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ABSTRACT. Vast amount of researches on describing understanding, modelling and prediction of monsoon have
taken place in the last 50 years or so as new observational and computational technologies have been introduced. Several
field observational programs using state of the art sea-land and space-based observational systems have been undertaken
nationally and internationally in the last 4 decades beginning with the IIOE (1963-1965) and culminating in the ARMEX
(2002, 2003) which have given new challenges to monsoon-related research. The paper provides salient features of the
research on the Indian monsoon accomplished during the four decades (1963-2003) using observational and modelling

studies and the discusses new challenges which lie ahead for its further improved understanding and prediction.
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1. Introduction

One of the most spectacular and dramatic
atmospheric phenomena over South Asia is the summer
monsoon (June to September) rains. It is known for its
regularity and yet fascinates the specialists as well as the
general public for the variability in timings of its arrival
and its fluctuations in space and time on the intra-seasonal
as well as inter-annual scales. The summer monsoon
(henceforth monsoon) has been studied since the ancient
times but the methodology, approach and scope of the
studies have undergone tremendous changes with time.
Due to progressive introduction of scientific and
technological approaches in monitoring, analysing and
modelling since the mid-19"™ century, the scientific
knowledge-base on the monsoon processes has
enormously increased and tools for monsoon prediction
have consequently improved. India Meteorological
Department (IMD), established In 1875, has played vital
and dynamic roles in steadily improving observational
network, data collection and transmission, development of
forecasting tools and steering and promoting research
programs for better understanding of monsoon
phenomenology for over 120 years (IMD. 1976).

(19)

Recognizing the importance of the Indian Ocean on
the monsoon, IMD in the in the very first 20 years of its
existence, under the leadership of its first Director-
General, John Eliot, had launched a special effort in 1893-
94 to collect surface meteorological observations on the
vast Indian Ocean. This resulted in an exciting
observational finding by Eliot (1901) that at the time of
monsoon onset a gigantic cross-equtorial clockwise wind
gyre develops. Its setup brings in strong cross-equatorial
wind flow across the west Arabian Sea, linking South
Indian Ocean with the North Indian Ocean. This program
could as well be called the first field experiment for
understanding monsoon processes.  Since then special
field experiments with well-focused objectives have
played vital role in advancing knowledge and
understanding of the processes involved in the fluctuations
of the monsoon. The very first international effort to
understand the weather and oceanography of the Indian
Ocean was implemented during 1963-65, under the
International Indian Ocean Expedition (IIOE). India
played a pivotal role in the IIOE. Since the IIOE, several
bilateral and international field programs like Indo-Soviet
Monsoon Experiment — 1973 (ISMEX-73), International
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Monsoon Experiment — 1977 (Monsoon-77), the Summer
Monsoon Experiment as part of the First Global GARP
Experiment — 1979 (Summer MONEX-1979) and the
Indian Ocean Experiment (INDEX) in 1980s were carried
out between 1973-1983. India’s participation in these
experiments benefited the Indian atmosphere-ocean
science community to better understand the monsoon
jointly with the international community. Since 1970
tremendous progress has been made in India about the
observational systems through improvements based on
land-ocean-and-space technologies. This has encouraged
the Indian atmosphere-ocean science community to launch
special national field programmes for understanding
monsoon processes designed and implemented by their
own efforts. This has resulted in the implementation of the
Monsoon  Trough Boundary Layer Experiment
(MONTBLEX) in 1989-90 (Sikka and Narasimha, 1995),
Land Surface Processes Experiment (LASPEX) in 1995-
1996 (J. Agrometeorology 2001), Bay of Bengal Monsoon
Experiment (BOBMEX) in 1999 (Bhat et al., 2001 and
Proc. Ind. Acad. Sci.,, 2003), Arabian Sea Monsoon
Experiment (ARMEX-I) in 2002 and the Arabian Sea
Monsoon Experiment (ARMEX-II) in 2003 (Sanjeeva
Rao and Sikka, 2005). The analyses of observational data
collected during these experiments and efforts on
diagnostic and modelling studies with the availability of
new infrastructures, setting up of new research centres like
the Indian Institute of Tropical Meteorology (IITM) at
Pune, National Institute of Oceanography (NIO) at Goa,
Centre for Atmospheric Research at IIT Delhi, Centre for
Atmosphere-Ocean Studies at 11SC, Bangalore and the
National Centre for Medium-Range Forecasting
(NCMRWF), New Delhi and introduction of courses in
atmospheric sciences and oceanography at several
universities, have resulted in enormous increase of
research on monsoon meteorology in the last 4 decades.
While during 1875 to 1900, there were only three or four
prominent researchers on monsoon meteorology in the
IMD (Blanford, Dallas, Eliot and Field), this number
grew to over three dozens during 1920 to 1947, most of
them being Indians in this period. Phenomenal growth in
the number of researchers engaged in monsoon research
has occurred in the post-independence era, especially after
the establishment of the IITM, NIO in early 1960s and
other centres, including those in the universities since
1970s. Field experimental programs, introduction of
computers and launching of INSAT program in the last
4  decades have also  provided  specialized
phenomenological data and tools for diagnostic and
modelling research. The setting up of the NCMRWEF,
with super computing facility at New Delhi in 1988, has
been chiefly responsible for not only operational
dynamical weather forecast up to 5-days in advance but
the Centre has also acted as a major facility for providing
model-generated research data. Active participation of

international science community in monsoon research,
availability of specialised data on different parameters on
the inter-net from international data centres and sources as
well as the re-analysis products from the NCEP/NCAR
and ECMWEF have also provided important data sources to
researchers for monsoon studies. Availability of research-
ship facility (Sagar Kanya) of the Department of Ocean
Development (DOD), implementation of Met-Ocean
buoys and the ARGOS floating buoys between 1982-2004
by the agencies of the DOD and the thrust given to
monsoon research by the Department of Science and
Technology (DST) since 1985, have provided impetus for
the study of ocean-atmosphere coupling in the regional
monsoon system.

In this article our aim is to provide the salient aspects
of the major advances in monsoon research which have
been accomplished in the last four decades, in particular
as a result of monsoon field programmes, introduction of
space-based (satellite) and land-ocean based observing
systems as well as impetus provided to modelling
research. Several hundred research papers on multi-
faceted aspects of the monsoon have been published since
1950s and only a selected ones are referred to in this
article to save space.

2. Monsoon research prior to and during the 11OE
2.1. Major advances prior to the IIOE

Till about 1962, IMD was the only organisation in
India devoted to monsoon research and the observing
systems were only land-based surface and upper air ones.
IMD’s officers and staff besides performing their
responsibilities  for  developing and  providing
observational, climatologically and forecasting services to
the country, also devoted themselves to the analyses of
data for research on understanding the weather and
climate of India and neighbourhood. As the agricultural
productivity of India depends on the bounty of the
monsoon, long-range forecasting of the monsoon attracted
the attention of Blanford (1884) in the early years of IMD.
He linked it to the winter snowfall in the Himalayas and
introduced the LRF of monsoon in 1884. Later Walker
(1924) advanced the subject during 1905 to 1924.
The sound statistical foundation to LRF of monsoon
introduced by the work of Walker, has survived the
passage of time as statistical methodology practiced even
at present is almost the same through the parameters
within the technique have undergone changes with time.

As the observational network had expanded between
1880 to 1940s, the data analyses revealed complex
structure of the monsoon transient disturbances (like
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monsoon lows and depressions) and the active-break cycle
of the monsoon. The predominant role of the monsoon
trough in acting as an anchor of the monsoon rainy period,
with more then normal rains when it lay near its normal or
somewhat south of its normal position (active monsoon)
and the lack of rains when the trough shifted northward
close to the foothills of Himalayas (break monsoon), was
well established by Blanford (1886) and several others
since then. The role of box-like orography of India in the
climatological distribution of rainfall was first suggested
by Simpson (1921) and later mathematically simulated by
Banerji (1930). Numerical simulation of the role of
orography by an Atmosphere Global Circulation Model
(AGCM) was later performed four decade later by Hahn
and Manabe (1975). Work by Sir Charles Normand and
his collaborators on the thermo-dynamics of moist air was
extensively carried out during 1930s to 1940s.
Ramanathan and Ramakrishnan (1937) examined the
structure of monsoon with mostly pilot balloon data.
Sawyer (1947) examined the structure of Inter-tropical
Front (Monsoon Trough) as different air masses (tropical
marine, tropical continental etc.) were then thought to take
part in monsoon processes. Yin (1949) and others
emphasised the role of shift in mid-latitude westerly
regime during spring season in heralding the onset of
monsoon.  Pisharoty and Asnhani (1957) examined the
preferential distribution of heavy rain in south west such
sector of a monsoon depression in a dynamical frame
work. Koteswaram and his collaborators (1950, 1958a,
1958b) examined monsoon structure and formation of its
transients.  Flohn (1957), Staff Members of Academic
Sinica (1957) and Koteswaram (1958 C) emphasised the
role of mid-tropospheric sensible and latent heating over
the Tibetan Plateau in the formation of the upper
tropospheric Tibetan high and the outflow from it leading
to the establishment of the Tropical Easterly Jet stream
(TEJ). Ramaswamy (1958, 1962) brought out the role of
mid-latitude troughs in initiating the break-monsoon
conditions. Other important components of the mean
monsoon, like the monsoon trough were the Tibetan high,
the TEJ and the low-level strong cross-equatorial flow
over the Arabian Sea, Rao (1962) studied the meridional
circulation in the monsoon. Break monsoon was linked to
typhoon activity in northwest Pacific (Raman 1955, 1967,
Ramana 1969). Das (1962) dynamically examined the
vertical wind circulation over the monsoon trough and
showed that while in the mean, moist ascent and
convective clouds dominate over eastern India subsidence
prevails over the western India with mostly non-raining
low-level clouds. This is the so called east-west
circulation of the regional South Asian monsoon system.
Thus the mean structure of monsoon circulation, its
transients and active-break and revival after break
remained important areas of research in the pre-1I10OE
period. Most of these studies were empirical and

observational, except a few which were of dynamical
character.

2.2. Major advances resulting from the IIOE

The International Geographical Year (IGY) of 1957-
58 led to further development of observational infra-
structures in  India and even weather radars were
introduced to monitor severe weather to help the
expanding civil aviation sector in the country. Under the
WMO, India became an important partner in international
collaborative research programmes and in 1957 organised
the first major symposium on ‘Monsoons of the World’
at New Delhi in which several leading monsoon
meteorologists of the world presented their contributions.
Monsoon research had by then become an area of active
research internationally. 1IOE, the first major field
observational program to understand the summer and
winter monsoons, was organized during 1963-65 for
which India played host to the International
Meteorological Centre (IMC), which was set up at
Mumbai to coordinate the IIOE related operations and
research. During the IIOE research aircraft of USA and
several research ships of different countries participated
and collected new observations. For the first time an
oceanic buoy was installed over the Arabian Sea to
understand the air-sea interactions during the monsoon.
The first automatic picture transmission system was setup
at the IMC to obtain real time satellite photographs of the
clouds as the U S satellite passed over India. Srinivasan
(1968) described the cloud organisation in the monsoon
system. Even the first computer for monsoon research
(IBM-1620) was installed at the IMC in 1964. Thus 11OE
was a major watershed in advancing monsoon research on
modern lines and several path-making discoveries on
monsoon phenomenology were made as a result of the
vast data collected during the experiment . Some of the
prominent new findings of the 1 I0E were :

(i) Drop sonde data revealed the structure of the
monsoon over the Indian seas. Colon (1964) discovered
that the moist layer in the monsoon air is rather shallow
across the west Arabian Sea due to presence of a capping
inversion in the lower atmosphere. The inversion is
gradually lifted upward as the air travels over the the
central Arabian sea and finally disappears east of 65° -
68° E as the air approaches the convergence zone of the
West Coast of India and the organized convective clouds
are built up (Bunker 1965). This started a debate on the
role of air-sea interactions vis-a-vis different air masses in
the establishment of the inversion layer and the influence
of the Western Ghats in forced ascent for the removal of
inversions (Desai 1968, 1970).
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(ii) Joseph and Raman (1966) stressed the role of low-
level westerly flow over peninsular India. Find latter
(1969, 1977) emphasized the role of low - level jet
(L.L.J.) in sub-seasonal fluctuations of the rains across
the West Coast. Later theoretical studies by different
workers on the role of orography off the east Coast of
Africa in the production of LLJ led Krishnamurti et al.,
(1983) to successfully simulate the LLJ in a numerical
dynamical model.

(iii) Miller and Keshvamurty (1968) established the
existence of a class of new rain bearing transient
disturbance — the so called Mid-Troposphere Cyclone
(MTC) and revealed its complex dynamical structure after
a painstaking analyses of conventional and drop-sonde
data. MTC has remained a subject of research in
subsequent years and its simulation and associated
dynamical instability were undertaken in the work of Mak
(1975) and others and its dynamical aspects were studied
by Carr (1977).

(iv) Pisharoty (1965) focused on the evaporation over the
Arabian Sea by examining the moisture budget and
showed that the evaporation over the sea contributes
substantially to the moisture flux across the West Coast of
India. Saha (1970) and Saha and Bavdekar (1973)
reinforced the earlier views on the subject that bulk of the
moisture is transported across the equator by the cross-
equatorial flow. Further studies on the subject were done
by several other workers in India. Ramamurthy et al.,
(1976) examined the moisture flux during active-break
cycle of the monsoon using ISMEX-1973 field phase data.

(v) Existence of the Southern Hemisphere near
Equatorial Trough (SHET) was stressed during the 11OE
and its role in organisation of convective cloudiness was
further examined by Saha (1971), Sikka and Dixit (1973),
Prasad and Johari (1990) and De et al., (1995).

(vi) Ramamoorthy (1969) consolidated the features of the
break monsoon which were further studied by Raghavan
(1973), Sikka and Grossman (1981), Desai (1986) and
Cadet and Daniel (1988). Break monsoon has become a
subject of intense research in recent studies by De and
Mukhopadhyay (2002), Gadgil and Joseph (2003) and
Krishnan et al., (2000). Ramage (1966) described the
monsoon structure over the Arabian Sea. Ramage (1971)
and Rao (1976) have discussed the then existing
knowledge on monsoon.

(vii) Air-Sea interactions during the monsoon season
were examined for the first time during the 11OE and the
LLJ was shown to be the main artery which feeds
moisture to the monsoon. The moisture layer is built up
slowly as the air traverses across the Arabian Sea over

changing SST regimes of cold SST (SST < 26°) over the
west Arabian Sea to the warmer waters over the east
Arabian Sea (SST > 28° ) (Bunker 1965, Desai 1968).
Further work on air-sea interactions was carried out as a
result of the ISMEX-73, MONSOON-77, MONEX-79
and analyses of historical SST data [Shukla and Misra
(1977), Rao and Goswami (1988), Gadgil et al., (1984)].
The data collected during the recent field programmes like
the MONEX-77, MONTBLEX-1990, BOBMEX-1999
and ARMEX-I and Il -2002 and 2003 (reviewed in a
subsequent section) have further advanced knowledge
about the ocean-atmosphere interactions in monsoon
processes.

(viii) Raman and Ramanathan (1964) discussed the
interactions between the lower and upper tropospheric
circulation and role of latent heat release in maintenance
of the TEJ.

Three important atlases [Ramage and Raman (1972)
Hasternath and Lamb (1979) and Wyrtki (1971)], which
later served as important source materials, came as a result
of efforts under the 1IOE impetus. The above areas of
research have continued to be pursued in many many
studies in the post-11OE years and even up to the present.

2.3. Advances during the PRE-MONEX, MONEX
and POST-MONEX period (1970s to 1980s)

Emphasis on air-sea interactions, diagnostics of
monsoon dynamics, monsoon depressions, monsoon
variability etc. have remained the major foci of monsoon
research in this period. Anjaneyulu (1969) studied the heat
and moisture budgets of the mean monsoon trough.
Keshvamurty (1968) and Keshvamurty and Awade (1970)
dynamically examined the seasonal maintenance of the
mean monsoon circulation and the monsoon trough
respectively. The pre-MONEX field programs like the
ISMEX-73 and the MONSOON-77 surveyed the north
Indian Ocean with the help of the Indian and the Soviet
research vessels and data were collected from a variety of
land-sea - and space-based platforms for the monsoon
seasons of 1973 and 1977 respectively. An important
understanding on the air-sea interactions during the onset
of monsoon resulted from the work of Ghosh et al.,
(1978), Pant (1982), Rao (1977, 1980, 1986) and Rao et
al. (1981) who showed the dramatic cooling of SST over
the Arabian Sea within a few days after the onset of
monsoon and several other aspects of air-sea interactions
over the Indian seas, including of the heat budget of the
Arabian Sea. Rao and Mathew (1988) investigated the
same over the Bay of Bengal. They showed that there was
net loss of energy during active monsoon spells under
higher winds and overcast skies and the ocean surface
gained energy during weak monsoon conditions under



SIKKA : ADVANCES IN MONSOON METEOROLOGY 23

clearer skies and weaker wind conditions (less
evaporation). Some of these aspects on seasonal basis
have been subsequently examined by Mohanty et al.,
(1983) and others.

One of the important areas of research during 1976-
1990 was the study of monsoon depressions - the primary
rain producing system of the season, from different
perspectives. Daggupathy and Sikka (1977), Godbole
(1977), Krishnamurti et al., (1976, 1977), Sikka (1977),
Rao and Rajamani (1970), Saha et al., (1981), Dhar et al.,
1981 Sarkar and Chowdhury (1988) and Koteswaram
et al., (1987). Sanders (1984), Rao et al. (1987) and others
have examined the structure and the vertical motion field
associated with monsoon depression. Sikka (1980), Dhar
et al., (1981), Mooley and Shukla (1989), Chen and
Weng (1999) and Jadhav (2002) emphasised on the
contribution of monsoon low pressure areas (LPAs) and
the number of LPA days for the activity of the monsoon
rains on inter-annual scale. Singh (2001), Jadhav (2002),
Jadhav and Munot (2004) have reported on the decreasing
trend in monsoon depressions and their interdecadal
variability has been examined further by Kumar and Dash
(2001)and Patnaik et al., (2004). Dynamical instability of
the monsoon has been studied by Shukla (1978), Mishra
and Salvekar (1980) and others, and its growth is now
considered as a result of barotropic-baroclinic-CISK
processes. Pant (1983) used MONEX data to examine the
changes in phases of monsoon in 1979 season within a
physical frame work.

A major advance in the global setting of the
monsoon was made by Krishnamurti (1971). who stressed
upon the planetary scale organization of the summer
monsoon circulation system in the upper troposphere with
wave number two structure (two centres of divergence
over continental regions-Tibetan high and the Mexican
High and corresponding centres of convergence over the
mid-oceanic regions — mid-Pacific and mid-Atlantic
troughs). This was the setup of the planetary scale
monsoon. With this the description of the lower, middle
and upper tropospheric structure of the South Asian
Monsoon was completed. An intra-seasonal biweekly
oscillation was pointed out by Krishnamurti & Bhalme
(1976), Krishnamurti and Ardannuy (1980) and others.
On the regional scale many important analyses of the
monsoon synoptic processes were reported in several
studies conducted under the Forecasting Manual Project of
the IMD during 1966 to 1976 which have been
extensively quoted with many diagrams in the work of
Rao (1976).

By the time of the MONEX, study of monsoon
variability on the intra-seasonal scale had become a major
topic of monsoon research with the use of conventional

and satellite photographs data. Sikka and Gadgil (1980)
and Yasunari (1980, 1981) made an important
contribution in emphasizing the low-frequency intra-
seasonal oscillation (1SO) of organized convection on 30-
40 day scale in which organised convection migrates from
near-equatorial warm waters toward the northern end of
the east Arabian Sea and the Bay of Bengal and adjoining
continental South Asian Region on 3 or 4 episodes in each
monsoon season. Study of 1SO was further emphasized in
the work of Krishnamurti and Subramanian (1982) by
analysis of wind anomalies at 850 hPa during the
MONEX-1979 data sets. Chen (1990), Lau & Chan
(1986), Chen and Yen (1986) studied this oscillation with
OLR data. Muthuvel (1981) Singh & Kriplani (1990) and
Hartmann and Michelsen (1989) found the oscillation in
the station rainfall of India. Nanjundiah et al., (1992)
provided some aspects of 30-40 day mode of the
monsoon. During the active phase of ISO overlapping
monsoon LPAs from and distribute rains over South Asia
(Sikka et al., 1986) and others. This is super-synoptic
scale (5-20 days) and is akin to active phase of monsoon.
ISO has dominated monsoon variability studies since
1980, [Gadgil and Asha (1992) Wang and Rui (1990),
Nanjundiah et al., (1992), Srinivasan and Smith (1996),
Annamalai and Slingo, (2000), Chatterji & Goswami
(2003) Krishnamurti et al., (2004)] Many papers have
been written by different workers dealing about inter-
annual variability of the ISO [Mehta & Krishnamurti
(1988), Singh et al., (1992), Lawrence and Webster
(2001), Krishnamurthy & Shukla (2000)] and its
diagnosis in the dynamical models and the inability of the
models to simulate this [Sperber et al., (2000, 2001)].
Realistic simulation of the I1SO in models is considered
crucial in skillful prediction of the monsoon rains on
extended range scale. Goswami and Mohan (2001) and
others have shown that nearly 50% of the monsoon
variability is caused by the internal dynamical instability
on the synoptic and ISO scales and the remaining 50% is
only accounted by the surface boundary forcings as
propounded by Charney and Shukla (1980) such as SST,
snow accumulation and soil moisture. Earlier Hahn and
Shukla (1976), using satellite snow-cover data, had
revived the work of Blanford (1884) on snow-monsoon
relationship. Snow-monsoon relationship has been further
investigated in 1990’s from observational data by Bhanu
Kumar and De (1983), Bamzai and Shukla (1999),
Kriplani et al., (1996) and Kriplani and Kulkarni (1999).
Heat sources and sinks of the monsoon system were
computed by several workers with data generated under
the  MONEX program. While Krishnamurti and
Ramanathan (1982) linked their distribution to the onset
of monsoon, other researchers [Luo and Yanai (1984),
Chen et al., (1985), Yanai and Song (1992) and Bhide
et al., (1997)] have stressed the role of convective
processes and fluctuations of heat sources and sinks on
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synoptic and super-synoptic scales.  Structure of the
monsoon vortex was examined by Krishnamurti et al.,
(1981), Saha and Saha (1993) with the MONEX data and
since then studied by other researchers in India. George
and Mishra (1993) studied the barotropic — baroclinic
energetics of the monsoon onset vertex of 1979. Pearce
and Mohanty (1984) established the build-up of the moist
layer over the Arabian Sea about a fortnight prior to the
monsoon onset as a precursor to the establishment of the
monsoon season and this was also examined by Mohanty
et al., (1983). Study of energetics of the monsoon became
an important area of monsoon research during post
MONEX period and important contributions to this area
of research were made by several researchers. Influence of
mid-latitude systems passing across the Mozambique
channel in triggering monsoonal fluctuations have been
studied with MONEX and later data sets by Sikka and
Gray (1981) Kumar et al., (1992) and Saha and Saha
(2000). Rodwell (1987) also examined this aspect
exhaustively in  observational-modeling  framework.
Grossman and Durran (1984) used MONEX data to
understand the processes which are responsible for
organization of deep convection off the West Coast of
India. While they suggested interactions of low level flow
with Western Ghats was crucial, later work by Ogura and
Yoshizaki (1988) emphasized the air-sea fluxes to be also
important. Thus MONEX and post-MONEX studies gave
a lot of boost to monsoon research during the 1980s and
early 1990s using observational and modeling approaches.

Mooley and Parthasarthy (1984) consolidated the
seasonal monsoon rainfall series based on 306 number of
stations which has been extended by Parthsarthy et al.,
(1995). The series has become a standard marker of
monsoon intra annual variability. Several important
findings of the MONEX period have been reported in
different conferences and received excellent reviews in the
two books by Fein and Stephenson (1986) and Chang &
Krishnamurti  (1987). Das (1986) also provided an
excellent survey of monsoon research till 1980s. Asnani
(1993) and Pant and Rupakumar (1997) have also given
an exhaustive account of the climate of South Asia.

2.4. Advances during the TOGA decade

2.4.1. ENSO-monsoon connections and studies on
sensitivity of monsoon

Emphasis shifted to studies on Monsoon-ENSO
connections, satellite-derived OLR and its annual and
intra-seasonal cycles, monsoon intra-seasonal and inter-
annual variations, GCM studies on dynamical prediction
of monsoon on short-medium-and seasonal-scales. Among
the important achievements of the FGGE and its sub-
programme MONEX are the stress laid on the adoption of

numerical weather prediction of the monsoon in India and
the simulation of the monsoon by using (GCMs),
(Fennessy et al., 1994 and several others). Several
regional models, based on primitive equations and
parameterized physics for short-and medium-range
monsoon prediction were adopted and developed in
different research organizations in India and abroad. The
success of these efforts and the possibility shown under
FGGE Program that the temporal scale of weather
prediction could be extended to medium-range scale (3 to
7 days) even in the tropics, led to the establishment of the
NCMRWF at New Delhi in 1988. The NCMRWF had
received support from ECMWF, COLA and NCEP in
applying GCMs for the purpose and operational
forecasting by the Centre began in 1992. This was a
major benefit to Indian meteorology which resulted from
the post-FGGE era as now a tool was available in India to
understand monsoon processes and dynamics through a
GCM.

One of the important fallout of the international
research efforts on weather and climate prediction in the
two decades of 1960 — 1980 was the emphasis laid on
understanding and predicting planetary scale air-sea
interactions represented by the EI-Nino — Southern
Oscillation (ENSO) phenomenon, discovered by
Bjerkenes (1969) as a result of the world-wide weather
and regional climatic anomalies observed during the EI-
Nino of 1957. By 1980 atmospheric GCM’s were
available and were being used on operational basis. The
ocean GCM’s were round the corner by 1982, which was
another year of warm EI-Nino and world-wide climatic
anomalies. By that time EI-Nino was recognized as the
biggest signal on global climatic anomalies, triggered by
complex air-sea coupling in the equatorial Pacific.
International  science community launched a decade
long Tropical Ocean — Global Atmosphere (TOGA)
Programme aimed at understanding and predicting global
and regional climatic anomalies on intra-seasonal to inter-
annual scales. Sikka (1980), for the first time showed
connection of monsoon droughts with EI-Nino
phenomenon in the equatorial central and east Pacific.
This aspect has been extensively studied in subsequent
work by Pant and Parthasarthy (1981), Rasmusson and
Carpenter (1983), Shukla and Paolino (1983), Mooley and
Parthasarthy (1983), Mooley and Paolino (1989), Nigam
(1994), Kane (1998, 2004), Krishnamurthy and Goswami
(2000) and Slingo and Annamalai (2000). These studies
have shown the connections of monsoon droughts with
the warming phase of the EINino / falling phase of the
Southern Oscillation Index. As only about 55 to 60% of
the monsoon droughts were linked with simultaneous rise
or presence of ENSO signal, Webster and Yang (1992)
and later work by Kirtman and Shukla (2000) and others
have shown that the ENSO-Monsoon connections are very
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complex. Research by Wang (1995), Kriplani and
Kulkarni (1997), Krishna Kumar et al., (1999) and others
have suggested that ENSO-Monsoon connections have
weakened since 1970s. Wang (1995) and others have
suggested secular variation in ENSO events. Sikka (2003)
has linked the major monsoon drought of 2002 to ENSO
build up and has expressed a view that there is no single
regional or global parameter which could be tied with 55-
60% of monsoon droughts. According to him, the build up
of the ENSO signal at least completely rules out the
probability of excess rain during the monsoon season.
This could as well be used beneficially for managing
water resources of India. Raman et al., (1990) ascribed the
monsoon drought of 1972 and 1979 as a result of
interactions with mid-latitude circulation. The drought
1972 was ENSO-related and drought of 1979 was non-
ENSO related.  Statistics on monsoon droughts is
available in the work of Chowdhury et al., (1989) and
Sikka (1999).

An important benefit which resulted from the
application of atmospheric GCM’s for understanding
inter-annual variability of the monsoon was through the
diagnosis of sensitivity of the monsoon to various
processes like orography, SST, soil moisture snow-cover
and snow accumulation using AGCMs. A vast amount of
sensitivity runs of different AGCMs have been reported
during the two decades 1980 to 2000 [Sud and Smith
(1985), Barnett et al., (1988), Meehl (1994), Palmer et al.,
(1992), Dirmeyer and Shukla (1996), Vernekar et al.,
(1995), Douville and Royer (1996), Ferranti et al., (1999),
Sperber et al, (2001) and others]. Similarly,
understanding of ISO of the monsoon also received
attention through application of phenomenological models
(Srinivasan et al., 1993) and also diagnosed from AMIP
runs of AGCMs by Ferranti et al., (1997) as well as by
others. Webster et al., (1998) and Gadgil (2003) have
reviewed this extensive research on monsoon modeling &
sensitivity studies. Inter-comparison of the AGCM’s were
organized under international AMIP Project using
identical SST and initial conditions. They showed that
several of the models, except a few, were found wanting
in proper simulation of the South Asian Monsoon rainfall
and even the monsoon rainfall simulation in extreme years
like the warm EINino year of 1987 and cold LaNina year
of 1988 were not very satisfactory. Similarly other recent
abnormal Indian summer monsoon season of 2000
(Krishnan et al., 2003) and the drought of 2002 (Gadgil
et al., 2003) could not be simulated by the models. Kang
et al., (2002) compared the AGCMs simulated anomalies
with the Monsoon of 1997-98 EI-Nino, which was not
associated with monsoon drought over India. Gadgil et al.,
(2003) have shown the occurrence of drought over India
to be associated with higher cloudiness in the eastern
equatorial Indian Ocean during the monsoon season. Use

of ensemble runs has not much solved the problems of
monsoon simulation on inter-annual scale resulting from
initial conditions. Super ensemble technique, which picks
up the best of different models for monsoon prediction,
has been suggested by some researchers recently
[Krishnamurti et al., (2000)]. Several papers in the edited
book by Singh et al., (2003) discuss the advances in
monsoon modeling. A major new focus of research has
begun on what is known as the Indian Ocean Dipole
Mode (IOD) [Webster et al., 1999, Saji et al., (1999),
Behra and Yamaguta (2002)] is a regional scale
development of ocean-atmosphere coupled mode between
the eastern and the western equatorial Indian ocean. The
IOD begins to appear during the monsoon season and
peaks in the post-monsoon season. Its role in monsoon
fluctuations has yet to be fully established.

TOGA has also resulted in promoting research in
India on monsoon variability and introducing XBT
surveys of the Indian Ocean by the International and
Indian research groups.

2.4.2. Annual and Intra-seasonal cycle of OLR over
South Asia

By early 1990s nearly 15 years of satellite-based
OLR data were available. Analysis of this data set on
pentad mean basis has revealed some interesting features
of the annual cycle of largescale organized convection
over South Asia and adjoining region. There is hardly any
major change in convection between January to end of
March as the major centre of equatorial convection lies in
the near-equatorial south Indian Ocean in the region of
SHET (5-15° S and 55-120° E), and the sub-tropical ridge
lies close to equator along 5° N to 10° N. As the upper
troposphere sub-tropical westerlies dominate most of
South Asia, the convective cloudiness belt shifts close to
the equator between 5° S to 5° N by April and is rather
disorganized or patchy. This is slowly emerging annual
cycle of monsoon circulation. By the middle of May the
OLR minimum shifts from the Indonesian region
northwestward and gets organized over the Andaman Sea
in the Bay of Bengal. This is related to the advance of
monsoon into the Andaman Sea. Upper tropospheric
easterlies strengthen almost simultaneously over the
region and the subtropical ridge begins to shift near 15° N.
Dramatic changes occur in OLR and lower tropospheric
and upper tropospheric circulation features in the next two
to three pentads (mid-May to early June). With the onset
of low-level strong cross-equatorial flow in the western
Arabian Sea and its extension to the central Arabian Sea
and Lakshadweep Sea (SE Arabian Sea) an explosive
growth of low OLR band is observed which strikes the
Kerala coast by end of May - early June. This is the
beginning of the fast intra-seasonal cycle of monsoon
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which heralds the onset of monsoon over Kerala coast of
India. TEJ is also fully established rather abruptly over
South Bay of Bengal and South India as the circulation
responds to new organization of convection by late May /
early June. For the next 25 to 30 pentads (June to mid-
October), the slow sub-seasonal organization of the OLR
field is noticed over South Asia and the adjoining west
Pacific Ocean region. By mid-June, the low OLR band,
which was less than 100 longitude in extent over South
Bay of Bengal / Arabian Sea at the time of monsoon
onset, shifts eastward to cover the South China Sea and
the Philippines Sea. The minimum OLR band now covers
70° E to 130° E along 20° N to 15° N (covering most of
India, SE Asia and adjoining South China Sea upto
Philippines) in which are embedded two or three low-level
convergent circulation centres spaced at 2000 — 3000 km
apart. This marks the spectacular organization of the Asia-
Pacific Monsoon System on gigantic regional scale over
the Asia-Pacific belt. This has occurred with the first
northward moving episode of the ISO at the beginning of
the monsoon season which lasts from mid-June to end-
June. The system oscillates in activity between beginning
of July and mid-August with relative increase / decrease in
OLR in association with the trough-ridge organizations of
two low frequency modes of the monsoon (10-20 day and
30-50 day). In some episodes the two modes may annul or
enhance each other which may impact on the fluctuations
in rains on the intraseasonal scale. The Sub Tropical
Ridge (STR) at the upper tropospheric level lies along 30-
32° N over the Tibetan and adjoining regions. Toward
the later half of August, convection is rather weak over the
Indian region as this is period of another climatological
singularity [Ramaswamy (1973) and Anantha Krishnan &
Pathan (1971)]. Convection builds up again from near-
equatorial region, migrates over the north Bay of Bengal,
passing through central India, it is located over western
India by 10 September. Finally low OLR centre begins to
withdraw from western and central India between mid-
September to first week of October. Low OLR centre
shifts to the central Bay of Bengal by mid-October as the
upper tropospheric STR shifts southward to 15° N and
weak low-level easterlies begin to appear over north Bay.
This signals the end of summer monsoon and onset of NE
monsoon over northern part of the north Indian Ocean.
There is considerable inter-annual variability even in this
slow evolutionary phase of low OLR over the Asia-Pacific
region and a detailed study of this would provide
interesting results on the interactions between circulation
and convection, air-sea interactions on the regional and
sub-regional scales, Indian Ocean - West Pacific
circulation regimes on the super-synoptic scale, the ENSO
— Asia — Pacific Monsoon System on planetary scale and
the 1OD on regional scale. Interest has been also revived
on the study of monsoon onset, advance and hiatus in the
advance process over India. Several studies on

relationship of these processes with tropospheric
circulation features, large scale build up of cloudiness in
near-equatorial region, SST on regional and extensive
scales (like ENSO), sub-tropical ridge in mid-troposphere
and mid-latitude circulation etc. have been reported.
[Ananthakrishnan and Soman (1988), Soman and Krishna
Kumar (1993) Joseph et al., (1994), Biswas et al., (1998)
and others].

3. MONEX to ARMEX field programs on the
Indian summer monsoon under the Indian
climate research program

Infra-structural facilities available with the Indian
atmosphere — ocean science community had considerably
improved in the post-MONEX years. The community
undertook a coordinated multi-agency program of field
experiments from 1989 onward to understand specific
monsoon processes. These field programs have laid
emphasis on monsoon atmospheric boundary layer and
land—ocean atmospheric processes and modeling. Salient
features of the results from these field programs are
discussed in the following sub-sections.

3.1. MONTBLEX
(1995-1996)

(1989-1990) and LASPEX

Atmospheric Boundary Layer (ABL) processes had
received some attention during the MONEX as a surface
layer instrumented tower was used along the Orissa coast.
During 1986-1988 a comprehensive multi-agency field
program was planned to understand the ABL processes
across the monsoon trough whose eastern end is the seat
of frequent convective activity and western end is
anchored in the dry sensible heating zone which at times
is visited by deep convection in association with the
movement of an occasional monsoon disturbance across
the Gangetic Plains. MONTBLEX focused on
understanding of the fluctuations of the ABL during
different phases of the monsoon and interactions between
eastern and western ends of the trough. Four instrumented
surface layer towers were deployed across the trough
region during June-September 1990 and a research ship
was stationed in the north Bay of Bengal during August-
September 1990 to monitor air-sea interactions. Several
important papers resulted from MONTBLEX data and the
first set of papers were published by 1997 (Narasimha
et al.,, 1997). ABL research from MONTBLEX data
continues to be published even to the present. Air-sea
interactions during the MONTBLEX were studied by
Singh (1991), Sunil Kumar et al., (1994), Sarma et al.,
(1997) and Seetaramaya et al., (2001). These studies
confirmed the results of the MONEX period [Seetaramaya
and Master, (1984) and Rao & Mathew (1988)] that
synoptic variability (besides diurnal variability) in



SIKKA : ADVANCES IN MONSOON METEOROLOGY 27

cloudiness, wind, air atmosphere and SST modulate the
air-sea fluxes. The studies also showed that the north Bay
of Bengal looses net heat during the cloudy and strong
wind episodes of the disturbed or active monsoon phase
and gains energy during the cloud-free and low wind
regime of the weak monsoon phase.

MONTBLEX was followed by another field program
LASPEX organized during 1995-96 over the western
Indian (Gujarat) region in the Sabarmati river basin.
LASPEX focused on the study of land surface interactions
with ABL. The region of the experiment is known for its
sharp contrast in convective organizations on the annual
cycle and intra-seasonal monsoon activity basis. Five
surface layer instrumented towers were deployed. Four
towers were placed along the corners of a quadrilateral
(100-150 Km apart) and the fifth tower was close to its
centre. Along with the ABL studies over bare soil,
vegetation - ABL (crop canopy) interactions have been
also studied. A number of interesting papers have been
recently published collectively in the Journal of
Agricultural Meteorology (2003) which showed the role
played by land - vegetation - atmosphere interactions on
intra-seasonal basis.

3.2. Bay of Bengal Monsoon Experiment (1999) and
Arabian Sea Monsoon Experiment (2002 and
2003)

Encouraged by the success of MONTBLEX and
LASPEX and also by the introduction of ocean
observational systems in the Indian seas, the Indian ocean-
atmosphere science community have organized three
major field programs during 1998-2003 to understand
ocean-atmospheric processes considered important for
monsoon. These experiments have been carried out under
the Indian Climate Research Programme (DST 1995).

3.2.1. Bay of Bengal Monsoon

(BOBMEX-1999)

Experiment

BOBMEX-1999 was organized with a focus on
understanding the ocean-atmosphere coupled processes
over one of the most convectively active regimes of the
tropical oceans over the Bay of Bengal. Introduction of
new ocean observing system in the form of Met-Ocean
buoys in the north Indian Ocean in mid-1990s (Prem
Kumar et al., (2000) stimulated the BOBMEX field phase.
Bhat et al., (2001) have presented the first results of the
research based on BOBMEX data. Several important
papers on different aspects of BOBMEX related studies
have appeared collectively in Proc Indian Academy of
Sciences, Earth & Planetary Sciences (2003) as well as in
other journals. Sanjeeva Rao & Sikka (2005) have also

reviewed the major findings of BOBMEX which are
focused on :

(i) Atmospheric moisture modulation in active-break
cycle with moisture extending upto middle upper
troposphere under active monsoon conditions and
moisture restricted within the lower troposphere in weak
monsoon conditions (Bhat et al., 2002)

(if) 1SO-scale variability is prominent in the season and
convective clouds move from near-equatorial warm ocean
toward northern part of the Indian shores. SST
fluctuations on the 1ISO scale is 2-3° C, which is higher
than on the inter-annual scale. [Sengupta and
Ravichandran (2001)] SST changes on the synoptic scale
are usually restricted within 0.5 to 1.0° C.

(iif) Convection over the central and north Bay of Bengal
fluctuates almost simultaneously as evident from OLR
data analyses on the ISO scale. It fluctuates over the south
Bay of Bengal in opposite phase. Warming of the north
Bay of Bengal in weak monsoon phase and corresponding
cooling over the cloudy south Bay leads to build up of
SST gradients in north-south direction over the area.
Thermodynamic coupling of the ocean-atmosphere which
cools (warms) the ocean beneath the region of active
convective cloudiness (clear area) and warms over north
(south) Bay of Bengal during active (weak) monsoon
spell, plays a crucial role in regulating the intra-seasonal
fluctuations in the monsoon. Convection develops over
the south Bay and weakens over north Bay in the weak
monsoon spell. Warming of SST in the north Bay in the
weak phase of the 1SO cycle could be responsible for the
northward movement of convective cloudiness band,
resulting in re-establishment of another active monsoon
phase over north Bay of Bengal in the mid-season.
Surface processes on land-ocean interface may also help
in this process (Sanjeeva Rao and Sikka, 2005).

(iv) Net heating cycle of the Bay of Bengal surface
waters is modulated by monsoon disturbances on synoptic
and 1SO scales with reduction of solar radiation by
cloudiness, higher transfer of latent and sensible heat
leading to cooling under active monsoon spells and the
reverse occurs (5-20 days) in the weak spells.
Overlapping formation of monsoon low pressure systems
on super-synoptic scale are the crucial elements in ocean-
atmosphere coupling of the monsoon.

(v) Surface salinity changes on ISO and synoptic scales
in north Bay of Bengal could be also substantial (>2.0
psu) after a locally heavy rainfall spell or heavy rainfall
over coastal regions of  Orissa, West Bengal and
Bangladesh which bring plumes of low-salinity waters
through river-water discharges and local rains. This
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process plays an important role in creating a barrier layer
just below the ocean mixed layer which may be
responsible for the stability of the ocean layer leading to
rapid warming of the north Bay of Bengal at surface as the
weak monsoon phase is set-up. This would explain the
maintenance of rather warm SST on the seasonal scale in
the north Bay of Bengal [Vinachandran et al., (2002)
Sanjeeva Rao & Sikka (2005)].

Where as several of these findings strengthened the
results of earlier studies in 11OE, post IOE, MONEX and
MONTBLEX field programs, new findings on salinity
changes and formation of barrier layers have added a new
dimension to monsoon research.

3.2.2. ARMEX-I (Off-shore trough) and ARMEX-II
(dynamics of warm pool over SE Arabian Sea
and onset of monsoon over Kerala)

ARMEX-I, which was conducted in June-August
period of 2002, was focused on understanding the
processes which lead to the formation of off-shore trough
near the surface off the West Coast of India and possible
existence of meso-scale vortices within the trough. The
presence of off-shore trough and embedded meso-scale
vortices was first suggested by George (1956) and later
studied by Grossman and Durran (1984), Mukherjee
et al., (1984) with MONEX data. During the ARMEX-I
phase, four episodes of the off-shore trough - related
vortices occurred. The two active episodes were during
26-28 June and 06-11 August 2002. Meso-scale models
have been used by Bhaskar Rao et al., (2003) and
Mohanty et al., (2003) to simulate these episodes. The
results showed that additional observations mounted
during ARMEX-I resulted in more realistic simulation of
the heavy rainfall associated with them along the West
Coast. Shyamala (2003) has given observational evidence
of these off-shore vortices during the ARMEX-I.

ARMEX-II, which was conducted in March-June
2003, was focused on (i) the buildup of the mini-warm
pool over the SE Arabian Sea (Lakshadweep Sea) and the
onset phase of the monsoon. Presence of a mini-warm
pool over SE Arabian Sea was first shown by
Seetaramayya & Master (1984) in the MONEX
observational data and later confirmed by Rao and
Sivakumar (1999) and Shenoi et al., (1999). Rao and Shiv
Kumar (1999) have also provided a framework on the
occurrence of the mini-warm pool over SE Arabian Sea
through advection of the low salinity waters from the Bay
of Bengal during November to January period, enhanced
near surface stratification and net surface heating. They
have further shown the coincidence of monsoon onset
variation with this mini warm pool in some years. The

warm pool develops every years, though its intensity at
surface and sub-surface may differ from year to year. The
monsoon onset vortex does not form every year as it
depends on the development of atmospheric instability,
inspite of the necessary conditions of the environment in
terms of the warm ocean surface. Theoretical basis for the
formation of this warm pool, as a consequence of
exchange of low salinity waters of the Bay of Bengal
toward SE Arabian Sea and southern west coast of India
(under westward moving Rossby waves after reflection of
the Kelvin Waves from the eastern coastal margins of the
Bay of Bengal) was provided by the work of Vinay
Chandran and Shetye (1991) and Shankar and Shetye
(1997). This was an important problem of the ocean-
atmosphere system over the Bay of Bengal for the winter
and over SE Arabian sea for the pre-monsoon seasons
respectively. ARMEX-II data have provided confirmatory
evidence for the existence of low salinity waters over the
SE Arabian Sea during December to March, the existence
of inversion layers in the 30-80 m depth below the surface
waters and their westward propagation during January to
March [Shankar et al., 2004 and Sanjeeva Rao and Sikka
(2005)]. Durrand et al., (2004) have even dynamically
simulated the inversion layers in a modeling study and
expressed a view that these inversions could contribute to
the preferential warming of sea surface over SE Arabian
Sea during March-April period. However, since the
strength of the inversion is rather weak (0.5° C to 0.7° C),
its predominance over net surface heating under clear
skies and low wind condition, could be debatable.

The period of March to mid-May 2003 was
unusually cloud-free over SE Arabian Sea and ARMEX
data analyses (Sanjeeva Rao and Sikka 2005) have shown
that the warming began by mid-March and peak SST
values exceeding 30.5° C were observed over the area
during April to mid-May 2003. Inspite of such high SSTs
convection remained rather suppressed as no atmospheric
disturbance formed or moved through the SE Arabian sea
region. Monsoon onset vortex also did not form and the
onset was delayed by about 10 days. Gnanaseelan et al.,
(2003) have examined the evolution and collapse of the
warm pool during 2002 and 2003 within a modeling
framework and found that the forcing by the observed
Quickscat winds could broadly produce the changes in the
warm pool. ARMEX results highlight the following
aspects :

(i) The atmosphere over the Arabian Sea remains
decoupled from SST warm zone during March to Mid-
May unless atmospheric instability is initiated. As the
ITCZ begins to appear in equatorial Arabian Sea after
Mid-May, the atmosphere gets coupled with the sea and
the SSTs begin to decrease though still holding at near
29° C (above the threshold for convection).
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(ii) By end of May-early June, with the onset of
monsoon over SE Arabian Sea, SSTs fall to 28.5° C over
the region while they continue to rise above 29.5° C over
the NE Arabian Sea. The setting up of this north-south
SST gradient with cooler temperature beneath the active
cloudiness regime over SE Arabian Sea and warming
continuing over the NE Arabian Sea, may promote
northward advance of monsoon along the West Coast.
Formation of a synoptic scale disturbance in the form of
off-shore trough / MTC / onset vortex, depending upon
the dynamic instability mechanism operating then in the
atmosphere, heralds the onset and advance of monsoon
along the West Coast of India.

(iii) While the atmospheric dynamical instability during
the monsoon season is responsible for the triggering of
monsoon onset and formation of transient disturbances on
synoptic and 1SO scales within the season, the warm
surface of the north Indian Ocean regulates the monsoonal
fluctuations by providing energy for feeding the
disturbances. Thus air-sea coupling processes play crucial
roles in regulating the monsoon on the 1SO and synoptic
scales rather then initiating atmospheric instability
changes and bringing in active/weak/suppressed
convective episodes on different temporal and spatial
scales. 1SOs display their own life cycle of formation,
intensification peaking and decay.

There could be large inter-annual variability in ocean
atmospheric processes. For example, the monsoon onset
and the cooling of the central and SE Arabian Sea was
delayed in 2003 season but it occurred earlier in the 2004
season with the formation of a tropical cyclone over the
SE Arabian Sea in the first week of May 2004 and early
onset of monsoon over Kerala by 23 May 2004.
Understanding of this inter-annual variability, whether it
is caused by the ocean or atmospheric processes, still
remains a challenging area of research.

4. Concluding remarks

Monsoon meteorology has tremendously advanced
since 1950s from purely descriptive and empirical
approaches to more dynamical and modelling approaches
for diagnosing its mean structure, its variability on
synoptic and I1SO and inter-annual scales and its
prediction on meso, short-medium and long-range scales
using dynamical models. A comprehensive account of the
models from meso-scale to GCMs used in the prediction
process, is available in different papers. Many modelling
and observational studies have been undertaken using
various international, bilateral and national monsoon-
related field programs in the last 4 decades, from IIOE to
ARMEX. These have provided a great stimulus to Indian
scientists to advance monsoon meteorology in a cohesive

and multi-agency partnership basis. Several important
findings have resulted and the regional monsoon system is
now recognized as a complex interacting land-biosphere
ocean-atmosphere system. Its linkages with the
neighbouring regions (West Pacific, northern mid-
latitudes, southern mid-latitudes) on intra-seasonal scales
as well as with remote snow cover/snow depth and ENSO-
type forcing on inter-annual and decadal basis and with
Indian Ocean Mode type forcing on regional basis have
been suggested and even examined using a variety of
models. There is great hope that the system’s interactive
dynamics would be further understood in the next decade
as a result of future field programs such as the on going
International Climate Variability and Predictability
(CLIVAR), Continental Tropical Convergence Zone
Experiments (CTCZ) planned by India during 2006 - 2007
and the International Observation Research and Prediction
Experiment (THORPEX) during 2004-2010 and the
Climate System Observations and Prediction Experiment.
(COPE). Another phase of exciting monsoon research
combining  observations, theory and  modelling
approaches, is on the horizon during 2005-2015, It is
hoped that this Climate System Predictability Decade
(CSPD) would further promote understanding and
prediction of monsoon variability on different scales.
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