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Abstract Our early work (Wang and Wang in J Clim

26:1322–1338, 2013) separates El Niño Modoki events

into El Niño Modoki I and II because they show different

impacts on rainfall in southern China and typhoon landfall

activity. The warm SST anomalies originate in the equa-

torial central Pacific and subtropical northeastern Pacific

for El Niño Modoki I and II, respectively. El Niño Modoki

I features a symmetric SST anomaly distribution about the

equator with the maximum warming in the equatorial

central Pacific, whereas El Niño Modoki II shows an

asymmetric distribution with the warm SST anomalies

extending from the northeastern Pacific to the equatorial

central Pacific. The present paper investigates the influence

of the various groups of El Niño events on the Indian

Ocean Dipole (IOD). Similar to canonical El Niño, El Niño

Modoki I is associated with a weakening of the Walker

circulation in the Indo-Pacific region which decreases

precipitation in the eastern tropical Indian Ocean and

maritime continent and thus results in the surface easterly

wind anomalies off Java-Sumatra. Under the Bjerknes

feedback, the easterly wind anomalies induce cold SST

anomalies off Java- Sumatra, and thus a positive IOD tends

to occur in the Indian Ocean during canonical El Niño and

El Niño Modoki I. However, El Niño Modoki II has an

opposite impact on the Walker circulation, resulting in

more precipitation and surface westerly wind anomalies off

Java-Sumatra. Thus, El Niño Modoki II is favorable for the

onset and development of a negative IOD on the frame of

the Bjerknes feedback.

1 Introduction

The Indian Ocean Dipole (IOD), a coupled ocean–atmo-

sphere phenomenon in the tropical Indian Ocean, has been

extensively studied in the recent decades (e.g., Saji et al.

1999; Webster et al. 1999; Baquero-Bernal et al. 2002; Saji

and Yamagata 2003; Meyers et al. 2007; Luo et al. 2008).

The positive IOD features a zonal gradient of tropical sea

surface temperature (SST) with cooling off Java-Sumatra

and warming in the western tropical Indian Ocean. The

IOD usually begins to develop in boreal summer, peaks in

fall, and decays rapidly in winter, which is seasonally

modulated by the Asian monsoon wind and the Indian

Ocean mean states (Saji et al. 1999; Xiang et al. 2011). A

number of studies have documented that the changes in the

IOD exert great impacts on climate variability in South

Asia, East Asia, Australia, and other regions (e.g., Ashok

et al. 2003, 2004; Saji and Yamagata 2003; Li et al. 2006;

Wang et al. 2006; Yuan et al. 2008; Cai et al. 2009).

It is shown that some IOD events in the 20th century can

co-occur with El Niño-Southern Oscillation (ENSO), while

some are independent of ENSO (Saji and Yamagata 2003;

Meyers et al. 2007). The ENSO-induced IOD events are

forced by a zonal shift in the descending branch of the

Walker circulation over the eastern Indian Ocean (Ueda

and Matsumoto 2001; Hastenrath 2002; Baquero-Bernal

et al. 2002; Krishnamurthy and Kirtman 2003; Fischer
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et al. 2005; Annamalai et al. 2003; Vecchi and Soden

2007). Besides ENSO, other external drivers can also

induce the IOD occurrence, such as the Southern Annular

Mode (Lau and Nath 2004) and monsoon (Fischer et al.

2005). Some IOD events (such as 1961, 1967, 1997 and

2007) may be originated from the internal physical pro-

cesses in the Indian Ocean with regard to the strong east-

erly wind disturbance (e.g., Saji et al. 1999;

Vinayachandran et al. 1999; Yamagata et al. 2003; Behera

et al. 2006; Luo et al. 2008; Schott et al. 2009).

Recently, the ENSO research community has focused on

the eastern Pacific warm event (or canonical El Niño) and

the central Pacific warm event. The central Pacific El Niño

(Yu and Kao 2007) is also referred to as Dateline El Niño

(Larkin and Harrison 2005), El Niño Modoki (Ashok et al.

2007), or warm pool El Niño (Kug et al. 2009). Wang et al.

(2013) provide an ENSO overview including the two types

of ENSO events and their different climate impacts and

mechanisms. In this study, the name of El Niño Modoki is

used. El Niño Modoki is characterized by the maximum

SST anomalies locating in the central tropical Pacific

instead of the eastern tropical Pacific for canonical or

conventional El Niño. The impacts of El Niño Modoki on

the tropical and midlatitude climate are distinct from these

of canonical El Niño because the intensity and location of

their associated SST-induced heating are different (e.g.,

Larkin and Harrison 2005; Ashok et al. 2007; Weng et al.

2007; Feng et al. 2011; Yuan and Yang 2012; Kim et al.

2012).

The relationships between El Niño Modoki and the IOD

are not completely known yet. Ashok et al. (2007) sug-

gested that El Niño Modoki is weakly related to the IOD

during 1958–2005. During summer of the 2004 El Niño

Modoki event, there is no significant IOD pattern (Ashok

et al. 2009). These results seem to illustrate a weak rela-

tionship between El Niño Modoki and the IOD. However,

Luo et al. (2008, 2010) suggested that El Niño Modoki and

the positive IOD could occur simultaneously and influence

each other. The observed results indicate that the western

and central tropical Pacific warming is a precursor condi-

tion for the positive IOD occurrence (Annamalai et al.

2003). The positive IOD events can even be predicted 1–2

seasons ahead by fully coupled model with the central

tropical Pacific warming (Song et al. 2007, 2008).

Based on the opposite influence on rainfall in southern

China and typhoon landfall activity during boreal fall,

Wang and Wang (2013) classify and name El Niño Modoki

I and II. The identified El Niño Modoki I and II events also

show different origins and patterns of SST anomalies in the

tropical Pacific. The warm SST anomalies originate in the

equatorial central Pacific and subtropical northeastern

Pacific for El Niño Modoki I and II, respectively. El Niño

Modoki I shows a symmetric SST anomaly distribution

about the equator with the maximum warming in the

equatorial central Pacific, whereas El Niño Modoki II

displays an asymmetric distribution with the warm SST

anomalies extending from the northeastern Pacific to

equatorial central Pacific.

The composited SST anomalies of Fig. 4 in Wang and

Wang (2013) show that there are cold SST anomalies in the

southeastern tropical Indian Ocean for canonical El Niño

and El Niño Modoki I, but warm SST anomalies for El

Niño Modoki II although the paper of Wang and Wang

(2013) does not focus on the variations in the Indian Ocean.

This suggests that canonical El Niño and El Niño Modoki I

may tend to relate to a positive IOD, whereas El Niño

Modoki II is associated with a negative IOD. The purpose

of the present paper is to examine and compare the rela-

tionships of the various groups of El Niño events with the

IOD, and to investigate why some of El Niño Modoki

events can induce a positive IOD, but some cannot. The

paper is organized as follows. Section 2 introduces the data

sets used in the study. Section 3 reveals the relationships of

the IOD with the various groups of El Niño events, fol-

lowed by the illustration of air-sea coupled processes

associated with the IOD during various El Niño events in

Sect. 4. Section 5 examines El Niño-related atmospheric

circulations in the tropical Indo-Pacific, and explains the

physical mechanism of why the various groups of El Niño

events can result in different response of the IOD. Finally,

Sect. 6 provides a summary and discussion.

2 Data sets

Observational data are relatively reliable after the second

half of the 20th century, so this paper uses data after 1950.

Several observational and reanalysis data sets are used in

this study. The monthly atmospheric data sets include the

newly developed NOAA Earth System Research Labora-

tory (ESRL) 20th Century Reanalysis (20CR) with a res-

olution of 2.0� 9 2.0� (Compo et al. 2011) during

1950–2010, and the climate prediction center merged

analysis of precipitation (CMAP) (Xie and Arkin 1997)

with a resolution of 2.5� 9 2.5� during 1979–2009. To

confirm the results from the 20CR reanalysis data set, we

also analyze the NCEP/NCAR reanalysis data set. During

1950–2008, the two reanalysis data sets show similar

results. We present the results from the 20CR reanalysis in

this paper. The oceanic data sets used in this study are the

monthly SST from the Hadley Centre Sea Ice and SST data

set (HadISST) on a 1� 9 1� resolution (Rayner et al. 2003)

during 1950–2010, and subsurface temperature data from

the Simple Ocean Data Assimilation (SODA version 2.1.6)

(Carton and Giese 2008) during 1958–2008. Since the

SODA data end in 2008, the time period of all data sets
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analyzed in this study is from 1950 and 2008, except for

CMAP which is from 1979–2008. Monthly mean data are

smoothed with a 3-month running average to suppress

subseasonal variability.

According to the definition of Saji et al. (1999), the IOD

index is constructed by the SST anomaly gradient between

the western equatorial Indian Ocean (50�E–70�E, 10�S–

10�N) and the south eastern equatorial Indian Ocean

(90�E–110�E, 10�S–0�N). The NINO3 index is the mean

SST anomalies in the equatorial eastern-central Pacific

(150�W–90�W, 5�S–5�N). The El Niño Modoki Index

(EMI) is defined by Ashok et al. (2007) as:

EMI ¼ SSTA½ �C�0:5� SSTA½ �E�0:5� SSTA½ �W;

where the brackets with a subscript represent the area-

averaged SST anomalies over the central Pacific region C

(165�E–140�W, 10�S–10�N), the eastern Pacific region E

(110�W–70�W, 15�S–5�N) and the western Pacific region

W (125�E–145�E, 10�S–20�N), respectively.

3 Relationships of the IOD with various groups

of El Niño

The lead-lag correlations of the IOD index with the NINO3

and EMI indices are shown in Fig. 1. In this plot, the IOD

peak season of boreal autumn (Sept-Oct-Nov, SON) is

represented by the zero lag or month 0. The IOD index

shows significant correlations with NINO3 when the

NINO3 index leads up to 6 months, indicating the ENSO

impact on the IOD (Behera and Yamagata 2003; Annam-

alai et al. 2003; Schott et al. 2009). The IOD index has a

peak correlation with the EMI when the latter leads by

1–2 months, suggesting that El Niño Modoki during late

summer and early autumn links with the IOD in the fol-

lowing autumn. On the other hand, Fig. 1 also suggests the

distinct impacts of the IOD on canonical El Niño and El

Niño Modoki. The IOD index is significantly correlated

with NINO3 when the IOD index leads the NINO3 index

up to 5 months, supporting the observed results that the

IOD can influence greatly the changes of canonical El Niño

in the growth and decay phases (Annamalai et al. 2005;

Kug and Kang 2006). In contrast, there is rather weak and

insignificant relationship between the autumn IOD and the

lagged EMI, indicating that the IOD may not remotely

influence El Niño Modoki events. In this study, we focus

on different impacts of the various groups of El Niño

events on the IOD, and influences of the IOD on canonical

El Niño and El Niño Modoki will be examined in future

studies.

Based on the opposite influence on rainfall in southern

China and typhoon landfall activity, Wang and Wang

(2013) classify and name El Niño Modoki I and II. By this

classification, El Niño Modoki I and II show different

origins and patterns of SST anomalies. The warm SST

anomalies originate in the equatorial central Pacific and

subtropical northeastern Pacific for El Niño Modoki I and

II, respectively. El Niño Modoki I shows a symmetric SST

anomaly distribution about the equator with the maximum

warming in the equatorial central Pacific, whereas El Niño

Modoki II displays an asymmetric distribution with the

warm SST anomalies extending from the northeastern

subtropical Pacific to equatorial central Pacific. In this

paper, we plot the SST anomaly distributions for all El

Niño Modoki events during 1950–2008. We then inspect

every event and identify El Niño Modoki I and II according

to the characteristics of SST anomalies described by Wang

and Wang (2013). Since ENSO is phase-locked to the

seasonal cycle, only the years in which the warm SST

anomalies exceed 0.5 �C during July to November

(JASON) and persist during December to February (DJF)

are considered to be El Niño Modoki. If the warm SST

anomalies during JASON locate in the tropical Pacific west

to 140�W and are symmetric to the equator, it is recorded

as El Niño Modoki I. If the maximum of warm SST

anomalies during JASON locates in the northeastern sub-

tropical Pacific and warm SST anomalies tilt from the

northeastern subtropical Pacific to the central equatorial

Pacific, it is labeled as El Niño Modoki II. By doing so, El

Niño Modoki I and II during 1950–2008 are identified and

are listed in Table 1. The years of El Niño Modoki I and II

in Table 1 are the same as those of Wang and Wang (2013)

except 1991 and 1958. Here, 1991 is considered as El Niño

Modoki I because the center of warm SST anomalies is

located in the central tropical Pacific (west to 150�W).

1958 is added for El Niño Modoki II in this paper because

the maximum of warm SST anomalies locates in the

northeastern subtropical Pacific during JASON in 1958.

Although the SST anomalies exceed 0.5 �C in the central

Fig. 1 Lead-lag correlations of the IOD index with El Niño Modoki

index (EMI) and NINO3 index during 1950–2008. The IOD index

during Sept–Oct–Nov (SON) is represented by month 0 or zero lag.

The dashed lines indicate 95 and 99 % significant levels, respectively
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tropical Pacific in 1958, the warm area is small. Therefore,

this 1958 event is hardly captured by several El Niño

Modoki indices (e.g., Ashok et al. 2007; Kao and Yu 2009;

Ren and Jin 2011).

Table 1 shows El Niño events and the intensity of the

associated IOD during its peak phase of boreal autumn.

Here, canonical El Niño is defined by the NINO3 SST

anomalies such that the 5-month running mean NINO3

SST anomalies are ?0.5 �C or higher for six consecutive

months or longer (Wang and Wang 2013). From Table 1,

most of canonical El Niño events are accompanied by the

positive IOD except for 1957. Similar to canonical El Niño

events, all El Niño Modoki I events are associated with the

positive IOD. In contrast, most of El Niño Modoki II

events except for 2004 are in association with the negative

IOD. Because El Niño Modoki events can be associated

with either a positive or negative IOD event, the correlation

between the EMI and the IOD indices is not high as shown

in Fig. 1.

Based on the El Niño years in Table 1, we compute the

composited SST anomaly evolutions in the tropical Indo-

Pacific from the onset phase to the mature phase for three

groups of El Niño events (Fig. 2). As shown in Wang and

Wang (2013), the warm SST anomalies of canonical El

Niño firstly appear in the eastern tropical Pacific along the

South American coast during spring, and then propagate

westward (the left column of Fig. 2). Because of strong

air-sea coupled processes in the tropical Pacific, the warm

SST anomalies are gradually enhanced and reach the

maximum in the following summer to winter. The cold

SST anomalies are developed simultaneously in the wes-

tern tropical Pacific. In the Indian Ocean, the positive IOD

pattern firstly occurs in summer, peaks in autumn, and

disappears in winter. In contrast, the composites of warm

SST anomalies of El Niño Modoki events do not originate

from the South American coast. For El Niño Modoki I

(the middle column of Fig. 2), the warm SST anomalies

occur in the central Pacific along the equator in summer in

consistent with the results of Yu and Kim (2010),

accompanying with the positive IOD pattern. The warm

SST anomalies are gradually intensified and reach the

peak in the central tropical Pacific during autumn and

winter, while the positive IOD maintains in autumn, and

disappears in winter. For El Niño Modoki II (the right

column of Fig. 2), the warm SST anomalies are firstly

seen in the northeastern subtropical Pacific in spring,

further develop extending to the equatorial central Pacific

in summer and autumn, and reach maximum in winter.

Different from the co-occurring positive IOD in canonical

El Niño and El Niño Modoki I, there is a clearly negative

IOD pattern firstly seen during summer in El Niño Mod-

oki II, which persists in autumn and disappears in winter.

Therefore, the distinguished feature in the Indian Ocean is

that a negative IOD co-occurs with El Niño Modoki II

during El Niño developing year, whereas a positive IOD is

associated with canonical El Niño and El Niño Modoki I.

In the next section, we will investigate the ocean–atmo-

sphere coupled processes associated with the IOD during

various El Niño events.

4 Ocean–atmosphere coupling of the IOD associated

with various El Niño events

The Bjerknes feedback is critical for the growth and

development of the IOD, especially in the eastern Indian

Ocean off Java-Sumatra (e.g., Saji et al. 1999; Webster

et al. 1999; Schott et al. 2009; Liu et al. 2011). In order to

explore ocean–atmosphere coupled processes in the Indian

Ocean associated with various El Niño events, we analyze

the atmosphere-thermocline processes in the eastern trop-

ical Indian Ocean involving precipitation, surface wind, sea

level pressure (SLP) and thermocline depth during El Niño

developing year. The 20 �C isothermal depth is used as a

proxy for thermocline depth as in previous studies (e.g.,

Xie et al. 2002).

For canonical El Niño, the significantly negative pre-

cipitation anomalies are seen in the eastern Indian Ocean in

spring, and a strong east–west contrast of precipitation

anomalies is shown during October and November

(Fig. 3a). Forced by the heating sink associated with the

negative precipitation anomalies in the eastern tropical

Table 1 Various groups of El

Niño events and corresponding

SON-mean normalized IOD

index values

Canonical El Niño IOD El Niño Modoki I IOD El Niño Modoki II IOD

1951 0.6 1963 1.4 1958 -1.9

1957 -0.6 1987 1.2 1968 -0.85

1965 0.3 1990 0.1 1979 -0.1

1972 1.8 1991 0.7 1992 -1.0

1976 0.1 2002 1.3 2004 0.41

1982 1.8

1997 3.2
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Indian Ocean, an anticyclone develops as a Rossby-wave

response in the southeastern Indian Ocean (Gill 1980),

which induces upwelling-favorable easterly anomalies off

Java-Sumatra since July (Fig. 4a). The anomalous easter-

lies can result in the significantly shallow thermocline off

Java-Sumatra (Fig. 5a). The shallow thermocline leads to

enhancement of cool SST anomalies via upwelling of

anomalous cold subsurface water in the eastern Indian

Ocean, which further suppresses the convection precipita-

tion (Fig. 3a) and amplifies the easterly anomalies in late

summer and autumn (Fig. 4a). Through this positive

dynamical feedback, the positive IOD develops and

maintains (the left column of Fig. 2). This atmosphere-

thermocline coupled feedback in the eastern Indian Ocean

is also operated for El Niño Modoki I although there are

few differences. Compared with the conditions of canoni-

cal El Niño, the amplitudes of precipitation and

thermocline depth anomalies are weak for El Niño Modoki

I, which may be attributed to the weaker warm SST

anomalies in the tropical Pacific (Fig. 2).

In contrast, the positive precipitation anomalies appear

in the eastern Indian Ocean since April and are the stron-

gest during August and September for El Niño Modoki II

(Fig. 3c). These convective diabatic heating forms the

cyclone anomalies at the sea surface in terms of Gill-

Matsuno dynamics (Gill 1980) and the resultant westerly

anomalies over the eastern Indian Ocean in summer and

autumn (Fig. 4c). The westerly wind anomalies deepen the

thermocline (Fig. 5c) and are favorable for warm SST

anomalies (the right column of Fig. 2) off Java-Sumatra.

The warm SST anomalies in turn enhance the convective

activity and westerly wind anomalies. Consequently, a

negative IOD is developed during El Niño Modoki II (the

right column of Fig. 2).

Fig. 2 Evolution of composited SST anomalies for canonical El Niño

(the left column), El Niño Modoki I (the middle column), and El Niño

Modoki II (the right column). The first, second, third and fourth row

represents the different El Niño phases of MAM (March[0] to

May[0]), JJA (June[0] to August[0]), SON (September[0] to Novem-

ber[0]) and DJF (December[0] to February[?1]), respectively. The

hatched represents the composite exceeding 90 % significant level,

which is calculated by Student’s t test
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5 Variations of the Walker circulation associated

with various El Niño events

The anomalous SST patterns in the tropical Pacific can

induce the variations of wind and rainfall anomalies in the

Indo-Pacific in associated with the Walker circulation var-

iation. It is known that an El Niño is able to initiate an IOD

through a weakening of the Walker circulation (Annamalai

et al. 2003; Gualdi et al. 2003; Vecchi and Soden 2007). Our

analyses in last section show that the various groups of El

Niño events induce the different IOD patterns in association

with the ocean–atmosphere coupling. In this section, we

examine the large-scale atmospheric circulation anomalies

that link the various groups of El Niño events with the IOD.

Because of the strong seasonality of the IOD and its rela-

tionship with El Niño (Fig. 1), we focus on the large-scale

atmospheric circulation anomalies in the tropical Indo-

Pacific during July to November (JASON).

The spatial distributions of the precipitation anomalies

during JASON in the tropical Indo-Pacific for the three

types of El Niño events are shown in Fig. 6. In general,

there is a clear dipole pattern with the negative precipita-

tion anomalies in the eastern Indian Ocean and the western

tropical Pacific, and the positive precipitation anomalies in

the central and eastern tropical Pacific for canonical El

Niño and El Niño Modoki I. The amplitude of precipitation

anomalies for canonical El Niño is larger than that for El

Niño Modoki I. However, the spatial pattern of the pre-

cipitation anomalies for El Niño Modoki II is clearly dis-

tinct, which show the positive precipitation anomalies in

the west coast of Java-Sumatra and the western tropical

Pacific, and the negative precipitation anomalies in the

tropical maritime continent (Fig. 6c).

Due to the different patterns of the precipitation anom-

alies, it is expected that the large-scale atmospheric cir-

culation over the tropical Indo-Pacific is different for the

various groups of El Niño events. At the low-level, all of

three groups of El Niño events are generally characterized

by the SLP anomalies of a see-saw pattern between the

Western and Eastern Hemispheres although the amplitudes

of the SLP anomalies are different (Fig. 7). For El Niño

Modoki II (Fig. 7c), the negative SLP anomaly center

shifts northward to the subtropical North Pacific in asso-

ciation with the underlying anomalous SST warming

(Fig. 2). Figure 7 also features that the westerly wind

anomalies appear in the tropical Pacific for all groups of El

Niño. Compared with canonical El Niño, the westerly wind

anomalies in the tropical Pacific are weaker, and shift

westward for El Niño Modoki I and II (Fig. 7). Although

all groups of El Niño events show the positive SLP

anomalies in the Indian Ocean, the distinguished differ-

ences are still featured by the east–west gradient of SLP

anomalies and wind anomalies. The anomalous SLP

anomalies for canonical El Niño and El Niño Modoki I in

the tropical Indian Ocean are characterized by the anomaly

higher in the eastern Indian Ocean and lower in the western

Indian Ocean (Fig. 7a, b). The positive SLP anomaly

centers in the southeast tropical Indian Ocean locate

roughly 20� to the southwest of center of the heating sink

shown in Fig. 6, confirming the Rossby-wave response

(Gill 1980). The anomalous anticyclone therefore enhances

the surface easterly wind anomalies off Java-Sumatra in

(a) (b) (c)

Fig. 3 Composite precipitation (mm/day) anomalies averaged between 12�S-equator for different types of El Niño during their developing year.

Shown are for a canonical El Niño, b El Niño Modoki I, and c El Niño Modoki II
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favorable of triggering and developing the positive IOD

(Yu et al. 2005). For El Niño Modoki II (Fig. 7c), the SLP

anomaly in the western Indian Ocean is higher than that in

the eastern Indian Ocean, indicating the east–west SLP

gradient in the tropical Indian Ocean is opposite to these

for canonical El Niño and El Niño Modoki I. This SLP

anomaly pattern in the Indian Ocean is favorable for the

westerly wind anomalies in the eastern tropical Indian

Ocean. The enhancement of the anomalous westerly wind

off Java-Sumatra piles up warm surface water in the east-

ern Indian Ocean and thus tends to form a negative IOD

event.

At the high-level, the composite velocity potential and

divergent wind anomalies for three groups of El Niño are

displayed in Fig. 8. Centers of the positive (negative)

velocity potential are associated with the anomalous con-

vergent inflow (divergent outflow) winds. Upper tropo-

sphere velocity potential anomalies for canonical El Niño

and El Niño Modoki I show the convergence in the eastern

tropical Indian Ocean and divergence in the tropical

Pacific. It is noted that the location of the divergence center

for El Niño Modoki I shifts westward in comparison with

that for canonical El Niño. However, for El Niño Modoki

II, the equatorial western Indian Ocean shows an

(a)

(b)

(c)

Fig. 4 Composite 1,000 hPa

wind (vector, m/s), sea level

pressure (shading, Pa) and

zonal-mean (75�–100�E)

surface zonal wind (lines, m/s)

anomalies averaged between

12�S-equator for different types

of El Niño during their

developing year. Shown are for

a canonical El Niño, b El Niño

Modoki I and c El Niño

Modoki II
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anomalous convergence, whereas the equatorial eastern

Indian Ocean displays an anomalous divergence (Fig. 8c).

These results suggest that the three groups of El Niño

events are associated with different atmospheric circulation

patterns. It has been previously suggested that the eastern

tropical Pacific warming forces the IOD via the Walker

circulation variation (e.g., Baquero-Bernal et al. 2002;

Annamalai et al. 2003; Fischer et al. 2005; Vecchi and

Soden 2007). Here we analyze and compare the Walker

circulations for the three groups of El Niño events. To

clearly illustrate the changes of the Walker circulation, we

firstly show climatology of the Walker circulation over the

Indo-Pacific during July to November (Fig. 9). Climato-

logically, the ascent motion branches of the Walker cir-

culation locate across the eastern tropical Indian Ocean and

the western tropical Pacific (60�–180�E), and the descent

motion branches are over the western tropical Indian Ocean

and the eastern tropical Pacific (Fig. 9).

The anomalous atmospheric circulations for the three

groups of El Niño events are composited in Fig. 10. For

canonical El Niño, atmospheric circulation pattern mani-

fests a weakening of the Walker circulation. In Fig. 10a, air

anomalously rises in the eastern tropical Pacific (east of

180�E) because of underlying SST warming, flows west-

ward aloft, sinks in the western tropical Pacific and the

eastern Indian Ocean. This circulation cell produces the

easterly wind anomalies in the eastern tropical Indian

Ocean and the westerly anomalies in the western/central

tropical Pacific at the lower troposphere. The descent

branches of the anomalous Walker circulation decrease

precipitation and enhance the surface easterly wind

anomalies in the eastern tropical Indian Ocean, which

support the onset and development of a positive IOD. The

anomalous Walker circulations induced by El Niño Mod-

oki I (Fig. 10b) are similar to these by canonical El Niño

but the intensities are weaker, and thus a positive IOD is

also expected to be forced.

However, the zonal circulation anomalies associated

with the El Niño Modoki II over the tropics (Fig. 10c) are

distinct from these of canonical El Niño and El Niño

Modoki I, especially in the tropical Indian Ocean. Over the

tropical Pacific, the center of ascent motion branch shifts

westward during the El Niño Modoki II than these during

canonical El Niño and El Niño Modoki I. The most

remarkable difference is that the ascent motion branch

appears over the tropical eastern Indian Ocean (center

around 90�E) and the descent motion in the western trop-

ical Indian Ocean (center around 60�E) during El Niño

Modoki II. The ascent and descent motion is consistent

with the upper troposphere divergence and convergence in

the Indian Ocean (Fig. 8c). From Fig. 7c, the higher SLP

anomalies associated with El Niño Modoki II shift further

westward in the Pacific and are centered around 20�N,

which produce the northeasterly wind anomalies across the

South China Sea and reach the eastern tropical Indian

Ocean. These northeasterly wind anomalies meet the

westerly wind anomalies over the eastern Indian Ocean,

resulting in the lower convergence and the positive rainfall

anomalies (Fig. 6c) over there and inducing the anomalous

ascent motion branch of the Walker circulation over the

(a) (b) (c)

Fig. 5 Composites of the 20 �C isothermal depth (m) anomalies

averaged between 12�S-equator for different types of El Niño during

their developing year. Shown are for a canonical El Niño, b El Niño

Modoki I and c El Niño Modoki II. The hatched indicates the

composite exceeding 90 % significant level based on Student’s t test
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eastern tropical Indian Ocean (Fig. 10c). The anomalous

Walker circulation in the Indian Ocean associated with El

Niño Modoki II produces the lower-level westerly wind

anomalies in the eastern tropical Indian Ocean which are

favorable to generate a negative IOD event in terms of the

Bjerknes feedback.

6 Summary and discussion

Many studies have separated El Niño into canonical El

Niño and El Niño Modoki because their locations of

maximum SST anomalies are different. The NINO3 index

and El Niño Modoki index (EMI) have significant corre-

lations with the IOD when the IOD lags, consistent with

that the IOD is developed following an El Niño (Nagura

and Konda 2007). As shown in this paper, some El Niño

Modoki events lead to a positive IOD, while others result in

a negative IOD. Because of this relationship, the correla-

tion between the EMI and IOD indices is not high although

it is statistically significant when El Niño Modoki leads.

The IOD index is also significantly correlated with the

NINO3 index when the IOD leads by up to 5 months,

consistent with previous model results that the Indian

Ocean variability can induce changes in NINO3 SST var-

iability both in amplitude and period (Yu et al. 2002; Wu

and Kirtman 2004). However, the correlation between the

IOD and the lagged EMI is not significant, suggesting that

the occurrence and maintenance of El Niño Modoki is

weakly forced by the Indian Ocean variability.

El Niño Modoki events are further separated into El

Niño Modoki I and II because they show different impacts

on rainfall in southern China and the typhoon tracks in the

western North Pacific (Wang and Wang 2013). El Niño

Modoki I and II also show different origins and patterns of

SST anomalies. Similar to canonical El Niño, El Niño

(a)

(b)

(c)

Fig. 6 Composites of JASON-

mean precipitation (mm/day)

anomalies for different types of

El Niño. Shown are for

a canonical El Niño, b El Niño

Modoki I and c El Niño

Modoki II
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Modoki I is associated with an anomalous anticyclone in

the Philippine Sea which induces southwesterly wind

anomalies along the south coast of China and carries the

moisture for increasing rainfall in southern China. For El

Niño Modoki II, an anomalous cyclone resides east of the

Philippines, associated with northerly wind anomalies and

a decrease in rainfall in southern China. Canonical El Niño

and El Niño Modoki I are associated with a westward

extension of the western North Pacific subtropical high,

whereas El Niño Modoki II shifts the western North Pacific

subtropical high eastward. Differing from canonical El

Niño and El Niño Modoki I, El Niño Modoki II corre-

sponds to northwesterly anomalies of the typhoon steering

flow which are unfavorable for typhoons to make landfall

in China.

Following Wang and Wang’s (2013) classification, the

present paper investigates the influences of the various

groups of El Niño events on the IOD. By inspecting the

SST anomalies of all El Niño events during 1950–2008, we

identify canonical El Niño, El Niño Modoki I and and II

based on the SST anomaly patterns in the tropical Pacific as

described in Wang and Wang (2013). For canonical El

Niño, the warm SST anomalies originate along the coast of

South America in the boreal spring, and then propagate

toward the central tropical Pacific with the maximum

warming SST anomalies in the eastern tropical Pacific. A

positive IOD during summer and autumn tends to co-occur

with a canonical El Niño event. The warm SST anomalies

for El Niño Modoki I abruptly appear in the central tropical

Pacific symmetric to the equator in summer, intensify and

reach the peak in the equatorial central Pacific. Similar to

canonical El Niño, a positive IOD is also seen in the Indian

Ocean during summer and autumn, and disappears in

winter. However, for El Niño Modoki II, the warm SST

anomalies originate in the northeastern subtropical Pacific

in spring, and further develop reaching the equatorial

central Pacific in summer and autumn. The warm SST

anomaly pattern in the tropical Pacific is characterized to

(a)

(b)

(c)

Fig. 7 Composites of JASON-

mean 1,000 hPa wind (vector,

m/s) and SLP (shading, Pa)

anomalies for different types of

El Niño. Shown are for

a canonical El Niño, b El Niño

Modoki I and c El Niño Modoki

II. Only the wind anomalies

exceeding 0.4 m/s are plotted
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be asymmetric to the equator with the maximum in the

subtropical northeastern Pacific during summer and

autumn. Accompanied with the El Niño Modoki II, a

negative IOD is seen in summer and autumn, which is opposite

to the conditions of canonical El Niño and El Niño Modoki I. In

summary, canonical El Niño and El Niño Modoki I are related

to a positive IOD, whereas El Niño Modoki II is associated

with a negative IOD.

The present paper uses various observational data sets

with different data periods, and we thus have to focus on

the analyses starting from the middle 20th century. As

shown in Table 1, the numbers of El Niño Modoki I and

II are not too many. To increase their numbers, we

extend the SST data to a longer period during

1910–2008. There are four more canonical El Niño

events (1911/1912, 1918/1919, 1925/1926, and 1930/

1931), which are associated with the IOD intensities of

-0.5, 1.2, 1.4, and -0.2, respectively. For El Niño

Modoki I, three more events are found (1914/1915,

1940/1941, and 1941/1942), which correspond to the

IOD intensities of 0.2, -0.2, and 0.6, respectively. No

more El Niño Modoki II is found for the longer period.

Figure 11 shows the composite SST anomaly evolutions

in the tropical Indo-Pacific for three groups of El Niño

events during 1910–2008. The patterns of the composite

SST anomalies during canonical El Niño and El Niño

Modoki I are similar to these in Fig. 2, suggesting that

most canonical El Niño and El Niño Modoki I are

(a)

(b)

(c)

Fig. 8 Composites of JASON-

mean 200 hPa velocity potential

(contour, 106 m2 s-1) and

divergent wind (vector, m/s)

anomalies for different types of

El Niño. The zero contour line
is thickened, and contour

interval is 0.2 9 106 m2 s-1.

Shown are for a canonical El

Niño, b El Niño Modoki I and

c El Niño Modoki II

Fig. 9 The JASON-mean

climatology of zonal-vertical

circulation by averaging zonal

component of divergent wind

and vertical velocity (scaled by

-100) between 10�S and 10�N.

Shadings are pressure vertical

velocity anomalies scaled by

100
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associated with the positive IOD and the results are

robust independent on the length of data sets.

We further examine the ocean–atmosphere feedback

process in the Indian Ocean by analyzing the co-variations

of SST, surface wind, precipitation, and thermocline depth.

For canonical El Niño and El Niño Modoki I, the precip-

itation anomalies over the eastern Indian Ocean are less

than normal since summer. Therefore, the anomalous sur-

face easterly wind occurs in the southeastern tropical

Indian Ocean, which shallows the thermocline off Java-

Sumatra. The shallowed thermocline enhances the SST

cooling via upwelling of anomalous cold subsurface water,

which in turn suppresses the convection precipitation and

amplifies the surface easterly wind anomalies. Canonical El

Niño and El Niño Modoki I, assisted with the ocean–

atmosphere coupling, thus lead to a positive IOD. In con-

trast, for El Niño Modoki II, the positive precipitation and

surface westerly wind anomalies are located in the

southeastern Indian Ocean, resulting from the different

influence from the Pacific by the Walker circulation.

Oceanic and atmospheric conditions for El Niño Modoki II

are opposite to those of canonical El Niño and El Niño

Modoki I. As a result, a negative IOD appears in the Indian

Ocean on the frame of the Bejerknes feedback during El

Niño Modoki II.

The positive and negative IOD during the various

groups of El Niño events are induced by the different

changes of the Walker circulation. Similar to previous

studies that canonical El Niño influences the IOD onset

through a weakened Walker circulation (Annamalai

et al. 2003; Vecchi and Soden 2007), El Niño Modoki I

also induces a weakening of the Walker circulation.

The weakened Walker circulation results in less pre-

cipitation across the eastern tropical Indian Ocean and

maritime continent and more in the eastern tropical

Pacific. The descent branches of the anomalous Walker

(a)

(b)

(c)

Fig. 10 The streamline

composites of JASON-mean

zonal-vertical circulation

anomalies by averaging zonal

component of divergent wind

and vertical velocity (scaled by

-100) between 10�S and 10�N

for different types of El Niño.

Shown are for a canonical El

Niño, b El Niño Modoki I and

c El Niño Modoki II. The

vectors indicate pressure

vertical velocity exceeding

90 % significant level based on

Student’s t test. Shadings are

pressure vertical velocity

anomalies scaled by 100
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circulation and heating sink-induced response in the

eastern tropical Indian Ocean lead to the surface east-

erly wind anomalies. Through coupled atmosphere-

thermocline feedback, the SST anomalies are cooler and

cooler in the eastern tropical Indian Ocean, and thus a

positive IOD occurs. However, El Niño Modoki II-

induced Walker circulation is different from these

during canonical El Niño and El Niño Modoki I. The

ascent motion around 90�E enhances convective activity

and brings more precipitation in the west coast of

Sumatra. Based on the Gill theory (1980), these heating

anomalies induce a pair of cyclone along the equator,

which produces the surface westerly wind anomalies.

Under the Bjerknes feedback, SST anomalies are warm

and thermocline is deepened off Java-Sumatra, which in

turn further enhances westerly wind anomalies. Conse-

quently, a negative IOD pattern appears and develops

during El Niño Modoki II.

In the recent past three decades, the ENSO variability is

changed (Cobb et al. 2003; Wang et al. 2009), and the

intensity and frequency of El Niño Modoki are increasing

(Lee and McPhaden 2010). The model results suggest that

under a global warming scenario, El Niño Modoki occurs

more frequent than canonical El Niño (Yeh et al. 2009).

Our present study suggests that El Niño Modoki I and II

have different impacts on Indian Ocean climate via the

distinct changes in the Walker circulation. Long-term

changes in the Walker circulation have recently been the

subject of intense debate. Many studies showed the

weakened Walker circulation over the twentieth century

(e.g., Vecchi et al. 2006; Power and Kociuba 2011; Toki-

naga et al. 2012). Some studies suggested that the tropical

Pacific trade winds may have strengthened over the past

two decades (e.g., Merrifield 2011; Li and Ren 2012), and

that the Walker Cell has been enhanced in the past two

decades (Luo et al. 2012). Therefore, the influences of the

Fig. 11 Same as Fig. 2 except for using the longer-term data from

1910 to 2008. The composites are calculated from eleven canonical El

Niño events (1911/12, 1918/1919, 1925/1926, 1930/1931, 1951/52,

1957/1958, 1965/66, 1972/73, 1976/77, 1982/83, and 1997/98), eight

El Niño Modoki I events (1914/15, 1940/41, 1941/42, 1963/1964,

1987/88, 1990/91, 1991/1992, and 2002/03), and five El Niño Modoki

II events (1958/1959, 1968/69, 1979/80, 1992/93, and 2004/05)
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relative changes of El Niño Modoki I and II on the long-

term changes in the Walker circulations are needed to

analyze in the future. An examination of the relative

changes of El Niño Modoki I and II is also needed for

improving the understanding and prediction of Indian

Ocean climate variability under future global warming.
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