 levels from 1990 to 2003, which

are obtained from the Joint Environmental Data Analysis Center

of the Scripps Institution of Oceanography (White, 1995). The

National Center for Environmental Prediction/National Center

for Atmospheric Research (NCEP/NCAR) reanalysis surface

wind data are on a 2.5◦ × 2.5◦ grid from 1948 to present (Kalnay

et al., 1996).
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FIGURE 1

Decadal variability of the IOD-ENSO correlation at the one-year

time lag in HadISST, ERSST, and Kaplan SST data. The lag

correlations between the SSTA in STIO in fall and the Niño3.4

SSTA in the following fall are calculated in 7-year (A), 9-year (B),

and 11-year (C) sliding windows, with the vertical axis showing

window central year. Horizontal dashed lines indicate 95%

confidence level. The bottom panel (D) shows the power

spectra of the lag correlations in the 7-year sliding window with

statistics calculated from 1945 to 2009. Dash curves indicate

95% confidence level based on the Student’s-t test. Vertical lines

mark the positive and negative phase periods.

Observations of the ITF transport

The only long-term measurement of the ITF transport in

existence to date is the geostrophic transport based on the

XBT data along the IX1 section between the western Australia

and the Java island since 1987. The geostrophic transport is

in reference to the 700m level-of-no-motion, with a statistical

temperature-salinity relation based on historical hydrographic

data employed in the calculation (Meyers et al., 1995; Meyers,

1996; Wijffels and Meyers, 2004; Wijffels et al., 2008; Yuan

et al., 2013). Interannual monthly anomalies of the ITF transport

are calculated based on the monthly climatology from 1987

to 2008.

The CCSM4 model experiments

The model used in this study is the fourth version of the

Community Climate System Model (CCSM4; Gent et al., 2011),

which is composed of four geophysical models simulating the

earth’s atmosphere (the Community Atmosphere Model version

5; Neale et al., 2013), ocean (the Parallel Ocean Program version

TABLE 1 Comparison of the means and standard deviations of the

7-year running lag correlations during the positive and negative

phases based on the three SST datasets.

HadISST ERSST Kaplan SST

Mean STD Mean STD Mean STD

Positive 0.40 0.29 0.41 0.27 0.39 0.30

Negative −0.32 0.20 −0.24 0.31 −0.19 0.29

Positive phases: 1946–1965, 1992–2009, total 38 years.

Negative phases: 1968–1979, 1984–1989, total 18 years.

2; Smith et al., 2010), land surface (the Community Land Model

version 4; Lawrence et al., 2011), and sea-ice (the Los Alamos Sea

Ice Model; Hunke and Lipscomb, 2008). The communications

among the four component models are coordinated by a coupler

(CPL7; Craig et al., 2012). The ocean component of CCSM4

uses a grid with a varying latitudinal resolution, increasing from

0.54◦ poleward of 33◦ N and 33◦S to 0.27◦ near the equator, a

uniform 1.125◦ longitudinal resolution, and 60 irregular vertical

levels. A horizontal grid of zonal 1.25◦ by meridional 0.9◦ is

used in the atmospheric component of CCSM4, which contains

26 layers in the vertical direction. CCSM4 is found to have

a few improvements in the periodicity, range, amplitude, and

duration simulations of ENSO and IOD events, compared

to its predecessor CCSM3 (Gent et al., 2011; Deser et al.,

2012).

The long-term “historical” and “historicalNat” simulations

of CCSM4 of the CMIP5 project are used in this study (Taylor

et al., 2012). In the CMIP5 project, the performance of the

coupled models of the international communities is compared

following a standard experimental protocol (Meehl and Bony,

2011). A set of model simulations are promoted to evaluate the

skills of the coupled models in simulating the recent past and

projecting the climate change in the near and long future. All of

the six ensemble member historical experiments are forced with

both the anthropogenic and natural radiative conditions, and

all of the four ensemble member historicalNat experiments are

forced only with the natural forcing, which are used to conduct

the analyses in this study. Both the historical and historicalNat

experiments were initialized randomly (Taylor et al., 2012) and

have covered the industrial period from the mid-19th century to

the present.

Statistical analysis

In this study, several used indices are as follows. The Niño3.4

index is calculated as the area-averaged SSTA in the equatorial

central-eastern Pacific Ocean (5◦S-5◦N, 170◦W-120◦W). The

Dipole Mode Index (DMI) is defined as the difference of

area-averaged SSTA between the southeastern (10◦S-equator,
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FIGURE 2

Decadal variability of the IOD-ENSO lag correlations in CCSM4 simulations (all six ensemble experiments). The lag correlations between the

SSTA in STIO in fall and the Niño3.4 indices in the following fall are calculated in all six historical ensemble cases (A–F) in 7-year (solid curve),

9-year (dash curve), and 11-year (dash dot curve) sliding windows. Horizontal dashed lines indicate the positive and negative phases (positive lag

correlations above the upper dashed line and negative phased under the lower dashed line). The right column shows the power spectra of the

lag correlations in the 7 years sliding window with statistics calculated based on all the six ensemble experiments. Dash curves indicate 95%

confidence level based on the Student’s-t test.

90◦E-110◦E) and the western (10◦S-10◦N, 50◦E-70◦E) tropical

Indian Ocean areas (Saji et al., 1999).

Throughout the paper, the lag correlation is calculated

between the area-averaged oceanic anomalies in STIO (10◦S-

equator, 90◦E-110◦E) or the surface zonal wind anomalies

(SZWA) in fall over the far western equatorial Pacific (5◦S-5◦N,

130◦E-150◦E) in boreal fall and the anomalies over the Indo-

Pacific Oceans in the following four seasons. Boreal seasons,

defined as winter (the last December to February), spring (March

to May), summer (June to August), and fall (September to

November), are used throughout this paper.Wewill call the IOD

year Year 0 and the year following it Year +1. The composite

lag correlation analyses are applied in the study, while the

time series during positive or negative phases are concatenated

after normalized, respectively. In the CCSM4 simulations, the

positive or negative phases are determined in each individual

ensemble member before concatenated together. The partial

correlation analyses are used in removing the ENSO signals.

The confidence levels of the correlations and the spectra are

computed based on the Student’s-t test and the red noise

test, respectively.

Results

In this section, the decadal variability of the IOD-ENSO

precursory relation at the one-year time lead is first analyzed

based on the SST observations. The simulated decadal variability

in the CCSM4 experiments is then evaluated in comparison

with the observational analysis, based on which the dynamics

and predictability of the IOD-ENSO teleconnection during the

positive and negative decadal phases and their modification by

the anthropogenic forcing are investigated.

Decadal variability of the IOD-ENSO
teleconnection

The positive IOD peaks in fall with significant upwelling

anomalies generated in STIO, which propagate into the

Indonesian seas in the form of coastal Kelvin waves. The

lag correlations between the SSTA in STIO in fall and the

Niño3.4 SSTA at the one-year time lag have been calculated

in running windows of 7, 9, and 11 years, showing consistent
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FIGURE 3

Comparison of the observed [(A); HadISST] and simulated (B)

regression coe�cients between the DMI index and the SSTA in

the Indian Ocean and between the Niño3.4 index and the SSTA

in the Pacific Ocean. The simulated regression coe�cients are

calculated based on the simulated DMI and Niño3.4 index.

Bottom panels (C) show the power spectra of the observed and

simulated Niño3.4 and DMI indices, respectively. Dash curves

indicate 95% confidence level based on the red noise test.

decadal variations in the three observational SST datasets,

i.e., HadISST, ERSST, and Kaplan SST (Figure 1). The 7, 9,

and 11-year running lag correlations are consistent with each

other, with the 11-year running correlations basically the

smoothed variability of the 7 and 9-year running correlations.

The differences of the running lag correlations among the

three SST datasets are larger before than after the 1950’s,

probably due to the low quality of the SSTA observations

before WWII. All of the three SST datasets indicate that

the IOD-ENSO lag correlation is strongly positive during the

latest decades since the 1990’s, consistent with the analysis

of Yuan et al. (2013). In this study, the time series during

1946–1965 and 1992–2009, two of the latest positive phases

of the decadal variability (periods of the positive running lag

correlations), are normalized and concatenated to conduct the

lag correlation calculation. Due to the short running windows,

the lag correlations in Figure 1 generally do not pass the 95%

confidence test. However, the lag correlations between the

STIO SSTA in fall and the Niño3.4 SSTA at the one-year lag

based on the normalized and concatenated time series are

statistically significant (see Subsection Lag correlations of SSTA).

In addition, the spectra have shown that the running correlations

have decadal oscillations above the 95% confidence level at

10–20 years.

The running lag correlations are negative during some of the

decades, suggesting that El Niños sometimes followed positive

IODs and La Niñas followed negative IODs at the one-year time

lag. Thus, the IOD-ENSO relations during the negative phases

of the decadal variability are different from those during the

positive phases. The running lag correlations have shown that

the negative phases of the decadal variability are weaker and of

short duration than the positive phases over the past 150 years or

so, with coefficients of skewness of 11-year running correlations

are−0.19 for HadISST,−0.15 for ERSST and−0.23 for Kaplan

SST respectively. The means and standard deviations of the 7-

year running correlations are all consistently larger during the

two positive phases than during the two latest negative phases of

1968–1979 and 1984–1989 for all three SST datasets (Table 1).

There is also a trend that the negative lag correlations are

getting weaker and of shorter duration while the positive lag

correlations are getting stronger and of longer duration over

the latest decades. The linear trends of the 7-year running lag

correlations are 0.0040 per year, 0.0032 per year, and 0.0044

per year for the HadISST, ERSST, and Kaplan SST datasets,

respectively. For these reasons, we will focus on the IOD-

ENSO teleconnection during the positive phases of the decadal

variability in this paper.

Model validation

All of the six ensemble member experiments of the

CCSM4 historical simulation exhibit decadal variability of the

IOD-ENSO precursory relation, as evidenced by the decadal

variability of the lag correlations calculated in the 7–11 year

running windows between the simulated STIO SSTA in fall

and the Niño3.4 SSTA at the one-year lag (Figure 2). The

amplitudes and phases of the decadal variability in each

ensemble experiments are different due to different initial

conditions of the simulations. The spectra of the running lag

correlations in all six ensemble experiments clearly indicate the

existence of the decadal variability at periods of 10–20 years.

The agreement of the simulated and the observed periods of

the decadal variability suggests that the CCSM4 simulations can

be used to investigate the dynamics of the decadal IOD-ENSO

teleconnection variability.

The regression coefficients between DMI with SSTA in the

Indian Ocean and those between Niño3.4 index with SSTA in

the Pacific Ocean show zonal dipole patterns in the two basins

(Figure 3). The similar dipole patterns in the simulation and

in the observations suggest that the IOD and ENSO spatial

patterns are simulated well by the CCSM4 coupled system. The

model is also able to simulate the periodicity of ENSO well.

The simulated periodicity of IOD is slightly longer than the

observed, probably due to stronger dominance of ENSO in the

model simulations.
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FIGURE 4

Comparison of observed (left column) and simulated (right column) lag correlations between the SSTA in STIO in fall and the tropical

Indo-Pacific SSTA in the following four seasons during the positive phases of the decadal variability (from 1945 to 2009 in the observation). (A)

Winter (December to February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September to November). The contour

interval is 0.3. Red and blue shades indicate 95% confidence level of positive and negative correlation, respectively. The model correlations are

nearly everywhere above the 95% significance level due to the long time series.

Lag correlations of SSTA

The six ensemble members of the CCSM4 historical

simulation have been analyzed and their correlations are

calculated based on the normalized and concatenated time series

during the positive phases of the decadal variability for each

of the ensemble experiments. All six ensemble members share

nearly the same lag correlation patterns between the SSTA

(SSHA) in STIO in fall and the tropical Indo-Pacific SSTA

(SSHA) in the following four seasons during different phases of

the decadal variability. Therefore, only the lag correlations based

on the normalized and concatenated SSTA time series of all of

the six ensemble CCSM4 historical simulations are presented

for analysis.

The lag correlations between the STIO SSTA in fall and the

Indo-Pacific SSTA in the following winter through fall seasons

based on the concatenated SSTA time series during the positive

phases of the decadal variability in the HadISST data and in

the six ensemble CCSM4 historical simulations are compared in

Figure 4. The observational analyses are based on the HadISST

anomalies during positive phases of the decadal variability since

1945. The significant lag correlations in winter both in the

observations and in the model show negative correlations in

the eastern Pacific, but positive correlations in the western

Pacific and eastern Indian Oceans, consistent with the IOD

and ENSO dipole patterns (Figure 4A). These patterns can be

explained by the fact that IOD frequently occur in synchrony

with ENSO.

The lag correlations in the observations and in the model in

the equatorial zone fall both decrease in spring, consistent with

the existence of the spring barrier. Significant lag correlations,

exceeding the 95% confidence level, but with an opposite sign

to those in winter, appear in the central equatorial Pacific in

the observations and in the central-to-eastern equatorial Pacific
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FIGURE 5

Comparison of observed (left column) and simulated (right column) lag correlations between the SSHA in STIO in fall and the tropical

Indo-Pacific SSHA in the following four seasons during the positive phases of the decadal variability (from 1993 to 2009 in the observation). (A)

Winter (December to February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September to November). The contour

interval is 0.3. Red and blue shades indicate 95% confidence level of positive and negative correlation, respectively. The model correlations are

nearly everywhere above the 95% significance level due to the long time series.

cold tongue in the model in the fall of Year +1, which suggest

that some ENSO events can be predicted effectively at the one-

year time lead if IOD is used as a precursor during the positive

decadal phases.

It is noticed that the lag correlations in the cold tongue

in the fall of Year +1 in the model are stronger and over a

larger longitudinal domain than in the observations (Figure 4D).

The reason of the difference will be discussed in detail later

in Subsection Effects of the atmospheric bridge, which is due

to unrealistic wind simulations in the model during the decay

phase of the ENSO and IOD events.

Because of the long distance and the potential low

penetration rate of the Kelvin wave signals from the Indian

Ocean through the Indonesian seas, the effects of the IOD

on the cold tongue SSTA are believed to be amplified by the

coupled ocean and atmosphere interaction over the tropical

Pacific Ocean (Yuan et al., 2011). Therefore, the majority of

the ENSO signals are produced by the coupled amplification

over the tropical Pacific Ocean. If we should remove the ENSO

signal associated with the Niño3.4 index from the SSTA, which

is essentially equivalent to the removal of the coupling effects,

the lag correlations between the STIO SSTA in fall and the

cold tongue non-ENSO SSTA at the one-year time lag are still

significant (figure omitted, see Yuan et al., 2013). The analyses

suggest that the IOD-cold tongue SSTA teleconnection at the

one-year time lag during the positive phases of the decadal

variability is robust.

Lag correlations of SSHA

The lag correlations between the STIO sea surface height

anomalies (SSHA) in fall and the Indo-Pacific SSHA in the

following winter through fall seasons based on the normalized

and concatenated time series during the positive phases of

the decadal variability in all of the six ensemble CCSM

Frontiers inClimate 07 frontiersin.org

https://doi.org/10.3389/fclim.2022.1043305
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Yuan et al. 10.3389/fclim.2022.1043305

FIGURE 6

Comparison of observed (left column) and simulated (right column) lag correlations between the SSTA in STIO in fall and the temperature

anomalies in the Pacific equatorial vertical section in the following four seasons during the positive phases of the decadal variability (from 1990

to 2003 in the observation). (A) Winter (December to February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September

to November). The contour interval is 0.3. Red and blue shades indicate 90% confidence level of positive and negative correlation, respectively.

The model correlations are nearly everywhere above the 95% significance level due to the long time series.

historical simulations are calculated in Figure 5. The area-

averaged SSHA in STIO in fall are used to represent the IOD

Kelvin waves. The lag correlations of the observed SSHA are

calculated based on the satellite altimeter data since 1993. The

lag correlations of the CCSM4 simulations on the equator

are in good agreement with those based on satellite altimeter

data. The SSHA lag correlations in the winter of Year 0 show

the IOD and ENSO dipole patterns similar to the SSTA lag

correlations, with the lag correlations in the western Indian

Ocean and the eastern Pacific cold tongue in opposite signs

with those in the eastern Indian Ocean and the western Pacific

(Figure 5A). The lag correlations in spring through summer

suggest eastward propagation of correlated SSHA from the

STIO to the western equatorial Pacific through the Indonesian

seas both in the model and in the observations (Figure 5B).

The propagation of the upwelling anomalies then elevate the

thermocline and produce subsurface temperature anomalies in

the western and central-eastern equatorial Pacific Ocean in the

summer and fall of Year +1 as indicated by the movement of

the significant positive correlations in Figures 5C,D. The narrow

meridional bands of the propagating significant correlations

suggest the influence of the equatorial Kelvin waves. The above

comparisons suggest that CCSM4 is capable of simulating the

essential structure of the oceanic channel dynamics in the

historical experiments.

The SSHA lag correlations in the cold tongue in the fall of

Year+1 are also stronger and over a larger longitudinal domain

in the model than in the observations, as are the SSTA lag
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FIGURE 7

Lag correlations between the ITF transport anomalies and the Niño3.4 indices (A–C) or DMI (D–F) in the observations and in CCSM4 simulations.

The observed (simulated) ITF transport is the geostrophic transport above the main ocean thermocline across the IX1 section between western

Australia and Java in reference to the 700m level-of-no-motion based on the XBT data (CCSM4 simulations). (A,D) are based on observational

data; (B,E) are based on the CCSM4 simulations during the positive phases of the decadal variability; (C,F) are based on the CCSM4 simulations

during the negative phases of the decadal variability. Solid and dashed horizontal lines represent the 95% and 99% confidence levels, respectively.

correlations. The reason of the difference will be explained in

Subsection Effects of the atmospheric bridge, which is due to

model deficiency in simulating the atmospheric bridge.

To examine the dependence of the lag correlations with

ENSO, the ENSO signals associated with Niño3.4 index

had been removed from the Indo-Pacific SSHA time series.

The lag correlations in the equatorial band of the Pacific

Ocean remain significant without the ENSO signals (figure

omitted), suggesting that the oceanic channel dynamics are

independent of the air-sea coupling within the tropical

Pacific basin.

Subsurface lag correlations

The lag correlations between the SSTA in STIO in fall

and the subsurface temperature anomalies in the equatorial

Pacific vertical section in the following winter through fall

based on the concatenated time series during the positive

phases of the decadal variability in the six ensemble CCSM

historical simulations are shown in Figure 6. The oceanic

channel dynamics are suggested by the lag correlations in the

subsurface equatorial Pacific Ocean, showing a dipole pattern

with positive values in the western basin and negative in the east

in winter (Figure 6A), which become insignificant in the surface

in spring, but remain significant and propagate to the east

in the subsurface (Figures 6B–D). The subsurface correlations

reach the surface in the eastern Pacific cold tongue in the

summer through fall of Year +1, producing the significant

SSTA and SSHA lag correlations at the one-year time lag in

Figures 4, 5. These subsurface lag correlations and their eastward

propagation in the observations has been well reproduced by

the CCSM4 simulations, except that the simulated subsurface

lag correlations are much stronger than the observational

results. The potential predictability of ENSO beyond the spring

barrier apparently lies in the subsurface connections across

the equatorial Pacific basin. The overly stronger subsurface

connection in the CCSM4 simulations than in the observations

are erroneous and are consistent with the simulated stronger

correlations between the STIO SSTA (SSHA) in fall and the SSTA

(SSHA) in the eastern Pacific cold tongue at the one-year time lag

(Figures 4, 5). The reason will be explained in Subsection Effects

of the atmospheric bridge.

The lag correlations between the STIO SSTA in fall and the

subsurface temperature anomalies in the Pacific vertical section

with the ENSO signals removed show similar distributions

of the positive correlations in the vertical section in the

spring to summer of Year +1, except that the areas of the

Frontiers inClimate 09 frontiersin.org

https://doi.org/10.3389/fclim.2022.1043305
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Yuan et al. 10.3389/fclim.2022.1043305

FIGURE 8

Comparison of observed and simulated lag correlations of ITF transport anomalies in fall with the SSHA over the Indo-Pacific Ocean in the

following four seasons during the positive phases of the decadal variability. The observed (simulated) ITF transport is the geostrophic transport

above the main ocean thermocline across the IX1 section between western Australia and Java in reference to the 700m level-of-no-motion

based on the XBT data (CCSM4 simulations). (A) Winter (December to February), (B) spring (March to May), (C) summer (June to August), (D)

autumn (September to November). The contour interval is 0.3. Red and blue shades indicate 95% confidence level of positive and negative

correlation, respectively.

significant correlations are smaller (figure omitted). These lag

correlation calculations confirm the existence of the oceanic

channel dynamics and its independence from the tropical air-sea

coupling both in the model and in the observations.

Variability of the ITF

The ITF volume transport and its interannual anomalies

across the IX1 section are integrated by the geostrophic velocities

above the main thermocline, which are calculated in reference

to the 700m level of no motion across the IX1 section from

the CCSM4 simulations. The ITF transport anomalies above the

main ocean thermocline have exhibited similar lag correlations

with the Niño3.4 and DMI indices as the observational analyses

based on the geostrophic transport above the main ocean

thermocline do (Figure 7). The lag correlations between the

simulated ITF transport anomalies and the simulated DMI

index during the positive phases of the decadal variability are

smaller than the observational analyses when ITF anomalies lead

the DMI (Figures 7D,E). Similar differences also exist during

the negative phases of the decadal variability. The differences

suggest model deficiencies in simulating the IOD events or

the ITF anomalies or both. Overall, the CCSM4 model has

simulated a similar association of the ITF transport anomalies

with the Niño3.4 and DMI indices, suggesting the model skills

in simulating the oceanic channel dynamics between the Pacific

and the Indian Oceans.

The model has simulated a mean ITF geostrophic transport

of 8.7 Sv (1 Sv = 106 m3 s−1) from the Pacific Ocean

to the Indian Ocean during the positive phases of the

decadal variability, which are consistent with the observed

9.1 Sv mean geostrophic transport. The CCSM4 experiments

have produced a standard deviation of the ITF interannual
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FIGURE 9

Comparison of observed (left column) and simulated (right column) lag correlations between the SZWA over the far western equatorial Pacific in

fall and the tropical Indo-Pacific SZWA in the following four seasons during the positive phases of the decadal variability (from 1948 to 2009 in

the observation). (A) Winter (December to February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September to

November). The contour interval is 0.3. Red and blue shades indicate 95% confidence level of positive and negative correlation, respectively.

transports of 5.1 Sv during the positive phases of the decadal

variability, in comparison with a standard deviation of 6.7 Sv

in the observations. During the negative phases, the mean

ITF transport and the standard deviation of its interannual

anomalies are 8.8 Sv and 5.3 Sv, respectively. Evidently, the

simulated interannual anomalies of the ITF geostrophic

transport are significantly smaller than the observed.

The simulated weaker interannual anomalies of the ITF

transport are in contrast to the stronger lag correlations in

the subsurface of the equatorial Pacific vertical section in

the model than in the observations (Figure 6). The stronger

subsurface lag correlations are also in agreement with the

stronger lag correlations between the SSTA and SSHA in STIO

in fall and those in the cold tongue at the one-year time

lag in the model than in the observations. This contradiction

between the weaker ITF anomalies and the stronger lag

correlations in the simulations than in the observations is

found to be due to an overestimated atmospheric bridge in the

CCSM4 climate system model, which will be discussed in the

next subsection.

The simulated oceanic channel dynamics from IOD to

ENSO at the one-year time lag are indicated by the lag

correlations between the ITF transport anomalies in fall and the

SSHA anomalies over the tropical Indo-Pacific Oceans during

the positive phases of the decadal variability (Figure 8). The

propagation of the Kelvin waves from STIO to the western

equatorial Pacific Ocean and further to the east is indicated

by the movement of the significant lag correlations. The lag

correlations in Figure 8 and those of the SSHA in Figure 5

suggest strongly that the oceanic channel dynamics are at work

connecting the IOD with the ENSO events at the one-year

time lag.

E�ects of the atmospheric bridge

Existing analyses of the atmospheric bridge process has

had the oceanic channel dynamics incorporated by using the

correlations between atmospheric anomalies and DMI, which

contains the upwelling information in STIO. Yuan et al.
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FIGURE 10

Comparison of observed (left column) and simulated (right column) lag correlations between the SZWA over the far western equatorial Pacific in

fall and the tropical Indo-Pacific SSTA in the following four seasons during the positive phases of the decadal variability (from 1948 to 2009 in

the observation). (A) Winter (December to February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September to

November). The contour interval is 0.3. Red and blue shades indicate 95% confidence level of positive and negative correlation, respectively.

(2013) have suggested correlating the Pacific atmospheric and

ocean anomalies with the wind anomalies over the far western

equatorial Pacific to examine the variations of the Walker

Circulation connecting the interannual variability over the

Indian and Pacific Oceans.

The lag correlations between the surface zonal wind

anomalies (SZWA) averaged over the far western equatorial

Pacific (5◦S-5◦N, 130◦E-150◦E) in fall with the SZWA over

the Indo-Pacific oceans in the following winter through fall,

based on the concatenated time series during the positive

phases of the decadal variability in the observations and in the

six ensemble CCSM4 historical simulations, are compared in

Figure 9. The CCSM4 experiments have produced significant

positive lag correlations in the eastern equatorial Pacific, and

significant negative correlations in the west in the summer-

fall of Year +1, which are not supported by the observational

analyses at all. Evidently, CCSM4 is deficient in simulating the

observed atmospheric bridge processes across the Indo-Pacific

oceans. The comparisons of the lag correlations in the western-

central equatorial Pacific Ocean with the observational analyses

suggest that unrealistic westerly wind anomalies are produced

over the equatorial Pacific in the CCSM4 simulations in

Year +1, which generate downwelling equatorial Kelvin waves

propagating eastward and upwelling equatorial Rossby waves

propagating westward. This wind patch produces the stronger

subsurface lag correlations in the model than in the observation

in Figure 6 and the stronger lag correlations in the cold tongue

at the one-year time lag in Figures 4, 5. The weaker ITF

anomalies are evidently overwhelmed by the unrealistic wind

patch so that artificially stronger subsurface anomalies in the

equatorial vertical section of the Pacific Ocean in CCSM4

are generated.

Due to the overestimated atmospheric bridge, the lag

correlations between the SZWA over the far western equatorial

Pacific in fall and the cold tongue SSTA in the spring

through fall of Year +1 are all much stronger than in
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FIGURE 11

Comparison of lag correlations between the SSTA in STIO in fall and the tropical Indo-Pacific SSTA in the following four seasons for the positive

(left column) and negative (right column) phases of the decadal variability in the CCSM4 historical simulations. (A) Winter (December to

February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September to November). The contour interval is 0.3. Red and

blue shades indicate 99% confidence level of positive and negative correlation, respectively.

the observations (Figure 10). So are the lag correlations

between the SZWA over the far western Pacific in fall

and the SSHA in the cold tongue at the one-year time

lag (figure omitted). The comparisons confirm the model

deficiency in simulating the atmospheric bridge processes in

the observations.

Discussions

The lag correlations of all six historical simulations of

CCSM4 during the negative phases of the decadal variability

have been compared with those during the positive phases.

The lag correlations between the SSTA in STIO in fall

and the tropical Indo-Pacific SSTA in the following winter

show nearly the same teleconnection patterns during the

positive and negative phases of the decadal variability, with

significant positive correlations in the western Pacific and

eastern Indian Oceans and significant negative correlations in

the equatorial Pacific cold tongue and in the western Indian

Ocean (Figure 11). The comparison suggests that the ENSO-

IOD relations at near-zero time lags are the same during

either phase of the decadal variability. The lag correlations

during the ensuing spring through fall, however, are significantly

different. In particular, the significant lag correlations in the

cold tongue in the fall of Year +1 in the positive phases of the

decadal variability become negative or vanishingly small in the

negative phases.

Similar differences are also identified between the SSHA

lag correlations in the positive and negative phases of the

decadal variability, with similar lag correlations between the

SSHA in STIO in fall and the tropical Indo-Pacific SSHA in

the following winter, but significantly different lag correlations

between the SSHA in STIO in fall and the cold tongue SSHA

in the following spring through fall of Year +1 (Figure 12).

The differences are because the thermocline in the cold tongue

is deeper during the negative phases than during the positive

phases of the decadal variability (Figure 13), so that the
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FIGURE 12

Comparison of lag correlations between the SSHA in STIO in fall and the tropical Indo-Pacific SSHA in the following four seasons during the

positive (left column) and negative (right column) phases of the decadal variability in the CCSM4 historical simulations. (A) Winter (December to

February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September to November). The contour interval is 0.3. Dark and

light shades indicate 99% confidence level of positive and negative correlation, respectively.

SSTA are less dictated by the oceanic channel dynamics. The

decoupling of the SSTA with the thermocline anomalies results

in weakened lag correlations in the cold tongue at the 1-year

time lag.

The overestimated atmospheric bridge processes have

been identified both in the positive and negative phases of

the decadal variability (Figure 14), with similar patterns of

significant lag correlations between the SZWA in the far western

equatorial Pacific and the SZWA in the central equatorial

Pacific, which are not supported by the observational analyses

(Figure 9). Therefore, the model deficiencies are suggested

to prevail in both the positive and negative phases of the

decadal variability.

The effects of the anthropogenic forcing on the decadal

variability of the IOD-ENSO lag teleconnection is investigated

using the historicalNat ensemble experiments in comparison

with the results in the historical simulation experiments. The

lag correlations of SSTA in STIO in fall with the SSTA over

the Indo-Pacific Ocean in the following year or so are nearly

unchanged during the positive and the negative phases of the

decadal variability (Figures 11A,D, 15A,B). The correlations

between SSHA in STIO in fall and the cold tongue SSHA

at the one-year lag are also nearly unchanged during both

phases of the decadal variability (Figures 12A,D, 15C,D), which

are consistent with the SSTA lag correlations. The oceanic

channel dynamics of the Indo-Pacific Ocean still prevail in

the historicalNat experiments. The comparisons suggest that

the anthropogenic forcing has small effects on the IOD-

ENSO teleconnection.

Conclusions

Based on lag correlation analyses of the observed and

simulated SSTA in running windows of 7–11 years, the decadal

variability of the IOD-ENSO precursory relation at the one-

year time lag is identified. The dynamics of the IOD-ENSO

precursory relation during the positive phases of the decadal
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FIGURE 13

Comparison of the mean vertical temperature distribution in the equatorial Pacific vertical section during the positive (A) and negative (B) phases

of the decadal variability in the CCSM4 historical simulations. (C) Is the di�erence of (B,A). Unit is ◦C.

variability are investigated using lag correlations of the CCSM4

climate system model experiments that participate in the

CMIP5 project. The model experiments are shown to simulate

the observed periodicity and spatial patterns of the ENSO

events well. The simulated periodicity of IOD events still

has sizable deviations from the observations. However, the

spatial pattern and the correlation between ENSO and IOD

have been simulated faithfully by the CCSM4 experiments,

suggesting that the dynamics of the IOD-ENSO precursory

relation can be investigated using the model experiments as

a proxy.

The model has reproduced well the significant lag

correlations between the SSTA in STIO in fall and the SSTA

in the cold tongue in the eastern equatorial Pacific 1 year

later during the positive phases of the decadal variability, in

agreement with the observational analyses. The propagation of

positive lag correlations, generated by the propagation of the

SSHA anomalies from STIO to the Indonesian seas, inducing

ITF transport anomalies and subsurface temperature anomalies

in the western equatorial Pacific Ocean, are also simulated well

by the model. The propagation of the SSHA lag correlations

across the Indo-Pacific basins and the significant lag correlations
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FIGURE 14

Comparison of lag correlations between the SZWA over the far western equatorial Pacific in fall and the tropical Indo-Pacific SZWA in the

following four seasons during the positive (left column) and negative (right column) phases of the decadal variability in the CCSM4 historical

simulations. (A) Winter (December to February). (B) Spring (March to May). (C) Summer (June to August). (D) Autumn (September to November).

The contour interval is 0.3. Red and blue shades indicate 99% confidence level of positive and negative correlation, respectively.

between the STIO and the eastern Pacific oceanic anomalies

are consistent with the observational analyses. The precursory

relation between IOD and ENSO at the one-year time lead is

due to the oceanic channel dynamics through the Indonesian

Seas, namely the ITF variability.

The CCSM4 experiments are found to produce stronger lag

correlations between the STIO and the eastern equatorial Pacific

oceanic anomalies and over a larger longitudinal domain in the

central-eastern equatorial Pacific than the observational analyses

have suggested. In contrast, the simulated interannual anomalies

of ITF geostrophic transport are noticeably smaller than the

observed across the IX1 section in STIO. Analyses have shown

that the difference is due to unrealistic westerly wind anomalies

over the western-central equatorial Pacific in the year following

IOD in the CCSM4 simulations, which generate unrealistic

downwelling Kelvin waves in the western equatorial Pacific to

propagate to the east and produce the higher lag correlations

between the SZWA in the far western equatorial Pacific and the

cold tongue SSTA at the 1 year time lag in the model than in

the observations.

The lag correlations in the observations have shown that the

SZWA in the far western equatorial Pacific that bottleneck the

Walker Cell interactions over the Indian and the Pacific Oceans

do not have significant correlations with the Pacific anomalies at

the one-year time lag, suggesting that the so-called atmospheric

bridge is not the primary process that control the IOD-ENSO

precursory relation at the one-year time lag. The unrealistic lag

correlations in the CCSM4 simulations between the SZWA in

the far western equatorial Pacific and those in the cold tongue at

the one-year time lag suggest model deficiency in simulating the

atmospheric bridge processes. The analyses thus suggest that the

CCSM4 experiments have underestimated the oceanic channel

dynamics and overestimated the atmospheric bridge.

The dominance of the oceanic channel dynamics over the

predictability of ENSO at the one-year lead time underlines

the importance of simulating the ITF interannual transport
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FIGURE 15

Comparison of lag correlations between the SSTA or SSHA in STIO in fall and the tropical Indo-Pacific SSTA or SSHA during the positive (left

column) and negative (right column) phases of the decadal variability in the CCSM4 historicalNat simulations. (A) Lag correlations of SSTA in the

winter of Year 0. (B) Lag correlations of SSTA in the fall of Year +1. (C) Lag correlations of SSHA in the winter of Year 0. (D) Lag correlations of

SSHA in the fall of Year +1. The contour interval is 0.3. Red and blue shades indicate 99% confidence level of positive and negative correlation,

respectively.

anomalies correctly in climate system models. The analyses

of this study suggest that the CCSM4 model needs to

be improved to simulate realistic ITF transport anomalies.

Higher spatial resolution and less diffusion of the model

might be the remedy. In addition, the model has evidently

produced an unrealistic atmospheric connection between

the tropical Indian and the Pacific Oceans. Rectification

of this error across the Indonesian maritime continent is

needed to improve the model skills of simulating and

predicting ENSO.
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