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1  Introduction

Different flavors of climate modes have received more 
and more attentions recently. In the tropical Pacific, 
Ashok et al. (2007) have identified a new type of El Niño/
Southern Oscillation (ENSO), which they named ENSO 
Modoki. In contrast to canonical El Niño with warm sea 
surface temperature (SST) anomalies over the eastern 
tropical Pacific, El Niño Modoki is associated with warm 
SST anomalies in the central tropical Pacific and cold SST 
anomalies in the western and eastern tropical Pacific. Two 
different flavors of ENSO attracted much attention owing 
to different teleconnection patterns (Weng et al. 2007) and 
impacts on local sea level changes (Behera and Yamagata 
2010). Also, occurrence/amplitude of ENSO Modoki may 
increase under global warming (Yeh et  al. 2009; Ashok 
and Yamagata 2009; Kim and Yu 2012), although the 
recent increase may be a part of natural variability (Yeh 
et  al. 2011; Newman et  al. 2011; McPhaden et  al. 2011; 
Kim et al. 2012).

In contrast to the situation in the tropical Pacific, different 
flavors of climate modes, such as the Indian Ocean Dipole 
(IOD; Saji et  al. 1999), have not been studied much in the 
tropical Indian Ocean. However, there are some studies focus-
ing on differences in evolution of the IOD. Rao and Yama-
gata (2004) and Rao et al. (2009) pointed out the existence of 
“aborted IOD”, in which the IOD was abruptly terminated by 
downwelling Kelvin waves generated by intraseasonal distur-
bances. More recently, Du et al. (2013) classified IOD events 
into three types based on their evolution. According to their 
definition, normal IOD events develop and mature mostly in 
boreal fall, whereas unseasonable IOD events develop and 
mature mostly in boreal summer and prolonged IOD events 
develop in boreal summer and mature in boreal fall. However, 
no study to date classified the IOD based on spatial patterns 
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of SST anomalies. Figure 1, for example, shows SST anoma-
lies observed at the peak phase of two major IOD events in 
the past few decades. Although strong negative SST anoma-
lies are found off Sumatra both in the 1994 and 1997 events, 
positive (negative) SST anomalies can be found in the cen-
tral Indian Ocean (off East Africa) in the former event, while 

Fig. 1   SST anomalies (°C; shading) in the tropical Indian Ocean at 
the peak of the IOD events: a a typical IOD Modoki in August, 1994, 
and b a typical canonical IOD in October, 1997

Fig. 2   Three boxes used to classify the two types of the IOD. Blue, 
green, and red boxes indicate the eastern (90°E–110°E, 10°S-Eq), 
central (65°E–85°E, 15°S-Eq), and western (40°E–55°E, 10°S–15°N) 
boxes, respectively

Table 1   Years of two types of the IOD from 1950 to 2012

IOD Modoki Canonical IOD weak IOD Modoki

Positive IOD 1963, 1967, 1976, 1991, 1994, 2003, 2008 1961, 1972, 1982, 1987, 1997, 2011, 2012 2006

Negative IOD 1955, 1956, 1960, 1968, 1973, 1974, 1978, 1989, 1992, 1998 1958, 1980, 1996, 2010 1975, 2005

Fig. 3   a Time series of the 
difference of area-averaged SST 
anomalies (°C) in the central 
box (65°E–85°E, 15°S-Equa-
tor) and the eastern box 
(90°E–110°E, 10°S-Equator) 
for the composite of the positive 
IOD Modoki events. b As in a, 
but for the difference between 
the central (65°E–85°E, 
15°S-Equator) and western 
(40°E–55°E, 10°S–15°N) 
boxes. c As in a, but for the 
composite of the positive canon-
ical IOD events. d As in b, but 
for the composite of the positive 
canonical IOD events. Open and 
closed circles indicate anoma-
lies exceeding the 99 and 95 % 
confidence level, respectively, 
by a two-tailed t test. Dashed 
lines represent 1 SD
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positive SST anomalies cover the central and western tropical 
Indian Ocean in the latter event. Since the IOD is known to 
influence precipitation over both the Indian Ocean rim coun-
tries (Behera et al. 2005; Ummenhofer et al. 2009; Cai et al. 
2009; Pourasghar et  al. 2012) and remote areas (Guan and 
Yamagata 2003; Saji and Yamagata 2003; Behera et al. 2013), 
differences in SST anomaly patterns may modify these cli-
matic impacts. This is the main motive of this study.

Here, we introduce a method to identify two types of 
the IOD based on spatial patterns of SST anomalies and 
describe oceanic and atmospheric anomalies associated 
with each type. We also examine differences in impacts 
of the two types of the IOD on the tropical Indian Ocean 

rim countries. This study is organized as follows. A brief 
description of observational data and an assimilation prod-
uct is given in the next section. In Sect. 3, we classify the 
IOD events into two types based on the difference in spatial 
patterns of SST anomalies. Then, we describe both types of 
the IOD based on composite analyses in Sect. 4. The final 
section summarizes the main results.

2 � Data

We use SST data from the Hadley Centre Sea Ice and SST 
(HADISST) dataset (Rayner et  al. 2003) from 1950 to 

Fig. 4   Composites of SST 
anomalies (°C) associated 
with seven canonical IOD 
events from May to December. 
Contour interval is 0.1 °C and 
anomalies significant at the 
90 % confidence level by a two-
tailed t test are shaded
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2012. Wind data at 850 hPa from the National Centers for 
Environmental Prediction (NCEP) and National Center for 
Atmospheric Research (NCAR) reanalysis data (Kalnay 
et al. 1996) from 1950 to 2012, rainfall data from the Global 
Precipitation Climatology Project (GPCP) (Adler et  al. 
2003) from 1950 to 2010, sea surface height (SSH) data 
from the Simple Ocean Data Assimilation (SODA; Carton 
and Giese 2008) from 1958 to 2010, and outgoing longwave 
radiation (OLR) data from the National Oceanic and Atmos-
pheric Administration (NOAA) (Liebmann and Smith 1996) 
from 1979 to 2012 are used. A linear trend and the monthly 

mean climatology are removed from each data and 3-month 
running mean is applied to obtain anomaly fields.

We note that our findings are qualitatively the same 
even if we use the Extended Reconstructed SST ver-
sion3b (ERSST v3b) (Smith et  al. 2008) from 1950 to 
2012 for the SST, the European Centre for Medium-Range 
Weather Forecasts (ECMWF) 40-year Re-analysis (ERA-
40) (Uppala et  al. 2005) from 1958 to 2001 for the wind 
at 850 hPa, the Climate Prediction Center Merged Analysis 
of Precipitation (CMAP) (Xie and Arkin 1997) from 1979 
to 2012 for the rainfall, and the NCEP Global Ocean Data 

Fig. 5   As in Fig. 4, but for 
seven IOD Modoki events
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Assimilation System (GODAS) (Behringer and Xue 2004) 
from 1982 to 2012 for the SSH.

3 � Classification method

To classify the IOD into two types based on the distribu-
tion of SST anomalies, we need to come up with a new 
objective method. Based on the SST anomaly patterns 
in 1994 and 1997 (Fig. 1), we first introduce three boxes 
in the eastern (90°E–110°E, 10°S-Equator), western 

(40°E–55°E, 10°S–15°N), and central (65°E–85°E, 
15°S-Equator) tropical Indian Ocean as indicated in 
Fig.  2, and calculate area-averaged SST anomalies in 
each box. Second, we define a year as a positive (nega-
tive) IOD year if the difference in SST anomalies aver-
aged over the central and eastern boxes is above one 
(below negative one) standard deviation (about 0.308 K) 
for at least two consecutive months between July and 
December. Third, we calculate the difference in SST 
anomalies averaged over the central and western boxes. 
If the difference is positive (negative) with a colder 

Fig. 6   As in Fig. 4, but for 
wind anomalies at 850 hPa 
(m/s; vector)
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(warmer) western box and its absolute value greater than 
one standard deviation (about 0.229  K) for at least two 
consecutive months between July and December, the 
IOD is referred to as an “IOD Modoki” because of its 
similarity to the ENSO Modoki (Ashok et  al. 2007) in 
terms of the SST anomaly pattern. If the absolute value 
of the difference between the central and the western 
boxes were between 0.5 and 1.0 standard deviation in the 
same period as the IOD Modoki, the IOD is referred to as 
a weak IOD Modoki. Other IOD years are referred to as 
a canonical IOD. As a result, we have seven positive (ten 
negative) IOD events for the IOD Modoki, seven positive 

(four negative) IOD events for the canonical IOD, and 
one positive (two negative) IOD events for the weak IOD 
Modoki (Table 1).

We note that our result is not very sensitive to the 
above definition; even if the threshold values used for the 
classification are slightly changed (e.g., using 1.2 stand-
ard deviation instead of 1.0  SD) or the domain of three 
boxes is slightly shifted, the characteristics of the two 
types of the IOD do not change qualitatively. Also, since 
the number of IOD events classified into the weak IOD 
Modoki is small, we do not discuss this type in the rest of 
this paper.

Fig. 7   As in Fig. 6, but for the 
IOD Modoki events
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4 � Two types of the IOD

Figure 3 shows the time-series of the composited difference 
in SST anomalies between the central and eastern boxes 
and that between the central and western boxes during the 
two types of the IOD events. In the IOD Modoki, the differ-
ence between the central and western boxes has the same 
sign with the difference between the central and eastern 
boxes (Fig. 3a, b), and both peak in August. In contrast, the 
difference between the central and eastern boxes is signifi-
cantly positive with its maximum in October (Fig. 3c), but 

that between the central and western boxes is not signifi-
cant for the canonical IOD (Fig. 3d).

The evolution of SST anomalies associated with the 
canonical IOD and the IOD Modoki can be compared in 
Figs.  4, 5. In the canonical IOD (Fig.  4), negative SST 
anomalies off Sumatra start to develop in May–June, 
reach the peak in August–September, and decay in Octo-
ber–December. Meanwhile, positive SST anomalies first 
appear off East Africa in June, develop in July–August 
with significant anomalies starting to appear in the central 
Indian Ocean around August–September and persisting 

Fig. 8   As in Fig. 4, but for 
rainfall anomalies (mm/month) 
of five canonical IOD events. 
Contour interval is 20 mm/
month and anomalies significant 
at the 80 % confidence level by 
a two-tailed t test are shaded
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until the end of the year. On the other hand, the IOD 
Modoki (Fig.  5) shows quite different evolution over the 
western and central tropical Indian Ocean even though 
negative SST anomalies off Sumatra show similar evolu-
tion. Significant negative (positive) SST anomalies first 
appear off East Africa (over the central Indian Ocean) in 
May–June. The negative SST anomalies become stronger 
and reach the peak in August, but decay in September–
October. The positive SST anomalies persist longer than 
the negative SST anomalies off East Africa. We note that 
the amplitude in the eastern pole is stronger than that in 
the western and central poles for both types. 

The above SST anomalies are associated with con-
trasting wind anomalies (Figs.  6, 7). In the canonical 
IOD (Fig.  6), easterly wind anomalies that favor coastal 
upwelling and larger latent heat loss first appear off Suma-
tra in June, when negative SST anomalies first appear. 
Easterly wind anomalies along the equator gradually 
extend westward and cover the whole basin in September–
November, but retreat in December. In contrast, southeast-
erly wind anomalies off Sumatra first appear in May dur-
ing the IOD Modoki, but easterly wind anomalies do not 
extend to the western tropical Indian Ocean like the canoni-
cal IOD (Fig.  7). In the western tropical Indian Ocean, 

Fig. 9   As in Fig. 8, but for 
seven IOD Modoki events



3379Two flavors of the Indian Ocean Dipole

1 3

northwesterly wind anomalies develop in September and 
westerly wind anomalies converges with the easterly wind 
anomalies in the central tropical Indian Ocean to the south 
of the equator.

Because of the large differences in SST and wind anom-
alies, rainfall anomalies are also quite different. In the 
canonical IOD, an anomalous decrease (increase) is found 
over the Indonesian Archipelago (East Africa) in June-
December (September–December) (Fig.  8). The October–
December season corresponds to the short rain season in 
East Africa, which is known to be strongly influenced by 
the IOD (Behera et al. 2005). In the IOD Modoki, on the 

other hand, no significant rainfall anomalies are found in 
the Indian Ocean rim countries, although weak negative 
anomalies are seen in Sumatra in boreal summer (Fig. 9). 
The reason for no significant rainfall anomalies especially 
in East Africa is that zonal wind anomalies along the equa-
tor converge in the central Indian Ocean (Fig. 7).

The above differences in wind anomalies also result 
in big differences in oceanic anomalies associated with 
the IOD, so called the “subsurface IOD” (Rao et  al. 
2002). Since easterly wind anomalies along the equator 
extend across the basin in the canonical IOD, large nega-
tive SSH anomalies associated with upwelling Kelvin 

Fig. 10   As in Fig. 4, but for 
SSH anomalies (m) of five 
canonical IOD events. Contour 
interval is 0.02 m and anomalies 
significant at the 80 % confi-
dence level by a two-tailed t test 
are shaded
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waves are generated in the east, and large positive SSH 
anomalies associated with downwelling Rossby waves 
are generated in the west with their maxima in the off-
equatorial region (Fig. 10). On the other hand, negative 
SSH anomalies during the IOD Modoki are weaker than 
the canonical IOD off Sumatra (Fig. 11). This is because 
equatorial upwelling anomalies caused by easterly wind 
anomalies in the east are counteracted by the equatorial 
downwelling anomalies caused by westerly wind anoma-
lies in the west, and only weak negative SSH anomalies 
are found in the east. In the off-equatorial region, down-
welling and upwelling Rossby waves also cancel out 

each other, and only weak positive SSH anomalies are 
found.

Despite the difference in SSH anomalies off Sumatra in 
boreal fall between the two types of the IOD, SST anoma-
lies off Sumatra are not much different between these two 
types. This result is somewhat surprising considering that 
larger negative SSH anomalies imply stronger cooling 
associated with oceanic processes, but this can be explained 
by a difference in OLR anomalies. In the canonical IOD, 
positive OLR anomalies over the Indonesian Archipelago 
and off Sumatra appear in May, peak in August-October, 
and persist till December (Fig. 12). On the other hand, in 

Fig. 11   As in Fig. 10, but for 
seven IOD Modoki events
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the IOD Modoki, positive OLR anomalies off Sumatra also 
appear in May and develop in June–August, but the anoma-
lies decay earlier than the canonical IOD (Fig. 13). Thus, 
strong cooling by the oceanic processes in the eastern tropi-
cal Indian Ocean implied by the large negative SSH anom-
alies in the canonical IOD is counteracted by an increase in 
shortwave radiation reaching the ocean surface implied by 
the stronger and more prolonged positive OLR anomalies.

Since negative IOD events are close to a mirror image of 
positive events, we do not present composites of SST, wind, 
SSH and OLR anomalies for the sake of brevity. However, 
we briefly discuss rainfall anomalies associated with the 

two types of negative IOD events here, because precipita-
tion anomalies have large impacts on the Indian Ocean rim 
countries. Figures 14 and 15 show composites of precipita-
tion anomalies associated with negative canonical IOD and 
IOD Modoki events, respectively. In the negative canonical 
IOD, East Africa becomes anomalously dry from Septem-
ber to December (Fig. 14). Although precipitation anoma-
lies last as long as those in the positive canonical IOD, the 
magnitude is smaller during the negative canonical IOD. 
On the other hand, as is the case with the positive IOD 
Modoki, no significant precipitation anomalies are found 
over East Africa during the negative IOD Modoki. 

Fig. 12   As in Fig. 4, but for 
OLR anomalies (W/m2) of five 
canonical IOD events. Contour 
interval is 5 W/m2 and anoma-
lies significant at the 80 % 
confidence level by a two-tailed 
t test are shaded
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5 � Conclusions

In this study, we have classified the IOD into two types (i.e. 
canonical IOD and IOD Modoki) based on SST anomaly 
patterns and compared SST, wind, rainfall, SSH, and OLR 
anomalies associated with them.

In the canonical IOD, negative (positive) SST anoma-
lies cover the eastern (central and western) tropical Indian 
Ocean. Due to strong easterly wind anomalies across the 
equatorial Indian Ocean, strong negative SSH anoma-
lies are generated in the eastern equatorial Indian Ocean. 
Also, positive SSH anomalies appear in the off-equatorial 

western Indian Ocean and it is suggested that these are 
associated with equatorial downwelling Rossby waves. 
Moreover, rainfall in East Africa increases, while that over 
the Indonesian Archipelago decreases.

On the other hand, in the IOD Modoki, negative SST 
anomalies are found over the eastern and western tropi-
cal Indian Ocean, while the central tropical Indian Ocean 
is covered by positive SST anomalies. Because equato-
rial zonal wind anomalies converge in the central tropical 
Indian Ocean, significant rainfall anomalies do not appear 
in East Africa, and SSH anomalies in the eastern equatorial 
Indian Ocean are weaker than those of the canonical IOD.

Fig. 13   As in Fig. 12, but for 
four IOD Modoki events
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In this study, we have succeeded in proposing a new 
classification method to distinguish different flavors of 
the IOD and described the main features of the two types 
of the IOD. The next step toward better understanding of 
these two types is quantitative discussion of how different 
SST anomaly patterns develop in the tropical Indian Ocean. 
Studies in this direction using an ocean general circulation 
model to calculate mixed layer temperature balance are 
under way.

Also, considering that there is a clear difference in 
impacts of the IOD on East Africa, which is vulnerable to 
anomalous rainfall and suffers from malaria outbreaks after 

heavy rainfall (Hashizume et al. 2009), this study suggests 
that it is important to predict not only an occurrence of an 
IOD event (Luo et al. 2007, 2008), but also its type. Assess-
ing skills of coupled general circulation models to simulate 
and predict two types of the IOD is another important topic 
of future studies.

Finally, the relationship between the IOD and the Pacific 
Ocean has been discussed in many past studies (e.g., Ashok 
et al. 2003, 2004; Annamalai et al. 2005; Luo et al. 2010). 
Thus, it will be interesting to discuss the relationship 
between both types of the IOD and the Pacific. If there are 
any differences in the two types of the IOD, they may be 

Fig. 14   As in Fig. 8, but for 
four negative canonical IOD 
events
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helpful to understand the relationship between the IOD and 
the Pacific. Further researches are needed to clarify their 
relationship using observational data and an ocean–atmos-
phere coupled model.
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