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Abstract. The influence of the recently discovered Indian
Ocear Dipde (IOD) on the interannual variability of the
Indian summer monsoon rainfal (ISMR) has been
investigated for the period 19581997 The 10D and the
El Nifio/Southern Oscill ation (ENSO) have @mplementarily
affeded the ISMR during the last four decales. Whenever the
ENSO-ISMR correlation is low (high), the IOD-ISMR
correlationis high (low). The IOD plays an important role &
amoduator of the Indian monsoonrainfall, and influences the
correlation between the ISMR and ENSO. We have
discovered that the ENSO-induced anomalous circulation
over the Indian region is either courtered or suppated by the
IOD-indwced anomalous meridional  circulation  cdl,
depending upon the phase and amplitude of the two major
tropicd phenomenain the Indo-Padfic sedor.

1. Introduction

The Indian summer monsoon rainfal (ISMR) occurring
during June-September plays a aucia role on both the
agriculture and econamy of the Indian subcontinent. Of the
many phenomena that excite the ISMR variability [Krishna
Kumar et al., 1995 Singo, 1999, the most important large-
scade forcing was the El Nifio/Southern Oscill ation (ENSO)
till two decales badk. The interannuel variations of ISMR
have motivated studies of the ENSO since the turn of the
twentieth century [Walker, 1923 Barnett, 1984. It iswidely
known that there was a negative rrelation between the
anomalies of the ISMR and NINO3 SST (areaaveraged sea
surfacetemperatures over 5°N-5°S, 150°W-90°W) anomalies.
However, the relationship between the ISMR and ENSO is
susceptible to decalal changes; it is now weégkening [Krishna
Kumar et al., 1999. We witnessed two major ENSO eventsin
the last decale of twentieth century. But the ISMR was
always normal or above normal during this period (as per the
definition d the India Meteorologicd Department the ISMR
is normal when the monsoon rainfal is between +110% to
90% of its asona mean). Since the Indian Ocea Dipole
(IOD) has been caalogued recently as one of the major
ocean-atmosphere cugded phenomena in the tropicd Indo-
Padfic sedor [Saji et al., 1999 Webster et al., 1999, it is
now natural to explore possble influences of the IOD on the
ISMR.

An index to quantify the IOD has been defined [Saji et al.,
1999 as the SST difference between the tropicd western
Indian Ocean (50°E-70°E, 10°S-10°N) and the tropicd
southeastern Indian Ocean (90°E-11C°E, 10°S-equator).
When the Indian Ocean Dipoe Mode Index (IODMI) is
positive, it leads to droughts (locdly known as Tuarang) over
the Indoresian region and heavy rains and floods over the
East Africa When the sign of the IODMI reverses, these
anomalous fluctuations also swing to the oppasite phase.

Sgji et al. [1999 foundthe wrrelation between the IOD
and ISMR as 0.32, and claimed that the relationship between



the IOD and Indian Monsoonis nat clea. However, of the 11
intense (anomalies more than ore standard deviation) pasitive
IOD events that occurred duing 19581997 eight events
(1961, 1963 1967, 1977, 1983 1994 1993and 1997 73% of
the positive 10D events during this period) correspond with
the positive anomalies of the concurrent ISMR. Similarly, of
the three negative IOD events during this 19581997, two
events (1960 and 1992 67% of the negative 10D events)
correspond with negative anomalies of the ISMR. This
observation, and the frequent occurrence of intense 10D
events in the last decale, has prompted us to investigate
whether the moving correlation ketween the 10D-ISMR
changes from decale to decale and, in particular, its role in
the wedkening of the monsoonENSO correlation.

2. Observational Analysis

Using the ISMR data derived from the rain gauge in situ
observations [Parthasarathy et al., 1999 and the GISST 2.3b
dataset [Rayner et al., 1996, we have examined the relation
between the ISMR and IODMI for the period from 1958 to
1997. Both therainfall and SST have been subjeded to 1390
months band-pass filtering [Murakami, 1979. The ENSO
signal has been removed from the SST of the Indian Ocean
using the regresson technique [Clark et al., 2000. This is
necssry becaise of the @-ocaurrence of the
positive/negative 10D and El Nino/La Nina events during
some yeas.

The 41-month dliding correlation coefficients between the
ISMR and the IODMI are presented in Fig. 1, along with
those between the ISMR and NINO3 SST. The figure reveds
the amnazng relationship among the ISMR, ENSO and 10D.
The correlation coefficient between the IODMI and the ISMR
is above 0.6 till abou 1967, after which the wrrelation dops
abruptly. In contrast, the negative rrelation between the
NINO3 SST and the ISMR is grengthened simultaneously
from -0.45t0 -0.85. Until around 197he IODMI has almost
no correlation with the ISMR, whereas the ENSO strongly
influences the ISMR during this period from 1967 through
1977 After this period, the ENSO-ISMR relation wegens, in
agreament with Krishna Kumar et al. [1999. By the late
198Gs the correlation coefficient between the NINO3 and the
ISMR drops alot. This isin agreament with recent research
indicaing avery small correlation between the Indian rainfall
and the Southern Oscill ation Index during 19791998 [Fig.6
of Trenberth and Caron, 200q0. Meawwhile, the wrrelation
between the IODMI and ISMR increases rapidly within a
short period d abou one yea. The temporal evolutions of
the arrelations clealy complement ead ather through the
study period. It is also seen that the IOD-ISMR correlationis
currently on the rise. The high correlation olserved in the
ealy sixties can be dtributed to intense IOD events during
1961, 1963 and 1967 which influenced the mncurrent ISMR
strongly. After that period, since there were not many strong
IOD events till 19805, the moving correlation values were
very we&k during this period. But the occurrence of intense
IOD events in the 198G and 1996 helped the crrelation
with the ISMR to rise.

When the ENSO occurs during the summer monsoon
season, the arrelation between the NINO3 SST and the
ISMR is influenced by the 10D, depending on the phase and
amplitude of the IODMI and NINO3 SSTA. Thisis because
the 10D event is locked to the summer monsoon season [ Saji
et al., 1999. When the IOD event occurs in the dsence of
an intense El Nifio/La Nifia, it can strongly influence the
season'srainfall, asin 1961[Saji et al., 1999, and 1994 This
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is the reason why the ENSO-ISMR relation changes and
shows a omplementary decalal variation with the ISMR-
IOD relation, as siown in Fig. 1.

The presence of a paositive IOD has fadlitated namal or
excess rainfal over the Indian region duing the summers
such as 1983 1994 and 1997 dspite the simultaneous
occurrence of the negative phase of the Southern Oscill ation
[Behera et al., 1999 Webster et al., 1999. Astypified duing
JIAS in 1997 the anomalous convergent flow in the lower
troposphere is observed over the Bay of Bengal and the Indian
subcontinent (Fig. 2a). The aomaous ENSO-induced
subsidence over the Indian region that normally occurs during
the ‘ENSO only’ yeas such as 1987 (Fig. 2b) is replaceal by
the 10OD-induced convergence this leads to the normal JAS
monsoon rainfall even duing such strong El Nifio yeas. On
the other hand, during the yeas such as 1992 the prevaili ng
negative 10D and El Nifio have m-operatively caused an
anomalously deficit rainfall during the monsoonseason. The
ISMR anomalies also depend onthe relative intensiti es of the
IOD and the El Nifio/La Nifia events. A relatively stronger
NINO3 SSTA, with anormalized value of 1.7, as compared to
the @ncurrent pasitive IODMI with a normalized value of
1.4, during the JJAS of 1982may have caised a deficit in the
ISMR. On the other hand, a stronger positive IOD in 1983 (as
compared to the ncurrent El Nifio) may have caised a
surplus in the monsoon rainfal. In further retrosped, 1914
and 1944 monsoon seasons witnessed strong rainfall  when
the positive 10D was acaompanied by El Nifio (figure not
shown); while during yeass such as 1899 the strong negétive
IOD may have caised the observed deficit in the monsoon
rainfall despite the simultaneous occurrence of La Nifia

3. AGCM experiments and the proposed
mechanism

To understand how the 10D influences the ISMR, we have
conducted three sensitivity experiments using an atmospheric
genera circulation model (AGCM) with full physics [Guan et
al., 200q. The model is a spedra model with T42 resolution
in the horizontal, with 28 levels in the verticd. In al the
experiments the model has been integrated for a full cdendar
yea. Eadh experiment is an ensemble-average of three
redizations, which dffer from one acther in the initia
condtions. In the first experiment (the control experiment,
referred to as Cntrl) we have alopted the seasondlly varying
climatologicd SST as the lower boundry condtion. In the
seaond experiment (referred to as pDM), we have impased a
positive |IOD SST anomaly, obtained by the arrelation
analysis, on the lower boundry condtion wsed in the first
experiment. The third experiment (referred to as nDM) is
similar to the second, except that we have imposed the
negative |OD anomaly. The SST anomaly in the last two
experiments is imposed from the month of April and is
increased as observed [Sgji et al., 1999. Asan example, the
SST anomaly impased duing the month of September in the
pDM experiment is presented in Fig. 3. The anomaly in the
nDM experiment is the same & that imposed in the pDM
experiment except for the reversed sign.

The rainfal difference between the pDM and Cnitrl
experiments (pDM-Cntrl) is presented in Fig. 4a dong with
the mrrespondng differencein simulated windsat 850 hPa.
Over the Indian peninsula and the northern Bay of Bengal,
heavy rainfall has been simulated in the pDM experiment.
The aossequatoria winds from the southeastern tropicd
Indian Ocean intensify the summer monsooncirculationin the
pDM experiment. The intensified convergence of winds
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coming from southeast causes anomaously surplus rainfall
over the monsoon trough area The @nventional monsoon
flow over the western Arabian Sea is anomaously wed,
because of the anomalous circulation aroundthe anomalously
warm SSTA off the mast of East Africa Nea the west coast
of Indian peninsula, however, this is compensated by the
crossequatorial wind from the anomaously cold SSTA
prevaili ng to the west of Indoresia. The AGCM simulates the
rainfall and wind charaderistics of the positive 10D
redisticdly over the tropicd western Indian Ocean and
southeastern Indian Ocean. The simulated areaaveraged
ISMR anomay (pDM-Cntrl) for summer monsoon period
(from June to September) is cdculated over the Indian region
(5°N-30°N and 65E-95°E) [Ashok et al., 1995 Mandke et al .,
1999. Thisvaueisfoundto be 1.02 mnvday (the individual
experiment values are 1.57 mmvday, 0.75 mm/day, and 074
mmvday). The @mplementary results for the negative DM
forcing over the tropicd Indian Ocean clealy show the
negative dipole daraderistics (Fig. 4b). The rainfall
simulated in the nDM experiment is much lessover the Indian
peninsula and the Bay of Bengal as compared to that
simulated in the coontrol experiment. The aeaaveraged
rainfall anomaly during the summer monsoon season over the
Indian region in this experiment is —0.64 mm/day (average of
-0.26 mm/day, -1.3 mm/day, and -0.27 mmnv/day). The
simulated monsoon circulation over the Indian peninsular
region in the nDM is weger than that in the ontrol
experiment. The analysis of Figs. 4a and 4bconfirms that a
positive (negative) 10D intensifies (wegens) the rainfall over
the Indian region, while dfeding the monsoon circulation.
These results agreewith the observations for the periods when
ENSO-ISMR relation is weék.

To undrstand the medhanism behind the interesting
IODMI-ISMR relation, we have cdculated the difference of
the velocity potential field (pDM - nDM) during June-
September (Fig. 5). The wlder SST anomaly in the eatern
tropicd Indian Ocean causes reduction in convedion duing
the positive DM event and hence the anomalous subsidence
and dvergence d the 850 HPa (Fig. 5a). Over the Bay of
Bengal, on the other hand, convergence is smulated in the
lower troposphere; this indicaes the enhanced meridional
monsoon circulation at lower levels. Fig. 5b shows the
divergence over the Bay of Bengal and convergence over the
eastern tropicd Indian Ocean at 200 HPa, suggesting
anomalous intensification o the monsoon meridional
circulation in the troposphere during the positive IOD event,
as compared to the negative 10D event. The aaomaous
convergence-divergence patterns explain the aomaous
rainfall distribution simulated over the Indian region. These
results also agreewith the ealier observational studies, which
highlighted the importance of the aossequatorial moisture
transport from the southeastern tropicd Indian Ocean [Behera
et al.,, 1999. The present simulation confirms that the
tropicd Indian Ocean SST anomay related to the 10D
moduates the meridional monsoon circulation as well as the
zond circulation in the troposphere [Saji et al., 1999 Webster
etal., 1999.

4. Concluding Remarks

The &ove discusson hes demonstrated that the 10D
events affed the Indian summer monsoon ontheir own and
thus apparently weden or strengthen the influence of the
ENSO on the ISMR. Because of existence of positive and
negative events in the two major tropicd climate phenomena,
the influence on ISMR depends on the phase and amplitude of
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the IOD and ENSO. Despite the posshility that some 10D
events could be linked to some ENSO events, the arrent
approach to consider the 10D as one of the major couped
modes in the tropics ans to be succesdul, at least, in
evaluating the IOD’ s influenceon ISMR.

In view of the recent incressing correlation between
IODMI-ISMR (Fig.1), it may be worthwhile to examine the
posshility of using the IODMI for the dimate prediction d
the monsoon rainfall over India. The present finding has
another implication for the modeling community for climate
prediction. To oltain aredistic simulation d the ISMR in a
coupded model, it is esentid to have the caability of
simulating the Indian Ocean Dipole events with the right
phase and amplitude.

The present finding, as gated by a well-known physicist in
another context, raises a new question, and a new possbilit y-
to regard the old problem of the ISMR from a new angle, and
to make ared advancein the predictabili ty study.
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Figure 1. The 41-month sliding correlation coefficients between
ISMR and IODMI (solid), and those between monthly ISMR and
NINO3 SST (dashed; to be multiplied by —1) during 19581997
The significant correlation value & 90% confidence level is 0.38
(verified by 1,000randamized time series, using the Monte-Carlo
simulations)

Figure 1. The 41-month dliding correlation coefficients between AISMR and IODMI (solid), and those between monthly
ISMR and NINO3 SST (dashed; to be multiplied by —1) during 19581997 The significant correlation value & 90%
confidencelevel is0.38 (verified by 1,000randamized time series, using the Monte-Carlo simulations)

Figure 2. The NCEP/NCAR 850 HPa velocity potentia
anomalies (x 10°%; inm*. s%) during JAAS (a) 1997(b) 1987

Figure 2. The NCEP/NCAR 850 HPavelocity potential anomalies (x 10°; inm?- s1) during JAAS (a) 1997(b) 1987

Figure3. The imposed SST anomalies (°C) during September in
the pDM experiment

Figure3. Theimposed SST anomalies (°C) during September in the pDM experiment
Figure4. Thesimulated ISMR difference(mm- day™) dlongwith

the mrrespondng diff erencein simulated 850 Pawinds (m- s™)

(8 pDM-Cntrl (b) nDM-Cntrl

Figure 4. The simulated ISMR difference (mm- day™) along with the crresponding differencein simulated 850 HPa
winds (m- s%) (@ pDM-Cntrl (b) nDM-Cntrl

Figure 5. Simulated dfference (pDM-nDM) of velocity
potential (x 10°; inm*. s%) at (a) 850 HPa (b) 200 HPa.

Figure5. Simulated difference (pDM-nDM) of velocity potential (x 10°; inm?- s%) at (a) 850 HPa (b) 200 HPa






