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The major advances in the understanding of the structure of the Indian summer
monsoon and its intraseasonal and interannual variations have been discussed. The
large-scale monsoon rainfall has been shown to be associated with a tropical
convergence zone (TCZ) with the dynamical characteristics of the ITCZ discussed
by Charney (1969). The intraseasonal and interannual variations of the monsoon
rainfall arise from the space-time variations of the TCZ. The prominent scales of
intraseasonal variations between active spells and breaks have been identified as the
15-day scale (associated with westward propagation of synoptic-scale disturbances)
and the 40-day scale (associated with northward propagation of the TCZ). Detailed
analysis of satellite imagery has revealed that the most prominent feature of the
intraseascnal variation over the Indian longitudes is the northward propagation of
the TCZ from the equatorial Indian ocean onto the heated continent. So far such
poleward propagations have not been reported for any other part of the tropics.
Simple models capable of simulating the seasonal transitions as well as the
intraseasonal fluctuations of the monsoon have been developed. However, the
underlying mechanisms are yet to be fully understood. The structure of the
variations on the interannual scale turns out to be markedly similar to that on the
intraseasonal scale. Thus analysis of the inter-relationship between the continental
TCZ and those over the Indian ocean and the Pacific on the intraseasonal scale,
should provide insight into the interannual variations as well. On the interannual
scale, links between the Asian monsoon and conditions over the Pacific as
manifested by the association between the El Nifio and Indian droughts have been
well established. The relationship between SST and cloudiness over the tropics has
been shown to be rather complex, with a threshold of 28°C for organised convection.
With deeper understanding of the dynamics of the tropical convergence zones, more
light is bound to be shed on the intraseasonal and interannual variation of the
monsoon in the near future.

Introduction

The last two decades have witnessed a phenom-
enal increase in the interest in the monsoon
problem around the globe. Many features of the
monsoon have been vigorously investigated with
detailed observational experiments during the
summer monsoon experiment (MONEX) and a
large number of empirical and theoretical studies.
In this paper, I shall not attempt a comprehensive
review of these advances in view of the large
number of recent books addressing this task
(Krishnamurti 1977; Lighthill and Pearce 1978;
Das 1986; Fein and Stephens 1986; Chang and
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Krishnamurti 1987). Instead, I shall focus on
some facets of the structure of the Indian summer
monsoon, its intraseasonal and interannual vari-
ations; discuss the recent advances in our under-
standing of these facets and identify the outstand-
ing problems.

The summer monsoon over the Indian region
has been studied for a century and considerable
knowledge about the nature of the system, its
variability and the links with other parts of the
tropics has been generated (Blandford 1884; Basu
et al. 1960; Ramage 1971; Rao 1976). The advent
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of satellites in the mid-sixties made it possible to
literally ‘see’ the genesis and movement of the
convective systems in their entirety on a day to
day basis, thereby adding a new dimension to this
rich data-set. Not surprisingly, detailed analysis
of satellite data and concurrent conventional data
have provided valuable information about the
monsoon (Koteswaram 1971; Sikka and Gadgil
1980). Meanwhile tremendous progress in the
understanding of organised convection in the
tropics was brought about by Charney and
Elliasen’s (1964) pioneering work on the basic
mechanism of conditional instability of the
second kind (CISK) and Charney’s (1969) sub-
sequent application of this to the dynamics of the
intertropical convergence zone (ITCZ). In the
next section I summarise the understanding of the
structure of the summer monsoon gained by a
synthesis of these theoretical developments and
empirical studies incorporating the new infor-
mation on the planetary-scale monsoon revealed
by the satellites in addition to the conventional
data. Throughout this paper the emphasis is on
the large-scale convergence zones rather than on
the monsoon disturbances embedded in it. The
nature of the seasonal transitions is discussed in'a
later Section. Following Sections deal with the

major advances involving discovery of new
features of the intraseasonal variation and the
different hypotheses put forward to explain these;
and some aspects of the variation of the monsoon
on the interannual scale are considered.

Structure of the planetary-scale
monsoon

The planetary-scale monsoon is a manifestation
of the seasonal migration of the equatorial trough
(Riehl 1954) the near-equatorial trough (Ramage
1971) or the ITCZ, (Charney 1969) and the
associated seasonal reversal of winds. The
monsoonal regions of the world receive rainfall
primarily during this annual visit of the trough
zone, and the seasonal variation of the regions of
low outgoing longwave radiation (OLR) i.e. deep
clouds, is rather large over these regions. The
maximum latitudinal extent of this seasonal
variation occurs over the Asian monsoon region
i.e. between about 70°E to about 120°E (Fig. 1).
Over this sector, during the summer, the belt of
low OLR extends over about 30-40° latitude. Over
the rest of the tropics in this season and in the
northern hemispheric winter, the latitudinal
extent of the regions of low OLR is about 10-15°.

Fig. 1(a) Regions of mean monthly OLR less than 220 watts m-2 (hatched) during January (after NOAA 1985).
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This has led to the suggestion that the ITCZ over
the Indian Ocean changes its character drastically
from summer to winter (Murakami 1987). Yet the
prominent cloudband (maximum cloudiness
zone) in the satellite imagery of the Indian region
on a tropical monsoon day (e.g. Fig. 2 for 8 July
1973) bears a striking resemblance to that associ-
ated with the ITCZ over the other regions of the
tropics. Thus perhaps the first problem on the
planetary scale is to determine whether the nature
of the dynamical system responsible for the
large-scale summer monsoon rainfall over the
Asian region is different from the ITCZ with
which the organised rainfall over the rest of the
tropics is associated.

Fig. 2 Visible satellite imagery of the sector 50-100°E on 8 July
1973.

Let us consider first the important features of
the ITCZ considered by Charney (loc.cit.). The
organised convection on the planetary scale
occurs through CISK. CISK involves a cooperat-
ive interaction between the low pressure system of
synoptic/planetary scale with cumulus clouds; the
large cyclonic vorticity and the boundary layer
convergence associated with the former system
providing the ascent of the moist air up to the
condensation level required for the formation of
the cumulus clouds and the latent heat released in
the clouds over this region of ascent in turn
intensifying the low pressure system. Thus
dynamically the most important feature of the
ITCZ considered by Charney (loc.cit.) is the large
convergence in the moist tropical boundary layer
(in association with the cyclonic vorticity above
the layer) in the presence of which CISK can
operate. Sikka and Gadgil (1980, hereafter
referred to as SG) showed that over the Indian
region during the summer monsoon the maxi-
mum cloudiness zone coincides with the trough
zone at 700 hPa and is associated with large

cyclonic vorticity above the boundary layer,
strong low-level convergence and intense moist
convection. The associated trough is almost
vertical (Fig. 3, after Sikka 1977). Thus the
structure of the dynamical system responsible for
organised rainfall over the Asian monsoon zone
in the summer is similar in its critical features to
the ITCZ discussed by Charney (loc.cit.) which is
associated with the organised rainfall elsewhere in
the tropics. The large latitudinal extent of the
cloudy region in the monthly and seasonal
patterns of the outgoing longwave radiation over
the Asian longitudes vis-a-vis the rest of the
tropics results from the special character of the
space-time variation of the ITCZ over this region
on the intraseasonal scale and not from any
differences in the structure of the basic system
(S8G). I revert to this later.

There is considerable confusion in the litera-
ture about the dynamical system denoted by the
term ITCZ. It is generally used to denote an
east-west zone of large-scale convergence and
intense precipitation in the tropics. However, the
term is also used to denote a region of surface
confluence in which winds from both the hemi-
spheres converge. Such a confluence zone is not
always a zone of organised moist convection.
Also, confluence of air from two hemispheres is
by no means a necessary condition for the
occurrence of the dynamical system discussed by
Charney. In fact during the summer monsoon,
often there are two such convergence zones over
the same longitudinal belt (SG), obviously the
convergence cannot be intertropical in both these
zones. We take the distinguishing attribute of the
system to be the large convergence and organised
precipitation and refer to this zone as a tropical
convergence zone (TCZ) after Pisharoty (1986)
rather than as the ITCZ. Thus the axis of the TCZ
is not necessarily coincident with the axis of
confluence of the surface winds.

The seasonal/monthly mean picture is more
complex than the vertically coherent trough zone
with intense cloudiness and precipitation rep-
resentative of an active monsoon day discussed
above. This is primarily because the surface
trough is associated with a heat low type circu-
lation (with subsidence above 3 or 4 km) over
some regions (and during some epochs) and a near

_equatorial trough type circulation (with ascent

over the entire troposphere and organised moist
convection) over other regions (epochs). As
Ramage (1971 p74) points out ‘in a climatological
sense, in the summer hemisphere, heat lows and
near-equatorial troughs together comprise a con-
tinuous low pressure belt.” For the summer mean
fields over the Indian region, for example, the
eastern part of the trough is associated with large
convergence and intense precipitation. Over this
region the trough is almost vertical throughout the
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Fig. 3 Streamlines of wind flow at 850, 700, S00, 200 hPa at 00Z on 8 July 1973 after Sikka 1977.
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lower troposphere (Rao 1976 p21). However,
over the western part of the surface trough, heat
low circulation prevails (Bhaskara Rao et al.
1972). In addition to this spatial variation, there
is considerable temporal variation associated
with the active-break cycle of the monsoon
rainfall. During intense breaks, the surface trough
over the eastern sector shifts to the foothills of the
Himalayas, the cloud zone totally disappears

from the region and a heat low type circulation

gets established over the monsoon zone
(Raghavan 1973). There is subsidence in most of
the troposphere, the westerlies become restricted
to the lower levels and the 700 hPa trough
disappears from the continent (Sikka ef al. 1986).
The occurrence of a few such days in a month/
season will generate a disparity between the
monthly/seasonal location of the surface trough
and the axis of maximum convergence/

precipitation. Thus the observed disparity in the
summer mean fields pointed out by Hastenrath
(1985, pl151) between location of the axis of
maximum precipitation (and convergence) and
the axis of confluence of the winds from the two
hemispheres i.e. the surface pressure trough can
be understood in terms of the variation of the
circulation between heat-low type and the TCZ
type in space and time.

Perhaps the most challenging problem in
monsoon meteorology on the planetary scale is
the unravelling of the factors that determine the
location, extent and intensity of the TCZ in a
specific season and the mechanisms underlying
the transitions between a TCZ circulation and a
heat low type circulation within a season. In this
context it is interesting to note that until about a
decade ago, in the simulations of the general
circulation models the major rainbelt over the
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Indian longitudes occurred over the southern
peninsula and the adjoining seas while the
prominent surface trough over the continental
region remained dry (Gilchrist 1977). It is
intriguing that a realistic simulation of ‘the
continental TCZ was achieved by the model at the
Geophysical Fluid Dynamics Laboratory,
Princeton (i.e. the GFDL model) when a spectral
version with the same physics as the grid model
was created (Manabe et al. 1979)! The changes in
physics that led to the realistic simulation of the
precipitation in other models have yet to be
documented properly. Such a study would con-
tribute significantly to our understanding of the
factors that determine whether a surface trough
will be associated with a heat low type circulation
ora TCZ.

So far the emphasis in the discussion of the
structure has been on the large-scale TCZ; and in
the rest of the paper also I will concentrate on the
variation of the TCZ over different scales.
However it must be noted that the TCZ is seldom
uniformly intense throughout; generally, synoptic
scale disturbances are embedded in it (e.g. Fig. 2).
The space-time variations of the TCZ over the
Indian region are linked to the genesis, intensifi-
cation and propagation of the monsoon disturb-
ances embedded in it. The monsoon disturbances
range in strength from a low to a depression to a
cyclonic storm. The low pressure system is
referred to as a monsoon depression by the India
Meteorology Department (1.M.D.) when the sur-
face winds in cyclonic circulation is between 8 to
16 m s~! and the radial gradient of surface pressure
ranges from 2 to 5 hPa per 100 km. The monsoon
depression has been the focus of studies for
several years with empirical investigations of the
structure, intensification and movement (Sikka
1977) and theoretical studies of various kinds of
instabilities including baroclinic, barotropic,
CISK to understand their genesis. One of the
major achievements of the summer MONEX was
the elucidation of the structure of the monsoon
depressions. An excellent review of the present
understanding about the monsoon depression
based on MONEX observations and theoretical
studies is given in Mak (1987). However in the
last few years, with the recognition that these
disturbances are often clustered in time and
space, the attention has shifted to the planetary-
scale system in which these disturbances are
embedded, and the variations of this system on
the supersynoptic scale.

Seasonal transitions

The spring to summer transition occurs in two
phases. The first phase involves the development
of the heat trough over the continent, its intensifi-
cation, expansion, northward movement and the

consequent transition to summer circulation with
monsoon westerlies in the lower troposphere. The
transition in the pressure gradients and the
circulation from winter to summer begins in the
layers close to the sea level and near 100 hPa; it
progresses upward in the lower troposphere and
downward in the upper troposphere towards the
500 hPalevel (Ananthakrishnan 1971, 1977). The
second phase, the onset phase, is associated with
the commencement of monsoon rainfall over the
Indian region and involves the transition to a
moist convective regime with the establishment
of the monsoon trough. The ‘onset of the
monsoon’ refers to the burst of rains over Kerala
on the southern tip of the peninsula and is
accompanied by dramatic changes in the circu-
lation involving sudden strengthening of the
lower tropospheric westerlies (e.g. Fig. 4 for the
onset of 1979 after Krishnamurti 1987), upper
tropospheric easterlies and building up of the
moist layer up to 500 hPa. On the synoptic scale,
the onset of the monsoon over Kerala is associ-
ated with the genesis and movement of either a
depression/cyclone in the Indian seas, or a low
pressure area off the coast of Kerala or a mid-
tropospheric disturbance in the east west trough
zone at the tip of the peninsula. The onset
involves the genesis of a well-defined vortex (as
during MONEX) in about 50 per cent of the years.
The genesis of the onset vortex during MONEX
has been attributed to barotropic instability of the
intensified westerly regime. Considerable insight
has been gained on synoptic as well as the
planetary scale of the onset phenomenon with the
MONEX dataset. Since excellent reviews of this
work are given by Krishnamurti (1985) and
Krishnamurti and Surgi (1987), I will not dwell on
these aspects here. The onset of the monsoon over
the rest of the peninsula and central India occurs
with a northward movement of the rainbelt in the
onset phase.

Fig. 4 Time-latitude évolution of surface wind speed (m s’!)
(above) wind stress and (below) over 50-70°E sector
during June 1979 after Krishnamurti (1985).
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The onset phase comprises one or more north-
ward propagations of the TCZ from the equa-
torial Indian ocean onto the heated continent
with each successive propagation culminating at a
higher latitude and finally leading to the establish-
ment of the TCZ in the monsoon zone over the
continent around the beginning of July (SG). The
retreat of the monsoon is also characterised by
northward propagation (and not southward as
one may have expected from the monthly mean
patterns) with each successive propagation culmi-
nating at a lower latitude. A rather realistic
simulation of the observed seasonal envelope
(Fig. 5) was achieved by a relatively simple
axisymmetric one continent-one ocean model
developed by Webster and co-workers (Webster
and Lau 1977, Webster and Chou 1980; Webster
1983). It is hoped that such detailed simulations
with general circulation models will become
possible in the near future.

Intraseasonal variations

Observations

The large-scale monsoon rainfall is associated
with the seasonal migration of the TCZ onto the
Asian continent in the summer. Even after the
establishment of the TCZ in the monsoon zone
north of 15°N, a secondary TCZ appears intermit-
tently in the westerly regime over the equatorial
Indian ocean. Occasionally both the TCZs are
seen simultaneously over the same longitudinal
belt. The oceanic TCZ is associated with cyclonic
shear of the low-level westerlies rather than a zone
of confluence (Sikka et al. 1986). Whether thisis a

special feature of the summer monsoon, over the
Asian longitudes where a massive heated conti-
nent with an elevated heat source over Tibet, lies
poleward of the warm waters of the equatorial
Indian ocean resulting in two distinct favourable
locations for the TCZ needs to be investigated.
Within the summer monsoon season, the
large-scale monsoon rainfall and the continental
TCZ fluctuate between active spells (during
which the TCZ is almost continuously present
over the monsoon zone north of 15°N) and dry
spells or intense breaks in which it disappears
from the monsoon zone. The active spells are
characterised by a sequence of time-clustering,
partly overlapping monsoon disturbances. Dur-
ing a break, no disturbances form and there is no
rainfall over a large part of the monsoon zone
(with the exception of the foothills of the
Himalayas); in intense breaks the entire zone
becomes dry (Ramamurthy 1969) the 900 hPa
vorticity becomes anticyclonic and the boundary
layer becomes divergent (Sikka and Gadgil 1978).
There appear to be two distinct modes of revival
from breaks. Revival occurs either by the forma-
tion of a disturbance in the northern parts of the
Bay of Bengal or by a northward movement of the
oceanic TCZ. The variation of the TCZ at 90° E
during the summers of 1975 and 1979 derived
from 2.5 degree grid OLR, albedo (Gruber and
‘Kruger 1984) data using an algorithm developed
to identify organised zones of deep clouds is
shown in Fig. 6. It can be seen that revival occurs
during the middle of July by genesis within the
monsoon zone (i.e. by the first mode) and by the
riorthward propagating mode in early August in

Fig. 5 The observed variation of the axis of the TCZ over 90°E during April to October 1975 (from Sikka and Gadgil 1980) (left) The
variation of the axis of the maximum vertical velocity (precipitation) in the monsoon model developed by Webster and co-workers

(right).
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Fig. 6(a) The variation of TCZ along 90°E during summer of
1975 based on OLR-albedo data.
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each of these years. In the first mode of revival,
the genesis of the disturbance over the Bay of
Bengal often occurs as a result of westward
propagation of a disturbance from the eastern
regions extending from Burma to the west Pacific
(Koteswaram and Bhaskara Rao 1963;
Krishnamurti et al. 1977; Saha et al. 1981). Every
season a break occurs about one month after the
establishment of the TCZ in the monsoon zone;
and the oceanic TCZ propagates northward onto
the continent (in a manner strikingly similar to
the onset phase) and revives the continental TCZ.
In general, northward propagations of the oceanic
TCZ leading to a revival of the continental TCZ
occur at intervals of about 30-50 days. In the
recent excitement over the 40-day mode, the
other mode of revival involving genesis within the
monsoon zone appears to have been neglected.
However, it is important to note that on average,
that mode is responsible for about 50 per cent of
the revivals (SG). The interrelationship between
these two modes needs to be investigated.

The most prominent feature of the
intraseasonal variations and the seasonal
transitions of the TCZ over the Indian longitudes
during the summer monsoon is the intermittent
appearance of the oceanic TCZ throughout the
summer monsoon and its poleward propagations
onto the heated continent. The large latitudinal
extent of the low-OLR region over the 70-120°
sector mentioned previously is a direct conse-
quence of this variation. The rate of the north-
ward propagations is on an average about one

degree latitude per day (SG). Murakami (1976)
and Yasunari (1979) also find northward
propagations with the same rate in cloudiness
anomalies. Singh and Kripalani (1985) find
northward propagations of rainfall anomalies at
about half this rate. The first step in understand-
ing these propagations is to determine with the
help of more empirical studies whether they occur
over other monsoonal/non-monsoonal regions.
Detailed investigations by McBride (1983, 1987)
showed that there are no poleward propagations
of the TCZ during the Australian monsoon.
Preliminary results of analysis of the
intraseasonal variation of the TCZ over the
African and South American region in the
southern hemispheric summer suggest that
poleward propagations of the type seen over the
Indian longitudes do not occur over these regions

.(Fig. 7). A systematic study of the variation of the

TCZ over other regions of the tropics and over
longer periods needs to be carried out to investi-
gate the occurrence of such propagations.

Fig. 7(a) The variation of the TCZ at 20°E during December
1975-February 1976.
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Fig. 7(b) Same as 7(a) but at 70°W.
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The TCZ over the Indian monsoon zone has an
interesting relationship with the oceanic TCZ.
The two systems appear to compete with one
another (presumably due to the subsidence
around an active TCZ) and active phases of one
are associated with weak phases of the other. Yet
the oceanic TCZ plays a crucial role in re-estab-






