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On the Formation of Monsoon Depressions
in the Bay of Bengal
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ABSTRACT. The role of the upper tropospheric perturbations in the formation of monsoon depressions in the
Bay of Bengal has been examined. From a study of these flow patterns, it is four.d that cyclonie development at
sea level oceurs when and where an arca of positive vorticity adveetion in the upper troposphere hecomes super-
imposed upon a pre-existing trough atsealevel, Other factors affecting eyclogenesisat sea level during the south-

west monsoon period are alzo pointed out.

1. Introduction

Tropical depressions forming in the Bay
of Bengal and occasionally in the Arabian
Sea during the southwest monsoon season
(June to September) are well known for
more than half a century. These monsoon
depressions are low pressure areas with a
pressure departure of nearly 2-6 mb at
the centre with cyclonic winds not exceeding
30 knots in speed. If the wind speed is
between 30 and 40 knots and the pressure
departure iz 6-10 mb they are classified as
cyclones. They do not become severe
cyclones reaching hurricane intensity. They
are fairly large in extent compared to tropical
cyclones occurring in the pre-monsoon and
post-monsoon seasons and sometimes affect
an area as large as 10° square miles. Eliot
(1900) who mentions them in his Handbook
of Cyclonic Storms, considered that the
weather in monrsoon depressions is deter-
mined by the interplay between twe air
streams, one a dry one and another a deep
moist one (the SW monsoon). Climatolo-
gical details of regions of their formation,
frequency of occurrence and tracks followed
by them are available in the periodical
publications of the India Meteorological
Department. Their role in the distribution
of rainfall over the sub-continent in the
SW monsoon season has been recognised
and numerous attempts have heen made
by Indian meteorologists to study their struc-
ture and the conditions of their formation,

1-1. dwr wmass concepts — The earliest
attempt to present a hypothesis for the
formation of these depressions was made
by Roy and Roy (1930). They and the
subsequent workers were strongly influenced
by the Norwegian models for extra-tropical
depressions postulated at the beginning
of the century. Air masses were identified
and discontinuities or fronts looked for.
Roy and Roy (1930) opined that three
air masses—fresh monsoon air, dry continen-
tal air from the northwest and monsoon air de-
flected and dessicated by the hills of northern
India—took part in the formation of de-
pressions at the head of the Bay of Bengal.
Ramanathan and Ramakrishnan (1932)
found that the monsoon air that streams
across the Peninsula accelerates prior to
the formation of a north Bay depression
and considered that depressions form at
the discontinuity between the fresh monsoon
air and the turned or old monsoon air to
the north. The Burmese mountains to the
east help inrolling up the monsoon current
into a vortex. The effect of these mountains
is, however, obscure, since depressions are
known to form even in the waestern half
of the Bay far away from the mountain
ranges. Malurkar (1950) gave a Pacific
Ocean origin to the easterly current to the
north of the depression and called it 7'
(far east transitional air). He considered
that this air mass as well as Em (SW monsoon)
and T'c (continental air from the northwest)



10 P. KOTESWARAM axp C. A. GEORGE

were essential for the formation of the
depressions.
All these hypotheses were based upon

surface ohservations and some pibal data,
which were mainly confined to about 10,000
feet a.s.]l. due to the extensive cloud cover
during the monsoon period. Occasional
sounding balloon flights were, however, made
for studying particular disturbances and
the existence of fronts confirmed from
available temperature records (Sur 1932).
After routine radiosonde observations became
available since 1944, attempts were made
to identify fronts and air mass discontinuities
with the aid of upper air temperature
data. Mean characteristics of the different
air masses in the Indian area were studied
by Roy (1946), who identified the easterlies
over nerth India during the monsocn
season as turned monsoon air (EmT).
Due to the poor temperature contrasts
between the air masses supposed to tuke
part in the depressions and the absence
of discontinuities in the radioscnde ascents
characteristic of extra-tropical fronts, doubts
were sometimes raised regarding the exis-
tence of these fronts (Pramenik and Rao
1948, Mull and Rao 1949). Desai (1950)
made a detailed study of a Bay depression
in 1947 with the aid of radiosonde data and
czme to the conclusion that it formed on
the discontinuity between the monscon
air mass and a mixture of subsided tropical
naritime air from the far east and the
turned morsoon air. Desai and Kotes-
waram (1951) confirmed the earlier frontal
models in the case of a monsaom depression
of July 1945,

1-2. The perturbation approach—During
and after World War TI when flying activity
over some parts of the tropics was extensive,
detailed observations were collected over the
tropical Pacific and the Caxribean areas. These
data did not suppert frontal concepts. Riehl
(1945) made a perturbation approach for the
study of tropical weather. He formulated
niodels of waves in the easterlies which,
under favourable circumstances, intensified
into typhoons or hurricanes (Riehl 1918).

Palmer (1951) made a searching enquiry into
the various methods of tropical analysis and
stressed the untenability of frontal concepts
in the tropies. As pointed out by Riebl
(1954 b) the fundamental difference between
the deepening cyclones in the tropical
and extra-tropical areas is that all air
entering the circulation rises in the case of
the tropical disturbances, while only tropical
air rises and polar air sinks in extra-tropical
circulations.

1-3. Dynamical models—With the applica-
tion of dynamical concepts in the field of
svnoptic meteorology during recent years,
much pregress has been made in the under-
standing and forecasting of atmospheric
disturbances.  Even in the extra-tropical
latitudes, the simple Bjerknes frontal models
have heen found to be inadequate either for
indicating development or fully explaining
the rainfall patterns associated with depres-
sions.  An old concept of mass compensa-
tion between the upper and lower layers
of the troposphere as suggested by Dines
(1912) in order to account for the presence
of divergence over developing cyclones and
convergence over anticyclones has been
revived in recent years. Bjerknes (1937)
drew attention to the role of unstable
growth of an upper wave trough in inducing
cyclogenesis at sea level (see also Bjerkves
1951). Sutcliffe (1947) obtained an expres-
sion for the rate of development in terms
of vertical wvelocity and divergence. He
took divergence as a measure of development
and showed that a part of the effect of
converzence would intensify the vorticity
system ard the other part would advect
it relative to the moving system. Suteliffe
and Torsdyke (1951) obtained the surface
divergence as equal to but opposite to the
thermal divergence between the sea level
and the layer of non-divergence (assumed to
he 500-mb level). Petterssen (1955) ampli-
fied Suteliffe’s ideas and obtained a complete
equation for development as follows—

(;'n' —}EQuDu=AQ + Vo. V@ —
—ef 9 4,
TV(RAI-+S+H) )
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where @, is the wvertical component of
absolute vorticity at sea level, D, is the
divergence at sea level, 4¢ and Ay indicate
the advection of vorticity and thickness,
S and H are terms for stability and heat
and other terms have their conventional
meanings.

The complexity of the development pro-
cess ig evident, Since the sea level advection
Vo VQ, is generally found to be small,
development at sea level arises out of an
“imbalance between the vorticity advection
at the level of non-divergence and the
Laplacian of the thermal components Ap,
S and H” (Petterssen 1955). Petterssen
arrived at a simple hypothesis that “cyclonic
development at sea level occurs when and
where an area of positive vorticity advection
becomes superimposed upon a frontal zone
at sea level” (Petterssen, Dunn and Means
1955).

Riebl (1954a) found that when a pronounc-
ed jet stream became superimposed on a
strong fronfal zone or some perturhation
in the lowér troposphere, intense cyclo-
genesis was caused. He studied the effect
of jet fingers or jet maxima and found that
deepening of the lower tropospheric low was
associated with a jet maximum and occurs
on its left forward sector. The greatest
deepening occurred when the low reached
a position east of the long wave {rough
in the westerly jet axis.

It would be clear from the foregoing,
that models mainly based on low tropo-
spheric features like those develeped in the
Indian area so far, are necessarily incompleto
and any hypothesis for tropical disturbances
should take into account the contributions
of both the lower and the upper troposphere
for sea level developments. With this end
in view, a detailed analysis of upper and
lower tropospheric perturbations leading to
the formation of depressionsin the southwest
monsoon season was attempted and the results
are given in the following paragraphs.

2. The structure of the upper troposphere over India
during the southwest monsoon season

The importance of the study of upper
tropospheric conditions for the understanding
of low tropospheric disturbances has been
sufficiently stressed in the preceding section,
Such a study is not possible unless there
is an adequate coverage of radiosonde
and rawin data at least upto the tro-
popause level. Radiosonde data are avail-
able in India for more than a decade;
but it is not possible to make reliable con-
clusions hased upon daily radiosonde observa-
tions alone, since the magnitude of errors
involved in observing the various elements
are comparable with the gradients observed
on constant pressure maps during the summer
season over the tropics. Rawin data could
provide more dependable aids. Rawin
stations have been started at various locations
in the country since 1954 and upto date
there are 10 such stations -over India—
quite a meagre network still.

With the aid of available rawin data for
India and the network of rawin stations
elsewhere in the northern hemisphere, Kotes-
waram (1956) made a study of the upper
tropospheric flow over the tropics during
summer. As is well-known, this flow pattern
is mostly easterly in summer. While over
the Pacific and Atlantic Oceans it breaks
up into vortices (Riehl 1948), over south
Asia it is more organised and consists of
a huge anticyclone based over the Tibetan
plateau with an easterly jet stream at its
southern rim starting from the China Sea
and extending into North Africa. The jet
which runs roughly along Lat. 15°N at about
150-mb level accelerates from China Seato
South India and decelerates thereafter. Wind
speeds of 100 kts or more are reached in its
core. Since the right entrance and the left exit
of the jet are associated with upper vorticity
advection and consequent vertical ascent,
he finds a relation between the
activity of the lower monsoon and the
location of the jet. The upper current
thus provides an important clue to the
development of monsoon weather in the
lower troposphere,
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Fig, 1(a). Time-section for Caleutta
{20--29 August 1955)

2-1. Upper Easterly Waves—During the
course of the above study, it was noticed
that the upper jet stream was of a pulsating
character and shifts its position hoth laterally
and longitudinally. The breaking up of
the current into a number of jet streaks or
jet fingers as in the case of the westerly
jet stream could be inferred but could not
be substantiated due to lack of adequate
data. Apart from these perturbations, evi-
dence was available for wave-like distur-
bances moving from east to west in the
upper troposphere between 500 and 300 mb.
These waves in the upper easterlies are,
however, generally damped with height
and at 200 mb and abeve the flow is mainly
straight on most days, with fluctuations
reflacted in the wind speed in the upper
jet streams. When there is no strong
current in the highest levels of the tropo-
sphere, the casterly waves can be seen ex
tending upto the tropopause.

Figs. 1(a) and 1 (b)give the vertical time-
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Fig. 1(b). Time-section for Calcutta
(30 August—5 September 1955)

sections of Calcutta for the period 20 August

to 5 September 1955, where the passage

of these upper easterly waves (marked by
heavy broken lines) and wind maxima

(indicated as J; and J,) have been illus-

trated. It is also observed that the heights

of isobaric surfaces fall in the upper levels
before the approach of the wave trough
and rise in its rear. Similar wave passages
have heen noticed in the time-sections of
other stations in the Indian monsoon area
like Madras and Bombay as well as at

Ningapore and Aden. From an examina-

tion of hemigpherical charts during 1955,

it was found that most of these waves bad

their origin in the southwest Pacific and
some of them could be traced from even

Long, 140°E.

3. Infiuence of upper tropospheric perturbations on the
formation of monsoon depressions in the north Bay
With a view to observe the effects, if

any, of these upper easterly waves as well

as the fluctuation in the jet stream on the
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formation of monsoon depressions in the
north Bay, a detailed analysis of available
rawin data for Calcutta from 1954 to 1956
and Madras from 1955 to 1956 was under-
taken. Continuous height-time scctions
of winds were constructed for the entire
monsoon period June to September each
year and the passages of the wave troughs
as well as the wind speed maxima in the
upper air over Calcutta were noted. The
formation of unsettled conditions, depres-
sions or cyclones in the north Bay was
also indicated on the relevant dates. The
passage of the upper easterly waves over
Calcutta was confined in most cases with
its passage over Madras a day or so later,

3.1. Upper Easterly Waves and Monsoon
Depressions—During the three monsoon
seasons 1954-56, 37 easterly wave troughs
passed over Calcutta; and on an average,
they were found over Calcutta with a
frequency of one in about six days during
the height of the monsoon.

The following sequences were observed
in association with these upper wave troughs
over Calcutta —

(1) The passage of an upper easterly
wave over (alcutta was preceded always
by the formation of unsettled conditions
or the extension of the seasonal trough
over the north Bay.

(¢2) With a pre-existing trough or an
extension of the normal monsoon trough
in the north Bay, the approach of a fresh
easterly wave resulted in the formation of
a monsoon depression. The depression
was formed in the northeast Bay prior to
the appearance of the wave trough over
Calcutta and in the northwest Bay almost
simultaneously with its passage over Cal-
cutta.

(#727) The upper trough generally overtakes
the lower depression and when the trough
has passed over the centre, the depression
weakens.

3-2. Easterly Jet Stream and Monsoon
Depressions—As already mentioned, the east-
erly jet stream is located at the 150-100 mb

level during the southwest monsoon
season and generally runs near about the
latitude of Madras. However, strong winds
are also observed occasionally as far north
as Calcutta. In the time-section presented
in Fig. 1(a) winds exceeding 50 knots oceur
at Caleutta above 200 mb during the period
26 to 28 August 1955 soon after the passage
of the wave trough on 25th. A similar
strengthening of the winds may be noticed
in Tig. 1(b) where there iz no corres-
ponding wave trough movement in the
lower levels but a wind maximum passed
over Calcutta on 2 and 3 September,
An examination of the time-sections of
Calcutta during the three years 1954-56
revealed that there were 11 occasions during
the monsoon season when the upper winds
over Calcutta at the jet level (150-100 mb)
exceeded 50 knots. The surges are not
periodic and sometimes may last for even
15 days over the station (e.g., June-July
1955). These strong winds are probably
due to the passage of a jet streak over
Caleutta but it is pot possible to locate the
jet accurately in the absence of adequate
observations. As indicated earlier, these
occasional surges are most likely caused
by the passage of jetlets or subsidiary wind
maxima over Caleutta. Such breaking up
of the main current into jet fingers or jetlets
is well known in the westerly jet stream and
is probably a property of the casterly
current also.

With the passage of these wind maxima
or jetlets over Calcutta, sequences similar
to those pointed out in the previous section
have been noticed. With the approach of
the wind maximum, pre-existing tronghs
at sea level im the north Bay intensify into
depressions and circulations weaken after
the wind maximum has overtaken the low
level vortex (see Fig. 1 b). Development
associated with these wind maxima was,
however, found to be more rapid than in
the case of the upper easterly waves.

Table 1 gives the observed relation between
the high level Easterly Waves (E.W.) and
Easterly Jet maxima (E.J.) over Calcutta
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TABLE 1

Number of oceasions when monsoon depressions were

formed in the North Bay in association with the

passage of easterly waves and jet maxima over
Calcutta during the monsoon period of 1954-56

No. of cases  No. of cases No. of

of passage . A ~  depressions
of with  with-  formed by
Month out
EW. E.J. sea sea EW. E. J,
level level

trough trough
(89)] 2) (3) 4 (3) @ (M

June 4 4 i 2 2 4
July 9 5 5 9 3 2
August 11 1 5 7 -+ 1
September 13 1 9 5 8 1

and the formation of monsoon depressions
in the north Bay during the three years
1954-56. The numbers in column 4 indicate
the number of occasions when the trough
at sea level had extended into the north
Bay before the passage of the upper perturba-
tion. Cases when the monsoon trough
had extended into the north Bay when
there were no upper perturbations have
not been included in the table, since on
none of these occasions the monsoon trough
had intensified info a depression.

The correspondence between the numbers
in col. 4 and thetotals of cols.6 and 7 pro-
vides conclusive evidence regarding the
mechanism involved in the formation of the
depressions. It is clear that with the approach
of an easterly wave or wind maximum in the
upper troposphere, a pre-existing low at sea
level over the north Bay of Bengal iwould
invariably intensify into a depression. \When
no such pre-existing low is present, i.e.,
when the monsoon trough had not already
extended into the north Bay, the passage of
an upper trough or wind maximum did not
result in a depression at sea level; at best, it
caused unsettled conditions or heavy rains.
It may be mentioned here that Pisharoty and
Kulkarni (1956) have noticed the occurrence

of heavy rain over western India in associa-
tion with similar passages of upper wester-
ly waves over north India in the early
monsoon season,

4. Case studies of some monscon depressions

The conelusion in the previous paragraph
was tested by examining the synoptic con-
ditions which preceded the formation of
8 monsoon depressions in the north Bay of
Bengal. Charts were drawn for the 1000, 700,
500, 300 and 200 mb-levels. Above 300 mh,
streamline analysis was preferred to contour
analysis due to the unreliability of radiosonde
data. The formation of two typical depres-
sions is described in the succeeding para-
graphs.

4-1. Depression of 25-28 August 1955 —
The monsoon trough extended into the
north Bay on 23 August 1955 and intensified
into a depression on the 25th with its centre
at 0300 GMT near Lat. 18°N, Long. 87°E. Tt
intensified into a deep depression during the
next 24  hours and crossed coast near
Gopalpur (Tat. 19°N, Long. 85°E approx.) on
the evening of the 27th,

The above development is indicated in
Fig. 1(a), which illustrates the easterly wave
from 250 to 150 mb with a wind maximum
aloft following the wave. The 1elevant 200-
mb flow patterns and the sea level isobars
for the Indian area are shown in the map
sequences in Figs. 2(a) to 2(f).

On the morning of 22nd, an easterly wave
trough marked (a) in Fig. 2(a) at the 200-mb
level lay off the coast of China roughly along
Long.115°E. This trongh moved inland during
the next 24 hours and was located on 23rd
roughly along Long. 105°E as could be
judged from the winds at Saigon (100°, 46
knots) and Singapore (070°, 53 knots). The
wind at Hongkong veered from 050°, 47
knots on 22nd morning to 130°, 21 knots on
the morning of 23rd. By 0300 GMT of 24th,
the upper trough had probably moved fur-
ther westwards. Obervations from SE Asia
were absent; but from the previous move-
ment of the wave it could be inferred to lie
approximately along Long. 95°E on the
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Figs. 2(a) and 2(b). Flow patterns at the 200-mb level based on the 0300 GMT rawin data
- Stream lines, Sea level isobars at 0300 GMT, — ——_ Wave troughs
E—Evening winds, Figures within brackets indicate the lovel of the wind in thousands of feet
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Figs. 2(c) and 2(d). Flow patterns at the 200-mb level based on the 0300 GMT rawin data
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E - Evening winds. Figures within brackets indieate the level of the wind in thousands of feet
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morning of 24th (Fig. 2b). The sea level
trough can be seen extending well into the
northwest Bay. On the 25th, the 200 mb
trough moved into the north Bay and
Caleutta winds wveered from 080°, 19 knots
to 130°, 36 knots from the morning to even-
ing of this day. From 24th to 25th, the low
level trough came under the influence of the
forward sector of the advancing upper easter-
ly wave and by the morning of 25th, it inten-
sified into a depression with central region
near Lat.18°N, Long. 87°E. Its position with
respect to the upper wave may be seen in
Fig. 2(c). It further intensified into a deep
depression with the passage cf the upper
wave trough which overtook the lower de-
pression during the next 24 hours. I'ig. 2(d)
illustrates the upper wave trongh and the
low level depression on the morning of 26th.
The wind reported hy Madras on the mormn-
ing of 26th (070°, 44 knots) has been rejocted
as doubtful as compared to the obsecvations
at 1500 GMT of 25th and 26th (030°, 28
knots and 010°, 26 knots respectively).
Hence the upper trough may be assimed to
be located to the east of Madras on the
morning of 26th (and even on the evening)
near about Long. 82°E. The movement of
the upper trough apparently slowed down.
With the passage of the upper trough west-
wards, winds over Calcutta increased from
090°, 25 knots at 0300 GMT of 25th te 090°,
56 knots at 1500 GMT of 26th at the 100-mb
level. This increase was maintained during
the next two days, after which they weaken-
ed (see Fig. 1a). The sbharp increase of wirds
at the jet siream level over Calcutta would
indicate tho arrival of an upper jet maxi-
mum on the 26th. It is quite likely that the
cyclogenesis in the northwest Bay was in-
fluenced pot only by the wave trough but
also by the approaching jet maximum bhet-
ween 150 and 100-mb levels,

Though the depression came under the
influence of the rear sector of the upper wuve
on the 26th, it did not change apprecialily
either in intensity or in its position, appa-
rently due to the continuing effect of the
approaching jet maximnm above 150 mh.
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The 200-mb trouch crossed Madras meri-
dian between 1500 GMT of 26th and 0300
GMT of 27th, when Madras winds changed
from 0107, 26 kuots to 110°, 38 knots. By
27th, the upper wave probably got damped
and straight easterly flow was observed at
the 200-mb level (Fig. 2 ¢). The depression
which had moved westnorthwest, was on
the morning of 27th just crossing the coast
near Gopalpur. It was now under the in-
fluence of the jet above 150 mb. Caleatta
recorded 0907, 88 knots at 100 b on the
morning of 27th ana 080°, 60 knots on the
same evening. On 28th morning it again
reported 080°, 86 knots. The maximim had
passed over Caleutta between 27th and 28th.
The depression had crossed coast on  the
evening of 27th and probably came under
the influence of the rear of the wind maximum,
Caleutta wind fell to 100°, 20 knots at
100 m level on the morning of 29th.  The
depression moved inland by 28tL  morning
(Fig. 2f) and weakened into a low pressuie
area between 28th and 29th,

4-2. The cuclone of 2 Sr'}rfw.nhm' 1955 —
The period between 20 August and 5 Sep-
tember 1955 was very favourable for cyclo-
genesis. In Figs. 1(a) anc 1(b}, the passage of
4 waves and two jet maxima bas Leen indi-
cated. The effect of the trough marked B as
well as the jet J; has been discussed in the
previous section. On the arrival of the trough
(', conditions agsin became unsettled (Fig. 1b)
in the northwest and west central Bay on
the 29th and a closed low cculd Le located
over the area. This Jdid not intensily but
rapidly passed ‘nland, whereit merged with
the remnant of the previous depression and
formed a fresh low near Guna (Lat., 241°N,
Long. 77V°E) by the morning of 31st. This
low moved away northwestwards,

With the approach of the second jet
maxinaum J, of the period (see Fig. 1 b), the
monsoon  trongh  again extended into the
northeast Bay by the morning of 1 Septem-
ber. The 200-mb streamline charts have not
been reproduced since the flow was straight
castalies and lack of adequate data prevents
proper igotach analysis of the flow patterns,
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The passage of the jet over Calcutta may,
however, be seen clearly in Fig, 1(b). There
was a rapid rise of wind speed at the 150-
mb level from 100°, 32 knots at 0300 GMT of
2 September to 080°, 72 knots at 0300 GMT of
3 September. The surface trough intensified
into a depression in the northeast Bay cen-
tred at 0300 GMT of 2 September near Lat.
21°N, Long. 90°E. Itrapidly intensified into
a cyclonic storm by the evening of the same
day and moved almost westwards towards
the coast near Balasore by the morning of
3rd. It is clear from the time-section in
Fig. 1(b), that the development was in associa-
tion with the jet maximmm, since thereisno
evidence for the passage of a wave in the
upper troposphere after the extension of the
sea level frough into the northeast Bay.
Lack of high level wind data does not permit
the exact determination of the time when
the jet maximum passed over Calcutta.
By 1500 GMT of 4 September, the jet maxi-
mum should, however, have passed over
Calcutta, since bhetween 0300 GMT of 3rd to
1500 GMT of 4th, the 200-mb winds dropped
from 100°, 58 knots to 090°, 22 knots, This
would indicate that the cyclone was under
the influence of the rear of the jet maximum
during this period, when it weakened. The
cyclone crossed the coast on the evening of
3rd, weakened into a depression and moved
away westnorthwestwards.

5. Mechanism for
depressions

the development of monsoen

The hypothesis evolved at the end of Sec-
tion 3 indicates that the deciding factor for
the development of the sea level trough into a
monsoon cepression is the approach of the
upper trough or wind maximum. It has heen
shown in the sub-section 4-1 that develop-
ment occurs wher the forward portion of the
upper wave trough is superimposed over
the sea level trongh. When air streams ahead
through the trough, it loses cyclonic vorti-
city and hence is subject to divergence accord-
ing to the vorticity theorem. A zone of
positive vorticity advection (vorticity dimi-
nishing downstream) lies ahead of the high
level easterly trough and negative vorticity
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advection in its rear. This vorticity advee-
tion is given by
2Q

AQ = *‘V*Es-

where V, the wind velccity and s, the dis-
tance are measured along the streamlines.
Expressing absolute vorticity € in terms of
wind speed and direction,

e=vE—~T 17 @

Petterssen (1955) has shown that neglect-
ing the variation of shear along the stream-
lines,

do=—7 (G +EE) ©
where XK, and K, are the streamline and
orthogonal curvatures respectively and n is
taken normal to the streamlines,

1t is seen that the vorticity advection,
being proporticnal to the square of the wind
speed, should be large in the upper tropo-
sphere, where strong winds are involved.

The second case in which development
occurs even more rapidly than in the previous
type, is with the approach of a wind maxi-
mum over Calcutta. In the case of a jet
maximum of this type, it will not be permis-
sible to neglect the variation of shear along
the streamlines. The vorticity advection is
expressed in full by the equation,

Gt Vz( "’;:" + K, K,,)+
(4)

2/ eV
¥ &s_( &n )

Tn the case of straight currents observed with
easterly jets, the curvature is nearly zero,
and the first term may not be important,
The shear term on the eyclonie side of the jet
may be as high as 3 or 4 times the Coriolis
parametor or even more, while on the anti-
cyclonic side, it does not generally exceed

[ (Koteswaram 1956). Rishl, Berry and May-

nard (1955) found a proportionality between
the absolute vorticity on the cyclonic side
and the speed of some westerly jet streams
over the U.S.A., the absolute vorticity
ranging from 2 to 8 X 10~ sec!, In the



20

case of short jetlets, tho variation of shuar
downstream towards the exit is also consi-
derable and taking into account the bLigh
value of V, the value of vorticity advection
is likely to be quite large in the left forward
sector of a jet maximum. In the right rear
sector, where there is also positive vorticity
advection, it is much less, dve to the smaller
variation of shear downstream. Bundeaard
(1956) has computed the vorticitv advection
in the case of typical j!.*.l‘ streanms and finds
maxinmum positive advection in the left fur-
ward sector of straight jots.

It is now clear that in both the situations
mentioned in the hypothesis in Section 3,
there is large positive vorticity advection and
associated divergence in the upper tropo-
sphere and it should bo componsated by a
corresponding convergence and veneration of
vorticity in the lower troposphere. The vor-
ticity advection terni Ag in Pettersson’s
equation of development (Eq. 1), therefore,
assumes major importance in the process of
initial development of the surface vortex.
Negative isallobaric centres referred to as
Jow pressure waves’ are known to move from
the east and cause unsettled conditions or
extend the sea level trough over the north
Bay. These appear to he associated with the
vorticity advection in the upper troposphere,
With the sea level trough extending into the
north Bay, a field of eyclonic vorticity at the
sea level is created and later huilt uin into a
depression or storm with subsequent passage
of an upper tropospheric perturbation and
associated positive vorticity advection, The
effect of upper divergence associated with
westerly jet stream wavesin the pre-monsoon
season has been studied by Ramaswamy
(1956) who atrributes the formation ¢f con-
vective thunderstorms and duststorms over
northern India to the positive vorticity -
vection associated with the castward passage
of such waves in the upper troposphere,

The role of the other terms involving
thermal factors in the equation (1) may now
be examined,

(t) Now-adiabatic
(1956) has pointed out that if the atmosplere

heating — Potterssen
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wera at rest relative to the earth, uquation
(1) would reduce to
% R

1 F v )

Wlere g, is the relative vorticity at sea level,

and
H — loo P 1 6“
‘ P Cp ’ cl

where @iV /gt is the heat (other than latent)
supplied to (or removed from) a unit mass
per unit time, the bar denotes mean values
through the laver from p, to p (1000 mb
to the lavel of non-divergence) and other
symbols have their conventional meanings.
Equation (5) indicates the effect of non-
adiabatic heating or cooling on the develop-
ment of vorticity. With the monsoon trough
extending into the north Bay, fresh monsoon
air, which is generally colder than the stag-
nant monsoon, advaneces from the southern
parts of the Bay into the north Bay. It
gains in temperature from the underlying
surface as it moves north and as such H
is positive, 772 H is negative and the contri-
hution of this term is positive. Tt is well
known that Bay depressions close to ccast
are found to beccme more diffuse and the
centre is even seen to cross coast during
afternoon and shift back into the Bay during
the night, except when the heavy rain oceur-
ring all round the depression reduces the
thermal contrast between land and sea.
This is apparently due to the non-adiabatic
effect produced by  equation  (5).

(1) Adiabatic influences—This 1s re-
presented by the stability or huoyancy term
——RVQS/‘, where S —log (p u,"_'P)- w (Ta ~T),
where w is the vertical velocity and Iy and
I' are the adiabatic (dry or wet) and actual
lapse rates expressed in terms of pressure.
w 1s negative for upward motion and positive
for downward motion. When the monsoon
trongh extends into the Bay, there is up-
ward motion as evidenced by the oceurrence
of weather and the actual lapse rate is greater
than the moist adiabatic lapse rate. This
term also, therefore, contributes pesitively
to development,




MONSOON DEPRESSIONS IN BAY OF BENGAL

(@) EASTERLY WAVE

_Weo_

{b) EASTERLY JET

Figs. 3(a) and 3(b). Models of upper tropospheric perturbations leading to cyclogenesis
in the north Bay during the monsoon season

A—Area of positive vorticity advection favourable for low level cyclogenesis

B—Area of negative vorticity advection unfavourable for low level eyclogenesis

In the case of easterly jet, A=A’ and B>B’

Strenmlines are represented by continuous lines while broken lines represent isotachs;

u indicates maximum wind speed in knots

(#94) Thermal advection— The third thermal
factor involved is the thermal advection
represented by the term

7 7
where Ar denotes the effect of advection
of thickness. During the stage of formation
of the monsoon depressions, no large thickness

advection is involved. After the formation
of the depression, however, a thickness high
ahead of the centre hecomes well-marked
and there is a positive contribution to vor-
ticity in advance of the depression as in the
case of extra-tropical cyclones. This term,
therefore, contributes to the movement of the
depression, since the centre should move
from falling to rising vorticity tendencies.
Such a tendency has been noticed by George
(1953) in a study of a few tropical cyclones
in the Bay of Bengal in the pre- and post-
monsoon seasons. A detailed study of the
vertical structure of the monsoon depression
is in progress and the contributions of the
varicus terms in the intensification and
movement of the disturbances will be dis-
cussed in a subsequent paper.

It is seen from the above analysis, that
apart from the upper vorticity advection, all
the other terms in the development equation
contribute positively to cyclonic develop-
ment in the north Bay of Bengal during the
southwest monsoon season. Since every upper
wave does not produce lower cyclonic deve-
lopment, the thermal terms must be acting

as breaks on ceccasions of non-development.
Under such cireumstances, i.e., when the
monsoon trough does not extend into the
north Bay, westerly air from the north Penin-
sula moves into the morth Bay from a
warmer to a cooler region. As such the non-
adiabatic term has a negative effect on the
development of vorticity. No appreciable
weather occurs over the north Bay and hence
there is little or no upward motion : the
buoyancy term does not make any positive
contribution, Further, if there is any local
subsidence the contribution would even be
negative. The thermal advection term also
does not make any appreciable contribution,
since there is very little thickness gradient.

The part played by the lower trough in
removing the obstacles in vorticity develop-
ment at sea level initiated by the upper
troughs of jets can now be understood. The
lower trough provides the mechanism for the
positive vorticity contribution by thermal
influences.

6. Conclusion

The present investigation leads to the
following hypothesis for the formation of
monsoon depressions in the Bay of Bengal,
viz., eyclonic development at sea level occurs
when and where an area of positive vorticity
adveetion in the upper troposphere becomes
superimposed upon a pre-existing trough at
sea level. The similarity of this mechanism
with that found by Petfterssen (1955) for
extra-tropical eyclogenesis is striking,
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Figs. 3(a) and 3(b) illustrate two typical
types of upper vorticity advection—the east-
erly wave trough and the easterly jet maxi-
mum. Maximum positive vorticity advection
would oceur in the regions marked A and neg.
ative vorticity advection in the zones markal
B. Maximum development would. therefore,
oceur when the sea lavel trough is loeated
under A and the depression wonld woaken
when it comes under B. Only the sinusoidal
wave and the straight jet have heen eonsi-
dered here, Vorticity adveetion would differ
in Jocation and intensity in the ease of con-
fluent or diffluent troughs and jet streams
imbzdded in wave troughs, Examples of such
cases In westerly currents were given by
Riehl (1954), Petterssen (1956) and Rama-
swamy (1956).
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The application of the above hypethesis
to cases of cyelonie developmant over land,
i.e.,, when the monsoon trough is located
over northern India, would ‘puint to the
formation of land depressions. A few such
cases have also heen noticed in the present
Land alzo
oceasionally form under the influence of
positive vorticity advection ahead of upper
westerly wave troughs, Such cases oceur
aoncrally hofore the ineursion of the southwest
monsoon over the area concsrned or after
its withdrawal, since during the period when
the mensoon is active, the general high level
flow is casterlv and there is very little
possibility of westerly waves in the upper
iroposphere,

investioations. depressions
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