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FORMATION AND STRUCTURE OF
INDIAN SUMMER MONSOON DEPRESSIONS *

by P. Koteswaram‘rand N.S. Bhaskara Rao

India Meteorological Department,
New Delhi, India

Abstract: Tropical depressions forming in the monsoon trough )

over India have characteristics somewhat different from their counter-
parts over the other tropical oceanic areas and have long been believed

to be similar in structure to extratropical cyclones. The formation and
structure of some monsoon depressions that have been examined, generally
agree with the pattern suggested earlier by Koteswaram and George (1958,
1960). They form in the monsoon trough over the north Bay of Bengal,
under the influence of divergence aloft associated with a perturbation

in the upper easterlies over this area. Along with condensation heat
released in the monsoon trough, thermal advection seems to take a

part in the maintenance and movement of the depression as well as inthe
asymmetrical distribution of heavy rainfall which is confined to the
south-west sector. It is concluded that the mechanism of the monsoon
depression is similar to its extratropical counterpart, though no fronts
or strong air mass contrasts exist. The circulation derives energy

from the thermal gradient due to the differential heating of land and sea
areas and is then maintained even during its long trek over land till it
breaks up over the Himalayan mountains or the deserts of northwest

India and West Pakistan.

1. INTRODUCTION

Tropical depressions forming periodically over the north and central Bay of Bengal

in the southwest monsoon season are important perturbations of the monsoon circulation over
the Indian subcontinent. They not only strengthen the monsoon current over the Indian Seas,
but also cause extension of the monsoon rains over the central and northern parts of India and
Pakistan. They are therefore very necessary for crops and irrigation and their absence during
any month means drought to parts of the subcontinent.

In view of the importance of these depressions for the economic wellbeing of the

country, as well as their role in the monsoon circulation, they attracted attention of Indian
meteorologists for more than three decades. Air mass concepts and frontal models postulated
by the Norwegian School were applied as early as 1927. Three air masses were presumed to
take part in these depressions —~ easterly tropical maritime air (T,,) from the China Seas as

a'warm moist current; northwesterly tropical continental air (Tc) from southwest Asia as a

hot dry current and the southwesterly Equatorial maritime air (Em) from the southern hemis-
phere as a cool moist current. Some of the early workers considered the confluence of all
three air masses as a necessary condition for the formation of the depression. During later
days, however, the postulate about dry Te air from the northwestern parts of the country flow-
ing to the head of the Bay of Bengal was given up as it appeared impracticable, particularly
when there was another disturbance upstream. The relatively warm easterlies to the north of
the depression were considered by all workers as an essential prerequisite for cyclogenesis
in the monsoon trough. Some felt that the current was just deflected monsoon air heated dur-
ing its travel over land, while others considered’it to be a separate air mass of Far Eastern
origin. The belt of heavy rain usually occurring in the SW sector of the depressions was
attributed to a warm frontal action of the T, air upgliding over the Epn,. Fronts were drawn
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at the discontinuities between easterlies and westerlies and heavy rain to the south of these
'fronts' was attributed to their activity. For a summary of the earlier work on monsoon de-
pressions reference may be made to earlier papers by Koteswaram and George (1958, 1960).
Ananthakrishnan and Bhatia (1960) recently studied the tracks of these depressions and their
recurvature. ’

Most of the early studies were based on surface and pibal observations; sounding
balloon ascents were used when available. With the advent of the radiosonde during and after
World War II, the temperature structure in the upper air was studied and it became apparent
that the thermal contrast between the air masses on either side of the discontinuity lines was
not large enough to label them as fronts. A distinct north to south temperature gradient, how-
ever, was noticed and it was also seen that this gradient became more concentrated at the
head of the Bay of Bengal, whenever there was a surge of the cooler southwest monsoon curr-
ent up the Bay in association with the depressions. Three-dimensional analyses of the thermal
and flow patterns associated with these depressions throughout the troposphere have therefore
been attempted to get an insight into their mechanism. Some of the results obtained are
mentioned in the following sections,

2. GENERAL CHARACTERISTICS

Monsoon depressions generally form at the head of the Bay of Bengal in the monsoon
trough which extends southeastward from West Pakistan towards the Bay across North India.
They occur during the months of June to September when the ‘Southwe st Monsoon covers the
entire Bay. In late August and September, however, whenever the monsoon trough shifts
southwards, the area of formation of these depressions is displaced into the Central Bay.
Depressions are rare in the Arabian Sea, though occasionally a Bay of Bengal depression,
after travelling over India, may emerge in the northeast Arabian Sea and even intensify.

The formation of the depression is generally preceded by a fall of pressure in the
north Bay, the isallobaric low moving westward from Burma and further east. Winds in the
lower troposphere over west Bengal and east Pakistan back with the approach of the low; the
cyclonic circulation is first seen at levels of 1. 5 km a. s. 1. and above and extends to the sur-
face thereafter. These isallobaric 'lows' have been described variously as low pressure
waves, easterly waves, etc. About four or five low pressure waves move into the head Bay
of Bengal per month during the southwest monsoon season. Two or three of them intensify
into monsoon depressions each month and the rest move westward as low pressure waves.

The largest number of depressions in any year has been 17 and the smallest 7 (Rao and
Jayaraman, 1958). Some meteorologists-consider these low pressure waves as remnants of )
Pacific typhoons striking the coasts of southeast Asia. The depressions intensify while moving
west-northwestward over the north Bay. The pressure departure at the centre rarely exceeds
10 or 12 mb and winds over sea reach 30 to 35 knots. They do not normally attain a tropical
cyclone intensity due to their short sea travel and the unfavourable upper air conditions

(Ramage 1959).

After passing inland across the Orissa coast the depressions weaken. Though their
central pressure remains almost unaltered, the area covered by the cyclonic circulation
increases, thus reducing the pressure gradients considerably. They continue to move west-
northwest or northwest for nearly a thousand miles. Some of them occasionally take a west-
erly or even a northerly course. After travelling overland to east Rajasthan, the depressions
have a tendency to recurve, move into the Punjab (India) and break up over the Himalayas.
Otherwise they continue to move northwestward into West Pakistan and fill up over the desert
areas. A prematurely recurving depression breaks up over Nepal or the Eastern Himalayas.

The most significant feature of these depressions is the heavy rainfall in the left
forward sector. The heavy rainbelt associated with the depression extends about 250 miles to
the left of the track (Pisharoty and Asnani 1957). There is hardly any heavy rain to the right
as long as the depression continues its westerly or northwesterly course. After recurvature,
however, the heavy rainbelt shifts to the north and northeastern sector. Rainfall amounts of
5to 10 inches per day are frequent in the left forward sector; heavier downpours causing local
floods are also quite common. Depressions closely following each other along the same track
during a month cause floods to the left of their track and drought to the right.
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Once in a few years, a westward-moving depression emerges into the northeast
Arabian Sea across the Kathiawar Coast, intensifies into a cyclone and moves towards the
Gulf of Oman. The long travel of the depressions over land without filling is a noteworthy
feature. Some of them even intensify over east Rajasthan where they draw in fresh monsoon
current from the Arabian Sea. Some depressions fill up over central India after a short land
travel, particularly when a fresh depression forms again in the head Bay.

3. AVERAGE TROPOSPHERIC FLOW PATTERNS

The structure of the southwest monsoon current over south Asia is discussed in
another paper presented at this Symposium. Features relevant to the formation of the monsoon
depressions are the cyclonic vorticity (convergence) in the monsoon trough below 500 mb and
the _apticy?clo'x'}i.c_ vorticity (divergence) aloft. A deep easterly current extending from 500 mb
upwards into the stratosphere exists from the equator to north India. The monsoon trough
normally runs NW to SE from West Pakistan to the north Bay of Bengal, and the westerly mon-
soon icurrernt over the Bay turns into north India as an easterly current. The Himalayas act as
a physicallbarrier up to a height of about 5 to 6 km. This eastérly monsoon current is warmer
than the fresh monsoon, presumably due to the passage over the heated plains of north India
and the condensation heat released in the monsoon trough. A north to south temperature grad-
ient is thus established over north India, the gradient getting accentuated whenever there is a
fresh outburst of fresh monsoon air into the north Bay of Bengal. This gradient is noticable
at all levels in the upper air and at 700 mb it sometimes amounts to about 10°C across 300 to
400 miles, It becomés steeper in the upper troposphere where easterly jet streams are formed.

The upper tropospheric easterly flow is periodically perturbed into wave i;bu_ghs
which travel.westwards. Easterly jet maxima exist at levels between 150 and 100 mb. Wind
speeds in the jet streams may reach 100 knots. Though the easterly jet streams occur more
frequently at lower latitudes, they are seen occasionally over the head of the Bay of Bengal
during the formation of these depressions. Upper anticyclonic cells over Tibet and north India
also shift their position thus causing high-level perturbations.

4. FORMATION OF MONSOON DEPRESSIONS

Though earlier workers considered that the depression is formed as a frontal wave
between easterly T _ and westerly E_, air over the head Bay of Bengal, it has been a common
experience that depressions do not form every time the monsoon trough shifts to north or
central Bay of Bengal. Koteswaram and George (1958) therefore examined the occasions of
formation of the monsoon depressions in the head Bay in relation to the perturbations in the
upper troposphere, as well as pre-existing cyclonic vorticity in the lower troposphere. They
found that a monsoon depression formed whenever positive vorticity advection in the upper
troposphere (upper divergence) was superimposed over the monsoon trough in the lower levels
in the head Bay. The vorticity advection was associated either with an upper easterly wave
or an easterly jet or both. This upper divergence induced corresponding convergence at lower
levels which helped to increase the pre-existing cyclonic vorticity in the monsoon trough. The
formation mechanism was thus found to be similar to that for extratropical disturbances
(Petterssen, Dunn and Means, 1955).

5. DEVELOPMENT AND MOVEMENT

In amplification of Sutcliffe's theory of development, Petterssen (1956) expressed
the rate of vorticity production by the following equation:

dQ, = A-Ry? (g A+S+H)
—o° —V BT "
dt £ R

after neglecting terms containing advection of surface vorticity. ' Q is the absolute vorticity

at the surface, AQ is the vorticity advection at the level of non-divergénce, A is the thickness:
advection from 1000 mb to the level of non-divergence. S and H indicate changes due to
adiabatic (stability) and non-adiabatic (heat) effects.
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In a tropical disturbance forming in an atmosphere with uniform horizontal temper-
ature, there will be no thermal advection, and the other terms will have influence on vorticity
production. In the monsoon depression, some of the other effects also seem to be involved.

An initial thermal gradient exists at the site of the depression and increases with
the winding up of the circulation. Supply of condensation heat from the sea surface adds con-
siderable vorticity production. Non-adiabatic heating from below is not very much and does
not affect the circulation except near the coast when it tends to temporarily shift the centre of
the depression over land in the afternoon. Koteswaram and George (1960) examined qualitat-
ively the effect of thermal advection in a monsoon depression in the head Bay of Bengal in
August 1957. They found that the advection was not appreciable at the formative stage. After
the cyclonic circulation was initiated by the upper vorticity advection, the thermal advection
in the lower levels increased due to the flow of relatively warm air to the west and cold air to
the east of the circulation. The Laplacian of the thermal advection became negative thus add-
ing to the effect of upper vorticity advection and the disturbance became self-developing. The
heavy rain area to the southwest of the depression roughly coincided with the area of maximum
thermal advection and upper vorticity advection. The movement of the depression was simi-
larly determined by the gradient of thermal advection as well as the upper flow, the low pres-
sure centre moving towards the region of cyclonic vorticity production (surface convergence).

6. THE MONSOON DEPRESSION OF AUGUST 1960

Monsoon depressions studied by the authors with the help of later data also showed
characteristics generally similar to those outlined in the previous sections. The case of
August 1960 is given in this paper as an example. Drawbacks in these studies over south Asia
are the sparsity of data and errors in radiosonde observations. Observations have to be sifted
and examined for continuity and consistence. Wind observations from rawinsonde and pibal
stations (also scanty) have been included and data maximized by plotting off-time and low-level

reports wherever available. :Considering the slow movement of the depression, no special
difficulty was felt in adopting a composite technique. The attempt was to get as consistent a
picture as possible for understanding the physical processes involved.

As the cyclonic circulations are limited in area (about.300 to 400 miles in diameter)
a denser network of rawinsonde stations will be helpful in such a study. Until observations
from a denser network are available, the present results are presented as tentative.

(2) History of the Depression

Following the movement of a 'low pressure wave' from Burma into the northeast
Bay of Bengal on 12 August 1960, a depression was formed during the next 24 hours, centred
at 0300 GMT of 13th about 100 miles southeast of Calcutta. At 0300 GMT 14th August it was
near the Bengal coast and 24 hours later at Kharagpur about 100 miles westsouthwest of
Calcutta. The central pressure during this stage of maximum intensity was 994 mb with a
negative pressure departure of about 10 mb. The cyclonic circulation at the surface covered
an area of 400 miles diameter on the morning of the 15th. After crossing coast the circulation
became elongated. It moved west-north-westward at an average speed of 150 miles per day.
After reaching a point about 200 miles south of New Delhi on 19 August it slowed down and
weakened. It then recurved and broke up over the Himalayan foothills to the northeast of
Delhi on the morning of 22 August. Fig.'1 gives the track of the depression centre.

(b) Thermal structure

Figs. 2 (ato 1) give the 1000 mb contour topography and the relative topography of
the 1000 to 500 mb layer. 2000 ft winds have been indicated on the 1000 mb maps. Shear
vectors between 1000 and 500 mb have been indicated by broken arrows. The thickness patt-
erns (dashed lines) indicate the thermal structure in the lower troposphere. The grids formed
by the two sets of lines give a rough idea of the thermal advection. Since the component of
the wind normal to a thickness line is the same at the base as well as the top of the layer, the
indicated thermal advection is approximately the same at the base as well as at the top of the
layer (Sutcliffe and Godart 1942).
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Fig. 1 Track of Monsoon Depression, August 1960.
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Maps at other levels have been studied but have not been reproduced. The 1000 mb
contour pattern persisted without much change up to 700 mb. The 700 mb isotherms resembled
thickness topography between 1000 and 500 mb. The cyclonic circulation of the depression
extended up to 500 mb from the llth to the 18th. From the 15th to the morning of the 17th it
extended up to 300 mb. From the 19th onward a westerly trough to the west of the depression
projected southward in the upper troposphere and the cyclonic circulation of the depression
was confined below 700 mb. The axis of the cyclonic circulation generally tilted with height
towards the cooler monsoon air to the south.

It will be seen from Fig. 2 (a to 1) that the thickness of the 1000 - 500 mb layer de-
creased north to south across the country, the gradient amounting to about 200 metres across
the whole country. From the 11lth to the 14th a warm area lay over the United Provinces and
another over east Pakistan. The advection of this warm air into the cyclonic circulation of
the depression can be seen on the successive days. On the 14th the warm air extended over
the whole of west Bengal and east Pakistan (Fig. 2(d) ). Warm advection ahead of the depress-
ion and cold advection to its rear are noticeable. The depression moved towards the zone of
warm advection. By the 15th the 'low' over northern India had filled up; the warm area now
lay over the United Provinces and Bihar. Warm advection ahead of the centre and cold ad-
vection to the rear of the depression continued. The same pattern persisted for the next
three days; the cold trough to the rear of the depre ssion did not, however, move away from
west Bengal and east Pakistan apparently under the influence of a high level extratropical
trough moving eastward over Tibet. By the 19th the depression came under the influence of
anqther extratropical trough to the west of Delhi. The area of warm advection shifted to the
north and the depression recurved towards the foothills of the Himalayas and filled up by the
22nd. Its movement at this stage was also conditioned by warm advection.

(c) Upper Tropospheric Flow

Fig.3 (ato 1) gives the flow patterns at the 200 mb level. Though the cyclonic cir-
culation of the depression during its mature stage extended up to 300 mb, the flow was mainly
easterly aloft with a wave trough behind the surface centre. The wave is generally damped
at higher levels. '

On llth August (Fig. 3(a) ) the subtropical ridge line at 200 mb lay along 30°N.
There were two anticyclonic cells —— one over Iran and West Pakistas and the other over east-
ern Tibet. Two wave troughs were seen, one over India roungy_alon'g 82°E and another over
Burma along 98°E. The subtropical ridge was the warmest area at this level with tempera-
tures ranging from -40° to -45°C, while temperatures over the Peninsula further south ranged
from -50°C to -60°C. On the 12th the trough over Burma moved into the north Bay of Bengal
and a zone of upper positive vorticity advection was superimposed on the low level monsoon
trough over the head Bay. This superposition apparently initiated the depression on the 13th.
The anticyclonic cell over Tibet shifted southward to Nepal and Bihar during this period. The
temperature at Lhasa in Tibet at 200 mb fell from -44°C to -49°C between the 12th and the 13th.
The temperatures in the subtropical ridge over India, however, continued to be between -40°C
and -45°C. The anticyclonic cell over Nepal moved slowly north-westwards for the next three
days and remained stationary thereafter. The troughs in the easterlies, however, continued
to move westward. The surface position of the depression with reference to the upper trough
line is shown in the relevant 200 mb charts.

By the 18th an extratropical trough moved into Kashmir and was blocked by the
anticyclone over Nepal and Tibet. The depression came under the influence of this trough and
recurved. In general the track of the depression skirted the upper anticyclone over the east-
ern Himalayas. A similar movement was also noticed in the previous investigation reported by
Koteswaram and George (1960).

(d) Rainfall

Areas of any rainfall reported by meteorological observatories during the 24 hours
subsequent to each map time have been hatched in Figs. 2 (a to 1). Areas of heavy rainfall,
greater than 5 cm per day, have been cross-hatched. It will be seen that heavy rainfall oc-
curred generally over areas of warm advection to the left of the track of the depression. The






