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Droughts of the Indian summer monsoon: Role of
clouds over the Indian Ocean
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Comparison of the evolution of the normal summer
monsoon of 2003 with the unanticipated drought of
2002 led to this investigation of the role of the deep
convection in the atmosphere (deep cloud systems)
over the equatorial Indian Ocean. We find that the
link of the Indian monsoon to events over the equato-
rial Indian Ocean is as important as the well-known
link to the dramatic events over the Pacific (EI Nifio
Southern Oscillation; ENSO). Over the equatorial
Indian Ocean, enhancement of deep convection in the
atmosphere over the western part is generally associ-
ated with suppresson over the eastern part and vice
versa. We call the oscillation between these two states,
which is reflected in the pressure gradients and the
wind along the equator, the Equatorial Indian Ocean
Oscillation (EQUINOO). We show that every season
with excess rainfall/drought during 1979-2002 can be
‘explained’ in terms of favourable/lunfavourable phase
of either this oscillation or the ENSO or both. In parti-
cular, in the monsoon season of 2002 while the ENSO
phase was unfavourable but weak, the phase of the
EQUINOO was highly unfavourable and a large defi-
cit occurred in the monsoon rainfall.

THE rainfall received over India during the four summer
months from June to September is so critica for the
country’s economy, that the impact of the deficit of 19%
in the Indian summer monsoon rainfall in 2002 has been
estimated to be well over 1% of the gross domestic pro-
duction®. The monsoon of 2002 also led to considerable
concern in the meteorological community, since none of
the predictions for 2002 suggested a large deficit in the
Indian summer monsoon rainfall. This was irrespective of
whether the predictions were based on empirical models
used in the country for generating operational or experi-
mental forecasts, or generated in the different centres in
the world using the atmospheric general circulation mod-
els’. After the unanticipated failure of the Indian monsoon
in the summer of 2002, we observed the evolution of the
monsoon of 2003 with considerable anxiety. Fortunately,
the monsoon of 2003 turned out to be near normal. We
present here, the insight a comparison with the monsoon
of 2003 gave us into the intriguing season of 2002 and
some previous droughts as well.
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A major advance in our understanding of the year-to-
year variation of the monsoon rainfall occurred in the
80s, with the discovery of a strong link with El Nifio and
the Southern Oscillation (ENSO), the dominant signal of
interannual variation of the coupled atmosphere—ocean
system over the Pacific. It was shown that there is an in-
creased propensity of droughts during El Nifio or the
warm phase of this oscillation and of excess rainfall dur-
ing the opposite phase, i.e. La Nina>™. The phenomenal
progress in the last two decades with the elucidation of
the nature of ENSO, unravelling of the underlying
mechanisms®’ and the improved capability of seasonal to
interannual predictions®, was expected to lead to better
predictions of the Indian monsoon. Consistent with the
nature of the links of the monsoon with ENSO, the La
Nina event of 1988 was associated with large excess in
the All-India summer monsoon rainfall® (henceforth
ISMR); and the El Nifio events of 1982 and 1987 were
droughts (defined as seasons with deficit in ISMR more
than one standard deviation; Figure 1). However, for
fourteen consecutive years beginning with 1988, there
were no droughts despite the occurrence of El Nifio. Fur-
ther, during the strongest El Nifio event of the century in
1997, the ISMR was higher than the long-term mean
(Figure 1). Kumar et al.® suggested that the relationship
between the Indian monsoon and ENSO had weakened in
the recent decades. Although a weak El Nifio was known
to be developing in 2002, none of the predictions for 2002
suggested a large deficit in the Indian monsoon rainfall.
The experience of 1997 and 2002 suggests that we do not
asyet understand adequately, the response of the monsoon
to El Nifio.

Special features of the monsoon of 2002 were (i) the
large deficit (19% of the mean) in ISMR was primarily
due to an unprecedented deficit of 49% in the peak mon-
soon month of July and (ii) very large rainfall deficit over
the west coast. An observational experiment to study the
Arabian Sea Monsoon (ARMEX)™ under the Indian Cli-
mate Research Programme during July 2002, ended up
collecting data primarily for the extraordinarily weak
phase of the monsoon over the Arabian Sea. Fortunately,
the season of 2003 has turned out to be far better, with
the anomaly (i.e. difference between the actual value and
its long-term mean) of ISMR being positive and about
2% of the mean. The rainfall over the west coast in July
2003 was much higher than that in July 2002 (Figure 2a)
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Figure 1. Variation during 1979-2002 of the departure of all India June—September rainfall fromits
long-term mean. Dashed lines represent percentage departure by one standard deviation. Rainfall data
for 1979-2001 are from http://www.tropmet.res.in, the website of the Indian Institute of Tropical Mete-
orology, Pune. Rainfall data of 2002 and 2003 are from Climate Diagnostic Bulletin, India Meteoro-
logical Department. El Nifio and La Nina seasons are based on Climate Prediction Center, USA

(http://www.cpc.noaa.gov.)
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a, Difference in rainfall (expressed as a percentage of the long-term mean) between July 2003 and July 2002 in the

subdivisions along the west coast of India. b, Variation of ISMR with the area-weighted average rainfall over the 5 subdivisions

along the west coast of India for June—September.

and the anomaly of the al-India rainfall in July 2003
about 7%, which is consistent with the large contribution
of the rainfall over the west coast to the interannual vari-
ation of ISMR (Figure 2b).

We next compare the deep convection in the atmos-
phere (i.e. deep cloud systems) over the Indian Ocean
during July 2002-July 2003. Cloud systems over oceans
and land can be readily gleaned from the daily maps of
the outgoing long-wave radiation (OLR) derived from
satellite measurements. Low values of OLR correspond
to emission from higher levels and hence higher cloud
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tops (and more rain when the clouds are deep), and OLR
is used as a proxy for rainfall in the tropics'®. Hence large
negative (positive) anomalies in OLR are associated with
large positive (negative) anomalies in rainfall over a re-
gion. The patterns of the anomalies of OLR for July 2002
and July 2003 are seen to be markedly different (Figure
3). The large anomalies of OLR over most of the Indian
region west of 80°E appear to be associated with anoma-
lies of the same sign over the western equatorial Indian
Ocean and of the opposite sign over the eastern equato-
rid Indian Ocean. The contrasting patterns of 2002 and
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Figure 3. OLR anomaly for (a) July 2002 and (b) July 2003. Note that positive anomaly of OLR corresponds to
negative anomaly of rainfall. OLR data are from Climate Diagnostic Center, USA (http://www.cdc.noaa.gov/).

2003 suggest the possibility of a link of the variation of
ISMR with the variation of deep convection over the
equatorial Indian Ocean.

This is not surprising since the large-scale monsoon
rainfall over the Indian region is associated with propaga
tion of convective systems (either synoptic scale systems
such as lows or depressions or the planetary scale cloud-
bands in which they are embedded) which are generated
over the warm ocean around the subcontinent™*#, North-
ward propagations of cloud-bands generated over the
equatorial Indian Ocean occur throughout the summer
monsoon season, beginning with the onset phase. Hence
we expect the deep convection over the equatorial Indian
Ocean to be critical for the monsoon.

There have been several studies of the relationship of
ISMR with the Indian Ocean. Most of the studies involve
analysis of the relationship to the sea surface temperature
(SST), since SST is bhelieved to be an important parame-
ter for deep clouding (deep convection) over the tropical
oceans™. However, ISMR is found to be poorly corre-
lated with the SST of different parts of the north Indian
Ocean'®!’. The Indian Ocean dipole mode characterized
by anomalies of opposite sign in the SST and rainfall
over the western part of the equatorial Indian Ocean
(50°=70°E, 10°S-10°N, henceforth WEIO) relative to
those over the eastern part (90°-110°E, 0°-10°S, hence-
forth EEIO), is believed to be linked to the Indian mon-
soon as well*®°. The dipole mode peaks in the autumn,
after the summer monsoon. The relationship of the dipole
mode and rainfall over the Indian Ocean and surrounding
land areas has been studied using the dipole mode index
(DMI), based on the difference in the SST anomalies of
WEIO and EEIO*. The reduced impact of the El Nifio in
1997 has been attributed to the presence of a positive di-
pole'®. While DMI is highly correlated with rainfall over
eastern Africa and western equatorial Indian Ocean, the
correlation with the rainfall over the Indian region is
positive, but poor*®. The extent of the association of ISMR
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with the dipole mode can be assessed by considering the
anomalies of ISMR for seasons with ‘pure’ positive di-
poles (i.e. in the absence of El Nifio) and ‘pur€ negative
dipoles (in the absence of La Nina)?°. We find that while
the ISMR anomalies for all pure positive dipoles are
positive (ranging from 2 to 19.8%), for pure negative di-
poles the ISMR anomaly is negative in only one out of
five cases. Thus, none of the studies so far have found a
strong association between ISMR and the Indian Ocean.

We present the results of an investigation of the links
of the interannual variation of the monsoon with the at-
mospheric deep convection/circulation over the equatoria
Indian Ocean, triggered by the contrasting OLR patterns
for 2002 and 2003. We focus on the monsoon seasons
with large deficit/excess in ISMR (i.e. magnitude of ano-
maly > standard deviation) during 1979-2003 for which
continuous satellite data are available. 1t should be noted
that excess rainfall can occur in the absence of La Nina
(e.g. 1994 in Figure 1) and droughts do occur in the ab-
sence of El Nifio (e.g. 1979 in Figure 1). In fact, of the 22
droughts that occurred during 1871-2001, only 11 were
associated with El Nifio?:. We need to understand whe-
ther the events over the Indian Ocean play a role in such
droughts/excess rainfall seasons.

Equatorial Indian Ocean Oscillation and ENSO

We find OLR patterns similar to 2002 and 2003 (with the
OLR anomalies over the western part of the equatorial
Indian Ocean being opposite to that over the eastern part)
in several summer monsoon seasons (e.g. the patterns for
August 1986 and 1994; Figure 4). The correlation of
OLR with the average OLR over WEIO (Figure 4) is high
over the eastern Arabian Sea and the western part of the
Indian region. The OLR over the EEIO is seen to be nega-
tively correlated with that over the Bay of Bengal and also
the Indian monsoon zone**.
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Figure4. OLR anomaly patterns (a) August 1986 and (b) August 1994. Correlation for July of OLR with respect to
average OLR over (c) EEIO (90-110°E, 10°S-EQ), and (d) WEIO (50-70°E, 10°S-10°N).

The anomalies of OLR over EEIO tend to be opposite
in sign to the anomalies of OLR over WEIO for each of
the summer monsoon months, and the OLR over EEIO is
negatively correlated with that over WEIO. The anoma
lies of the sea-level pressure and the zonal (east-west)
component of the surface wind along the equator are con-
sistent with the OLR anomalies. Thus, when deep con-
vection is enhanced over WEIO and reduced over EEIO,
the pressure is reduced over the western part and enhanced
over the eastern part. The anomalous pressure gradient
(with pressure increasing from west to east) is associated
with easterly (i.e. from the east to the west) anomalies in
the zonal wind (e.g. 1994 in Figure 5). On the other hand,
when deep convection is enhanced over the eastern part,
there are westerly anomalies of the zona wind at the
equator (e.g. 1986 in Figure 5). We call the oscillation
between these two states as the Equatorial Indian Ocean
Oscillation (henceforth EQUINOO). We use an index of
the EQUINOO based on the anomaly of the zona compo-
nent of the surface wind at the equator (60°—90°E, 2.5°S-
25°N) which is highly correlated (coefficient 0.81) with
the difference between OLR of WEIO and EEIO. The
zonal wind index (henceforth EQWIN) is taken as the
negative of the anomaly.

In the coupled ocean—atmosphere system, the anomalies
of the wind, OLR and SST are interrelated and so are
EQUINOO and the dipole mode. For June—September,
the correlation between DMI and EQWIN is high (coeffi-
cient 0.71). However, the association between EQWIN
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and ISMR is stronger than that between DMI and ISMR.
Whereas in only one out of five ‘pure’ negative dipoles
(based on DM1)? the ISMR anomaly was negative, we
find that in every season with large positive (negative)
EQWIN, the ISMR anomaly is positive (negative). This
difference arises because, athough atmospheric circula
tion and SST are interrelated, large values of EQWIN and
DMI do not always occur in the same seasons, since there
are lags between the changes that occur in the atmosphere
and oceans. In this study we restrict our attention to the
association with the atmospheric circulation and in parti-
cular, EQWIN.

The overal impact of a typical El Nifio (La Nina) is
the suppression (enhancement) of deep convection over
amost the entire equatorial Indian Ocean as well as the
Indian region?*?3. This is illustrated in Figure 6 by the
OLR patterns during the El Nifio of 1987 and La Nina of
1988. The correlation patterns for July, with respect to
the OLR of central and east Pacific (over which large
changes in deep convection occur in association with
ENSO?), are also shown in Figure 6. As an index of ENSO
we use the OLR anomaly over central Pacific (CPOLR)
rather than east Pacific, since the deep convection over
central Pacific is better correlated with that over the Indian
region.

Composites of El Nifio and La Nina®>? suggest that El
Nifio (La Nina) events are associated with easterly (west-
erly) anomalies of the zonal wind along the equator. Thus
we expect EQWIN to be negatively correlated with
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Figure5. Variation with longitude of the anomaly of the zonal component of the surface wind averaged
over 2.5°Sto 2.5°N during March—September of (a) 1986 and (b) 1994. Data from Florida State Univer-

sity (http://www.coaps.fsu.edu/).
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Figure 6. Anomaly patterns of OLR for (a) July 1987 and (b) August 1988. Correlation for July of OLR withthe
average OLR over (c) central Pacific (160°E-150°W, 5°S-5°N) and (d) east Pacific (150-90°W, 5°S-5°N).
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Figure 8. Variation with longitude of the anomaly of the zonal com-
ponent of the surface wind averaged over 2.5°S to 2.5°N during
March—September of 2002.

CPOLR. However, we find that for a large fraction of the
seasons (10 out of 24), CPOLR and EQWIN have the
same sign. This supports the suggestion that a significant
part of the variability of the Indian Ocean coupled system
isindependent of ENSO'®28,

ISMR, ENSO and EQUINOO

The ISMR anomaly, the CPOLR and EQWIN for al the
summer monsoon seasons with a large ISMR anomaly
and the special season of 1997, are depicted in Figure 7
in order of increasing ISMR. It should be noted that
while the indices CPOLR and EQWIN give an indication
of the strength of ENSO or EQUINOO, they are not ex-
pected to give quantitative assessments of relative impacts
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on ISMR. In 1997, EQWIN and CPOLR are comparable
but opposite in sign, and the ISMR anomaly is small. In
fact, each season with a large negative (positive) anomaly
in ISMR is seen to be associated with unfavourable (fa-
vourable) phases of either ENSO or EQUINOO, or both.

In all the three seasons with excess monsoon rainfall,
the phase of the EQUINOO was favourable. Of these,
ENSO was also favourable in 1988 (La Nina), whereas in
1983 excess rainfall occurred despite the ENSO phase
being unfavourable. In 1994, the effect of ENSO was
small and the excess rainfall can be attributed to the favou-
rable phase of EQUINOO. Of the six seasons with deficit
ISMR, in 1982 and 1987, the EQUINOO was favourable
but not as strong as in 1997 and could not counter the
impact of the El Nifio. In 1979, 1985 and 1986 the phase
of EQUINOO was unfavourable but the phase of the
ENSO was not unfavourable. In the monsoon season of
2002, dthough the EI Nifio was weak, the EQUINOO was
also unfavourable and a severe drought occurred. Thus
with EQUINOO we can ‘explain’ not only the droughts
that occurred in the absence of El Nifio or in the presence
of a weak El Nifio, but also excess rainfall seasons in
which ENSO did not dominate.

From the point of view of prediction, an important
question arises: Did the conditions prior to the summer
monsoon, i.e. in April/May contain any clues about the un-
favourable phase of EQUINOO in 2002? The evolution
of the anomalies of the zonal wind along the equator (on
which EQWIN is based) during March—September 2002
is shown in Figure 8. The signal for unfavourable anoma-
lies is seen from mid-April. Thus, had we known more
about the association of ISMR with EQUINOO, we could
have made an educated guess about the season of 2002
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having deficit rainfall. However, before this association
with EQUINOO can be used for prediction, it is necessary
to investigate it further with more analysis of observat-
ions and models which can simulate the observed associ-
ation.

Summary

We conclude that there is a strong association of the large
anomalies in the Indian monsoon rainfal with EQUINOO
and ENSO. It is difficult to assess this association quanti-
tatively with the sample of only 24 years. Nevertheless,
we believe that since EQUINOO, along with ENSO, can
‘explain’ al the seasons with large deficit or excess in the
Indian monsoon rainfall during the satellite era, it is im-
portant to explore EQUINOO further with models and
identify the mechanisms for impact on the monsoon. For
better monsoon predictions we need to unravel the cause—
effect relationships and monitor those facets of the
EQUINOO and ENSO which can influence the monsoon.
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