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abstract

We investigated seasonal transition of dominant modes of sea surface tem-

perature anomalies (SSTAs) in the tropical Indian Ocean, analyzing the Na-

tional Centers for Environmental Prediction/National Center for Atmospheric

Research reanalysis products (NCEP/NCAR reanalyses), the Global sea-Ice and

SST dataset (GISST2.3b), and the Simple Ocean Data Assimilation (SODA).

During the coincidence years when the Indian Ocean Dipole (IOD) is followed

by the major El Niño during boreal autumn-winter season, surface dipole struc-

ture in the tropical Indian Ocean tends to turn into the basinwide warm pattern

in the November-December period. In contrast, the subsurface dipole keeps

its structure from boreal autumn to winter. Such a surface-confined transi-

tion of SSTA is induced by latent heat flux anomalies in the eastern Indian

Ocean. These latent heat flux anomalies are associated with changes in scalar

wind speed anomalies. The zonal direction of climatological surface winds

changes from easterly into westerly over the eastern Indian Ocean in November-

December, while the anomalous Walker circulation during the El Niño induces

easterly surface wind anomalies to persist there. As a result, a deceleration of

scalar wind speed takes place during boreal winter, and leads to warming of SST

through suppressed evaporation. In addition to these latent heat flux anoma-

lies, incoming solar radiation anomalies contribute to the net surface warming

during this period. Furthermore, we discuss the role of the ocean dynamics for

keeping the warm SSTAs in the western Indian Ocean.



1. Introduction

The previous observational studies for sea surface temperature anomalies (SSTAs) in the

Indian Ocean (Tourre and White 1995; Chambers et al. 1999; Saji et al. 1999; Dommenget

and Latif 2002) identified two dominant spatial structures from an empirical orthogonal

function (EOF) analysis. Those leading EOFs, which accounts for 30-40 % of the total

variance, represent a basinwide pattern with uniform polarity. The accompanying time se-

ries (principal components; PCs) of this mode tend to exceed one standard deviation during

the boreal winter-spring season. In addition, these PCs are strongly correlated with the

Niño3 area-averaged SSTA index, which indicates that this basinwide warm/cold pattern

of SSTA is concurrent with the major El Niño/La Niña event (Tourre and White 1995;

Chambers et al. 1999; Klein et al. 1999). During a mature season (December-March) of the

El Niño, convective activity is suppressed over the region from the eastern Indian Ocean

to western Pacific. Venzke et al.’s (2000) experiments, with the coupled ocean-atmosphere

general circulation model (CGCM), showed that this suppressed convection associated with

the El Niño increases the effective solar radiation over the eastern Indian Ocean, which in-

creases the underlying SST. They also indicated that latent heat flux plays an important

role in warming SST in the western and central Indian Ocean, where wind speed is strongly

influenced by the anomalous Walker circulation. Thus, the lower-atmospheric conditions are

modulated by the El Niño, and cause the basinwide warm pattern of boreal winter-spring

SSTA in the tropical Indian Ocean.

The second EOF, which accounts for about 10 %, has attracted great attention in recent

years as a zonal SST dipole structure (Saji et al. 1999; Webster et al. 1999; Murtugudde

et al. 2000). This zonal SST dipole is most dominant in boreal autumn with its PCs

exceeding one standard deviation. During this season, regressed surface wind anomalies

onto the PCs represent easterlies and southeasterlies off the west coast of Sumatra Island,

which induce upwelling and evaporative cooling of SST in the eastern Indian Ocean (Behera

et al. 1999; Saji et al. 1999; Vinayachandran et al. 1999; Ueda and Matsumoto 2000). In

addition, these anomalous surface easterlies force a westward downwelling Rossby wave
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and deepen thermocline (suppression of upwelling) in the western Indian Ocean (Chambers

et al. 1999; Webster et al. 1999; Murtugudde et al. 2000; Xie et al. 2002). These processes

during boreal autumn lead to the positive phase of zonal SST dipole; positive (negative)

SSTAs in the western (eastern) Indian Ocean.

However, the origin of this zonal SST dipole has been controversial among the previous

studies. This controversy seems to arise from a difference on the treatment of statistical

analyses between their approaches. Saji et al. (1999) and Webster et al. (1999) indicated

that the zonal SST dipole is not influenced by the ENSO in the Pacific, because of insignif-

icant correlation coefficient (r=0.35) between the zonal SST dipole index and Niño3 SSTA

time series calculated from 12 months × 41 years = 492 samples. Therefore, these studies

concluded that internal dynamics confined in the Indian Ocean is responsible for the zonal

SST dipole.

In contrast, some of the positive zonal SST dipoles coincide with the major El Niño

events, which appear in 1963, 1972, 1982, and 1997. Several statistical studies (Allan

et al. 2001; Baquero-Bernal et al. 2002) have shown a significant correlation coefficient

(r=0.56) between the zonal SST dipole and Niño3 SST indices calculated from September-

November mean anomalies (1 season × 40 years = 40 samples), while the correlation coeffi-

cients in the other seasons are insignificant. Using only boreal-autumn means, the regressed

SSTAs and surface wind anomalies onto the Niño3-SSTA index represent the zonal SST

dipole in the Indian Ocean and southeasterly along the Sumatra coast, respectively (Xie

et al. 2002).

The previous studies (Saji et al. 1999; Ueda 2001; Allan et al. 2001; Baquero-Bernal

et al. 2002) revealed that the appearance of the zonal SST dipole and basinwide warm

pattern in the Indian Ocean depends on the season. Since these studies tend to focus on

either zonal SST dipole or basinwide warm pattern independently, the seasonal sequence of

the Indian Ocean SSTAs during the major El Niño years has not been investigated.

In this study, we describe the processes of seasonal transition of SSTAs in the tropical

Indian Ocean. Section 2 briefly describes the datasets used in this study. In section 3,
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we focus on the positive phase of zonal SST dipole concurrent with the major El Niño,

and examine its association with the basinwide warm pattern of SSTA. This section also

illustrates how the Indian Ocean makes seasonal progress in SSTA during the major El

Niño years. In section 4, we examine the lower-atmospheric processes which induce the

transition of the boreal-autumn zonal SST dipole into the boreal-winter basinwide warm

pattern. Section 5 summarizes this study.

2. Data

Atmospheric variables in this study are monthly horizontal wind velocity, vertical veloc-

ity, and surface heat fluxes in the National Centers for Environmental Prediction/National

Center for Atmospheric Research reanalysis products (NCEP/NCAR reanalyses; Kalnay

et al. 1996) from 1948 to 1999. The spatial resolution of the NCEP/NCAR reanalyses is

horizontally 2.5̊ latitude-longitude and vertically 12 levels (1000, 925, 850, 700, 600, 500,

400, 300, 250, 200, 150, and 100 hPa).

SST data is the Global sea-ice and SST data 2.3b (GISST2.3b; Parker et al. 1995) from

1948 to 1999. The GISST2.3b has monthly 1̊ latitude-longitude resolution. In addition to

SST, we analyze monthly upper-ocean temperatures in the Simple Ocean Data Assimilation

(SODA; Carton et al. 2000a, b) from 1950 to 1999. The SODA has 20 vertical levels with

15-m resolution near the sea surface, and is available at 0.45̊× 1̊ latitude-longitude in the

tropics (4̊ S ∼ 4̊ N) and 1̊ latitude-longitude in the extratropics.

We also use the Dipole Mode Index (DMI) by Saji et al. (1999) and Niño3-SSTA index

(NINO3) to identify the years when the Indian Ocean Dipole (IOD) and ENSO simulta-

neously occurred. The DMI is defined as a difference of area-averaged SSTA between the

western (50-70̊ E, 10̊ S-10̊N) and eastern (90-110̊E, 10̊ S-0) Indian Ocean, and the NINO3

is a SST anomaly averaged in the equatorial eastern Pacific (150-90̊W, 5̊ S-5̊N).

To extract the variation with the timescale for the typical ENSO and IOD, the variability

with period of 7 years and longer has been removed from these datasets by using harmonic

analysis.
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3. Ocean-Atmosphere variability over the Indo-Pacific sector

a. Zonal SST dipole, basinwide warm pattern and El Niño

Figure 1 shows a scatter plot of the boreal autumn (September-November) DMI and
Fig. 1.

NINO3. The positive (negative) phase of IOD over one standard deviation occurred nine

(four) times in the past 52 years. During several positive events of IOD, the major El

Niño appears in the tropical Pacific (1963, 1972, 1982, 1986, 1997; hereafter refer to the

’coincidence years’). This coincidence of the positive IODs and major El Niño events

contributes to significant correlation coefficient between the two indices (+0.6).

We make composite maps of SST and surface wind anomalies during the coincidence

years (Fig. 2). During the June-August period (Fig. 2a), the warm tongue structure of
Fig. 2.

SSTA appears east of 170̊E in the tropical Pacific, and surface westerly wind anomalies

prevails over the tropical western Pacific. Meanwhile, southeasterly wind anomalies off

the west coast of Sumatra Island appear along the weak SST anomaly gradient from the

southeastern to western Indian Ocean. During the September-November period (Fig. 2b),

the warm tongue structure of SSTA and westerly wind anomalies are further enhanced

over the tropical Pacific. At the same time, the easterly and southeasterly wind anomalies

prevail over the eastern Indian Ocean, and a zonal dipole of SSTA becomes more apparent

in the tropical Indian Ocean. In the following December-February period (Fig. 2c), SSTAs

and surface wind anomalies in the tropical Pacific keep the conspicuous structure associated

with the El Niño. In the Indian Ocean, a basinwide warm pattern appears instead of the

zonal SST dipole, despite the fact that the strength of easterly wind anomalies unchanges

over the eastern Indian Ocean. Although the basinwide warm pattern arises in the other

El Niño years (1957, 1965, 1969, 1976, 1987) without strong IODs, it has much smaller

amplitudes of SSTA than in the coincident years (not shown).

Also in the incoincidence years (1961, 1967, 1977, 1994) when positive IODs occur

without El Niño events, the zonal dipole structure of SSTA in the Indian Ocean is prominent

during the September-November period (Fig. 3b). The associated SSTA and surface wind
Fig. 3.

anomaly patterns during this season are quite similar to those in the coincidence years
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(Fig. 2b) except for the SSTA amplitudes in the southeastern Indian Ocean. However, the

basinwide warm pattern does not appear during the following December-February period

in the incoincidence years (Fig. 3c). These findings indicate that a remote forcing from the

SST activity in the tropical eastern Pacific is relevant to the seasonal transition of SSTAs

in the tropical Indian Ocean.

The zonal SST dipole and basinwide warm pattern are identified as the leading EOF

for September-October-November and December-January-February mean SST anomalies

in the tropical Indian Ocean, respectively. Figure 4 shows the two accompanying PCs
Fig. 4.

calculated from loadings in the Indian Ocean, and regressed SSTAs onto the PCs. The most

striking feature of the boreal autumn EOF, which accounts for 31.9 % of total variance on

interannual timescale, is the zonal dipole structure. This spatial structure is quite similar

to that of the zonal SST dipole in the coincidence years (Fig. 2b).

The leading EOF for boreal winter SSTAs, which accounts for 38.5 % of total variance,

has single polarity over most of the domain with centers of action in the western half of

the southern tropical Indian Ocean and south of 20̊ S in the eastern portion of the basin

(Fig. 4b). This spatial structure is quite similar to the basinwide warm pattern of SSTAs

in the coincidence years (Fig. 2c). Although these EOFs are derived from different seasons,

a significant correlation (+0.67) between the two PCs indicates a temporal linkage between

the zonal SST dipole in boreal autumn and the basinwide warm pattern in boreal winter

(Fig. 4c). In addition, each of the two PCs shows significant values exceeding one standard

deviation during the major El Niño years. The same relationship between the zonal SST

dipole and basinwide warm pattern can be detected from the leading mode of the singular

value decomposition (SVD) analysis for the boreal autumn and winter SSTAs in the Indian

Ocean (not shown).

b. Surface and subsurface temperature variations

In order to examine the seasonal sequence that the boreal-autumn zonal SST dipole

turns into the boreal-winter basinwide warm pattern, we present a longitude-depth section

of composite anomalies of zonal and vertical wind velocity, SST, and subsurface temperature
Fig. 5.
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averaged over 5̊ S and 5̊N during the coincidence years (Fig. 5). In July (Fig. 5a), negative

anomalies of SST and subsurface temperature are found in the eastern Indian Ocean and the

western Pacific. Strong negative temperature anomalies at the climatological thermocline

depth of 100 meters indicates that surface southeasterly wind anomalies over the eastern

Indian Ocean lead to upwelling of cold water off the west coast of Sumatra Island (Fig. 2a).

The zonal SST dipole, however, does not become apparent at the surface and subsurface

in this period. At the same time, positive SSTAs are still outcroped east of the dateline in

the equatorial Pacific. Underlying subsurface anomalies along tilted thermocline are much

coherent, which seems the pre-condition of the boreal-winter mature phase of El Niño. The

associated change in the tropospheric cross section shows a pronounced baroclinic structure

over the Pacific sector, while no coherent cell appears outside the Pacific.

In October (Fig. 5b), downward anomalies over the region east of the maritime continent

become much stronger, which is associated with anomalous surface westerlies (easterlies)

over the western and central Pacific (the Indian Ocean), as seen in Fig. 2b. A coherent

dipole structure of temperature anomalies is found from the surface to 200 meters depth

in the Indian Ocean. East of downward wind anomalies over the western Pacific, positive

temperature anomalies at surface (subsurface) are intensified east of 160̊E (160̊W). There-

fore, the convective activities are strongly suppressed over the maritime continent. In the

following January (Fig. 5c), strength of the two cells over the Indo-Pacific sector persists,

and center of downward wind anomalies moves eastward. In the Indian Ocean, a surface

structure shows a drastic change from the zonal dipole into the basinwide warm pattern,

despite the fact that the subsurface dipole is still found between 50 - 150 meters.

Figure 6 shows two monthly time series of zonal temperature differences in the surface

and subsurface, DMISST and DMI100m. This figure presents a seasonal sequence of zonal
Fig. 6.

dipole structure during the coincidence years. From May to November, the two DMIs

display synchronous development due to the intensification of the upwelling off the west

coast of Sumatra Island. After the mature phase of each dipole, however, DMISST decreases

more rapidly than DMI100m. While DMISST is close to zero in the following January and
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becomes negative for four months after that, DMI100m remains positive to the following

May though a gradual decrease of its amplitude. After boreal autumn in the coincidence

years, positive temperature anomalies in the southeastern Indian Ocean are confined in the

upper 40m of the ocean. This suggests that the warming effect due to surface heat fluxes

appears only in the oceanic mixed layer. We shall discuss this further in the next section.

4. Surface heat fluxes

Figure 7a displays the composite anomalies of the oceanic mixed layer temperature
Fig. 7.

(TMLD) and surface heat fluxes averaged over the eastern part of the zonal SST dipole (90̊ -

110̊E, 10̊ S-0̊ ; the southeastern Indian Ocean) during the coincidence years. The positive

(negative) value of surface heat fluxes means downward (upward) anomaly. In this study,

the oceanic mixed layer depth (MLD) is defined to be the depth at which the temperature

differs from the surface value by greater than 0.8 C̊. The net surface heat flux anomaly,

which is mostly explained by latent heat flux, shows a cooling effect on TMLD from July

through October. This net surface heat flux anomaly is consistent with TMLD tendency in

the same region. After that season, the net surface heat flux anomaly shows a warming effect

on TMLD from December to the following February, despite the fact that autumn-winter

anomalies of surface wind velocity keep its direction to the west. This increase in TMLD

is associated with suppressed latent heat flux during the same period. The solar radiation

anomaly keeps warming the oceanic mixed layer from June to the following February due to

the suppression of convective activity over the maritime continent (Fig. 5). Thus, the net

heat flux turns into warming effect during October-November, which is two months earlier

than a polarity change in latent heat flux anomaly. The time series of TMLD anomaly lags

by 2-3 months behind the net surface heat flux anomaly, and switches its polarity during

November to December. This shift of TMLD polarity coincides with the transition of the

zonal SST dipole into the basinwide warm pattern in Figs. 2 and 5.

Figure 7b shows the composite and climatology of the MLD in the eastern part of the

zonal SST dipole. The climatological MLD is characterized by an annual cycle in which the
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MLD is deepest (∼ 60m) in August and shallowest (∼ 30m) in April. The composite MLD

also indicates similar annual cycle to the climatological one. Since the MLD in the south-

eastern Indian Ocean tends to be shallower from boreal summer to the following spring,

the contribution of surface heat flux to the TMLD change becomes increasingly larger even

if the input of surface heat flux is constant through the season. In addition, the composite

MLD is shallower than the climatological one, because the anomalous southwesterlies off

the west coast of Sumatra Island intensify upwelling of cold water and thereby raise the

thermocline depth. From Figs. 7a and 7b, the averaged net heat flux and MLD during the

warming period (from November to the following February) are about 15 W m−2 and 35

m, respectively. This MLD agrees with the depth of the upper layer in which the positive

temperature anomalies appears after the mature phase of the zonal SST dipole (Fig. 5).

If the upper 35 m of the ocean is warmed up by the heat input due to this flux, we can

estimate the TMLD change for 3 months to be about 0.8 C̊, using the following equation:

∂TMLD

∂t
=

F

CpρH

where t is time, F is the heat flux into the ocean, Cp is specific heat of water (4218

JK−1kg−1), ρ is density of water (1000 kgm−3), and H is oceanic mixed layer depth. This

value of 0.8 C̊ accounts for about 70 % of the TMLD change during the warming period.

To examine the shift of TMLD polarity associated with the seasonal change in the latent

heat flux anomaly during the warming period, we present the climatological zonal wind at

surface together with its composite anomaly of zonal wind in Fig. 7c. The climatological

zonal wind shows an obvious annual cycle of monsoon system that is characterized by east-

erly (westerly) wind from April (December) to November (the following March). On the

other hand, the anomalous Walker circulation associated with the El Niño induces surface

easterly wind anomaly all the year around. This easterly wind anomaly accelerates (de-

celerates) the climatological easterly (westerly) wind from April (December) to November

(March). Consequently, the negative anomaly of zonal wind induces positive (negative)

scalar wind speed anomaly, and thereby leads to an enhanced (suppressed) evaporative
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cooling during boreal autumn (winter), as suggested by Ueda and Matsumoto (2000) and

Ueda (2001). This seasonal change in latent heat flux anomaly induces the rapid decay of

the zonal SST dipole.

Figure 8 shows the composite anomalies of TMLD and surface heat fluxes averaged over
Fig. 8.

the western part of the zonal SST dipole (50̊ -70̊ E, 10̊ S-10̊N) for the coincidence years. The

positive TMLD anomaly, with its maximum in November, is dominant all the year around.

On the other hand, the surface heat fluxes shows a cooling effect on TMLD. In other words,

the TMLD in this region is not determined only by an atmospheric forcing during boreal

winter-spring season. Although Venzke et al. (2000) indicated from CGCM integrations

that latent heat fluxes play an active role in SST warming in the western Indian Ocean,

the result in this study implies that an ocean dynamics contributes to the change of TMLD

there, as demonstrated by the previous studies (Webster et al. 1999; Chambers et al. 1999;

Xie et al. 2002).

5. Conclusion

We have studied the seasonality of the Indian Ocean SST anomalies associated with the

El Niño and IOD, using several model-based assimilation products. In the tropical Indian

Ocean, there are two dominant structures of SSTAs on interannual timescale. One is a

zonal dipole in boreal autumn, which is characterized by anomalous cold (warm) SSTAs in

the southeastern (western) Indian Ocean, and the other is a basinwide warm/cold pattern

during boreal winter-spring season. Thus, the dominant structure of the Indian Ocean SST

strongly depends on the season.

When the El Niño and IOD simultaneously take place in the Indo-Pacific sector, the

boreal-autumn zonal SST dipole turns into the boreal-winter basinwide warm pattern

(Figs. 2 and 5), despite the fact that a zonal subsurface dipole lasts 3 months after the

disappearance of the zonal SST dipole (Fig. 6). The El Niño suppresses the convective

activities around the maritime continent from boreal summer to winter, which induces di-

vergent wind anomalies in the lower troposphere (Fig. 5). Over the southeastern Indian
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Ocean, the resultant surface easterly anomalies accelerate the climatological surface east-

erlies from boreal summer to autumn. Increases in alongshore component of surface wind

lead to SST cooling through evaporation and upwelling in the southeastern Indian Ocean.

After boreal autumn, however, the SST cooling in the southeastern Indian Ocean is

prevented through suppression of upward latent heat fluxes. The easterly wind anomalies

are persistent due to the anomalous surface divergence over the maritime continent. These

easterly wind anomalies decelerate the climatological westerly winds that are dominant

during boreal winter to the following spring. In addition, the suppression of convective

activity increases solar radiations over the southeastern Indian Ocean, which are partly

responsible for warming tendency of SSTA during boreal winter and the following spring

in the same region. Besides these heat flux input, the MLD during the coincidence years is

shallower than the climatological MLD due to the anomalous upwelling off the west coast of

Sumatra Island. These conditions are favorable for the appearance of the basinwide warm

pattern and thereby induce the rapid decay of the zonal SST dipole. Although this SST

warming occurs through the same mechanism in the minor El Niño years without the IOD,

the SSTA amplitude in the Indian Ocean is smaller than a half of that in the coincident years

(not shown). On the other hand, positive SSTAs in the western Indian Ocean persist from

boreal autumn to the following spring despite a cooling effect of surface heat fluxes. This

indicates that an ocean dynamics plays a significant role in the persistence of warm SSTAs

in the western Indian Ocean during boreal winter-spring season. Our results show that

the relationships between the anomalous zonal wind and the climatological wind over the

southeastern Indian Ocean are different between boreal autumn and winter-spring season.

This change in relationship is a key to link the zonal SST dipole and the basinwide warm

pattern of SSTAs in the tropical Indian Ocean.
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Captions of Figures

Fig. 1. The scatter plot of the normalized DMI and NINO3 calculated from

September-October-November mean SST data. The number of two digits in

the circle shows the last two ones of year from 1948 to 1999. The correlation

coefficient between the two indices is +0.6. 15

Fig. 2. The composite SST and surface wind anomalies averaged during (a)

June to August (JJA), (b) September to November (SON), and (c) December

to the following January (DJF) for the coincidence years (1963, 72, 82, 86,

97). In these years, the Indian Ocean Dipole and the El Niño simultaneously

occurred. SST anomaly is represented by contour lines at 0.2 C̊ intervals.

SST anomalies greater (less) than 0.2 (-0.2) C̊ are lightly (heavily) shaded.

The reference wind speed (2 m s−1) is indicated at the upper right corner of

panels. 16

Fig. 3. Same as in Fig. 2, but for the incoincidence years (1961, 67, 77, 94)

when the Indian Ocean SST dipole occurred in the non El Niño years. 17

Fig. 4. The leading EOF modes for seasonal mean SST anomalies during (a)

September-October-November (SON) and (b) December-January-February

(DJF) in the Indian Ocean, respectively. The percentage of variance ex-

plained on the interannual timescale is indicated in the upper part at each

panel. Contour lines show the regressed SST anomaly onto (c) the principal

component of SON (solid line) and DJF (dashed line) EOF at 0.05 C̊ inter-

vals. SST anomalies greater (less) than 0.05 (-0.05) C̊ are lightly (heavily)

shaded. The bars in the lower panel show the normalized NINO3 calculated

from the SON mean data. 18
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Fig. 5. The vertical section of the composite anomalies of zonal and vertical

wind velocity (top), SST (middle), and subsurface temperature (bottom) in

(a) July, (b) October and (c) the following January for the coincidence years

(1963, 72, 82, 86, 97). Each of variables is averaged over the equatorial

region between 5̊ S and 5̊N. The zonal wind anomalies greater (less) than

0.2 (-0.2) m s−1in the top panel are heavily (lightly) shaded. The positive

(negative) SST and subsurface temperature are lightly (heavily) shaded in

the middle and bottom panels, respectively. The white and black contours in

the bottom panel show the climatology (contour interval: 2 C̊) and anomaly

(contour interval: 0.4 C̊) of temperature in the upper-ocean. 19

Fig. 6. The monthly composite Dipole Mode Indices (DMIs) defined at the

surface (dashed line) and 100m-depth (solid line) for the coincidence years

(1963, 72, 82, 86, 97). Each of the indices is normalized. 20

Fig. 7. The monthly composite anomalies of (a) surface latent heat (dashed

line), solar radiation (thin line), total net heat flux (thick line), and mixed

layer temperature (shaded) averaged over the eastern Indian Ocean (90 -̊

110 E̊, 10 S̊ - 0 )̊ for the coincidence years (1963, 72, 82, 86, 97). The

positive (negative) value of surface heat fluxes means downward (upward)

flux anomaly. (b) and (c) are the same as in (a), but for (b) the mixed layer

depth (climatology: solid line, composite: dotted line) and (c) the surface

zonal wind (climatology: solid line, anomaly: dotted line), respectively. 21

Fig. 8. Same as in Fig. 7a, but for the monthly composite anomalies averaged

over the western Indian Ocean (50 -̊ 70 E̊, 10 S̊ - 10 N̊). 22
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Fig. 1. The scatter plot of the normalized DMI and NINO3 calculated from September-October-
November mean SST data. The number of two digits in the circle shows the last two ones of
year from 1948 to 1999. The correlation coefficient between the two indices is +0.6.
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Fig. 2. The composite SST and surface wind anomalies averaged during (a) June to August (JJA),
(b) September to November (SON), and (c) December to the following January (DJF) for the
coincidence years (1963, 72, 82, 86, 97). In these years, the Indian Ocean Dipole and the El
Niño simultaneously occurred. SST anomaly is represented by contour lines at 0.2 C̊ intervals.
SST anomalies greater (less) than 0.2 (-0.2) C̊ are lightly (heavily) shaded. The reference wind
speed (2 m s−1) is indicated at the upper right corner of panels.
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Fig. 3. Same as in Fig. 2, but for the incoincidence years (1961, 67, 77, 94) when the Indian Ocean
SST dipole occurred in the non El Niño years.

18



30˚E 60˚E 90˚E 120˚E
30˚S

20˚S

10˚S

0˚

10˚N

20˚N

30˚N
(a) SON, EOF-1 ( 31.9 % )

30˚E 60˚E 90˚E 120˚E
30˚S

20˚S

10˚S

0˚

10˚N

20˚N

30˚N
(b) DJF, EOF-1 ( 38.5 % )

SON DJF

(c) PCs

-3

-2

-1

0

1

2

3

N
or

m
al

iz
ed

 a
no

m
al

y

1950 1960 1970 1980 1990

Time (year)

Fig. 4. The leading EOF modes for seasonal mean SST anomalies during (a) September-October-
November (SON) and (b) December-January-February (DJF) in the Indian Ocean, respectively.
The percentage of variance explained on the interannual timescale is indicated in the upper part
at each panel. Contour lines show the regressed SST anomaly onto (c) the principal component
of SON (solid line) and DJF (dashed line) EOF at 0.05 C̊ intervals. SST anomalies greater
(less) than 0.05 (-0.05) C̊ are lightly (heavily) shaded. The bars in the lower panel show the
normalized NINO3 calculated from the SON mean data.
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Fig. 5. The vertical section of the composite anomalies of zonal and vertical wind velocity (top), SST
(middle), and subsurface temperature (bottom) in (a) July, (b) October and (c) the following
January for the coincidence years (1963, 72, 82, 86, 97). Each of variables is averaged over the
equatorial region between 5̊ S and 5̊N. The zonal wind anomalies greater (less) than 0.2 (-0.2)
m s−1in the top panel are heavily (lightly) shaded. The positive (negative) SST and subsurface
temperature are lightly (heavily) shaded in the middle and bottom panels, respectively. The
white and black contours in the bottom panel show the climatology (contour interval: 2 C̊) and
anomaly (contour interval: 0.4 C̊) of temperature in the upper-ocean.
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is normalized.

21



M J J A S O N D J F M A M

(a)

Month

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

-0.0

0.2

0.4

0.6

0.8

1.0

1.2

T
 M

L
D

 a
no

m
. [
˚C

]

Net heat flux
Solar radiation
Latent heat flux
TMLD

W
ar
m
in
g

C
oo
lin
g

-40

-30

-20

-10

0

10

20

30

40

Fl
ux

 a
no

m
. [

W
 m

-2
]

20

30

40

50

60

D
ep

th
 [

m
]

M J J A S O N D J F M A M

(b)

Month

Climatology
Composite

-5

-4

-3

-2

-1

0

1

2

3

4

5

Z
on

al
 W

in
d 

[m
 s

-1
]

M J J A S O N D J F M A M

(c)

Month

Climatology

Anomaly

Fig. 7. The monthly composite anomalies of (a) surface latent heat (dashed line), solar radiation
(thin line), total net heat flux (thick line), and mixed layer temperature (shaded) averaged over
the eastern Indian Ocean (90 -̊ 110 E̊, 10 S̊ - 0 )̊ for the coincidence years (1963, 72, 82, 86, 97).
The positive (negative) value of surface heat fluxes means downward (upward) flux anomaly.
(b) and (c) are the same as in (a), but for (b) the mixed layer depth (climatology: solid line,
composite: dotted line) and (c) the surface zonal wind (climatology: solid line, anomaly: dotted
line), respectively.
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Fig. 8. Same as in Fig. 7a, but for the monthly composite anomalies averaged over the western
Indian Ocean (50 -̊ 70 E̊, 10 S̊ - 10 N̊).
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