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ABSTRACT: The complex interaction between the Indian Ocean dipole (IOD) and El Niño–Southern Oscillation

(ENSO) is further investigated in this study, with a focus on the impacts of the IOD on ENSO in the subsequent year

[ENSO(11)]. The interaction between the IOD and the concurrent ENSO [ENSO(0)] can be summarized as follows:

ENSO(0) can trigger and enhance the IOD, while the IOD can enhance ENSO(0) and accelerate its demise. Regarding the

impacts of IOD(0) on the subsequent ENSO(11), it is revealed that the IOD can lead to anomalous SST cooling patterns

over the equatorial Pacific after the winter following the IOD, indicating the formation of a La Niña–like pattern in the

subsequent year. While the SST cooling tendency associated with a positive IOD is attributable primarily to net heat flux

(thermodynamic processes) from autumn to the ensuing spring, after the ensuing spring the dominant contribution comes

from oceanic processes (dynamic processes) instead. From autumn to the ensuing spring, the downward shortwave flux

response contributes themost to SST cooling over the central and eastern Pacific, due to the cloud–radiation–SST feedback.

From the ensuing winter to the ensuing summer, changes in latent heat flux (LHF) are important for SST cooling, indicating

that the release of LHF from the ocean into the atmosphere increases due to strong evaporation and leads to SST cooling

through the wind–evaporation–SST feedback. The wind stress response and thermocline shoaling verify that local Bjerknes

feedback is crucial for the initiation of La Niña in the later stage.
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1. Introduction

The El Niño–Southern Oscillation (ENSO) cycle is the

dominant interannual air–sea coupling mode in the Pacific; it is

composed of alternating warm El Niño and cold La Niña
events and can exert significant global impacts through inter-

actions between ocean basins and the atmosphere (McPhaden

et al. 2006; Wang et al. 2009, 2012). The Indian Ocean dipole

(IOD) is also an important interannual variation mode in the

Indian Ocean, with abnormal cooling SSTs off Sumatra and

anomalous warming SSTs over the western equatorial Indian

Ocean (Saji et al. 1999; Webster et al. 1999). It has been ex-

tensively revealed that SST variation in the Indian Ocean will

induce anomalous atmospheric responses over East Asia (e.g.,

Leung et al. 2020; Zhang et al. 2019b; Chen et al. 2018b; Wu

et al. 2009a; Xie et al. 2009). Previous work has shown that the

IOD, as the inherent oscillation mode in the Indian Ocean, is

independent of ENSO (Saji and Yamagata 2003; Behera et al.

2006; Luo et al. 2008; Gu et al. 2009; Yuan et al. 2008a), which

has significant influence on the Asian climate (Kripalani et al.

2010; Ashok et al. 2004; Cai et al. 2011; Zhang et al. 2019a,b;

Yuan et al. 2008b; W. Wang et al 2014; Wang et al. 2006; Chen

et al. 2018a). However, ENSO, as the strongest interannual

oscillation in the tropics, is highly likely to have impacts on

IOD variability (e.g., Alexander et al. 2002; Ham et al. 2013;

Chen et al. 2013; Zhang et al. 2015; Dong andMcPhaden 2017).

For example, Gualdi et al. (2003) found that ENSO can create

favorable circulation conditions for the development of the

IOD over the southwestern Indian Ocean. Behera et al. (2006)

used numerical simulation to show that ENSO has a modula-

tion effect on the IOD by influencing its periodicity, intensity,

and structure. Yuan et al. (2008c) also identified a modulating

impact of ENSO on the structure of the IOD, where the

warming pole of the positive IOD tends to be shifted north-

westward when it occurs with El Niño. Meanwhile, ENSO can

induce easterly anomalies over the eastern Indian Ocean and

then trigger the IOD by modulating the convection center and

the Walker circulation (Ueda and Matsumoto 2000; Annamalai

et al. 2003; Fischer et al. 2005).

On the other hand, the complexity of the interaction be-

tween the IOD and ENSO also lies in the ability of the IOD to

influence the ENSO cycle. The IOD can influence the co-

occurring ENSO cycle by amplifying its strength (e.g., Luo

et al. 2010) and by accelerating its phase transition (e.g., Izumo

et al. 2016). Many studies using numerical simulation or ob-

servational analysis have suggested that Indian Ocean SST

variations can modulate tropical Pacific SST changes (Wu and

Kirtman 2004; Yu et al. 2002; Yu 2005; Kug et al. 2006; Ohba

and Ueda 2007; Ohba and Watanabe 2012; Luo et al. 2010;

Watanabe and Jin 2002; X. Wang et al. 2014; Peng et al. 2020).

However, some SST anomalies in these studies may originally

have been related to IOD modes instead of the whole basin

mode, the Indian Ocean basin mode (IOB), which is the pas-

sive mode responding to ENSO forcing (e.g., Wu and Kirtman

2004; Kug et al. 2006; Kug and Kang 2006), as the numericalCorresponding author: Wen Zhou, wenzhou@cityu.edu.hk
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experiments were usually designed to be coupled or uncoupled

with the Indian Ocean without detailed discussion of SST

patterns in the Indian Ocean.

Li and Li (2017) have defined a coupled mode of SST

anomalies over the tropical Pacific–Indian Ocean in which the

spatial pattern well reproduces the IOD–ENSO-associated

SST pattern, and they also revealed its associated impacts on

climate over Asia, the western Pacific, Africa, and even North

and South America. These phenomena further imply a com-

plex interaction and closely correlated relationship between

ENSO and IODmodes. Therefore, it is necessary to reveal the

interactive nature and mechanism of these two major climate

modes before investigating their climatic and socioeconomic

impacts.

While most previous studies have focused on the simulta-

neous interaction between ENSO and the IOD, which means

the IOD and ENSO develop in the same year, few studies have

viewed the interaction for a longer period. Izumo et al. (2010)

proposed that the IOD can favor an opposite phase of ENSO

with a lead of 1 year or so. They showed that when the IOD

index is combined with warm water volume (WWV) in autumn

to predict ENSO about 14 months later, the prediction skill

score is significantly improved. Regarding the possible mech-

anism, they stated that a negative IOD with positive SST

anomalies in the equatorial southeastern Indian Ocean can

enhance the ascending branch of the Walker circulation and

lead to easterly anomalies over the equatorial Pacific during

autumn. Consequently, the sudden relaxation of easterly

anomalies in winter along with the elimination of the IOD can

lead to the development of El Niño the next year. The impacts

of external IOD forcing on the Pacific Ocean are also exam-

ined in their subsequent study from an interdecadal perspec-

tive (Izumo et al. 2014). These studies focused particularly on

improving prediction skill, but they paid limited attention to

the detailed physical process of how the IOD influences the

subsequent ENSO evolution. In their results, the zonal wind

anomalies over the western equatorial Pacific associated with

the IOD proved to be important for the development of the

subsequent ENSO, suggesting the relatively dominant role of

dynamic processes, although the role of thermodynamic pro-

cesses in this relationship also needs examination. So in this

study, a mixed layer heat budget analysis is conducted to ex-

amine the detailed physical processes, to reveal whether the

role of dynamic processes is more important, and to determine

the role of thermodynamic processes. By further inspecting the

possible effect of the IOD on the following ENSO, we can

better understand the interaction between the IOD and the

subsequent ENSO, which will provide promising information

for improving seasonal to interannual predictions of ENSO.

This fresh perspective of the IOD leading ENSO could change

the conventional notion that the IOD is a passive mode that is

less important within the tropical Indo-Pacific Ocean and draw

more attention to the possible impacts of the IOD on global

climate with a longer lead time.

The organization of the text is as follows. Data and meth-

odology used in this study are described in section 2. Section 3

investigates the simultaneous coupled relationship of ENSO–

IOD and the IOD influences on the subsequent ENSO. A

discussion of how the Indian Ocean SST anomalies influence

the zonal wind responses over the western Pacific in winter is

given in section 4. Finally, a summary is given in section 5.

2. Data and methodology

a. Datasets

The monthly global Extended Reconstructed Sea Surface

Temperature, version 5 (ERSSTv5), with a horizontal resolu-

tion of 28 3 28 is employed in this study (Huang et al. 2017).

Monthly ocean mixed layer depth, surface ocean net heat flux,

ocean temperature, three-dimensional ocean current velocity,

surface wind stress, and sea surface height (SSH) data from the

Simple Ocean Data Assimilation (SODA), version 3.3.2, are

utilized for the mixed layer heat budget analysis (Carton and

Giese 2008). The ocean surface flux dataset is from theNational

Oceanography Centre, Southampton (NOCS), United Kingdom,

version 2.0, containing monthly 18 gridded estimates of tur-

bulent and radiative flux components along with the meteo-

rological variables used in the flux calculation (Berry and Kent

2009, 2011). To analyze near-surface winds, horizontal winds at

10m from ERA-Interim are adopted, with a resolution of 18 3
18 (Dee et al. 2011). Outgoing longwave radiation (OLR)

with a resolution of 2.58 3 2.58 is used to denote the atmo-

spheric heat source (sink) based on the High Resolution

Infrared Radiation Sounder (HIRS) v2r2 (Lee et al. 2007).

For a consistent investigation period, data from all the above

datasets except heat flux fromNOCS are selected from 1982 to

2017. As the NOCS v2.0 dataset provides data only before

2014, the investigation period is from 1982 to 2014.

b. Methodology

Boreal winter [December–February (DJF)]-averaged SST

anomalies over the Niño-3.4 region (58S–58N, 1708–1208W) are

taken as the Niño-3.4 index, considering that winter is usually

the mature phase of ENSO (Rasmusson and Carpenter 1982).

To represent IOD variation, the dipolemode index (DMI) during

its mature phase [boreal autumn, September–November (SON)]

is adopted; its definition, according to Saji et al. (1999), is the

difference in SST anomalies between the western equatorial

Indian Ocean (108S–108N, 508–708E) and the southeastern

equatorial Indian Ocean (108S–08, 908–1108E). In this study, an

IOB index is also calculated based on area-averaged SST

anomalies (108S–108N, 508–908E) during boreal spring [March–

May (MAM)]. The correlation and regression analyses are

calculated for seasonal fields with the representative indices for

these two important climate modes to examine their influence.

The partial correlation technique is also employed to extract

the independent signals of the IOD from ENSO. Composite

analysis is used to confirm the impacts of the IOD on the

evolution patterns. The significance levels for the composite,

correlation, and regression analyses are examined by the

Student’s t test.

To investigate the relative contributions of physical pro-

cesses to the SST anomaly variations in the ensuing seasons

after the IOD, a mixed layer heat budget analysis is conducted

over the equatorial Indo-Pacific. Neglecting horizontal
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diffusion, frictional heating, and interior oceanic turbulent

heating, the heat budget equation within the mixed layer can

be written as (He and Wu 2013):
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where the (  ) represents the vertical means of each parameter,

calculated as
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1
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2h
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The term T is the ocean mixed layer temperature, approxi-

mately represented by SST on the left side of the equation;

QNET is the net surface heat flux; rCp is the specific heat ca-

pacity per unit volume, where the seawater density r is 1.0293
103kgm23, and the specific heat capacity Cp is 3996 Jkg

21K21;

h is the mixed layer depth; V is the horizontal ocean current;

and w is the vertical current.

On the right side of Eq. (1), the first term embodies the net

heat flux anomaly contribution, the second term is regarded as

the oceanic horizontal advection contribution, and the third

term represents the oceanic vertical process contribution. In

the estimations for the terms on the right side,QNET, h,V, and

w are derived from the SODA dataset introduced earlier.

A series of numerical simulations are conducted in this study

to examine wind responses over the tropical Indo-Pacific fol-

lowing IOD events, using a basic anomalous atmospheric

general circulation model (AGCM) with five layers consisting

of 0.1, 0.3, 0.5, 0.7, and 0.9 sigma levels, and a horizontal res-

olution of T42. This model has been utilized in many previous

studies. For example, it has been used to investigate the effect

of the mean state on modulating anomalous forcing in the

tropical Indo-Pacific (Wang et al. 2003), to investigate the

initiation of the boreal summer intraseasonal oscillation over

the equatorial western IO (Jiang and Li 2005), to examine the

effect of vertical shear on the summertime synoptic-scale wave

train in the western North Pacific (Li 2006), and to study the

modulation of the Pacific–Japan teleconnection on synoptic

variability over the East Asia–western Pacific sector (Li et al.

2014). It is also reasonable to use it to investigate the influence

of anomalous heating patterns related to ENSO on the climate

(Leung et al. 2017).

3. Results

a. ENSO–IOD coupling mode

In the present study, the simultaneous coupled relationship

between the IODandENSO from the autumn of the IODpeak

to the summer of ENSO decay is examined using season-

reliant EOF analysis (S-EOF). Figure 1 shows the seasonal

evolution of the leading mode of SST anomalies over the

tropical Indo-Pacific Ocean, which account for almost half of

the total variance (46.1%). The spatial pattern is typical of the

ENSO life cycle, with a positive center located in the central

eastern Pacific, and negative values in the western Pacific.

Meanwhile, the Indian Ocean also displays a typical IOD

pattern during SON, which is an evident contrast between the

eastern and western equatorial Indian Ocean, with weaker

magnitudes compared to those in the Pacific. In the ensuing

winter to summer (DJF to JJA), the SST pattern over the

Indian Ocean is mainly a basinwide pattern (suggested as the

IOB mode), which is a passive mode closely coupled with

the ENSO cycle. The time series of the principal component

of the first S-EOF mode is also plotted in Fig. 1e, where the

temporal coefficients have large amplitudes in El Niño and La

Niña years. The leading mode has a close association with the

DJF Niño-3.4 index and the SONDMI, with a high correlation

coefficient of 0.97 and 0.60, respectively. This indicates that this

coupling mode is controlled mostly by the ENSO cycle, and the

IOD oscillation is very likely to occur along with ENSO.

The seasonal evolution of SST anomalies with indices for

ENSO and the IOD is also shown in Fig. 2. The dotted region

here denotes correlation coefficients significant at the 90%

confidence level according to the Student’s t test. Based on

correlation maps with the Niño-3.4 index, anomalous warming

SST dominates the equatorial central and eastern Pacific as-

sociated with the positive phase of ENSO events (El Niño),
while anomalous cooling SST is obvious over the western

FIG. 1. (a)–(d) Seasonal evolution patterns of the first S-EOF

mode based onERSST v5 from 1981 to 2017 over the tropical Indo-

Pacific Ocean. (e) Time series of the first principal component.
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Pacific and the southeastern Indian Ocean during the devel-

oping autumn of ENSO [SON(0); Fig. 2a]. During the ensuing

winter, ENSO reaches its peak and the IOD-like pattern de-

teriorates in the equatorial Indian Ocean. In MAM(11), the

ENSO pattern shows a decaying trend in the Pacific, and a

basin warming pattern over the Indian Ocean lasts until the

ensuing summer. These evolution patterns basically reproduce

the leading mode distribution in the S-EOF results (Fig. 1),

confirming that the ENSO–IOD coupling mode is dominated

by the ENSO cycle. It is worth noting that ENSO continues to

decay in the following seasons, and there is almost no obvious

signal over the Pacific during the next winter.

When the DMI is used for correlation analysis (Fig. 2b), the

evolution of the SST field shows a similar pattern from the si-

multaneous autumn to the ensuing spring, illustrating the

ENSO decay in the Pacific and the shift from the IOD to IOB

FIG. 2. Regressions of seasonal SST anomaly evolution on the (a) Niño-3.4 index in D(0)JF(11) and (b) DMI in

SON(0). Dotted areas are statistically significant at the 90% confidence level. The numbers 0, 11, and 12 in

parentheses indicate that themonth belongs to the same year, the ensuing year, or the year after the ensuing year of

IOD events, respectively.

3594 JOURNAL OF CL IMATE VOLUME 34



in the Indian Ocean. However, the difference in the SST evo-

lution process associated with the IOD and ENSO appears

after the ensuing summer, where following the IOD cases,

significant negative values occur after the ensuing summer over

the equatorial central and eastern Pacific. With time, these

negative SST signals persist and grow into a La Niña–like
pattern the next winter. This tendency is indeed noteworthy, as

it may indicate that the IOD can favor phase changes of ENSO

and provide promising information for the prediction of ENSO

with a 1-yr lead time. Moreover, the out-of-phase leading re-

lationship of the IOD with the subsequent ENSO has been

indicated in Izumo’s work (Izumo 2010), which found that IOD

events can make significant contributions to the forecast of

ENSO with a 1-yr lead. Regarding the mechanism, they pro-

posed that the sudden relaxation of a negative IOD can trigger

zonal wind anomalies over the western Pacific and influence

the evolution of the subsequent ENSO, as mentioned in the

introduction. However, in their study, this explanation was

given without a detailed examination of each process. So in the

following section, we want to examine in detail how the IOD

influences the following ENSO evolution and revisit the pos-

sible role of the IOD in the development of ENSO.

b. Possible favorable role of the IOD in the development
of ENSO

To identify the role of the IOD in the following ENSO, a

partial correlation analysis between SST anomalies and the

DMI is conducted to remove the linear influence of ENSO, as

shown in Fig. 3. During autumn (Fig. 3a), the typical SST

contrast between the eastern and western equatorial Indian

Ocean is evident, while positive anomalies can also be ob-

served over the equatorial eastern Pacific, indicating that even

after removal of the linear relationship with the Niño-3.4 index
in winter, significant simultaneous signals over the far eastern

equatorial Pacific are still evident. During the ensuing winter

(Fig. 3b), the cold pole of the IOD deteriorates and the warm

pole weakens in the Indian Ocean; in addition, positive values

shrink in the eastern Pacific but cooling values are obvious in

the central portion, which is the major distinction compared to

the regression results and indicates the cooling effect of the

IOD on Pacific SST. After the ensuing spring, the signals over

the Indian Ocean become insignificant, while the negative

values over the central Pacific are still significant and can

strengthen with time, lasting until the next winter (Figs. 3c–f).

The negative SST signals in the next winter indicate that a La

Niña event manages to occur following the IOD in the

last year.

Since the comparison of regression analysis with the DMI

and Niño-3.4 index in Fig. 2 reveals that the SST evolution

patterns associated with the Niño-3.4 index fail to display the

phase-changing pattern from the first winter to the next, it is

reasonable to state that the ENSO cycle itself does not have a

stable biennial oscillation. Therefore, the SST cooling process

associated with the IOD cannot be seen as an intrinsic oscil-

lation related to the coupled ENSO cycle. To further exclude

this possibility, the monthly correlation coefficients between

the Niño-3.4 index and autumn DMI in the first year are cal-

culated in Fig. 4a. Compared with the monthly autocorrelation

between the Niño-3.4 index and its value in the first winter

(Fig. 4b), ENSO itself does not display a phase-changing ten-

dency, and the sudden drop after spring confirms the ‘‘spring

prediction barrier’’ phenomenon (Webster and Yang 1992).

FIG. 3. Partial correlation of seasonal SST anomaly evolution on

DMI independent ofNiño-3.4. Dotted areas are statistically significant

at the 90% confidence level. The numbers 0, 11, and 12 in paren-

theses indicate that the month belongs to the same year, the ensuing

year, or the year after the ensuing year of IOD events, respectively.
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Given the time series of the DMI in the first autumn and the

Niño-3.4 index in the next winter, shown in Fig. 4c, the corre-

lation between the Niño-3.4 and the DMI with a 1-yr lead is

also calculated as 20.37, significant at the 95% confidence

level. These results suggest a possible favorable role of the

IOD in the development of the ensuing ENSO, which supports

Izumo’s statement and is worth further investigation (Izumo

et al. 2010).

c. Mixed layer heat budget analysis associated with IOD

forcing

A mixed layer heat budget analysis is conducted to reveal

how the IOD can lead to an SST response over the equatorial

Pacific. According to Eq. (1), the SST change is influenced

largely by changes in dynamic ocean processes (advection and

upwelling) and net heat flux. The terms in the heat budget

analysis equation are first calculated, and consequently the

partial correlation coefficient of evolution with regard to the

DMI in the IOD peak season after removing the IOB index

during spring is analyzed to identify the role of the IOD in the

subsequent ENSO. The reason for separating the IOD from

the IOB is that there is still controversy among previous studies

about whether the mechanism of the IOD’s influence on

ENSO in the subsequent year is independent of the IOB (e.g.,

Annamalai et al. 2005; Dayan et al. 2014). On the other hand,

given the strong simultaneous associations between the IOB

andENSO, removing the IOB influence when investigating the

IOD modulations can also approximately offset the influence

of ENSO.

The partial correlation results show that, led by a positive

IOD case, the SST cooling tendency is dominant over the

equatorial central and western Pacific after autumn (Fig. 5a).

The SST cooling tendency denotes that the IOD can cool down

the SST over the Pacific and may lead to a phase change of

ENSO. The contributions of different parameters to the SST

tendency are also investigated based on the correlated evolu-

tion process of net heat flux anomalies, ocean advection

anomalies, and ocean upwelling departure formore than 1 year

after the peak season of an IOD event. In the ensuing winter

and spring, the contribution from net heat flux to SST cooling is

most important (Fig. 5b), which may be due mainly to the

negative cloud–radiation–SST feedback. The SST warming

related to the simultaneous coupled El Niño would enhance

in situ convection, thus increasing cloudiness and reducing

solar radiation. The cooling SST tendency over the Pacific

reaches its maximum during the ensuing winter and spring, and

FIG. 4. Lead–lag partial correlation coefficients of seasonal Niño-3.4 with (a) DMI in autumn (SON) and

(b) Niño-3.4 in winter [DJF(1)]. Dashed lines denote the correlation coefficients at the 90% significance level. The

numbers 0, 11, and 12 in parentheses indicate that the month belongs to the same year, the ensuing year, or the

year after the ensuing year of IOD events, respectively. (c) Time series of DMI in autumn and Niño-3.4 of the next
winter.

3596 JOURNAL OF CL IMATE VOLUME 34



then it shrinks and is confined to the central Pacific and

lasts until early the next winter. After the ensuing spring

[MAM(11)], the dominant contributing term changes to oce-

anic horizontal advection, with the maximum negative contri-

bution first developed over the central Pacific (Fig. 5c), which is

also the reason that after this spring, the SST cooling tendency

center shifts to the central Pacific. Oceanic horizontal pro-

cesses help the SST cooling tendency evolve into a cold phase

of ENSO the next year, while the atmospheric impacts on

the ocean are mostly to increase the downward net heat flux

and undermine the SST cooling process after MAM(11).

Nonetheless, it may be noticed that during the later stage, the

significance of a single parameter is not as strong as the SST

cooling tendency, and the cooling tendency is possibly related

to some neglected terms in the heat budget analysis equation as

well, such as the horizontal and vertical diffusion processes.

Based on the DMI in autumn exceeding 0.7 standard devi-

ation, positive and negative IOD years are identified and listed

in Table 1. The simultaneous ENSO and the subsequent ENSO

conditions are also given in Table 1. The positive IOD cases

have a better coupling relationship with the simultaneous El

Niño, while negative IOD cases occur with the neutral phase of

ENSO or La Niña. For the subsequent ENSO, positive IOD

cases tend to lead to neutral or La Niña cases, and negative

ones tend to lead to neutral or El Niño cases. So either way, a

cooling SST tendency is expected to occur following a positive

IOD, and a warming SST tendency is likely following a nega-

tive IOD. To further confirm the signals of the SST evolution,

the SST and its tendency evolution are investigated via com-

posite analysis with a focus on positive IOD cases (Fig. 6). To

show their evolution associated with the mature phase of the

IOD, we show the distribution from SON(0) to three seasons

later, in JJA(11). During the IOD mature phase, SON(0), the

prominent features related to the IODandEl Niño are obvious
over the tropics. During the mature phase of the coupling

ENSO, basinwide warming is observed in the tropical Indian

Ocean, and the El Niño pattern persists in the equatorial

central and eastern Pacific. These patterns again confirm the

simultaneous coupling relationship between the IOD and

ENSO. After winter, the El Niño signals deteriorate over the

Pacific, and an anomalous cooling SST maximum occurs over

the equatorial central Pacific. The SST tendency evolution

amplifies the SST response to the IOD, where there are strong

negative signals over the equatorial central-eastern Pacific

following the IOD cases from winter, suggesting that the IOD

may be beneficial to the rapid elimination of ENSO and to the

initiation of opposite ENSO events.

The evolution of different parameters in the heat budget

equation over the equatorial Pacific is also calculated based

on a composite of positive IOD cases (Fig. 7), which basically

reveals characteristics similar to Fig. 5. To further investigate

the contributions of different terms in the heat budget equation

over different Niño regions with a focus on positive IOD cases,

the regional mean situation is further examined by composite

FIG. 5. Partial correlation of 3-month moving average of (a) SST tendency, (b) net heat flux, (c) oceanic ad-

vection, and (d) ocean upwelling on DMI in autumn [SON(0)] after removing the linear relationship with IOB

index in spring [MAM(11)]. Dotted areas are statistically significant at the 90% confidence level.

TABLE 1. Years of positive and negative IOD; definitions ac-

cording to DMI. Simultaneous ENSO years boldfaced; subsequent

ENSO years italicized.

Positive IOD 1982, 1994, 1997, 2002, 2006, 2015

Negative IOD 1989, 1992, 1996, 1998, 2010, 2014
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analysis (Fig. 8). Generally, both the Niño-3 and Niño-4 re-

gions show an SST cooling tendency following a positive IOD,

as well as a transition of the dominant role from the net heat

budget to oceanic processes around late spring. In more detail,

over the Niño-3 region, before MAM(11) the net heat flux

dominates the SST cooling, as it reaches a maximum of 25 3
1027 K s21, which is much larger than the SST tendency.

However, after spring, the net heat flux becomes positive and

tends to lead to SST warming instead. Vertical oceanic pro-

cesses contribute to the SST cooling year round, and horizontal

oceanic advection starts to contribute to the SST cooling after

the ensuing spring [MAM(11)]. In the Niño-4 region, the basic
process is similar to the situation described earlier, while the

contribution of horizontal oceanic advection plays a more

important role inmodulating the SST changes in that it tends to

have the greatest magnitude of all the parameters. Before

MAM(11), some other oceanic process must cancel the effect

of the horizontal advection in order to display the magnitudes

of the SST cooling trend, while after the ensuing spring, the

considerable magnitude of horizontal advection can certainly

dominate the SST cooling tendency. These results are gener-

ally consistent with those of previous studies, although the

primary focus is mainly on the ENSO life cycle, but we can find

similar patterns in these studies using different ocean re-

analysis datasets (e.g., Santoso et al. 2017; Kim et al. 2015).

To fully clarify the contributions of thermodynamic pro-

cesses to changing SST after the IOD cases, the different

components of net heat flux are also investigated. Net heat flux

should include net shortwave radiation, net longwave radia-

tion, latent heat flux, and sensible heat flux. The evolution of

the partial correlation coefficients of these terms associated

with the IOD is given in Fig. 9. The two most important terms

are the shortwave (SW) and longwave (LW) radiation flux

based on the results without considering magnitude. But as we

know, the magnitude of downward net longwave radiation is

very limited, so the significant correlation suggests only that its

variation has a close passive relation with the preceding IOD

forcing. These results indicate that the IOD can influence the

atmosphere and the cloudiness above the equatorial Pacific,

hence modulating the downward longwave and shortwave flux

into the ocean. Moreover, the contribution of latent heat flux

(LHF) is significantly correlated to the preceding IOD event,

as shown by the downward LHF decreasing from SON(0) to

JJA(11), benefiting the cooling tendency of SST over the

Pacific. Meanwhile, it can also be seen that sensible heat flux

can contribute to a decrease in SST during the ensuing spring

FIG. 6. Composite based on positive IOD cases of (a) seasonal SST anomalies (8C) and (b) SST tendency anomalies

(8C). Dotted areas are statistically significant at the 90% confidence level.

3598 JOURNAL OF CL IMATE VOLUME 34



and summer. Composite analysis based on positive IOD cases

is also performed to compare the different components of net

heat flux (Fig. 10). The results are similar to those shown in

Fig. 9, further supporting the dominant roles of SW and LHF in

net heat flux. These two terms are closely related to the vari-

ation in convection and surface wind in the atmosphere.

d. Possible mechanisms

1) CLOUD–RADIATION AND WIND–EVAPORATION–SST
FEEDBACK

Based on the above analysis, the turning point of the evo-

lution process associated with the IOD can be identified as the

ensuing spring after the IOD. Before this spring, the SST

tendency is controlled by changes in net heat flux, while after

this spring, it is dominated by oceanic processes, especially

horizontal advection. The focus of the following discussion is

the first stage, from SON(0) to MAM(11), when net heat flux

contributes the most to the SST cooling tendency. Atmospheric

forcing should at first come primarily from cloud–radiation ef-

fects, as indicated by the response of SWover the Pacific (Fig. 9d).

Nonetheless, after DJF(11) the wind–evaporation–SST

feedback should bemore important for the Pacific, as indicated

by the LHF response (Fig. 9a). To show that the wind–

evaporation–SST feedback can explain the SST evolution in

the following months, partial correlation analysis is also con-

ducted on zonal and meridional surface winds and wind speed

with regard to the DMI in the mature season of the IOD.

Following the IOD cases, the northerly winds prevailing over

the whole Pacific meridionally and the zonal alternation from

westerlies to easterlies gradually occurring from the western to

the eastern Pacific can be observed in Figs. 11a and 11b. By

comparing to the climatological seasonal changes in surface

winds over the Pacific (Figs. 11c,d), we can deduce that the

meridional wind response is favorable for increasing wind

FIG. 7. Composite based on positive IOD cases of seasonal (a) SST tendency, (b) net heat flux, (c) oceanic ad-

vection, and (d) ocean upwelling. Dotted areas are statistically significant at the 90% confidence level.

FIG. 8. Composite based on positive IOD cases of regional av-

eraged mixed layer budget analysis. Error bars with one standard

error of the mean above and below the means are given.
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speed over the central Pacific during winter, and the zonal

easterly response should cause a velocity increase as well.

These modulation effects can be confirmed in the wind speed

evolution pattern in Fig. 11e, whose positive values are mainly

consistent with the evolution of the easterly response

(Fig. 11a). Starting from the ensuing winter, to the west of

1208W, increasing wind speed is evident, and the decreasing

release of latent heat to the atmosphere is also obvious in this

region (Fig. 9a), which indicates that the wind–evaporation–

SST feedback is contributing to the SST cooling tendency for

the equatorial Pacific from DJF(11) to MAM(11).

2) BJERKNES FEEDBACK

The mechanism by which the IOD favors the development

of the subsequent ENSO after the ensuing spring is also dis-

cussed in this study. According to the mixed layer heat budget

FIG. 9. As in Fig. 5, but with different downward components of surface net heat flux.

FIG. 10. As in Fig. 7, but with different downward components of surface net heat flux.
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analysis, after the ensuing spring, horizontal oceanic advection

starts to contribute to the SST cooling tendency, which can

persist for several months to the next year (Figs. 5c and 7c). In

addition, vertical motion also appears to contribute to the SST

cooling after the ensuing spring over the equatorial central

Pacific (Figs. 5d and 7d). These signals suggest that oceanic

processes are most important in maintaining the SST cooling

tendency, especially in the central Pacific. This is probably due

to the local Bjerknes feedback becoming stronger during

this period.

After spring, in the zonal wind field, easterlies prevail over

the equatorial western and central Pacific, as shown in Fig. 11a.

Along with the zonal wind evolution, the zonal wind stress

anomaly field (Fig. 12c) shows a similar process: westward

anomalies develop from the western Pacific and propagate

eastward, while eastward anomalies are significant after spring

east of 1208W. Responding to the wind stress anomalies, oce-

anic divergence can be expected over the central Pacific, which

may lead to a lift in the thermocline. In this study, we plot SSH

to approximately represent the variation in the thermocline, as

illustrated in Fig. 12b. The thermocline evolution shows an

eastward-propagating negative response to the preceding

IOD, where the maximum is located over the central Pacific

after the ensuing spring as expected. This pattern agrees with

the location of the maximum SST cooling tendency (Fig. 5a).

As a result, the interaction between equatorial zonal wind and

thermocline depth can lead to the SST cooling response

(Fig. 12a), which together can be considered as a local Bjerknes

feedback for the Pacific contributing to the formation of a La

Niña–like pattern the next winter.

FIG. 11. Partial correlation of 3-monthmoving average (a) zonal wind anomalies, (b) meridional wind anomalies,

and (e) wind speed anomalies on DMI in autumn [SON(0)] after removing the linear relationship with IOB index.

Dotted areas are statistically significant at the 90% confidence level. Climatological evolution of (c) zonal winds,

and (d) meridional winds.
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4. Discussion

The results discussed in this study support most of the as-

sumptions in Izumo et al. (2014, 2010). It is also noteworthy

that they stated that the effect of the IOD on the initiation of

the subsequent ENSO requires preconditioning by the Pacific

WWV. Regarding the role of WWV, our results reveal ther-

mocline shoals responding to the IOD forcing in the equatorial

central and eastern Pacific, indicating a decrease in WWV.

These phenomena imply that the decrease in WWV is also

likely attributable to the preceding positive IOD forcing;

meanwhile, the decreasing WWV will also contribute to the

development of La Niña.
Meanwhile, the importance of the wind response in the

western Pacific has also been revealed in this study. Whether it

is early wind–evaporation–SST feedback or late Bjerknes

feedback, the zonal wind response plays a leading role.

However, why the IOD can trigger the zonal wind responses

after its demise is a complex question that has not been fully

answered. Izumo et al. (2016) have revealed that some portion

of zonal wind responses in the ensuing seasons over the west-

ern equatorial Pacific associated with IOD forcing can be ex-

plained by its effect on the amplification of IOB impacts.

Zhang et al. (2019a) proposed a mechanism to explain why the

IOD can exert a delayed influence on Asian climate, which is

that the IOD can increase the snowpack on the southern

Tibetan Plateau in early winter, and the excessive snowmelt

induces a decrease in the meridional land–sea thermal contrast

and easterly anomalies in the equatorial Indian Ocean and

western Pacific. Previous work has deeply investigated the

wind response related to Indian Ocean SST anomalies associ-

ated with ENSO, confirming that during the winter, even

though the IOD mode has already disappeared, the atmo-

spheric heat remains in a dipole pattern (Chen et al. 2016),

while the heat sink over the eastern equatorial Indian Ocean

should lead to westerlies over the western Pacific. In that case,

it is difficult to understand how the easterly anomalies are

evident in observations (e.g., Wang et al. 2000;Wu et al. 2009b;

Li et al. 2017) and this study. To investigate the wind response

in the western Pacific, the anomalous AGCMmodel is adopted

to simulate the influence of the anomalous heating pattern in

the Indian Ocean on the winter climate over the Indo-Pacific.

The dipole heating pattern in winter is based on the composite

OLR field of positive IOD cases (Fig. 13b), which are pre-

scribed in the simulations as the green contours in Fig. 14. The

OLR pattern indeed shows that when the IOD decays in the

ensuing winter, the heating pattern in situ still persists as a

dipole mode. However, the heat sink center over the eastern

Indian Ocean is located more northward and over the Bay of

Bengal. Results of simulation with the dipole heating pattern

are shown in Fig. 14a, which demonstrates that although the

heat sink is evident, the easterlies are the resultant wind

FIG. 12. As in Fig. 5, but with (a) SST anomalies, (b) SSH anomalies, and (c) zonal wind stress.

FIG. 13. As in Fig. 6, but with OLR fields.
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response over the Pacific. To further investigate the reason for

this, we also conducted separate simulations with only the heat

sink or the heat source. With only the heat sink in the eastern

Indian Ocean, the weak westerlies are triggered over the

western Pacific and Maritime Continent (Fig. 14b). However,

the heat source is much larger in the western Indian Ocean

(Fig. 13b), which can trigger a massive Rossby wave response

as a Gill-type response in the simulation, and strong equatorial

easterlies ranging from the Indian Ocean to the Pacific

(Fig. 14c). As a result, when both heat poles are added in the

simulation, the easterlies still dominate the western equatorial

Pacific. So these simulation results confirm that although the

dipole heat pattern still exists after the demise of the IOD, the

warming pole in the western Indian Ocean is much stronger

and dominant, so under its influence, the easterlies are the

resultant response in the western equatorial Pacific.

Another important issue in this study is related to the rela-

tive contributions of the IOD and IOB. Some previous work

has argued that the effect of the IOD is not as dominant as that

of the IOB on the evolution of the subsequent ENSO (e.g.,

Annamalai et al. 2005). To compare their effect, partial cor-

relations of terms in the heat budget equation with the IOB

index after removing the influence of the IOD are also

analyzed. Revealed by the SST tendency signals (Fig. 15a), the

IOB mode can also lead to an SST cooling trend over the

equatorial Pacific, which agrees well with some previous work

(Kug et al. 2006; Kug and Kang 2006; Ohba and Ueda 2007;

Yamanaka et al. 2009). Compared to the effect of the IOD

(Fig. 5a), the persistence of cooling SST tendency responses is

relatively shorter, ending before the autumn in the subsequent

year [SON(11)]. Considering that the IOB is very likely to co-

occur with an ENSO case over the equatorial Pacific, such a

phenomenon indicates that the IOB mainly speeds up the de-

cay of the simultaneous ENSO event, while the unique role of

the IOD is to favor the initiation of the subsequent ENSO.

During the ENSO decay seasons, the dominant processes as-

sociated with IOB cases are net heat flux and vertical oceanic

processes. The former dominant process is the same as that

associated with IOD forcing, also implying that cloud–

radiation–SST feedback contributes the most to the SST

cooling tendency. As for the latter, the IOB has a distinctive

role in triggering ocean upwelling over the central and western

equatorial Pacific, leading to the SST cooling pattern. A dif-

ference is also identified in oceanic horizontal processes, which

occur during the same period and primarily hamper the SST

cooling trend, offsetting the other two processes over the

western and central Pacific.

5. Summary

In the present study, the interaction between the IOD and

ENSO is investigated deeply with a special focus on IOD im-

pacts on the ensuing ENSO. The simultaneous coupled rela-

tionship between ENSO and the IOD is first examined, using 0

to denote the year when a coupled ENSO and IOD occur to-

gether, showing that along with the ENSO(0) cycle, the typical

IOD pattern is obvious in the equatorial Indian Ocean during

autumn. Regression analysis reveals that IOD-related evolu-

tion has some difference with the ENSO-related pattern,

where negative signals dominate the equatorial central and

eastern Pacific. These patterns persist and grow into a LaNiña–
like pattern the next winter, indicating a possible role of the

IOD in the subsequent ENSO.

Consequently, the abovementioned possible impacts of the

IOD on ENSO are further investigated by conducting partial

correlation analysis between SST and the DMI after removing

the influence of ENSO, which shows evolution characteristics

similar to those of the regression results. The autocorrelation

of the Niño-3.4 index does not show the stability of the ENSO

biennial oscillation, clarifying that the significant responses of

SST evolution in the ensuing year associated with IOD forcing

are not likely related to the ENSO oscillation by itself.

Amixed layer heat budget analysis is utilized to examine the

detailed process of how the IOD influences the ENSO life

cycle in the next year [herein ENSO(11) refers to the subse-

quent ENSO] and to compare the different roles of dynamic

(wind forcing) and thermodynamic (heat flux) processes in

inducing the SST changes over the Pacific. Correlation and

composite results confirm that following the IOD the SST

cooling tendency is evident over the equatorial central and

western Pacific and can last for more than one year, benefiting

FIG. 14. (a)–(c) 850 hPa air temperature anomalies (K) and

horizontal wind anomalies [vectors; showing only magnitude .
0.1m s21 in (a) and (c) and magnitude . 0.02m s21 in (b)] in re-

sponse to anomalous heat pattern using a linearized anomalous

AGCM prescribing the DJF climatology. Green contours repre-

sent heat sources (sinks) at the 0.5 sigma level with an interval of

0.2K day21.
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the development of the subsequent ENSO event. The SST

cooling tendency associated with a positive IOD is contributed

primarily by net heat flux from autumn to the ensuing spring

[MAM(11)]. After the ensuing spring [MAM(11)] the dom-

inant contribution comes from oceanic processes instead,

with a maximum negative contribution over the central Pacific.

The regional heat budget analysis comparing the Niño-3 and

Niño-4 regions reveals that beforeMAM(11), the cooling SST

trend is stronger in the Niño-3 region, contributed mostly by

atmospheric forcing; while oceanic horizontal advection is

dominant for SST change during all of the ensuing season and

is responsible for the SST cooling trend after MAM(11) in the

Niño-4 region.

The contributions of different components of net heat flux

are further investigated. SW, LW, and LHF are closely related

with the preceding IOD forcing, especially before the ensuing

summer [JJA(11)]. Among them, from SON(0) toMAM(11),

the SW anomalies contribute to the SST cooling over the

FIG. 15. As in Fig. 5, but with regard to IOB index in the spring [MAM(11)] after removing the linear relationship

with DMI in the autumn [SON(0)].

FIG. 16. Schematic illustration of the interaction between the IOD and ENSO.
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central and eastern Pacific, which is likely associated with the

increase in cloudiness and precipitation caused by the warm SST

forcing over the equatorial Pacific. As a result, the cloud–

radiation effect can be identified. LHF is important from

DJF(11) to JJA(11), especially in the equatorial central Pacific.

As indicated by the variations in LHF evolution, from

DJF(11) the wind–evaporation–SST feedback should be im-

portant for the Pacific. After autumn, zonal alternation from

westerlies to easterlies gradually occurs from the western to the

easternPacific, contributing to the escalation ofwind speed,which

consequently can strengthen evaporation and cool down the SST.

The mechanism by which the IOD favors the development

of the subsequent ENSO after the ensuing spring can be

explained by the local Bjerknes feedback. The SSH response, a

proxy of the thermocline, displays an eastward-propagating

negative response to the preceding IOD with a maximum

correlation in the central Pacific after the ensuing spring. Such

thermocline shoaling variations are the consequence of oce-

anic divergence and easterly anomalies over the central Pacific,

which can in turn cause anomalous cold water upwelling,

cooling the SST. The SST cooling and the thermocline uplift

over the equatorial Pacific also suggest that WWV is decreas-

ing over the equatorial Pacific, which is basically a discharge

process and is also able to initiate a La Niña case according to

the ‘‘recharge–discharge’’ mechanism for ENSO (Jin 1997a,b).

The simultaneous relationship between the IOD and ENSO

has long been investigated: previous work has revealed that

ENSO(0) is an important trigger mechanism for IOD(0) os-

cillation and can also strengthen the intensity of IOD(0); on the

other hand, IOD(0) can also amplify the intensity of ENSO(0)

and is indicated to favor the demise of ENSO(0) (e.g., Luo

et al. 2010). In terms of the lead–lag relationship between

IOD(0) and ENSO(11), studies so far are quite limited.

However, this study confirms that the IOD can influence the

evolution of the subsequentENSO(11) and can be an important

component in sustaining the tropical tropospheric biennial os-

cillation (TBO, e.g., Meehl 1997). The interaction between these

major modes is schematically illustrated in Fig. 16. Considering

these new findings, some previous conclusions that suggest that

IndianOcean coupling is important toENSOpredictionsmay be

essentially related to the IOD. Further study is therefore needed

to further clarify the relative contributions of the IOD and IOB

to SST changes over the equatorial Pacific in the next year. These

findings may also lead to a new method of combining the IOD

with the subsequent ENSO to improve the long-term predict-

ability of the ocean–atmosphere system.
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