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1. INTRODUCTION

Variations in summer rainfall across southeast Asia
have long played a fundamental role in determining the
region s agricultural productivity and economic prosper-
ity (e.g. Sikka, 1999). Also, as fluctuations in these mon-
soon rains are accompanied by intense changes in local
atmospheric heating, the monsoon interacts with other
modes of tropical variability such as the EI-Ni o South-
ern Oscillation (ENSO).

The interaction between the monsoon and ENSO is
complex however. Early investigations of teleconnec-
tions with the monsoon region reveal a strong negative
coupling between anomalies in seasonal monsoon rain-
fall and sea surface temperatures (SST) in the Ni 0-3
region on an interannual timescale (e.g. Walker,
1923).The physical nature of the teleconnection is often
explained as an interaction between the Hadley circula-
tion in the monsoon region with modified trade winds due
to a perturbed Walker circulation during ENSO (Rasmus-
son and Carpenter, 1983; Webster and Yang, 1992; Ju
and Slingo, 1995; Lau and Bua, 1998; Goswami, 1998).
The net result is a reduction in moisture convergence in
southeast Asia during EI Ni o events and enhanced con-
vergence during La Nina events (Sikka, 1980; Pant and
Parthasarathy, 1981; Rasmusson and Carpenter, 1983;
Shukla and Paolino, 1983, Parthasarathy and Pant,
1985; Shukla, 1987; Webster and Yang, 1992; Krishna-
murthy and Goswami, 2000). However early attempts to
translate the monsoon-ENSO coupling into a skillful pre-
dictive relationship for monsoon precipitation were
largely unsuccessful due to the lack of significant persis-
tence of SST anomalies through boreal spring and suffi-
cient forecasting lead time (Norman, 1953). Today, with
promise of skillful ENSO forecasts extending over sev-
eral seasons, the monsoon-ENSO relationship holds
renewed interest.

Unfortunately, while seasonal lead forecasts of
ENSO have become more skillful, the monsoon-ENSO
relationship has languished. Figure 1 shows the 10-year
sliding correlation between All India Rainfall (AIR) and
Ni 0-3 SST over the past century. Correlations during
the 1980 s and 1990 s have dropped significantly from
their long term mean of -0.54. Recent weakness in the
monsoon-ENSO correlation is not unprecedented how-
ever as the correlation has fallen below 90% statistical
significance at several other times during the past cen-
tury. In fact, only during three intervals: 1880 to 1895,
1906 to 1910, and 1966 to 1976, have the indices

shared more than half of their variance, or alternatively,
has the correlation s significance exceeded 99%.

Thus, in order to exploit improved predictive skill in
the Ni 0-3 region for the purpose of monsoon forecast-
ing low frequency variability in the monsoon-ENSO rela-
tionship must be understood and considered. A number
of questions regarding the monsoon-ENSO correlation
and its low frequency variability can be asked. Most basi-
cally, what are the basic physical processes that commu-
nicate the monsoon-ENSO coupling? Do the physical
processes differ noticeably during periods of strong ver-
sus weak monsoon-ENSO correlation?
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Figure 1: The sliding 10-year correlation between All
India Rainfall and Ni 0-3 SST estimated from Recon-
structed Reynolds SST fields and a) observed All
India Rainfall Index and b) rainfall fields from the
NCEP/NCAR reanalysis.

As the lateral and transverse heating gradients that
drive the monsoon are strongly tied to moist processes
(Webster, 19994), a focus is given to diagnosing the
monsoon-ENSO relationship through the atmospheric
hydrologic cycle. Composite anomalies during ENSO
events over the past 40 years are examined to deter-
mine the basic forcings that communicate the monsoon-
ENSO teleconnection on an interannual time scale. Dif-
ferences between periods of strong and weak monsoon-
ENSO coupling are then investigated.

2. DATAAND METHOD

The NCEP/NCAR reanalyses are used to estimate
variability of the hydrologic cycle from 1958 to the
present (Kalnay et al., 1996). The reanalyses incorpo-
rate global rawinsonde data, COADS surface marine
data, and surface land synoptic data throughout the cur-
rent study s analysis period (1958-present). Total mois-



ture transport is calculated from the reanalysis fields
from the surface to 300 mb.

Table 1. ENSO years as defined by filtered
Nifio-3 SST anomalies.

Cold Events Warm Events
1964, 1967, 1965, 1972,
1970, 1971, 1982, 1983,
1973, 1975, 1987, 1991,
1978,1988 1992, 1993,

1997, 1998

For the composite assessments, strong and weak
monsoons, and warm and cold ENSO events are identi-
fied. Monsoon strength is gauged by All-India Rainfall
Index anomalies of 10% or more. ENSO events are
gauged from the concurrent detrended Reconstructed

Reynolds SST anomalies in the Ni 0-3 region (150 °E:90

OE, 5°N:5°S) of greater than 0.8°C. Because SST anom-
alies during ENSO events do not always experience the
same phase relationship with the seasonal cycle, the
events identified differ slightly from other ENSO defini-
tions (e.g. Kiladis and Diaz, 1989). However, the events
identified are believed to be relevant to the monsoon-
ENSO coupling as they reflect concurrent Ni 0-3 condi-
tions.

3. ENSO ANOMALIES AND THE MONSOON HYDRO-
LOGIC CYCLE

Figure 2 shows the differences in SST (shading) and
moisture advection (vectors) for La Ni a versus El Ni o
conditions from 1958 to 1999. Important differences
between ENSO phases are apparent. During Pacific cold

events, easterly transports are enhanced across 140°E.
As integrated moisture transports are strongly biased

towards the low-level flow, the anomalies across 140°E
are consistent with the enhancement of low-level trade
winds due to the perturbed Walker circulation.

However, by 100°E, anomalous zonal transports are
westerly and enhanced moisture convergence over India
and the Bay of Bengal is primarily the result of enhanced
zonal flow from the Arabian Sea rather than from the
Pacific. Moisture transport into the Arabian Sea is also
greater during La Ni a as compared to El Ni 0. Thus the
interaction between ENSO and the monsoon is complex
and is not the result of enhanced moisture convergence
due to easterly transport anomalies into the Bay of Ben-
gal. The manner in which transports change with ENSO
during periods of strong and weak monsoon-ENSO cou-
pling is now examined. In doing so, the ENSO impact

from 1958 to 1999 will be considered to be the climato-
logical ENSO impact.
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Figure 2: The composite difference in moisture transport
(vectors) and SST anomalies (shading) for mon-
soons during La Ni a versus EI Ni o events from
1958 to 1999. Light shading, such as in the Pacific
subtropics, denotes positive SST differences (La
Ni a warmer than El Ni o) while dark shading
(Indian Ocean) denotes cold differences. Moisture
transport differences represent integrated differences
across various boundaries in and around the Indian
Ocean (dashed)

4. DIFFERENCES BETWEEN PERIODS OF STRONG
AND WEAK MONSOON-ENSO CORRELATION

Figure 3 shows the difference in moisture transport
and SST between cold and warm ENSO events from a)
1958 to 1976, when the monsoon-ENSO correlation was
strong, and b) 1977 to 1999, when the correlation was
weak. During periods of strong monsoon-ENSO cou-
pling, differences in SST between La Ni a and EI Ni o
events are large under the Somali Jet and western
Indian Ocean. SST differences in the Bay of Bengal and
much of the eastern Indian Ocean are small however.
Anomalous easterly transport of water vapor across

140°E between 30°S and 25°N is 49% larger than clima-

tology. Differences in transports across 100°E are small.
Enhanced moisture convergence near India and the Bay
of Bengal results primarily from enhanced westerly
transport from the Arabian Sea which is almost 50%
stronger than the climatological ENSO difference (Fig.
2). Northwards anomalous transports through the Somali
Jet are 80% stronger than the climatological difference.
During periods of weak monsoon-ENSO correlation,
differences in SST are strongest in the southeastern
Indian Ocean and eastern Pacific while modest cool
anomalies are evident in the northern Indian Ocean. The
SST difference distribution reflects a dramatic shift for
the eastern Indian Ocean from the SST difference field



during the period of strong correlation when little differ-
ence existed in the eastern Indian Ocean. Anomalies in

easterly transports from the Pacific across 140°E and

southerly transports through the Somali Jet are weak-
ened from climatology (Fig. 2) by about 14% and 50%,
respectively.
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Figure 3: The difference in SST (contours) and moisture
transports (vectors) for Pacific warm and cold events
from a) 1958-1976 and b) 1977 to 1999. Light shad-
ing, such as north of Australia in a), denotes positive
SST differences (La Ni a warmer than EI Ni o) while
dark shading (Somali current in a) denotes cold dif-
ferences.

In comparing differences in the hydrologic cycle dur-
ing ENSO events at times when the monsoon-ENSO
coupling is both strong and weak, a number of observa-
tions can be made. The period of weak monsoon-ENSO
coupling is generally associated with a reduced differ-
ence in the basic components of the hydrologic cycle
between La Ni a and El Ni o years. The reduced differ-
ence is apparent throughout the Indian Ocean and is
particularly evident in the Somali Jet and in the westerly
transports across India s west coast. The reduction in

moisture transport difference is not only evident in the
Indian Ocean but also in the Pacific, where transports

across 150°E are significantly less from 1977 to 1999
than during 1958 to 1976. Moreover, transport differ-
ences in the western and central Pacific Ocean are sub-
stantially less during the period of weakened correlation.

6.0 DISCUSSION AND CONCLUSIONS

Some key conclusions can be made about the nature
of the monsoon-ENSO interaction. First, modification of
moisture convergence in India and the Bay of Bengal is
not due to anomalous easterly transport of moisture

across 100°E but from enhanced westerly transports
from the Arabian Sea. ENSO s influence on rainfall over
India is therefore only realized through its interaction
with the larger monsoon system and its amplification of
the processes that transport moisture towards India in
the seasonal mean, which act predominantly from the
west. Also, it can be concluded that not only has the
monsoon-ENSO correlation weakened in recent
decades, but the differences in the hydrologic cycle
between La Ni a and El Ni o years have lessened.
Finally, the role of ocean processes in modulating the
monsoon-ENSO correlation is raised based on the strik-
ingly different nature of SST difference at times when the
ENSO-monsoon relationship is strong versus times in
which it is weak.

Establishing causality between the monsoon and
ENSO is a key challenge in further interpreting the
results of this analysis. Are weakened differences in
moisture transports over recent decades the result of a
lack of extreme monsoon events or the cause of it?
Changes in the hydrologic cycle could result either from
the steadiness of the monsoon system, particularly dur-
ing the 1990 s, or from changes in its teleconnection with
ENSO. Assessment of SST fields during periods of
strong and weak correlation also shows that modes of
variability that dictate longitudinal asymmetries in the
SST distribution (e.g. Webster et al., 1998) are associ-
ated with the change in monsoon-ENSO coupling. Are
these modes of variability actively involved in modulating
the monsoon-ENSO relationship or passive signatures
of its changes?

Many questions remain. This study develops a ratio-
nale for examining the interactions between rainfall over
India and the Bay of Bengal with other convective cen-
ters of the monsoon system and processes within the
Indian Ocean in explaining low frequency variability in
the monsoon-ENSO correlation. Modeling efforts that
focus on the interaction between these essential compo-
nents of the monsoon system hold the promise of distill-
ing the multiple and complex interactions between the
monsoon and ENSO systems.
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