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ABSTRACT

The relative influences of the ENSO and Indian Ocean Dipole (I0D) events on the Indian summer rainfall
were studied using observational data and an atmospheric genera circulation model (AGCM). The composite
analysis of rainfall anomalies demonstrates that the 10D, while significantly influencing the Indian summer
monsoon rainfall, also significantly reduces the impact of ENSO on the Indian summer rainfall whenever these
events with the same phase co-occur.

The AGCM experiments have shown that during an El Nifio event, the Walker circulation over the tropical
Indo—Pacific region is modulated; a low-level anomalous divergence center over the western Pacific and an
anomalous convergence zone over the equatorial Indian Ocean are induced. Furthermore, an anomalous zone
of convergence over the Myanmar and south China regions is induced during an El Nifio event. These zones
of anomal ous convergence are complemented by anomal ous divergence over the Indian region, causing anomalous
subsidence and weakened rainfall. When a strong positive IOD event simultaneously occurs with El Nifio, the
latter’s influence on the Indian monsoon is reduced by both poles of the IOD through the following mechanism:
an anomalous divergence center, as compared to the summers when an El Nifio alone occurs, is introduced in
the eastern tropical Indian Ocean. From this center, the anomalous divergent flow crosses the equator, and this
air, while weakening the El Nifio—induced divergence over the western Pacific, also leads to convergence over
the Indian monsoon region. This resultsin the reduction of the ENSO-induced subsidence and the related rainfall
deficit over the eastern flank of the Indian monsoon trough region and adjoining regions to the east. On the
other hand, over the western part of the tropical Indian Ocean sector, part of the anomalous ascending motion
from the warm pole of the positive 10D event subsides just to the north of the equator, moves northward,
ascends, and causes surplus rainfall. This reduces the ENSO-induced rainfall deficit over western India, the
western part of the monsoon trough, and parts of Pakistan. The AGCM experiments al so demonstrate that positive
10D events amplify the ENSO-induced dryness over the Indonesian region.
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1. Introduction

With a population of about one billion, India mainly
depends on the rain-fed agriculture for food grains. Sev-
enty percent of theannual rainfall over Indiacomesfrom
the monsoon rains during the summer: June-September
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(JAS). Hence, to satisfy the societal and economic
needs of India, the correct seasonal forecasting of the
Indian summer monsoon rainfall (ISMR) is very im-
portant. A proper understanding of how the different
external forcings modulate the Indian monsoon is very
useful to achieve this goal.

There are many works on the long-range forecasting
studies over India (see Krishna Kumar et al. 1995; Pant
and Rupa Kumar 1997; Webster et al. 1998 for details).
From this literature, it can be understood that until the
late 1980s the El Nifo influenced the ISMR extensively.
Various indices of El Nifio, such as the Southern Os-
cillation index, have been used in the seasonal prediction
of the Indian summer monsoon by many researchers as
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well as the India Meteorological Department (IMD).
But, in recent years, ENSO has lost its impact on the
Indian summer monsoon (Krishna Kumar et al. 1999;
Kripalani and Kulkarni 1999). Though there were pro-
tracted and intense ENSO eventsin the 1990s, theISMR
was aways normal.! In a recent study, Ashok et al.
(2001) discovered that there are apparent complemen-
tary interdecadal changes between the ENSO-ISMR
and Indian Ocean Dipole (IOD)-ISMR relationships.
They conclude that the frequent occurrence of 10D
events (Sgji et al. 1999; Webster et al. 1999) isthe cause
for the weakening of the relationship between the ISMR
and ENSO. From some atmospheric general circulation
model (AGCM) sensitivity experiments, Ashok et al.
(2001), in agreement with Behera et al. (1999), infer
that the IOD phenomenon modulates the meridional cir-
culation by inducing anomalous convergence (diver-
gence) patterns over the Bay of Bengal during positive
(negative) 10D events, leading to excessive (deficit)
monsoon rainfall over the monsoon trough region.2 They
further conjecture from observations that during the
years, such as 1997, when the ENSO co-occurred with
the positive phase of the |OD, the ENSO-induced anom-
alous subsidence is neutralized/reduced by the anoma-
lous 10D-induced convergence over the Bay of Bengal.

The primary objective of the present paper isto dem-
onstrate by use of an AGCM that the IOD can reduce
the ENSO-induced influence over the Indian region and
to understand the dynamics behind this. In our previous
study (Ashok et al. 2001), we reported the AGCM stud-
ies for stand-alone 10D cases without any incorporation
of the ENSO influence. In this paper we extend the scope
of our studies by incorporating the ENSO-related
AGCM experiments. Using an AGCM, we examine the
relative influences of the IOD and ENSO, as well as
their combined influence, on the ISMR. In our earlier
paper (Ashok et a. 2001) we only discussed the influ-
ence of the eastern pole of the |IOD on the Indian sum-
mer monsoon. In the present study, we demonstrate that
both poles of the positive IOD reduce the influence of
the co-occurring El Nifio.

Along with the AGCM experiments, we also examine,
using the composite analysis, the distribution of ob-
served summer rainfall anomalies over the Indian region
during the ENSO years, 10D years, and years in which
they co-occur with the same phase (i.e., El Nifio event
with a positive 10D event or La Nifa event with a
negative 10D event).

The paper has been divided into the following sec-
tions: The second section describes details of the da-
tasets used, as well as the analysis method. We also
present in this section a brief description of the AGCM

t According to the IMD, the ISMR is normal when the monsoon
rainfall anomaly is within =10% of its seasonal mean.

2The location of the line around which the monsoon sea level
pressure trough is distributed (as in Fig. 2.2 of Rao 1976) is shown
in Fig. 1b.
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that has been employed to carry out the sensitivity ex-
periments in this study. Section 3 describes the results
from the AGCM experiments. In the final section, we
present our conclusions along with some discussion.

2. Data, AGCM description, and methodology
a. Datasets used in the study

In the experiments carried out by the atmospheric
general circulation model (AGCM), the GISST data
from 1958 to 1997 (Rayner et al. 1996) has been used
to obtain the lower boundary conditions. SIGRID (grid-
ded seaice information), compiled at the Joint Ice Cen-
ter (T. Thompson 1981, unpublished manuscript) has
been adopted for the sea ice distribution. The ozone
density is from the distribution of Klenk et al (1983).
The National Centersfor Environmental Prediction—Na-
tional Center for Atmospheric Research (NCEP-NCAR)
reanalysis wind data from 1948 to 1997 (Kalnay et al.
1996) have been used to show some observed circula-
tion features. In our study, the Nifio-3 sea surface tem-
perature anomaly® (SSTA) and the Indian Ocean Dipole
mode index* (IODMI; Sgji et al. 1999) have been used
astheindicators for ENSO and 10D, respectively; these
indices have been derived from the GISST data for
1958-97 (Rayner et al. 1996). We use these indices to
obtain, by composite analysis, the different SSTA that
have been used as lower boundary conditions in our
AGCM sensitivity experiments. The land rainfall da-
tasets from the gridded products (0.5° X 0.5°) of Will-
mott and Matsuaara (1995) have also been used in this
study for composite analysis. These land rainfall data
have been derived from the Global Historical Clima-
tology Network (GHCN) version 2 and station records
of monthly and annual total precipitation (Legates and
Willmott 1990).

b. AGCM experiments: Brief description of the
AGCM and experimental design

The Frontier Atmospheric General Circulation Model
version 1.0 (FrAM1.0; Guan et al. 2000; Ashok et al.
2001; Guan et al. 2003; Ashok et al. 2003b) has been
used in this study. In our earlier studies, this model
successfully simulated the observed influence of the
IOD on the tropical Indian Ocean region and the Indian
region. Briefly described, the FrAM1.0 is an AGCM
with a horizontal resolution of T42. The vertical domain
is divided into 28 layers from the earth’s surface up to
10 hPa. A hybrid vertical coordinate system has been
employed (Laprise and Girard 1990). Some important
features of the model physics are cumulus convection

3 Area-averaged sea surface temperature anomalies over 5°N-5°S,
150°-90°W.

4 SSTA difference between the tropical western Indian Ocean
(10°S-10°N, 50°=70°E) and the tropical southeastern Indian Ocean
(10°S-0°, 90°-110°E).
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(Kuo 1974), large-scale condensation, longwave radi-
ation (Shibata and Aoki 1989; Shibata 1989), land sur-
face model (Vitebro and Beljaars 1995), surface fluxes
(Méllor and Yamada 1974), and gravity wave drag
(Palmer et al. 1986).

Four experiments have been performed in this study,
each experiment comprising five member ensembles
that differ from each other in initia conditions. The
same set of initial conditions was used for all experi-
ments. Each integration lasts for a calendar year, starting
from 1 January. The first experiment, henceforth re-
ferred to as the control experiment, has been forced with
seasonally varying climatological sea surface temper-
atures (SSTs) asthelower boundary condition. To obtain
the lower boundary SST condition for the second ex-
periment, we impose the canonical El Nifio—type of SST
anomalies obtained by using the composite analysis on
these climatological SSTs. These anomaliesare obtained
in a two-step process: (i) a composite value of the
monthly Nifio-3 index is obtained by averaging it over
pure® El Nifio years of 1965, 1969, 1976, 1986, 1987,
and 1991; and (ii) this composite Nifio-3 index is mul-
tiplied with the correlation coefficients between the
SSTA and Nifio-3 index at every grid point. This ex-
periment is referred to as the ENSO experiment. The
anomalies imposed during the month of September are
shown in Fig. 1la as an example. As the most dominant
relationship between the ENSO and summer monsoon
rainfall appears to be simultaneous (see Fig. 6.5 of Par-
thasarathy et al. 1993; also p. 160 of Plant and Rupa
Kumar 1997), we design the SSTA of the ENSO ex-
periment so as to mimic the developmental phase of the
El Nifio (i.e., during the summer of the year by the end
of which the warm anomalies in the eastern Pacific
peak). The ENSO anomalies are imposed from January.
The amplitude of the anomalies is weak in January; it
gradually increases and reaches its peak value in De-
cember, as observed. We have carried out the third ex-
periment, referred to as the IOD experiment, by im-
posing positive |OD-type of SSTA on the climatol ogical
SSTs. These IOD anomalies, imposed from April, are
also canonical in nature. The 10D anomalies, confined
to the tropical Indian Ocean, have been obtained in an
analogous fashion by averaging the monthly 10DMI
over the pure positive 10D years of 1961, 1967, 1976,
and 1994 and multiplying this monthly composite 10D-
MI with the correlations between the IODMI and the
SSTA at every grid point in the tropical Indian Ocean;
anomalies so obtained are magnified so as to represent
strong positive |OD events such as during 1961, 1994,
etc. Just as in our earlier studies (Ashok et al. 2001;
Guan et al. 2003; Ashok et al. 2003b), the amplitude of

5 A pure El Nifio (positive |OD) year is a year when there is no
co-occurring positive 10D (EI Nifio) event. Similarly, a pure La Nifia
(negative |OD) year is ayear when there is no co-occurring negative
10D (LaNifia) event. For further details, please see Rao et al. (2002),
Ashok et al. (2003a), and Yamagata et al. (2003).
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the imposed 10D type SSTA gradually amplifies and
reaches its peak in October, in agreement with obser-
vations (see Fig. 3 of Sgji et al. 1999). As an example,
the anomalies imposed during the month of September
are shown in Fig. 1b. To carry out the final experiment,
the lower boundary SSTs were obtained by imposing a
combination of the aforementioned ENSO SSTA and
the positive 10D type SSTA together on the climato-
logical SSTs (Fig. 1c). We refer to this final experiment
as the combined experiment. The results presented in
this paper for each experiment are the average of the
simulations from its five member ensembles for the
JJAS season. The anomalies of parameters such asrain-
fall from the ENSO experiment are obtained by sub-
tracting the control experiment simulations from the
ENSO experiment simulations. The procedure to obtain
anomalies is similar in the case of the |OD experiment.
It should also be noted that in the ensuing discussion,
the anomalous difference in any parameter between the
combined and the ENSO experiments is obtained by
subtracting the parameter simulated in the ENSO ex-
periment from that in the combined experiment; that is,
for any parameter A:

AA = Ambined —

The surplus and deficit quantities presented are relative
to the ENSO experiment.

AENSO'

3. Results

a. The relative influences of the ENSO and the 10D
events on the Indian summer monsoon rainfall

We have made a composite of the ISMR anomaly
distribution during all the EI Nifio years (including those
events that co-occurred with positive IOD events) be-
tween 1958 and 1997: namely, 1963, 1965, 1969, 1972,
1976, 1982, 1983, 1986, 1987, 1991, and 1997 (Fig.
24). Strong negative rainfall anomalies® can be seen all
over the Indian region. In Fig. 2b, we show the differ-
ence in the composite ISMR anomalies between all El
Nifio years (1965, 1969, 1976, 1986, 1987, and 1991).
The sign of the difference is positive over many parts
of peninsular India, monsoon trough region, northern
India, and parts of Pakistan, demonstrating that the co-
occurring positive 10D events have reduced the El
Nifio—induced rainfall deficit over many parts of Indian
subcontinent, as hypothesized in our earlier study
(Ashok et al. 2001).

To examine the influence of the pure positive 10D
events on the Indian summer monsoon rainfall, we made
a composite of the ISMR anomalies from the pure pos-
itive 10D years of 1961, 1967, 1977, and 1994 (Fig.
2¢). In thisfigure, significant positive rainfall anomalies

6 Student’s two-tailed t tests have been applied to identify the sig-
nificant (at 90% confidence level) rainfall anomalies and significant
differences in Figs. 2 and 3.
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Fic. 1. Sep SSTA (°C) imposed in (a) the ENSO experiment, (b) the IOD experiment, and (c) the combined
experiment. The dashed line over the Indian region shown in (b) indicates the mean climatological position of
the monsoon sea level pressure trough during July (from Rao 1976, Fig. 2.2, p. 4).

VoLuMmE 17



15 Aucust 2004

ASHOK ET AL.

3145

w»] ™ XTI

\@

Fic. 2. Composite of the normalized ISMR anomaly distribution over (a) al El Nifios between 1958 and 1997; (b) all El Nifio years
including those with positive 10D events minus that over pure El Nifio years; and (c) pure positive 10D years. (d) As in (c) but for al
positive |OD years including those that co-occurred with El Nifios. Values significant at the 90% confidence level (from atwo-tailed Student’s
t test) are shaded; positive (negative) significant values are shaded dark (light).

are found all over the Indian monsoon trough region,
parts of central and southern India, regions north of the
monsoon trough in the Indian region, Pakistan, and to
the west of Pakistan; to a large extent, the distribution
looks like a snapshot during an active monsoon period.
Furthermore, the composite of the summer monsoon
rainfall anomalies over the Indian region averaged over
al the positive 10D events, including those that co-
occurred with El Nifio, between 1958 and 1997 (1961,
1963, 1967, 1972, 1977, 1982, 1983, 1994, and 1997)
is presented in Fig. 2d. We can see positive anomalies

of rainfall along the monsoon trough area, the west coast
of India, northwest India, Pakistan, and farther north.
Over the Indian region, the influence of the 10D isrel-
atively more prominent throughout JJAS along the mon-
soon trough and the northwest region, in agreement with
the mechanism proposed in the earlier study (Ashok et
al. 2001). The magnitude of the surplus rainfall shown
in this figure is, understandably, less than that shown
in Fig. 2c, which showed rainfall anomalies during pure
positive |OD years.

Figure 3a depicts the composite summer monsoon
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Fic. 3. Composite of the normalized ISMR anomaly distribution (a) over all La Nifias between 1958 and 1997; (b) over al the La Nifia
years including those with negative 10D events minus that over pure La Nifias; and (c) over pure negative |OD years. (d) Asin (c) but for
all negative 10D years including those that co-occurred with La Nifias. Values significant at the 90% confidence level (from a two-tailed
Student’s t test) are shaded; positive (negative) significant values are shaded dark (light).

rainfall anomaly distribution during pure La Nifia years
(1967, 1973, 1975, 1988, and 1999). Most of the Indian
peninsula and monsoon trough regions receive surplus
rainfall anomalies during these years. However, when
the rainfall anomalies are averaged for those summers
when the La Nifla events co-occur with the negative
|OD events, the La Nifia-induced surplusrainfall anom-
alies are apparently reduced over large parts of penin-
sular, central, western, and northern Indian regions, as
shown in Fig. 3b. The composite of the summer rainfall

anomalies during pure negative |OD events (1958, 1960,
1989, 1992, and 1996) is shown in Fig. 3c. During the
summers of these years, large parts of the monsoon
trough region over India experience deficit rainfall.
When the summer monsoon rainfall anomalies are av-
eraged over all the negative |OD years, including those
negative 10D events that co-occur with La Nifia events
(1958, 1960, 1964, 1970, 1989, 1992, and 1996), the
deficit amounts are reduced, as indicated in the distri-
bution of the difference (Fig. 3d).
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Fic. 4. Mean JJAS climatology of the FrAM1.0 AGCM obtained by averaging the outputs from the member
ensembles of the control integration. Rainfall (mm day—*) is shown in contours and 850-hPa wind (m s1) isin

vectors.

Thus, while ElI Nifio (positive IOD events) and La
Nifia (negative IOD events) have opposite impacts all
over the Indian region through the JJAS season, the
influences of the ENSO and the |OD on the monsoon
rainfall are opposite to one another, as shown in Figs.
2 and 3.

b. General simulated features

In this subsection, we will present a brief description
of the low-level circulation features of the mean Indian
summer monsoon and the rainfall, obtained as an av-
erage of the five member ensembles of the control ex-
periment. The simulated monsoon rainfall distribution
isqualitatively realistic (Fig. 4), although the magnitude
is higher than that from observations; simulated rainfall
maxima centers over the Arabian Sea and the Bay of
Bengal are realistic, given the relatively low resolution
of the AGCM. The monsoon circulation at 850 hPa is
reasonably well simulated. The simulated mean mon-
soon onset dates and the monsoon duration are realistic
(not shown). For further details, refer to the relevant
publications on the model performance (Guan et al.
2000, 2003).

The results from the |IOD experiment are comparable
to those of similar IOD experiments from our earlier
study (Ashok et al. 2001). The simulated rainfall anom-

aly distribution from the positive 10D experiment in-
dicates surplus rainfall along the monsoon trough area
(not shown). The anomalous circulation originating off
the coast of the Indonesian region crosses the equator
and turns westward over the southeast Arabian Sea, thus
reinforcing the low-level monsoon circulation around
the monsoon trough. At 200 hPa, anomal ous southbound
wind flow originates from the Bay of Bengal region and
converges over the cold eastern pole of the IOD (not
shown). Intensification of the Tibetan anticyclonic cir-
culation can also be seen. The simulated results are, in
general, similar to our earlier studies (Ashok et al. 2001,
Guan et al. 2003), and are in conformation with obser-
vations (Fig. 2c).

The simulated anomalies of the rainfall and wind at
850 hPa from the ENSO experiment are presented in
Fig. 5a. A pronounced anomalous deficit in rainfall up
to 35°N along with weakened monsoon circulation has
been simulated over the Indian region, in agreement
with the observations (see Fig. 2a); the simulated rain-
fall deficit center over western and central Indiais sta-
tistically significant (at the 90% significant level from
a two-tailed t test). Surplus rainfall is simulated to the
extreme south of India and farther south over the equa-
torial Indian Ocean. The distribution over the oceansis
qualitatively similar to the observed rainfall pattern dur-
ing summers of pure ElI Nifio years, such as 1987, as
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Fic. 5. (a) The JAS rainfall (mm day~*) and wind (m s~*) anom-
alies at 850 hPa, as simulated in the ENSO experiment. Rainfall
(wind) values significant at the 90% confidence level from a two-
tailed student’st test are shaded (in vectors). (b) JJAS wind anomalies
at 200 hPa, as simulated in the ENSO experiment. Note that only the
significant winds are shown in (a) and (b).

we verified from the analysis of the assimilated observed
rainfall data (Xie and Arkin 1996, figure not shown).
These features agree with earlier ENSO-Indian mon-
soon simulation studies (e.g., Lau and Nath 2000). Some
observational studies indicate that the shift of the Ti-
betan high to the east of its normal position causes break
monsoon conditions and reduces the ISMR (Krishna-
murti and Bhalme 1976; Pant and Kumar 1997). At 200
hPa, this shift of the Tibetan high is well simulated,
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Fic. 6. Asin Fig. 5a but for differences at 850 hPa
(combined — ENSO).

with its center having moved to the east of its mean
position (Fig. 5b). Our experiments confirm that El Nifio
weakens the Indian monsoon circulation at all levels
and reduces the summer rainfall over India

The difference in simulated rainfall and wind at 850
hPa between the combined and ENSO experiments is
presented in Fig. 6. Within the Indian region, we can
see a pronounced increase in rainfall al over the mon-
soon trough region, from Pakistan and the Gujarat re-
gion in western India extending into the Bay of Bengal.
This showsthat |0D-induced positiverainfall anomalies
reduce the deficit rainfall dueto ENSO. In the combined
experiment, the monsoon circulation is much stronger
around the monsoon trough compared to that in the
ENSO experiment.

c. Maintenance of the circulation and moisture
transport

The distribution of the velocity potential anomalies
at 850 hPa as simulated in the ENSO experiment is
presented in Fig. 7a. An anomal ous center of divergence
islocated in thetropical west Pacific, flanked by aregion
of convergence anomaly to the west in the tropical In-
dian Ocean region, as observed.” The zone of conver-
gence that is observed to the east of subtropical India

7 Using the NCEP-NCAR reanalysis (Kalnay et al. 1996), we have
composited the JJAS velocity potential anomalies for the pure El
Nifio years, 1965, 1969, 1976, 1986, 1987, and 1991. There is surface
convergence at 850 hPa from equator—60°E extending south and
northeast, with a baroclinic structure in the vertical (not shown). This
convergence zone extends northeastward, via the eastern Bay of Ben-
gal, al the way over to Myanmar and the south China region.
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Fic. 7. (@) The 850-hPa JJAS velocity potential anomalies (contours; in m? s—*) and divergent winds
(vectors; in m s7t) as simulated in the ENSO experiment; (b) as in (a) but for the differences (combined
— ENSO). Only the significant divergent wind anomalies (significant at the 90% confidence level from the
two-tailed Student’s t test) are shown at this level. Values less than —60 000 m2 s~*in (&) and those less

than 60 000 m? s~* in (b) are shaded.

beyond 85°E is also well simulated, although the lon-
gitudinal position has shifted marginally westward. Be-
cause of this modulation of the Walker circulation,
strong anomalous low-level divergence that causes the
deficit rainfall is seen over the Indian region during the
summers of pure El Nifio years. The simulated ENSO
response is, in general, baroclinic in the equatorial re-
gion, as indicated by the location of the convergence
and divergence anomaly centers and the divergent wind
anomalies at 200 hPa (not shown). Clearly, the El Nifio

type of SST has modified the Walker circulation over
the tropical Indo—Pacific basin.

To understand how positive IOD events modulate the
ENSO-induced circulation changes, the differenceinthe
simulated velocity potential fields at 850 hPa between
the combined and ENSO experiments is presented in
Fig. 7b. In this figure, the divergence difference center
can be seen over the Indian Ocean instead of over the
west Pacific as simulated in the ENSO experiment. Spe-
cifically, it islocated over the colder eastern pole region
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Fic. 8. Verticaly integrated moisture flux (to be divided by 10 000; in kg m~* s*) (a) anomalies as
simulated in the ENSO experiment and (b) differences (combined — ENSO).

of the IOD. On the other hand, the convergence center
over the western Indian Ocean that was simulated in the
ENSO experiment has moved farther south in the com-
bined experiment. The signature of the |OD can be clear-
ly seen. Thereis ameridional component of divergence
emanating off the coast of Indonesia, converging over
the Bay of Bengal. In our earlier study in which the
AGCM was forced with positive |OD anomalies (Ashok
et al. 2001), we stressed the importance of the low-level
meridional component of the divergence from the east-
ern pole that directly converges over the Bay of Bengal
and monsoon trough. In the present combined experi-
ment, apart from the aforementioned divergent merid-
ional winds originating off the west coast of Indonesia,
the anomal ous convergence over Indiais also strength-
ened by winds beyond 15°N in the eastern Arabian Sea
region. The vertical structure of the differences in the
velocity potential between these two experimentsisgen-
erally baroclinic, as evident from the 200-hPa distri-

bution (not shown). The meridional component of the
divergence at lower levels and convergence at the upper
levels is relatively strong in the combined experiment,
as compared to those simulated in the ENSO experi-
ment.

The simulated anomal ous moisture transports at dif-
ferent levels (not shown) are qualitatively similar to that
of the anomalous velocity potential distributions shown
in Fig. 7. The difference in the simulated moisturetrans-
port at 850 hPa between the combined experiment and
the ENSO experiment indicates that the anomalous
moisture divergence center has moved to the eastern
Indian Ocean and is centered at the cold eastern pole
of the IOD. There is much surplus moisture convergence
over the warmer western pole region of the |IOD aswell
as along the monsoon trough in the Indian region and
over the Bay of Bengal.

The vertically integrated anomalous moisture flux
simulated in the ENSO experiment is presented in Fig.
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FiG. 9. The anomal ous equatorial Walker circulation streamlines during JJAS (averaged over 10°S-5°N), derived from the NCEP nonrotating
zonal component of the velocity and the vertical velocity: (a) composited over the pure positive |OD years 1961, 1967, and 1994 and (b)
composited over the pure EI Nifio years 1969, 1987, and 1991. Simulated anomal ous equatorial JJAS Walker circulation streamlines (averaged
over 10°S-5°N): (c) in the ENSO experiment and (d) differences (combined — ENSO).

8a. There is a net divergence from the western Pacific
area. Over the northern Indian Ocean, at about 7°N,
there is moisture convergence parallel to the monsoon
trough over India, suggesting that the moisture over the
Indian region may have anomalously shifted south.
There is net divergence of moisture flux toward the
south over the Indian region. The difference in the ver-
tically integrated anomalous moisture flux at 850 hPa
between the combined experiment and ENSO experi-
ment is presented in Fig. 8b. The difference distribution
now shows a prominent moisture divergence center to
the west of the Indonesian coast, flanked by a moisture
convergence center to the west. This anomalous mois-
ture convergence center in the western tropical Indian
Ocean causes anomalous divergence of moisture alittle
farther north up to about 15°N; this anomalous diver-
gence in turn induces anomal ous convergence farther to
the north over the Gujarat and adjoining regions. In the
Indian region, net moisture convergence is simulated in
the vertically integrated moisture difference distribution
over the monsoon trough region over India and the head

of the Bay of Bengal. Our simulations confirm that the
IOD can compensate for the ENSO effect over the In-
dian region, while over places like Indonesia, it ampli-
fies the ENSO influence by causing further lossin mois-
ture that accentuates the dryness.

d. Walker and Hadley circulation anomalies

ENSO modulates the Walker and Hadley circulations
in the Tropics. A co-occurring 10D event in turn mod-
ulates the ENSO influences (and vice versa). In this
subsection, we study these circulation changes in the
equatorial vertical plane of the Indian Ocean sector,
from observations as well as from simulations carried
out in this study.

During the summer monsoon season of the pure pos-
itive 10D years (such as 1961, 1967, and 1994), astrong
well-defined single Walker cell can be seen over the
equatorial Indian Ocean, with descending motion in the
east and ascending motion in the west (not shown). The
composited Walker circulation obtained by averaging
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Fic. 10. Anomalous JJAS Hadley circulation streamlines (a) sim-
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the Walker circulation during these summers also con-
firms this fact (Fig. 9a). Over the Pacific, the Walker
circulation is either two-celled, asin 1961, or very dis-
organized, asin 1967 and 1994 (not shown). In contrast,
during the same season of the pure El Nifio years (with-
out any IOD events) such as 1969, 1987, and 1991,
relatively diffused, incomplete zonal circulation patches,
with many interannual variations, are observed over the
equatorial Indian Ocean (not shown); the composite of
the circulation during these years also shows a very
diffused Walker circulation over the tropical Indian
Ocean (Fig. 9b). The vertical direction of these Walker
circulation anomalies over the tropical Indian sector is
very different in each of the aforementioned El Nifio
years. A single strong Walker cell with descending mo-
tion in the east and ascending motion in the west can
be seen over the equatorial Indian Ocean during an El
Nifo event only when a positive IOD event co-occurs,
such as in 1997 (not shown). This feature of the 10D
is consistent with strong surface divergent easterly
winds over the equatorial Indian Ocean during the pos-
itive 10D events; such strong surface easterlies over
the equatorial Indian Ocean cannot be found in the
aforementioned pure ENSO years. This difference in
Walker circulation anomalies persists even in Septem-
ber—November (Ashok et al. 2003a).

The equatorial Walker circulation anomalies simu-
lated in the ENSO experiment indicate anomal ous sub-
sidence over the equatorial Pacific region between 100°
and 165°E and upward motion farther east, as observed
(not shown). Over most of the Indian Ocean region, the
Walker circulation anomaly direction is not well defined
(Fig. 9c). The circulation is diffused, in agreement with
the observations; there is no single Walker cell covering
a large area of the tropical Indian Ocean basin. The
differencein the simulated equatorial Walker circulation
between the combined experiment and the ENSO ex-
periment is presented in Fig. 9d. From this figure, as-
cending motion can be clearly seen over the western
pole of the IOD, and descending motion over the eastern
pole. This indicates that in the combined experiment,
there is excess subsidence (upward motion) over the
eastern (western) pole of the IOD region as compared
to that in the ENSO experiment, completing a single
Walker cell over the Indian Ocean and separate from
any anomalous Walker cells over the western Pacific.

The description of the simulated Walker circulation
anomalies from the different experiments presented
above conforms to our earlier discussion of simulated
velocity potential anomalies (see Fig. 7).

In Fig. 10a, we present the simulated anomal ous Had-
ley circulation from the ENSO experiment, averaged
between 70° and 85°E. To the north of the equator, there
is rising motion to 13°N, beyond which we can find
anomalous subsidence over the monsoon trough area
and farther north, resulting in the reduction of convec-
tion and rainfall over India

As the IOD comprises two SSTA poles, we expect
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Fic. 11. NCEP anomalous JJAS Hadley circulation streamlines zonally averaged (a) over 70°—85°E during 1969, (b) 70°-85°E during
1987, (c) 65°-75°E during 1994, and (d) 80°—95°E during 1994.

that the mechanisms by which each of these poles may
influence the ENSO—monsoon relationship may be dif-
ferent from one another. To examine this, we first study
the difference of the Hadley circulation between the
ENSO and combined experiments over the eastern pole.
The difference from the combination experiment aver-
aged over 80°-95°E is presented in Fig. 10b. There is
excess subsidence to the south of the equator at about
12°S in the combined experiment. Part of this anoma-
lously subsiding wind crosses the equator and rises up-
ward beyond 17°N. Ascending motion can be seen to
about 23°N. The IOD-induced Hadley circulation cell
extends from about 5°S to 23°N and brings moisture
from the south into the monsoon trough region. Thus,
the IOD-induced Hadley circulation can compensate for
the descending motion induced by the ENSO forcing
and lessen the latter’s influence on the Indian monsoon.

To understand the role of the warmer western pole of
the positive 10D in reducing the El Nifio influence on
the Indian monsoon, we show the difference in the sim-
ulated Hadley circulation between the combined and
ENSO experiments averaged between 65° and 75°E
(Fig. 10c). The anomalous excess ascending motion
over the warm pole between 10°S and the equator in-
duces anomal ous subsidence northward to 15°N, which
in turn triggers ascending motion farther north, causing

surplus rainfall over the northwestern part of the mon-
soon trough as well as the coast of India and Pakistan,
etc.

The corresponding observed Hadley circulation
anomalies during the summer seasons of the pure ENSO
years of 1969 and 1987 and the pure |OD year of 1994
are presented as examples in Fig. 11. These can be
explained by the aforementioned simulated Hadley cir-
culation anomalies shown in Fig. 10.

Figures 10b and 10c demonstrate that both poles of
the positive IOD SSTA in the Indian Ocean can reduce
the ENSO-induced subsidence over the Indian region
when these events co-occur.

4. Discussion and conclusions

This paper examines the relative influences of ENSO
and the 10D events on the ISMR using observational
analysis and results from experiments. Composite anal-
ysis of the Indian summer monsoon rainfall anomalies
during the pure IOD years, pure ENSO years, and co-
occurring years carried out in this study shows that pos-
itive (negative) 10D significantly reduces the impact of
the El Nifio (La Nifia) on the Indian monsoon, confirm-
ing the hypothesis put forward in an earlier paper
(Ashok et al. 2001).
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We conducted several multiensemble sensitivity ex-
periments using an AGCM with various types of SST
fields as lower boundary forcing to assess the influence
of the El Nifio, the IOD, and their combined influence
on the ISMR and related circulation. The conclusions
from these experiments are as follows.

When an El Nifio occurs, it induces an anomalous
divergence center over the equatorial western Pacific at
lower levels with a baroclinic structure in the vertical.
This low-level anomalous divergence center induces an
anomal ous convergence center to the west, resulting in
asingle anomalous Walker cell ascending in the western
tropical Indian Ocean and descending over the western
Pacific. This anomalous convergence center in the In-
dian Ocean and the anomalous convergence center to
the northeast over southern China and Myanmar are
complemented by the anomalous surface divergence
over the Indian monsoon region that causes weakened
summer monsoon rainfall over India. Over the tropical
Indian Ocean, during the summers of pure El Nifio
years, the Walker circulation is diffuse and weak.

Whenever these two ocean processes occur together,
the low-level western Pacific divergence center that oc-
curs during a pure El Nifio is weakened and a new
anomalous divergence center, relative to the pure El
Nifio year, is induced off the west coast of Indonesia.
This forms an anomalous Walker cell over the 10D
region separate from the Walker circulation over the
Pacific. The divergent wind in the east results in inten-
sification of cross-equatorial Hadley circulation, result-
ing in anomalously surplus ISMR, as in years such as
1997, when both ocean phenomena co-occurred.

When the positive IOD event occurs, both poles of
the IOD contribute to the surplus rainfall over Indiaand
thereby reduce the ENSO influence. Our AGCM ex-
periments al so demonstrate that positive |OD eventsam-
plify the ENSO-induced subsidence and deficit rainfall
over the Indonesian region. The net combined influence
of these ocean processes depends on the relative phases
and strengths, as mentioned in our earlier study (Ashok
et al. 2001). The fact that the 10D has apparently weak-
ened the ENSO-monsoon relationship (Ashok et al.
2001) makes the IODMI a potentially useful predictor
for the Indian summer monsoon rainfall.
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