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1. Introduction

The virtual glohal character of weather
phenomena has been one of the recent realisa-
tions of the synoptic meteorologist. So far he
has been accustomed to treat the weather at
any one place asa consequence of phenomena
occurring in that area and the sntecedent
phenomena that have oceurred in its imme-
diate neighbourhood. In other words, weather
S_‘_'Ste"ls were Rllpjmsml to move fmm one
place to another with reasonable speeds and
their modifications were taken to he deter-
mined by synoptic situations in the imme-
diate neighbourhood. Consequently  the
synoptic meteorologist used to treat the
tropical weather as something different from
the weather of the extratropics, and the
northern hemispheric weather as indepen-
dent of the weather situation in the southern
hemisphere. Meteorologists are now grad-
ually realising, that the tropical westher
and extra-tropical westher are mutnally
dependent. The influence of “Western Dis-
turbances”, which are only developments of
eastward moving troughs in the extratropical
zonal westerlies, on Indian weather is an
aspect of this interaction between the tropies
and the extratropics, with which we in India
are vitally concerned.

This survey attempts to present only some
of the salient features of this intersction, as
could be gathered from the synoptic expe-
rience of the Indian meteorologists who have
been engaged in the field of synoptic meteoro-
logy of India and its neishbourhood. We
shall also touch upon some of the features
which are at present indefinite and which
need further study and investigation with

global synoptic charts extanding well into
the stratosphere even over the tropical
regions, It is hopad that the obszrvations
proposad to be taken during the International
Geophysical Year will help to solve som= of
the weather riddles of th= tropies.

2. Winter period

Eastward moving upper air troughs in
the sub-tropical westerlies, often extending
down to the lower troposphere of the north
Indian latitudes, during the winter months,
are known as “Western Disturbances™ in the
meteorological litersture of India. These
moving troughs often give rise to closed
eyelonie cireulztions on the sea-level charts
of Iran, Western Pokistan and North Indisa,
during the winter period. They are respon-
sible for the winter precipitation of these
areas and are of considzrable economic im-
portance to Pakistan and North India.

The behaviour of western disturbances
during the winter months has been the sub-
ject of numerons studies by meteorologists
in India. It is now generally believed thst
the westerly troughs and the associated low
level eyelonic systems originate in the Medi-
terranesn or the West Atlantic region, with
secondaries developing over the Persian
Gulf, either directly or as a result of the
arrival of low pressure systems from S.W,
Arabia. They appear to have a life-history
similar to that of the Bjerknes cyclones of
the Pecific and Atlantic, and to arrive over
the Indian longitudes more or less in an
occluded state, and therefore withoat marked
frontal structure at the lower levels. The
rather rugged orogeaphy of Iran, Afghanistan
and Western Pakistan also seems practically
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to obliterate the frontal structure of these
systems at the lower levels,

Although it has been the subject of a
few investigations, the mechanism of for-
mation of the secondaries over the Indo-
Pakistan region is not vet well understood.
The separation of the secondaries from the
primaries even when the primaries are well
defined, s often very small, suggesting
that the mechanism of formation of the
secondaries over this area is different from
that over the northeast Atlantic. There are
also occasions, when the existence of pri-
maries is mniore .an assumption under the
cover of absence of data. On other occa-
sions, the barometric falls and precipitation
amounts associated with the secondaries are
much larger than those associated with the
primaries. Some western disturbances are
unusually active, while others, althongh
equally deep as far as the sea-level pressure
leficiencies are concerned, cause little or
no precipitation, These features are probably
due to differences inthe general circulation
patterns prevailing at the moment either
upstream or downstream from the Indo-
Pakistan region, or to the differences in the
circulation pattctns  prevailing near  the
equatorial latitudes of the two hemispheres,
or due to the differences i the wvertical
structures of the disturbances at the
stratospheric or substratospheric levels.

There are a few synoptically verified
ideas regarding the interaction between
these westerly troughs and the easterly
waves moving westwards along the equa-
torial latitudes during the winter. When
there iz an in-phase superposition of the two
waves, whereby the trough line of a westerly
wave and the trough line of an easterly
wave arrive at the same longitude, the
“highs” to the east of the two trough lines
reinforce each other and there is the pos-
sibility of the moist air of the easterly
wave system feeding to the eastern side of
the westerly wave, and thereby increas-
ing the precipitation capacity of the west-
ern disturbance. When such a super-
position takes place over the Arabian Sea,
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Gujarat and Madhya Bharat experience
the effects of the reinforcement of the
westerly wave; when the superposition takes
place along the central meridian of India,
the effects are felt over Madhya Pradesh
and Orissa; when it takes place over the
Bay of Bengal, the effects are felt over East
Bengal and Assam. On such occasions of
superposition, there is & possibility of asymp-
totic confluence of relatively dry northerly
air arriving from the rear of the westerly
wave, with the tropical maritime air of the
easterly wave, on the western side of the
easterly wave also. Such a confluence of
contrasting 2ir masses serves to inerease
the rainfall on the western side of the
easterly trough. Some of the instances in

which the northeast monsoon becomes
active over Tamilnad aond  Travancore-

Cochin, appear to be associated with the
superposition  of the trough lines over the
Bay of Bengal.

It is well known that western distur-
bances occasionally deepen when they come
over the Indo-Pakistan area, particularly
over Rajasthan and the Punjabs. The usual
explanation offered is the feed of relatively
moist air from the Arabian fea or from the
Bay of Bengal and the central parts of
India, the deepening being attributed to
the warmth and humidity of the oceanic
air. Dynamic meteorologists are generally
of the opinion that pressure changes at
any locality are predominantly caused by
dynamic effects and not by the advection
of air masses of different temperature and
density. Hence the occasional deepening
of the sea-level ‘low’ of the western dis-
turbances, is probably connected with mark-
ed diffluence in the upper air flow patterns
at the 300-mb level and aloft prevailing
vertically over the sea-level ‘lows’. Counter
patterns with strong observed upper winds
to the left of the troughs and relatively
weak winds to the east of the troughs are
not wicommon over N.W. India during the
winter period (Fig. 1). Such a flow pattemn
pours in a considerable amount of cyclonie
vorticity to the trough line, all of which
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is not removed by the relatively weaker and
less cyclonic winds to the right. The observ-
ed higher temperature of the upper air
behind the trough line is probably associat-
ed with marked subsidence in this air.
Such a subsidence would serve to transport
the excess cyclonic vorticity downward
and thereby increase the low-level cyclonie
cireulation,

A probable cause of the formation of the
so-called “‘secondaries”, without correspond-
ing well marked primaries, appears to be
associated with the cross-isobaric flows
which have to develop round anticyclonic
ridges, when they are of sufficiently sharp
curvature. For a given pressure gradient (or
contour spacing), there is a minimum radius
of eurvature which an anticyelonic current
of air can follow. The value of this radius
of curvature is given by 4uv,/l where v, is
the geostrophic wind and / is the Coriolis

parameter 2 O sing. For a geostrophic
wind of 40 knots, the value of this

radius of curvature, at 25°N, is nearly
12 degrees of latitude (geostrophic winds
of this magnitude are frequent at 300-
mb levels). If the anti-cyclonie contours
with such a gradient have a radius of cur-
vature smaller than 12 degrees of latitude at
25°N, the air stream will not follow the
contours but will shoot across the contours
into regions of lower contour heights and
will rapldly spzed up in the process. Such
situations do occasionally arise over N.W.
India. Whenever air is fed intoa trough with
a sufficiently high velocity, mass diver-
gence is bound to occur as the coriolis and
centrifugal forces cannot be balanced by
the pressure gradient forces. There is some
evidence that some of the secondaries develop
over the Indo-Pakistan area under such
circumstances.

8. Hot weather period

Even during the hot months of April
and May, these western disturbances move
across North India as closed cyclonic system
on the sea-level chart. The atmosphere
being relatively dry, hot and unstable, the

Fig. 1. An asymmetric upper air trough with
closer packing in the rear

passage of these disturbances is associated
with violent duststorm activity over Western
Pakistan and Northwest India, and with
violent nor'westers often of tornadic vio-
lence over Northeast India and Hastern
Pakistan. Usually these phenomena occur
ahead of the trough in the upper tropo-
sphere, where high level divergence favours
convergence and convective activity in
the lower troposphere. On some rare occa-
sions, the troughlines of the westerly troughs
extend to considerably low latitudes— 15°
to 20°N —even during the month of April
and May. If on these occasions there is an
easterly wave or a temporary advance of a
fresh monsoon current from the south Indian
Ocean, conditions become very favourable
for the formation and intensification of
deep depressions or cyclonic storms of com-
paratively small extent. The distinet
feature of such storms or depressions is their
lack of any westward component of motion.
They move in some northeasterly direction
and often with speeds much higher than those
commnion to tropical eyelonic systems. Such
storms usnally develop in the Andaman Sea
and in the southeast and east central
Bay of Bengal. There appears to have been
a few instances when such developments
took place in the southeast Arabian Sea.

4. Monsoon period

It has been suggested that the burst of
the monsoon over the India-Burma area
oceurs only when the semi-permanent up-
per air trough lying roughly along the
longitude 90°E, shifts to the Kashmir
area, This means that the monsoon bursts
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over the India-Burma area. onlv when the
western disturbances cease to travel alo
the southern peripherv of the Himolove:
This is not supported by quent  ol-
servations. The burst of the monson
South India anud Buorme,
mined by the general civeulation inthe south
Indian Ocean and in the lvwer lntitwdes of
the northern hemisphere. However, durine
the early part of June, the esstward move-
ment of the westerly troughs aline the
Gangetic valley, prevents the extension of
the monsoon euwrrent into Biher and 17
Pradesh. Tt is also well now that
advance of the monsnon alone the Kouke o
coast 12 sometimes delaved,
appearance alons the Malalio, .
it. is true that the n'.\'ll‘-‘b]h‘;\' situacion aver the
south Indian Ocean may he the chiol et
i the advance of monsoon up the Touls
coast, the ell
affecting the wied flow as fer south as the
Bombay latitude, in preventing the sdviien
of the monsoon. preciuded.
There are also defintte insionees, when an
active westerin disturhanee
the Arabian Sea hreneh of the monsoon g
the Punjabs »/v Hast Raejosthen, withou
the Bay current having o chance of extend-
mg even mto Uttor Pradesh., Tt s
when the Western, Disturhanees
gkirt the southern periphery of
laves end begin to move northeastwernls
across  Kashmir, thet the ensterly moistare
hearing winds of the monsoon extend up the
Gangetic vallev into the Prungal cnd Kashmir,
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The upper level  divergenee and the
conipensating low level convergenee ahe d
of the wesierly troughs, moving across the
extreme north India  duving the heiaht of
the monsoon, arve apparently resnonsible for
the pulsatory  exrension of the
rainfall into the Punjab and Kashmir during
this period and associated lieavy  reinfall
there.

Foaiaisonm

During the months of Julv, Augnst and
September, the westerly troughs have on
the average a more northerly  trajectory
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elosed 1s0bars
sea-level charts. Henez it has not
been customary  in the India Mateorological

and are rarelv assoeiated with
on the
Department to designate them as Western
sturbanees durine these months. However
there are a fow oceasions when these tronghs
move in a somewhat lower latitudes than
nsal. follow them moving
Tibetan platean  and
Himalayas by the eastward
day-to-day changes,
the Cirrns movements, and the changes
i the 6 kmo owinds, when  available,
[t Fos olag heen nctized that a p
of these westerly woaves in guick succeession
duving the monsgaon seas n leads to the so-
colled “Breale  Monsoon™  conditions over
India, The westerlv waves serve to divert the
nstal southeasterly monsoon current of the

so that one can
across the

the adjoining
travel of

eastward

pressure

Gangetie valley into o southwesterly or wes-
torly enrrent, which, impinging on the Tas
tern Himalayas gives copious rainfall there
The tmportance of these waves in the fore
casting of devastating floods in the rivers
having their catehment aveas in the Eastern
Himalavas cannot be over-emmnhasised.  Per-
hons the vear 1954 is unique, in that even the
mean monthly upper air contours for July
for the B0O0-mb level show a “low™ towards
the north of the Tastern Himalayan range,
instead of the “high” shown by the normal
monthly charts. 1t is definite that the un-
precedented flonds of 1954 in Assam, north
Bengal and  Bihar closely  associated
with this feature,

are

Towards the end of the monsoon these
westerly  waves recommence their regular
travel more  southerly latitudes,
Sonetimes their trongh lines extend to even
south Rajasthan. Even now, closed eyclonic
stems at the sea-level chart do not
develop in association with these froughs, so
thet it las not been customary to speak of
western disturhances during this period also.
Oeeasionally the eastern depressions moving
westnorthwestwards the Gangetic

ACT08H

pressu
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vallev or the central parts of the country,
come under the field of the eastern side of
these westerly troughs. Then the depression
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loses its westward component of motion,
moves northward or northnortheastward and
finally breaks up against the Punjab-Kumaon
hills, Subsequent eastern depressions are
usually deflected at more and more eastern
longitudes, wuntil the monsoon gradually
withdraws from north India. The appear-
ance of the westerly troughs over the north
Indian latitudes is probably not the sole
cause of the final withdrawal of the monsoon.
The appearance of these troughs is, however,
certainly associated with changes in the
pattern of the general circulation in the
northern hemisphere and probably in the
southern hemisphere also.

5. Post-monsoon period

During the post-monsoon period also
the westerly troughs are not quite frequent,
although their trough lines extend to more
and more southerly latitudes and a cell of
the semi-permanent sub-tropical high forms
over central Burma and sometimes over the
central Bay of Bengal and Hyderabad. The
trough lines of the westerly troughs, usually
find a chance of extending to more southerly
latitudes through the col areas between the
semi-permanent highs. When such an extend-
ed trough line coincides with the trough line
of an easterly trough of the low latitudes, a
temporary interlocking of the two occurs
leading to an intensification of both the
troughs. On other occasions, the westward
moving tropical low pressure areas of the
easterly waves arrive vertically under the
upper tropospheric anticyclonic flow in the
rear of the eastward moving westerly
troughs. A few such situations are found
to be favourable for the intensification of the
tropical low pressure systems into tropical
cyclones, Some of the post-monsoon cyclonic
storms in the Bay of Bengal apparently form
in this manner.

Well developed westerly troughs extend-
ing to sufficiently low latitudes also appear to
be responsible in effecting the recurvature
of tropical eyclonie storms both in the Bay of
Bengal and in the Arabian Sea, particularly
when the recurvature takes place rather
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abruptly, and the recurved storm continues
to be active. It is true that the directive
field, associated with a semi-permanent high,
may also effect a recurvature of a tropical
storm, when it arrives at the western end of
this “high”. But in this case, the “storm”
should fill up the moment it recurves, as it
will be coming under the influence of upper
air convergence, prevailing in the northwest
sector of a pure subtropical high,

6. Concluding remarks

We have mentioned in the foregoing a few
aspects of the westerly waves appearing
over the Indo-Pakistan region and their
apparent interaction with the southwest
monsocn in its advancing and retreating
phases. The lack of surface and upper air
data over Iran, Russian Turkistan, Tibet and
China is keenly felt. Some of the ideas
presented here require adequate data from
these areas for-their full justification. It is
possible that complete upper air data from
these areas, may call for modifications of
some of the ideas presented in this paper,
particularly those concerning the formation
of “secondaries”” and the advance, breaks,
and withdrawal of the monsoon. Data from
these areas may also enable us to know
whether the formation of monsoon depressions
in the north Bay of Bengal is associated with
any fracture in the high over the Tibetian
area, and the extension of trough lines of
westerly troughs through the col area of the
fracture into the north Bay of Bengal.

The interactions between the westerly
troughs and the monsoon field outlined here
are helpful only in the issue of short range
forecasts of 24-28 hrs ahead; they are not of
much value in the issue of medium range fore-
casts of five to seven days ahead. For this
purpose, we should be in a position to anti-
cipate the track and intensification of these
westerly troughs in the Indian area. These
we believe are intimately connected with
the ‘“general circulation™ and its associated
meandering jet streams in the northern
hemisphere, which gets modified from time to
time, most probably as a result of variations
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in the energy supply occurring over areas

distant from the Indian area. Whether
can get a clue about the trendsin the tracks
and intensities of these Western Distur-

Wwe

bances by adopting methods similar to those
adopted by U. 8. Weather Bureau, in issuing
their 5-day forecasts, can be found only by
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