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ABSTRACT Many climatologists are concerned with the variability of air-sea interactions. In this paper, signals
of interannual and interdecadal variability of air-sea interactions in the southern subtropical Indian Ocean
(SSIO) have been extracted from both monthly sea surface temperatures (SST) and monthly surface winds and
compared to air-sea interactions of the tropical Indian Ocean (TIO). Empirical orthogonal function (EOF) expan-
sion has been used in the analysis of observed sea surface temperature anomalies (SSTA) over the basin-wide
Indian Ocean (35°S to15°N, 30°E to120°E) for 1950–1998. The results show that another dipole structure, with
centres in the south-western subtropics of the ocean and near Australia, is different from the TIO dipole mode in
several aspects. The SSIO dipole mode reflects internal variations of the Indian Ocean, exhibiting obvious inter-
annual and interdecadal changes. The variability of this independent SSTA mode, which is represented by a
dipole mode index (DMI), is strongly connected with the air-sea coupling through monsoon precipitation, wind
field, and heat flux changes. Examining the wind fields correlated with the SSIO SSTA DMI, an oscillation in the
meridional surface wind or the wind DMI is also defined and analyzed. Composite results of wind fields from
extreme years and anomalous periods of the SSIO SSTA DMI show that interannual and interdecadal air-sea
interactions are evident in the Indian Ocean and are connected with the activity of the east Asian, the south Asian,
the African, and the Australian monsoons.

RÉSUMÉ [Traduit par la rédation] De nombreux climatologistes s’intéressent à la variabilité des interactions
air-mer. Les auteurs du présent article ont extrait les indicateurs de variabilité interannuelle et interdécennale
des interactions air-mer dans le secteur sud de l’océan Indien subtropical, des données mensuelles sur les 
températures de surface de la mer et les vents de surface, et les ont comparés aux interactions air-mer dans
l’océan Indien tropical. L’expansion en fonctions orthogonales empiriques a été utilisée lors de l’analyse des
anomalies des températures de surface de la mer observées dans l’ensemble du bassin de l’océan Indien 
(35°S-15°N, 30°E-120°E) pendant la période 1950-1998. Les résultats indiquent qu’une autre structure de dipôle
ayant des centres dans le secteur sud-ouest subtropical de l’océan et près de l’Australie, diffère à plusieurs égards
du mode dipolaire de l’océan Indien tropical. Le mode dipolaire du secteur sud de l’océan Indien subtropical
reflète des variations internes de l’océan Indien et fait voir des changements interannuels et interdécennaux 
manifestes. La variabilité de ce mode indépendant des anomalies des températures de surface de la mer, que
représente un indice de mode dipolaire (IMD), est fortement associée au couplage air-mer par le biais de 
changements dans les précipitations de mousson, le champ de vent et le flux de chaleur. Un examen des champs
de vent mis en corrélation avec l’IMD des anomalies des températures de surface du secteur sud de l’océan Indien
subtropical a également permis de définir et d’analyser une oscillation dans le vent de surface méridional ou
l’IMD du vent. Les résultats combinés des champs de vent tirés des années extrêmes et des périodes anomales de
l’IMD des anomalies des températures de surface du secteur sud de l’océan Indien subtropical montrent que les
interactions air-mer interannuelles et interdécennales sont manifestes dans l’océan Indien et qu’elles sont 
associées à l’activité des moussons de l’Asie orientale, de l’Asie méridionale, de l’Afrique et de l’Australie.
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1 Introduction
By virtue of its size, the Pacific Ocean is one of the most
important components of the Earth’s climate system. The El
Niño phenomenon has attracted many researchers from vari-
ous fields, such as climatology and oceanography (Wyrtki,
1985; Graham and White, 1988; Latif, 1998; Neelin et al.,
1998; and others). Due to its pronounced influence on the

ecosystems (Glynn, 1990), agriculture (Handler, 1990; Cane
et al., 1994), and economic performance (Glantz, 1996) of so
many countries, efforts have been made to uncover its under-
lying mechanism. Models have been developed allowing pre-
dictions to be made (Zebiak and Cane, 1987; Ji et al., 1996;
Trenberth, 1998), and this activity has stimulated the investi-
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gation of coupled ocean-atmosphere dynamics. The basic
idea is that, in the process of air-sea interaction, the wind dri-
ves the sea (Hickey, 1975; Rasmusson and Carpenter, 1982;
Luther, 1983) and the latter changes the balance of energy by
releasing or absorbing enormous amounts of heat (Chang
et al., 1997). Consequently, the sea surface temperature
(SST), which responds to the internal variability of the ocean,
is an important indicator of this air-sea interaction. By the use
of empirical orthogonal function (EOF) analysis, various
important SST modes in different oceans have been extract-
ed. The first mode in the Pacific accounts for about 40% of
the total SST variance, and corresponds to the El Niño phe-
nomenon. This has been an important topic of research for
many years (Barber et al., 1983; Timmermann et al., 1999). 

Compared with the Pacific Ocean, the Indian Ocean is
small and its role in influencing the regional climate patterns
surrounding it has not been given much attention until fairly
recently (Reason, 1998, 1999; Reason and Mulenga, 1999;
Yu and Rienecker, 1999, 2000; Webster et al., 1999;
Anderson, 1999; Saji et al., 1999; Behera and Yamagata,
2001). More and more, investigators are beginning to realize
that the Indian Ocean is not just an insignificant neighbour of
the Pacific Ocean. Several unique phenomena and linkages
between atmospheric circulation and monsoon or rainfall
anomalies exist in this region. First, the western equatorial
Indian Ocean is colder with larger SST variability than the
eastern equatorial Indian Ocean and the seasonal SST cycle
has an eastward propagation (Murtugudde et al., 1998).
Second, observations show that the largest correlation
between SST and the Extended Indian Monsoon Rainfall
(EIMR) index is in the southern tropical Indian Ocean (STIO)
(Goswami et al., 1997). Third, the interannual warm and cool
events in the subtropical/mid-latitude southern Indian Ocean
region, that are not associated with extreme phases of the El
Niño Southern Oscillation (ENSO), are linked with signifi-
cant anomalous rainfall in large parts of southern Africa
(Reason, 1999; Reason and Mulenga, 1999). Fourth,
Murtugudde and Busalacchi (1999) show that most of the sig-
nificant SST anomalies (SSTA) in the eastern STIO are typi-
cally associated with SSTA of the opposite sign in the
western STIO. At the same time, Saji et al. (1999) defined a
dipole region to indicate the opposite sign in the equatorial
Indian Ocean, which is connected with the precipitation
anomalies in eastern Africa and Indonesia. More recently,
Behera and Yamagata (2001) dealt with the subtropical SST
dipole in the southern Indian Ocean.

It is well known that the strongest SSTA signal is in the
equatorial eastern Pacific (EEP) while the strongest interan-
nual variation in the exchange of heat and momentum
between air and sea is in the equatorial western Pacific (Wang
et al., 1998). On the other hand, many investigations have
shown that the interannual and interdecadal variations of the
atmosphere may result from the air-sea interaction in sub-
tropical regions (Yamagata and Masumoto, 1992; Yasunari
and Seki, 1992; Reason and Mulenga, 1999). At the present
time, tropical and subtropical SST dipoles are proposed but

their difference and the interannual-interdecadal variability in
the Indian Ocean as well as their linkages with the monsoon
circulation and precipitation anomalies surrounding the ocean
over the Asian and the Australian continents are not well
known.

In this paper, signals of interannual and interdecadal vari-
ability of air-sea interaction in the basin-wide Indian Ocean
(BIO) will be extracted from both monthly SST and monthly
surface winds. The EOF expansion method will be used in the
analysis of the observed SSTA over the Indian Ocean. In
addition, composite results of wind fields from extreme years
and anomalous periods of SSTA will be used to describe the
effect of the Indian Ocean on atmospheric circulation over
Asian-Australian regions. Two National Centers for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis datasets for the 49-year
period from 1950 to 1998 are used in the present paper. One
is the monthly SST data having a spatial resolution of 2
degrees by 2 degrees and the other is the monthly surface
wind data having a spatial resolution of 2.5 degrees by 2.5
degrees. In order to identify the regional features of monsoons
affected by different SSTA patterns, the precipitation data
derived from the Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP) product for 1979–1998 are
used. The dataset has been constructed based on rain gauge
observations, satellite estimates, and numerical model outputs
and has a spatial resolution of 2.5 degrees by 2.5 degrees (Xie
and Arkin, 1997). The all-India precipitation data from 1950
to 1997 are also used.

The remainder of the paper is organized as follows: the
SSTA signal of the tropical Indian Ocean will be compared
with that of the tropical Pacific Ocean in Section 2. The
strongest signal of SSTA in the BIO will be extracted using
EOF analysis in Section 3. The tropical Indian Ocean (TIO)
SSTA mode is compared with the southern subtropical Indian
Ocean (SSIO) SSTA mode in Section 4. The interannual cir-
culation features corresponding to the SSTA signal in the BIO
will be described in Section 5. The interdecadal circulation
features corresponding to the long-term SSTA signal will be
described in Section 6. Finally, conclusions and discussions
are given in Section 7.

2 Tropical SSTA signal
As can be seen in Fig. 1, the basin of the Indian Ocean has the
African continent to the west, the continental bridge (marine
continent) of the Asian-Australian continents to the east, and
the Asian continent to the north. North of the equator, the
basin contains the Arabian Sea and the Bay of Bengal. It is
evident that most of the Indian Ocean is located south of the
equator. This probably explains why the largest correlation
between the SST and EIMR indices is in the STIO (see
Goswami et al., 1997) and the largest SST change is in the
southern Indian Ocean (Reason, 1999; Yu and Rienecker,
2000; Behera and Yamagata, 2001). In the equatorial Indian
Ocean, on the other hand, a dipole mode of the SSTA was
proposed by Saji et al. (1999) and the out of phase east-west
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SST and sea level variations were reported by Murtugudde
and Busalacchi (1999). Two regions along the equator in
Fig. 1, denoted by “A-WEST” and “A-EAST”, were used by
Saji et al. (1999). These will be referred to as dipole region-A
(west: 50°E–70°E, 10°S–10°N; east: 90°E–110°E,
10°S–equator). It was noted in Saji et al. (1999) that when
low SSTs appear off Sumatra (A-EAST), high SSTs emerge
in the western section (A-WEST) of the ocean. EOF expan-
sion was used in their work to analyze SSTs over the 40-year
period (1958–1998). They found that the second mode
(EOF2) explains about 12% of the total variation of the anom-
alous Indian Ocean SST. This dipole can be identified by a
simple index time series, which describes the difference in the
SSTA between the tropical western and eastern Indian Ocean.
Figure 2a shows the area-averaged SSTA over dipole 
region-A during forty-nine years (1950–1998). The solid line
indicates the five-month running average of the SSTA in the
western area, while the dotted line indicates the same average
in the eastern area. The two curves show that the SSTA
(except for the extreme events of 1961, 1972, 1994, 1997) for
the western and eastern areas of dipole region-A have the
same sign: negative in 1950–1957, 1964–1968 and
1974–1977 and positive in 1977–1984 and 1986–1993. An
interdecadal transition in the SST time series is evident in the
late 1970s. A similar transition was also observed in the trop-
ical Pacific (Zhu et al., 1999). 

DMI (dipole mode index) A (DMI-A) is defined, as in Saji
et al. (1999), as the difference between SSTAs (A-WEST
minus A-EAST). Figure 2b shows five-month running means

of DMI-A as a heavy solid line and five-month running
means of the Nino3 region (5°N–5°S, 150°W–90°W) SSTA
as a light solid line from 1950 to 1998. In order to isolate the
TIO DMI-A, the contribution of EOF1 from the SSTA is
removed and then an EOF was performed on the residual
between 20°S and 20°N. The two SSTA time series 
(A-WEST and A-EAST) and the DMI-A series used this way
are exactly the same as shown in Fig. 2a and Fig. 2b.
Evidently from Fig. 2b, there were many years in which
dipole events and El Niño events co-occurred, such as 1952,
1954, 1965, 1972–1973, 1976, 1982–1983, 1986–1987, 1991
and 1997–1998. The correlation coefficient of 0.40 at the
99% significance level for the DMI-A series and Nino3 SSTA
implies that two events, one in the tropical Indian Ocean and
another in the tropical Pacific, cannot be completely separat-
ed. These phenomena were noted by previous studies for the
major events of 1972, 1982, and 1987 (Nigam and Shen,
1993; Tourre and White, 1995; Nicholson, 1997; Chambers
et al., 1999). This implies that the ENSO forcing might create
favourable conditions, promoting the manifestation of the
TIO variability.

In order to investigate further the relationship between 
El Niño and the above-described equatorial dipole, an EOF
expansion was performed on both the Indian Ocean and the
Pacific Ocean SSTAs (30°E–80°W, 35°S–15°N) simultane-
ously. The EOF1 mode (not shown) accounts for around 40%
of the total variability. The western area (A-WEST) and east-
ern area (A-EAST) are located in the expansion coefficients
“–15” and “–5” areas, respectively accompanying the same
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Fig. 1 The two dipole regions (marked in rectangles). Region-A west (50°E–70°E, 10°S–10°N) and region-A east (90°E–110°E, 10°S–equator) are the same
as the regions used by Saji et al. (1999). Region-B west (65°E–85°E, 35°S–27°S) and region-B east (90°E–110°E, 20°S–13°S) are the regions used in
the present paper.



SST variation sign in the equatorial central-eastern Pacific.
Such a contour distribution means that when the SSTs along
the EEP begin to rise (El Niño) or decrease (La Niña) the
western and the eastern areas of dipole region-A in the Indian
Ocean will exhibit the same SST tendency or the same signal.
The discrepancy between both coefficients “–15” and “–5”
only indicates that the strength of the SST change in the west-

ern and eastern areas is different. This shows that basin-scale
anomalies of uniform polarity cover the TIO basin during
ENSO events (Wallace et al., 1998).

Even when the BIO SSTAs have been removed, the char-
acteristic of the SST change with the relatively large ampli-
tude still remains in the western area prior to 1990 (Fig. 2a).
During El Niño years such as 1972–1973, 1982–1983,
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Fig. 2 Area-averaged SSTA series (1950–1998) for the western area and the eastern area of dipole region-A (upper panel). The solid line indicates the five-
month running average of the original series of SSTA in the western area and the dotted line the same average in the eastern area. The lower panel dis-
plays the SSTA DMI-A series and the Nino3 SSTA series during the years 1950–1998. The heavy-solid line represents the five-month running average
of the original DMI-A series and the light-solid line the five-month running average of the Nino3 SSTA.



1986–1987 and 1998, the SST increased in both the western
and the eastern areas of dipole region-A, but the SST in the
west rose much more than in the east. On the other hand, dur-
ing La Niña years, such as 1955, 1964–1965, 1970–1971 and
1975, when the Nino3 SST exhibited a sudden drop resulting
in negative anomalies, the SST in the west decreased more
than in the east, resulting in negative DMI values. In summa-
ry, this equatorial dipole mode may not be free of the influ-
ences of the Pacific SST anomalies. 

3 SST signal in the BIO
As is well known, a criticism of EOF analysis is that it is sen-
sitive to the area selected for analysis. This leads to the ques-
tion of which domain in the Indian Ocean should be chosen
for performing the EOF analysis. Because the equator rough-
ly bisects the Pacific basin, the EOF1 or El Niño mode of the
SSTA can be extracted by choosing a symmetric area along
the equator. But most of the Indian Ocean lies in the southern
hemisphere. If we choose a symmetric tropical area along the
equator, much data over the basin cannot be used in the analy-
sis. As a result, in the present study, the EOF analysis of the
49 years of observed SST data is performed for the area
extending from 15°N to 35°S and 30°E to 120°E. The first
EOF (not shown) explains about 38% of the total variation of
the anomalous SST and exhibits basin-wide anomalies of uni-
form polarity over the Indian Ocean with its time series coin-
ciding with the ENSO events. The second mode, EOF2, which
was also found by Behera and Yamagata (2001) but using data
for the period 1958–1998, is displayed in Fig. 3. This mode
explains nearly 12% of the variance and exhibits a change of
sign between two regions (west: 65°E–85°E, 35°S–27°S, east:
90°E–110°E, 20°S–13°S). The two regions are basically sim-

ilar to those shown by Behera and Yamagata (2001) whose
western region covered (55°E–65°E, 37°S–27°S) and their
eastern region covered (90°E–100°E, 28°S–18°S). In order to
extract the strongest signal in SST variations, we define two
areas as dipole region-B, which are plotted in Fig. 1 
(B-WEST, B-EAST). The opposite signals can also be noted
along the equator and in the south-west part of the ocean.

Figure 4a shows the area-averaged SSTA of dipole region-
B over the past 49 years (1950–1998), where the solid line
represents the five-month running average of the SSTA for
the western area and the dotted line the same average for the
eastern area. The two areas of the dipole region exhibited
opposite signs of the SSTA during nearly 40 of the 49 years,
such as 1953, 1961, 1973, 1976–1983, 1986, 1993 (with west
“+”; east “-”), and 1950, 1957, 1959, 1963–1968, 1984,
1995–1996 (with west “-”, east “+”). The amplitudes of the
SST variations in the basin-wide western Indian Ocean were
larger than in the eastern area.

Using the difference between the SSTA of the western and
the eastern areas, we constructed an index, termed the DMI-
B. The high correlation of 0.93 between this index and the
time series associated with EOF2 indicates that DMI-B is rep-
resentative of the SSTA over the BIO. In Fig. 4b, the DMI-B
series and the Nino3 SSTA series over the past 49 years
(1950–1998) are displayed, where the heavy solid line indi-
cates the five-month running average of the DMI-B series and
the light solid line the five-month running average of the
Nino3 SSTA series. The relation between El Niño events and
dipole mode events can be clearly observed from these two
curves. The El Niño events of 1956–1957, 1966, 1969,
1982–1983 and 1997-1998 coincide with negative DMI val-
ues or no dipole events. Typical dipole years, such as 1955,
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Fig. 3 The Indian Ocean SSTA EOF2 (VAF-12%). This mode is extracted by performing an EOF analysis on the observed SSTA over the area from 30°E to
120°E and 35°S to 15°N for the years 1950–1998.



1962–1963, 1968, 1977–1981, 1990 and 1994 are mostly 
La Niña or weak La Niña years. This behaviour and the low
correlation (0.03) between DMI-B series and Nino3 SSTA
series suggests that the oscillation of the SSTA taking place
in dipole region-B is probably the internal variation of the
Indian Ocean. 

4 Comparison of DMI-B and DMI-A
In order to compare the features of DMI-B and DMI-A,
extreme months with indices larger than 1.5 times the stan-
dard deviation σ are listed in Table 1. It can be seen that 
DMI-A is associated with large variability during JASON
months while DMI-B is associated with large variability
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Fig. 4 Area-averaged SSTA series (1950–1998) for the western area and the eastern area of dipole region-B (upper panel). The solid line indicates the five-
month running average of the original series of SSTA in the western area and the dotted line the five-month running average in the eastern area. The
lower panel displays the SSTA DMI-B series and the Nino3 SSTA series for the years, 1950–1998. The heavy-solid line represents the five-month run-
ning average of the original DMI-B series and the light-solid line the five-month running average for the Nino3 SSTA. The dotted line is a polynomi-
al fit of order 10 to the original DMI-B series.



mainly during JFMAMJJ months. For DMI-A 12 of the 23
events occurred in October and the deviation became large
after 1993. However, for DMI-B the 32 events occurred in all
months and there is no clear selection.

Figures 5 and 6 depict the SSTA composites at the 
positive/negative peak months of DMI-A for the two periods
1951–1992 and 1994–1998. The monthly SSTA composites
for October of 1994 and October 1997 are shown in Fig. 5a 
and the SSTA composites for October 1996 and 1998 are
shown in Fig. 5b. October is the month of seasonal transition
covering the Asian-Australian monsoon region from boreal
summer to winter (Qian et al., 2002). Two rectangles in these
figures denote the areas of DMI-A. Clearly in Fig. 5a, the
strong SSTA signals were located only in the two areas indi-
cated. But in Fig. 5b, two positive SSTA centres are found in
A-WEST and the A-EAST areas while the opposite signal is
found in the Arabian Sea and the SSIO. In Fig. 6, the strongest
signal in the eastern area is not included in the rectangle. The
DMI-A event ratio during the two periods 1950–1992 and
1993–1998 is 19:4 but the latter SSTA amplitude of SSTA was
larger than the former. Therefore, the tropical dipole mode
becomes more noticeable only in recent years for positive
DMI-A phases.

The SSTA composite analysis from all positive DMI-B
peaks listed in Table 1 is shown in Fig. 7a while all negative
peaks are shown in Fig. 7b. The pattern of the composite

SSTA is a reflection of the EOF2 structure shown in Fig. 3.
The large gradient in the EOF2 pattern evident in the SSIO is
seen in both Figs 6b and 7b. The large SSTA gradient in the
TIO in Fig. 5 is not apparent in the EOF2 structure.

Using the monthly CMAP data from 1979 to 1998, the
composite precipitation anomalies during the peak months of
the DMI-A and DMI-B are shown in Fig. 8 and Fig. 9, respec-
tively. The precipitation anomaly distributions (Fig. 8) of
DMI-A are basically consistent with those of Saji et al. (1999)
but we show a relatively large domain including Australia and
eastern Asia. Durring the positive phase of DMI-A, the posi-
tive precipitation anomalies appeared from equatorial Africa
to the equatorial western Indian Ocean, India and the sub-
tropical western Pacific while the negative anomalies
appeared from the equatorial eastern Indian Ocean to
Indonesia and the northern South China Sea. During the neg-
ative phase of DMI-A, the positive precipitation anomalies
are found in the eastern Indian Ocean with large centres from
India to the South China Sea. The negative precipitation
anomalies occurred from equatorial Africa to the equatorial
western Indian Ocean as well as in south China and
Indonesia. The opposite patterns of precipitation anomalies
are revealed by DMI-A in Africa and the Indian Ocean only
along the equator. The precipitation anomalies over India,
southern China and Indonesia did not appear to be related to
the DMI-A phases.
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Table 1 Extreme months of DMI-A and DMI-B events and their standard deviations (σ).

DMI-A DMI-B

Year Month σ Year Month σ

1951 Sep 1.63 1950 Jan –1.55
1953 May 1.51 1951 Mar 2.49
1954 Oct –1.97 1953 Feb 2.64
1955 May –1.51 1955 Dec –1.57
1956 Oct –1.85 1957 May –1.58
1959 Jul –1.68 1958 Jul –2.53
1960 Nov –1.80 1961 Apr 1.65
1961 Oct 1.94 1962 Jun –2.91
1963 Oct 1.88 1963 Mar –2.23
1964 Sep –1.83 1964 Jan –3.33
1965 Oct 1.54 1965 Jun –2.20
1971 Oct –1.85 1967 Jun –2.04
1972 Sep 2.82 1970 Aug –1.80
1975 Oct –1.77 1973 Sep –1.51
1982 Oct 2.36 1974 Nov 1.78
1983 Mar –1.60 1976 Nov 1.57
1983 Jul 2.05 1977 Jun 1.66
1985 Jun –1.51 1978 Jun 2.76
1992 Aug –1.80 1979 Sep 2.09
1994 Oct 5.96 1981 Feb 1.83
1996 Oct –3.07 1982 Mar 1.62
1997 Oct 6.38 1983 Jan –2.37
1998 Oct –2.53 1984 Jul –1.55

1986 Oct 2.52
1988 Jan 1.97
1990 Feb –1.73
1990 Sep 1.69
1991 Feb 1.71
1993 Feb 1.99
1995 May –1.73
1996 Oct –2.32
1998 Apr –1.57



For DMI-B, the precipitation anomalies demonstrate a
basic feature: the negative precipitation anomaly is to the
north of the equator from north Africa to south and east Asia
while the positive precipitation anomaly lies over south
Africa and north Australia at the positive composite peaks
(Fig. 9a). The relationship between the positive precipitation
anomaly over large areas of central and eastern South Africa
and SST anomalies in the south-west Indian Ocean was pro-
posed by Walker (1990) and Mason (1995), and simulated by
Reason and Mulenga (1999). For the composition of the neg-

ative DMI-B peaks, the positive precipitation anomaly was
mainly located in the SSIO. The opposite precipitation anom-
alies are found over eastern India at the positive and negative
DMI-B phases. This feature can also be seen in Fig. 10 com-
paring the all-India mean precipitation and the DMI-B series
since 1950. The correlation coefficient between the two
curves is –0.31 with 95% significance level. Table 2 shows
the years of the all-India mean rainfall more (less) than 900
(750) mm y–1 and the signals of DMI-B during that period. It
can be seen that in the years (R+) of above-normal rainfall
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Fig. 5 The SSTA composite analysis (°C) for the years 1994–1998 of (a) the positive and (b) the negative peak months of the DMI-A series.



DMI-B had a relatively high frequency of negative signals
while the positive signals appeared most fequently in the
years of below-normal rainfall. This result is consistent with
the analysis of the CMAP precipitation.

Figures 11 and 12 show the composite analysis of the sur-
face wind anomalies for DMI-A and DMI-B at the peak
months related to the 49-year mean wind. The strong easterly
wind anomaly can be found over the equatorial Indian Ocean
at the positive peak of DMI-A and the westerly anomaly at
the negative peak. The reversed wind directions for the posi-
tive and negative DMI-A can also be noted over the equator-

ial western Pacific. The surface wind anomaly composite at
DMI-A peaks explains the precipitation anomalies along the
equator shown in Fig. 8. The surface wind anomalies over the
subtropical regions are not completely opposite at the two
phases of DMI-A. Along the continental bridge over
Indonesia strong divergence appeared during the positive
DMI-A phase while strong convergence appeared during the
negative DMI-A phase; indicating a possible linkage between
DMI-A and ENSO events.

The composite wind anomalies including the Indian Ocean,
the mid-low latitude of Africa, the Asian continent and
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Fig. 6 As in Fig. 5 except for the years 1951–1992.



Australia except for the equatorial western Pacific are 
really opposite to each other at the two peaks of DMI-B.
Several opposite circulation centres are noted in subtropical
southern Africa, eastern India, eastern China and Indonesia-
Australia. The opposite patterns of precipitation in the 
southern and northern subtropical regions as well as the 
local continental precipitation anomalies can be explained by
the wind anomalies shown in Fig. 12. The peak month of
DMI-B appears mainly in the boreal winter season such 
that DMI-B should really reveal not only the SSIO SSTA fea-

ture but also the monsoon precipitation over southern Africa
and Australia. The anomalous precipitation pattern shown
with centres from southern Africa to Australia in Fig. 9
reflects the monsoon anomalies in the subtropics. Southern
Africa and northern Australia are dominant in the subtropical
monsoon areas demarcated by Qian (2000) using satellite
derived water-vapour brightness temperature. Figure 12, 
Fig. 9 and Fig. 7 show that the monsoon anomalies in the 
subtropics are connected to the basin wide SSTA over the
SSIO region.
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Fig. 7 The SSTA composite analysis (°C) for (a) all positive DMI-B peak months and (b) all negative peak months. 



5 Interannual circulation features
A composite analysis of the surface wind was performed to
examine the stream field structure under the SSIO dipole mode.
The results are shown in Fig. 12. We pay attention to the merid-
ional wind anomalies over the Indian Ocean. During the posi-
tive DMI-B peak, the strengthened northerly wind is located in
the south-western area of dipole region-B with the strong
southerly wind over the eastern area. Under the anomalous cir-
culation, the enhanced downwelling should appear in the
south-west area of the basin while the upwelling should appear

in the eastern area and along the tropical Indian Ocean. The
reversed circulation anomalies can be seen in Fig. 12b. This cir-
culation anomaly or atmospheric vortex feature implies signif-
icant air-sea coupling dynamics, which will be illustrated later.

The Monsoon Hadley (MH) index is defined as the anom-
alous meridional wind shear between 850 hPa and 200 hPa
averaged over the same region (70°N–110°E, 10°N–30°N) as
EIMR (Goswami et al., 1998). Their results show that the cor-
relation between the MH index and EIMR is about 0.7 while
the correlation between the WY index (Webster and Yang,
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Fig. 8 The precipitation anomaly composite analysis (mm d–1) for the years 1979–1998 of (a) the positive and (b) the negative peak months of the DMI-A
series. 



1992) and EIMR is only about 0.2. The southerly component
is evidently reversed from the positive DMI-B peak (Fig. 12a)
to the negative peak (Fig. 12b) over the above area. Recent
dynamical research has shown that the meridional surface
wind anomalies play an important role in the sea level height
and SST anomalies (White, 2000).

Figure 12a shows that anomalous northerlies and souther-
lies prevail over the western and eastern areas of the subtrop-
ical southern ocean, respectively. In Fig. 12b, southerly flow
takes the place of northerly flow in the west with northerly
flow becoming dominant in the east. This transition in the

direction of the meridional wind implies the existence of a
similar oscillation in the atmosphere, which may be the dri-
ving force for the SST change in the ocean. In order to illus-
trate such ocean-atmosphere coupling, two series of
meridional wind anomalies averaged over two regions (west:
60°E–80°E, 30°S–20°S; east: 90°E–110°E, 20°S10°S) have
been calculated for 1950 to 1998. Figure 13a shows the two
series. Out of a total of 49 years, there were about 35 years
during which the west and east meridional wind anomalies
had opposite signs. The correlation coefficient between the
two curves is –0.36 at the 95% significance level.
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Fig. 9 As in Fig. 8 except for the DMI-B series.



A DMI of surface wind was constructed from the 
difference time series of the meridional wind anomalies by
taking the west minus east. It can be seen in Fig. 13b that 
most of the time, such a wind index (solid line) exhibited an
out-of-phase relationship with the SSTA DMI-B series 
(dotted line). The correlation coefficient between the 
two curves is 0.36 at the 95% significance level. This rela-
tionship indicates that when northerly flow strengthens in 
the west, the SST will increase in the south-west area of the
ocean and decrease in the eastern area and along the equator.

On the other hand, strong southerly flow in the eastern area
implies a drop in SST in the south-east. 

6 Interdecadal variation
From the above analysis, one can postulate the existence 
of linkages among the SSTA DMI-B in the southern 
Indian Ocean, anomalous surface winds and monsoon 
anomalies surrounding the ocean. Referring again to Fig. 4b,
it can be seen that the SSTA and the DMI-B series have 
various timescales. The quasi-biennial cycle and the 4–5-year
cycle are evident in both the SSTA and DMI-B series. 
In addition, the DMI-B series exhibits a prominent 
interdecadal oscillation. In Fig. 4b, the light-dotted line 
shows the polynomial fit of order 10 to the DMI-B series.
Examining this curve, it can be seen that during the 1950s and
1960s, dipole events were characterized by generally negative
DMI values, yet after 1970, positive DMI events began to
dominate in the Indian Ocean. By means of composite 
analysis (adding, averaging, then subtracting the 49-year
mean value), anomalous wind fields for the years 1958–1967
and 1975–1984 were calculated and plotted in Figs 14a 
and 14b, respectively. The reversal of surface winds over
China, from southerly to northerly, the reversal over the 
Bay of Bengal, from south-westerly to north-easterly and the
transition of stream structure along the subtropical African
coast and the entire ocean, indicate some relationship
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Fig. 10 All-India rainfall (mm y–1) series (dashed line) from 1950 to 1997 and DMI-B series (°C) from 1950 to 1998.

TABLE 2. Years of the all-India rainfall more (less) than 900 (750) mm y–1

and the signals of DMI-B.

Year (R+) DMI-B Signal Year (R–) DMI-B Signal

1953 + 1951 +
1956 – 1965 –
1959 × 1968 +
1964 – 1972 +
1970 – 1974 ×
1973 – 1979 +
1975 – 1982 +
1978 + 1986 +
1983 – 1987 +
1988 –
1990 +
1994 ×

Note: + positive signal, – negative signal, and × no significant signal.



between monsoon anomalies and long-term SSTAs in the
BIO region. Recently, Qian and Zhu (2001) analyzed the
interdecadal variation of precipitation for the last 100 years
using annual 35-station data in eastern China which indicated

that interdecadal precipitation anomalies are out of phase in
northern and southern China. Their results show that northern
China experienced a wet spell from 1958–1967 while a dry
climate has been experienced since the late 1970s. The oppos-
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Fig. 11 Anomalous surface wind field composite (m s–1) for the years 1950–1998 of (a) the positive and (b) the negative peak months of the DMI-A series.



ing meridional wind anomalies for the two periods over China
were related to the interdecadal change in the monsoon over
eastern Asia.

7 Conclusions and discussions
In this paper, signals of interannual and interdecadal variabil-
ity of air-sea interactions in the BIO have been extracted from
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Fig. 12 As in Fig. 11 except for the DMI-B series. The solid and dashed lines indicate the convergent and divergent axes, respectively. Letters “C” and “D”
denote the centres of convergence and divergence.



both monthly SST and monthly surface winds and also linked
with precipitation anomalies in the monsoon regions. The
major conclusions are:

(1) The equatorial Pacific Ocean and the TIO have 
exhibited similar interannual and interdecadal SSTA 
variability over the last 50 years. The interdecadal 

transition of SSTA in the TIO, which occurred in the 
1970s, is similar to that which occurred in the tropical 
Pacific. The amplitudes of SST variations in the 
tropical western Indian Ocean and the basin-wide 
western Indian Ocean were larger than in the eastern 
areas. The TIO SST dipole mode has become more 
significant in recent years: 1994 and 1997–98.
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Fig. 13 Area-averaged meridional wind anomalies (1950–1998) for the western area and the eastern area (upper panel). The solid line indicates the nine-month
running average of the original series of meridional wind anomalies over the western area (60°E–80°E, 30°S–20°S) and the dotted line over the east-
ern area (90°E–110°E, 20°S–10°S). The lower panel displays the wind DMI series (the difference between the meridional wind anomalies, west minus
east) and the SSTA DMI-B series (1950–1998). The solid line represents the five-month running average of the original series of wind DMI and the
dotted line the DMI-B series.



(2) EOF analysis over the large domain, including the 
SSIO, revealed an SSTA dipole mode with opposite 
signs appearing simultaneously in the south-west 
subtropics of the Indian Ocean and the eastern area of 

the ocean near Australia. This basin-wide dipole mode 
reflects internal variations of the Indian Ocean, showing 
obvious biennial, interannual and interdecadal changes 
that are different from the tropical dipole mode.
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Fig. 14 The anomalous surface wind field (m s–1) for (a) 1958–1967 and (b) 1975–1984, related to the wind field average over 1950–1998.



(3) The precipitation patterns, under DMI-A and DMI-B, 
have been identified from CMAP data. The 
anomalous precipitation pattern under DMI-A has the 
opposite signals in the eastern area and the western 
area of the ocean along the equator. This result is due 
to the precipitation anomalies that appeared in the 
transition season (mainly October) from boreal 
summer to winter. Under positive DMI-B, above-
normal precipitation appears mainly in southern 
subtropical Africa and northern Australia while 
below-normal precipitation occurs in south and 
south-east Asia. For negative DMI-B, positive 
precipitation anomalies move over the SSIO and 
eastern India. Different SSTA dipole modes in the 
TIO and the SSIO are identified and they can cause 
different anomalous precipitation patterns over land 
areas surrounding the ocean. It is understood that 
DMI-B is linked to the monsoon rainfall anomalies in 
India, southern Africa and northern Australia.

(4) A wind DMI defined in the southern Indian Ocean in 
the same manner as that of the SSTA DMI indicates 
an out-of-phase relationship between SSTA DMI-B 
and wind DMI-B during the last 49 years. The signals 
obtained from the SSTA DMI-B and the wind 
DMI-B indicate that there may be an independent 
coupled atmosphere-ocean system in the Indian 
Ocean and its surrounding regions.

The differences among the tropical SST dipole, the 
subtropical SST dipole, and the tropical Pacific SSTAs have
been compared based on the present data analyses. Some sce-
narios have been proposed for the mechanism of sea-air inter-
action in the Indian Ocean. Behera and Yamagata (2001)
indicated that the cooling of SSTs in the eastern area is mainly
caused by enhanced evaporation. This is associated with
stronger winds along the eastern edge of the subtropical high,
which is strengthened and shifted slightly to the south during
the event. On the other hand, a relative decrease in the season-
al latent heat loss due to reduced evaporation dominates the
warming in the south-western area. By examining cloud cover
and near-surface winds, Reason (1999) pointed out that atmos-
pheric forcing may contribute to the SSTAs via changes in inso-
lation and wind-driven upper ocean mixing and surface flux.

The SSTA (Fig. 7), the precipitation anomalies (Fig. 9),
and the wind anomalies (Fig. 12) in the present paper also
illustrate a coupled atmosphere-ocean system. Seasonally in
January, the tropical convergence zone is active in the north
of Australia. If anomalous convergence occurs in the eastern
tropical Indian Ocean as shown by the solid line in Fig. 12a,
above-normal precipitation is expected to occur along the
tropical central-eastern Indian Ocean and northern Australia
(Fig. 9a). This will cause southerly and south-easterly anom-
alies over the south-eastern ocean near Australia, and will
cause the SSTA decrease through upwelling and enhanced
evaporation (cooling). On the other hand, the anomalous
cyclone vortex in the south-western ocean will lead to the

enhancement of convergence and above-normal precipitation
near Madagascar (Fig. 12a and Fig. 9a). Following the
enhanced easterlies in the tropical ocean the strengthening
recurrent or abnormal westerlies in the SSIO corresponded to
the SSTA pattern in Fig. 7a. A divergent vortex in the eastern
area and another convergent vortex in the western area are
found in the SSIO. The meridional wind index represents the
pair of atmospheric vortices associated with the SSIO SSTA
mode. As indicated by Yu and Rienecker (1999), the weak-
ened wind resulted in a major reduction in the latent heat
release and provided the source for the surface warming in the
tropics. Accordingly, the anomalous westerlies or the weak-
ened climatological easterlies can explain the SST rise in the
subtropical south-western ocean while strengthened wind and
enhanced evaporation can explain the surface cooling over
the eastern area. The pair of vortices with divergent axes in
the east and convergent axes in the west are linked with the
SSTA shown in Fig. 7a by the described scenario which pro-
vides a positive feedback for the air-sea interaction.

In the negative phase of DMI-B the convergent axis and the
divergent axis (Fig. 12b) are displaced in the SSIO relative to
that in the positive phase. Comparing the anomalous wind fields
in Fig. 12a and Fig.12b, the displaced convergent and divergent
axes may play an important role in the DMI-B cycle. For the
negative DIM-B phase, the strengthened northerly winds in the
eastern area and southerly winds in the western area explain the
SSTA pattern in Fig. 7b through heat flux changes.

For the transition of two phases, White (2000) has dis-
cussed a coupled Rossby wave on an interannual timescale in
the subtropical southern Indian Ocean. This scenario
describes the dynamical process as follows. The pycnocline
depth anomalies associated with the Rossby waves modify
vertical mixing processes to maintain SSTAs against dissipa-
tion. The poleward meridional surface wind anomalies occur
directly over warm SSTAs, suggesting that anomalous plane-
tary vorticity advection balances anomalous low-level con-
vergence in response to SST-induced mid-tropospheric
convection. These inferred thermodynamic processes permit
a simple analytical model of coupled Rossby waves to be con-
structed that yield much slower westward phase speeds than
for free Rossby waves and maintenance of wave amplitude
against dissipation occurs for coupled waves that travel west-
ward and poleward. The precipitation anomalies, subtropical
SSTA and meridional wind anomalies, as observed in the pre-
sent paper, support this scenario. 
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