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Diurnal and seasonal variations of Squalls in India
S. M. A. ALVI and K. G. PUNJABI
Meteorological Office, Poona
(Received 27 April 1965)
ABSTRACT. In this paper the diurnal, monthly and annual frequencies of squalls at 22 stations of Indix Lased
on available records up to 1962 have been discussed. The mean seasnal percentage frequencies and the mean
['rctluf'm-i(-s of vecurrence of squalls from different directions in eight points of compass have alsy been worked

out. Maps showing percentage frequencies of squalls with reference to their duration and maximum speed reached
have been prepared and a comparison between the mean annual frequency of squalls and all Indin thunderstorm

frequency has been made.

1, Introduction

Ramaswamy and Majumdar (1950) had studied
the general characteristics of 410 squalls which
passed over the Peshawar Observatory during
1927-43. The changes in pressure, temperature
and other elements which occurred during the
passage of the squalls were also discussed by
them. Some studies of squalls at individual
stations (Ramakrishnan 1957, Bhalotra 1957 and
Ramamurthy 1962) and one all India study
(Ramakrishnan and Gopinatha Rao 1954) based on
11 stations and mostly on 5 years’ data have also
been done previously. However, squall is such a
varied phenomenon that a study based on 5 years’
data of a few stations can hardly give an all India
picture. Raghavan- and Nagarkar (1963) have
also given squall frequencies and directions hased
on available 1948-1960 data. In the present paper
the climatological studies of the squalls which
occurred over India during the 15-year period,
1948-1962, based on the anemograph records of 22
stations has been presented. For the purpose of
study the standard definition of squall, ie., a
sudden increase of wind speed by at least 3 stages
on the Beaufort Scale, reaching at least 22 knots
and lasting for at least one minute has been taken
into account. The diurnal variation of the occur-
rence of squalls, their frequencies of oceurrence
from various directions during the different seasons
have also been discussed. A map showing the
mean number of thunderstorms has also been given
and a comparison between the frequencies of oceur-
rence of thunderstorms and squalls, over various
parts of India has been made.

2. Data Utilised

For this study squall data of only those stations
which have at least five years’ anemograph data
have been used as it is considered that occurrence of
squalls is such a varied phenomenon that any study
which is based on a record of less than 5 years will
not give even an approximate picture of the true
conditions. Further, data of only one observatory

were utilised where two or more observatories were
available in the same city, »iz., Bombay and Cal-
cutta. For these two cities, the data of only Santa-
cruz and Dum Dum have been utilised, these
haing the airports. In all data of 21 stations have
been extracted from the India Weather Review
for varying periods from 1948-1962 and that of one
station, viz. Cochin, for the period 19431952 have
been taken from the study by Ramakrishnan
(1957). The Cochin data of Port Trust authoritics
for the period 1943 to 1952 had to be utilised as no
squall data for the period 1948 to 1962 for Cochin
or any other station on the west coast near Cochin
were available. The map showing the mean
number of thunderstorms is the on® which has
been prepared by the office of the Deputy Director
General of Observatories (Climatology and Geophy-
sics), Poona onthe basis of 30 years' data (1931-
1960).

3. Monthly and annual frequency of Squalls

Table 1 gives the mean monthly and annual fre-
quencies of squalls at 22 stations. In this table,
the information about height of the station, its
latitude and longitude and the period of data
actually used has also been given. Fig. 1 shows
the mean annual frequency of squalls at varions
stations on which isolines have been drawn tenta-
tively to show approximate squall frequencies in
various parts of India. In this connection it may
be mentionad that the number of stations for which
data are available at present are too few to have
any firm demarcation of areas of various frequen-
cies, However, a picture as best as possible has been
drawn from the available data. It is well known
that the frequencies of thunderstorm is highest
over this region, particularly in Assam and since
many thunderstorms are associated with squalls it
can be safely inferred that squalls frequency over
this region would probably be the highest. How-
ever, this statement could only be verified if and
when anemograph records of one or two stations
of this region become available.
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TABLE 1

Monthly and annual mean frequency of Squalls

Station No. of years
of data Jan  Feb Mar Apr May Jun Jul Aug  Sep Ot Nov  Dec Year
Amritsar 5 0n-4 0.2 2.2 3.0 (-2 5-2 3-8 3-8 32 06 0-8 0-4 278
(31°38'N, 74°52'E, (1058—62)
232 m a.8.l)
Delhi 15 o6 07 2:0 27 746 54 2-3 1:5 0% 07 0-2 0 252
(28°35°'N, 77°12'E, (1048—62)
212 m a.s.l)
Lucknow ] 0-1 0.2 -0 0.8 2.9 p-00 2.2 1.3 06 06 0 0 13-2

(26°45'N, 80°53'E, (1954—62)
122 m a.s.l.)

Jaipur 12 0-1 0 07 1-3 2.2 2.3 10 1-1 05 0:3 0] 0 91
(26°49°N, 73°48'E, (1950—862)
385 m n.s.l.)

Jodhpur 15 O 02 09 07T 2.3 35 26 15 1.7 0 0 0«1 13-4
(26°18’N, 73°01'E, (1948 —62)
217 m asl,

Allahabad 15 0:3 40 1:7 07 1-8 2:3 14 00 10 0-5 0 02 113
(25°27'N, 81°44'E, (1948—62)
98 m a.s.l.)

Gaya 12 0-3 03 10 2.5 40 46 23 20 16 13 0 01 20-3
(24°45'N, 84°57'E, (1951 —62)

110 m a.s.1.)

Bhopal 11 8 04 16 20 30 45 1:'8 09 09 09 0-2 0-1 163
(23°17°E, 77°20’E, (1952—62)

523 m a.s.l.)

Ahmedabad 10 ¢-1 01 06 05 07 45 23 1-9 1.7 02 0-4 0 13-0
(23°04’N, 72°38’E, 11953—62)

55 m a.s.l.)

Baroda 12 -1 0-1 0-2 0-1 06 28 1:5 1-2 06 02 0 0 72
(22°18’N, 73°15’E, (1948—359)

38 m a.sl)

Jamshedpur 12 05 07 44 42 6-3 62 27 1-7 2:0 0-5 0 01 29-2

122°49'N, 86°11'E, (1951—62)
129 m a.s.l.)
Dum Dum 15 0-2 ¢ 26 43 59 59 1.7 1-6 2-8 12 0 0 268
(22°39°N, 88°27'E, (1948—62)
4 m asl)

Nagpur 13 6.2 o5 2.9 2% 5H5-1 97 35 19 21 12 0 01 3)2
(21°96'N, T9°0VE, {1950—62)
308 m a.s.l.)

Jagdalpur 1 0-2 o 08 2-2 -0 1-2 0 0 0 02 0 0 76
(19°05'N, 82°02'E, (1958—62)
553 m a.s.l)

Gopalpur 12 -3 ¢ 03 13 21 21 07 06 08 1:0 0-3 0 97
(19°16 ’N, 84°53'E, (1951—62)
17 m.a.sl)

Bombay (Santacruz) 10 1 0 0o 0-1 0-7 18  6B+0 32 1.5 0e2 0 0 171

(19°05°N, 72°52'E, (1953—62)
8 m a.s.l)

Poona 15 0 v 0-9 1-6 28 0-8 03 01 05 09 01 0 79
(18°35°N, 73°55’E, (1948—62)

587 m a.s.l,)

Visakhapatnam 14 0-1 w1 04 1
(17°43'N, 83°14'E, 11948—61)

3 m a.sl)

Begumpet 0 o 04 17 46 5.7 5H-4 G4 31 22 0-2 0 0L 29-9
(17°27'N, 78°28'E, (1954—062)
533 ma.s.l)

Madras 15
(13°00"°N, 80°11'E, (1948—62)
16 ma.s.l) _

Bangalore 14 0 a1 08 30 50 2% 2.7 2:4 05 07T 01 0 17-8
(12°57'N, 77°38'E, (1949—62)

888 m a.s.l)

Cochin 10 0-1  0-:
(09°55°N, T6°14'E, (1943—52)

2 m a.s.l)

20 29 16 0+3 0-1 16-2
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Table 1 and Fig. 1 reveal that the least annual
frequency of less than 10 occurs in (1) Poona—
Sholapur—Nasik region just east of the Western
Ghats and this region is continued over Baroda, east
Gujarat, south Rajasthan and northwest Madhya
Pradesh and (2) Jagdalpur—Gopalpur region. The
highest frequency of over 50 squalls is over Kerala
coast. Over inland area the highest frequency of
over 30 is experienced over Begumpet—Nagpur
region and, it is presumed, it also occurs over the
region of west Bengal east of Jamshedpur, East
Pakistan and Assam, but this assumption could
not be verified due to the absence of records over
this region. Hence the 30 frequency line has been
shown as dotted over this regionin Fig. 1. Another
region where frequency of over 30 could be
expected as revealed by the high frequency shown
by Amritsar is Himachal Pradesh and hilly regions
of East Punjab. It is also assumed that the squall
frequency over Jammu and Kashmir would be less
than 20 as the thunderstorm frequency here is low.
Hence a dotted 20 line is also drawn demarcating
this region,

The sum of the deviations, without regard to
sign, divided by their number is the mean deviation
p also called average variability (V) in clima-
tology. Thus

Z\d

(g

AV = p (1)
where X |d| means the sum of the absolute
values, ignoring signs.

p=(ldg] FIdgl4ccveeeiirees A ldal ) [ n

The average variability gives a good measure of
variations of a phenomenon and hence in order to
find variations of year to year oceurrence of
squalls at different stations average variability has
been caleulated for each of the stations and these
values are given in Fig. 2.

From Fig. 2 it is seen that the highest yearly
average variability of more than 10 is experienced
by the Begumpet—Nagpur section and the Kerala
coastal section. The least variability of less than 5
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Fig. 4. Diurnal variation of squalls

15 ('_\'pl'l'il‘ll(‘l‘(l by practically the same  regions
which had the least squall frequencies,

However, the average variability of o station
Zlea | :
—_— =)
"
depends naturally upon the arithometic mean 7.
Hence, for comparison  purposes a variability
value which is not dependent on the arithmetic
mean is much better, Therefore. the relative
ariability (Vr) which is the average variability
expressed in per cent of arithmetic mean has been
calculated for each of the stations
. AT 100
l'r == 1(}“ - —
I

"

*[n the above only the nnnual frequencies are given,

and Monsoon seagons which are the nin sgnall seasons, is pric tienlly sanie,
worth Tiilian and east eomst gtations outside satheast Peninsuli, the snalls veear ; i
than during the hot weather season while in the case ol Madras which is representative of s
oceur later during the monsoon period than during the hat weather

. PUNJABI

Fiz, 3 cives the values of relative variability of
squalls over India. It can be seen from this map

that the Kerala coast which had the highest value
f'll' average variability hec mes the o »_v!n“nf least
relative vanability (about 20 per cent). The north-
west India and the east coast of India are also
regions of comparatively low rolative variability,
The region of maximum variahilice (= 40 1.;-1-
cent) 1% (f'l over H;lj.uﬂmln ad |-f_| OVEer an ared
melined with its axis running across India from
Poona to Gayva through Nagpur.  In this connee-
tiomn it may be mentioned that -'ui]_nu' j_'i\'r_'h il
unusually high value (79-8 per cont) of relative vi-
l'i;lhilif_\'.

4, Diurnal variation of Squalls

In order to sec the diurnal variation of squall
frequencies, 3-hourly frequencies® starting from 00
IST have heen prepared with respect to the time of
starting of squalls.  These frequencies have been
shown in Fig. 1 with the help of histograms. In
this firure the histogram shows the mean frequeney
of occurrence of squalls while the contimuous line
shows the percentage l‘l'e'(lllvnr"\' of oceurrence m
the varous 3-howly periods.  The mean  fre-
quency only depends on the actual mumber of
oceurrence of squalls during the particular  3-hour
period irrespective of the yearly frequency, but
the percentage frequency also depends upon
the vearly total of squalls occurring at the station,
Thus it can be seen that at  Bangalore the
mean frequeney for the period 15 to 18 INT
is 10-5 but the pereentage frequency is 600 per
cent sinee the annual frequeney is only 17-5
However, for Cochin the mean fregueney for the
same period is higher, 7.e., 1249 but the percentage
frequency is much lower (18 per cent) becanse the
annual frequency at this station is 70-3. As the
mean frequencies vary so widely from one station
to another, pereentage fl'vt[u.i.‘n('_\' COMes  very
handy in comparing the behaviour of squalls at
various stations,

The following interesting features could be seen,
from these histograms —

1. The stations of central India and Peninsula-
Jodhpur, Almedabad, Baroda, Bhopal, Nagpur,
Jagdalpur, Begumpet and Bangalore — wenerally
show a distinet peak between 15 and 18 hours and
thiz 3-hour 1n~|'iml accounts for 10 to 60 per cent of
squalls. The squall frequeney during the morning
period 3 to 12 hirs is practically neghgible,

s in most of the stations the pattern of diurnal variation in the Sunimer

However. a point of interest is that in the case of the
somewhnt earlier during the momsaon season
smtheast Peninsula the sgualls
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2. The east coast and north Indian stations
except Amritsar also show distinet peak frequency
but this peak is flatter and is appreciably less (about
30 per cent) when compared to stations under (1) as
it exists over a longer period (15 to 21 IST). These
stations alto show a minima between 3 and 12 IST,

3. Santacruz shows a practically flat frequency
without any distinet peak, the frequency for all
the eight 3-hourly periods varies between 10 and
17 per cent. Cochin also hears some similarity to
Santacruz althongh at Cochin the frequency
between 12 to 21 IST is appreciably more than
that between 3 and 12 IST.

4, The frequency distribution at Amritsar is
different from those at other north Indian
stations as it is much flatter and shows two peaks.
Further, Amritsar is the only station which shows
quite appreciable squall frequency (about 30 per
cent in all) between 3 and 12 IST.

5. It is also seen from the frequencies of Gaya,
Jamshedpur and Dum Dumn that the squalls oceur
later as we proceed from Gaya to Dum Dum. This
supports the findings given in the India wmet. Dep.
Tech. Note, No. 10 (Nor'westers of Bengal). Further
although Gaya frequency indicates that the squalls
over north Bihar and north Bengal occur carlier
than at Caleutta, this probably is not a fact, because
according to the histograms showing the diurnal
variation of thunderstorms over Bengal and neigh-
hourhood, given in India met. Dep. Tech. Note, No.
10, the majority of thunderstorms occur over north
Bengal and neighbourhood between 18 and 06 IST,
while the main thunderstorms frequency period at
Calcutta is hetween 12 and 24 IST. Since squalls
are usually associated with thunderstorms, it can
readily be inferred from the above that the squalls
over north Bengal and neighbourhood occur later
than those at Calentta.

5. Direction of Squalls

Figs, 5(a), 5(b), 5(c) and 5(1) chow the mean
frequencies of directions in eight points of compass
from which the squalls occur during the seasons,
Winter (December to March), Hot Weather (March
to May), Southwest Monsoon (June to September)
and Post monsoon (October and November) res-
pectively at various stations. Within the station
circle of each station seasonal mean frequency and
the percentage froquency of the annual total has
also been shown.

These figures show the following features —

(#) No squall appears to occur in Poona —
Bombay region in winter months,

(if) The maximum frequeney of mors than 50

per cent is noticed in Poona — Bangalore region
during Hot Weather months,

(7i1) Over 80 per cent of squalls oceur over
west coast region and Gujarat during the monsoon
season June to September,

(/v) During the post monsoon months, October
and November, the squall frequencyg is compara-
tively less but the main squall regi(! 1s east coast
up to Gopalpur,

(v) Generally more squalls occur from northwest
than any other direetion in summer months, How-
ever, over northwest India an appreciable number
come also {rom southwest,

(vi) During monsoon months, W/NW is generally
the main direction of occurrence of squalls.  How-
ever, over NW India and Rajasthan N/NE appears
to be the main direction,

6. Squall frequencies with respect to maximum wind speed
reached

Fig. 6 shows the percentage frequencies of squalls
with reference to the maximum sgpeed recorded
within the various specified ranges. The percentage
frequencies have been worked omt for 4 ranges,
viz., (1) <30, (2) 31-40, (3) 41-60 and (4) >60 kts
for cach of the stations and the histograms have
been plotted.

The following salient features could be seen from
this figure —

(1) For most coastal stations as well as for
Ahmedabad, Bangalore and Central India station
of Bhopal, squalls having a speed of more than
60 kts have not been recorded, during the period
to which the data refer. For west coast stations
and Bangalore even the frequency of squalls
having speed of more than 40 kts is very low(<10
per cent). Hence it can be safely inferred that over
90 per cent ol squalls over west coast are mild ones.

(2) Over Punjab and adjoining northwest parts
of India, a majority of squalls are severe ones, having
maximum speed of over 40 kts, 6 per cent of these
or approximately 2 per year having speed exceeding
60 kts.

(3) Over west Rajasthan and Delhi, over 40 per
cent of squalls have maximum speed of =40 kts.

(4) Over Uttar Pradesh, Bibar and Bengal 25 to
30 per cent of squalls have speed more than 40
kts while about 40 per cent of squalls have speed of
30 kts or less.

(5) Over east coast about 20 to 25 per cent of
squalls have a speed of more than 40 kts. At Madras
the frequency of squalls having speed of 30 kts
or less is less than 25 per cent.
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Winter (December to February)

7. Squall frequencies with respect to their duration

Fig. 7 shows the percentage [recue
squalls with reference to their durovion. Tl per-
centage frequencies have been worked o
ranges (1)<<10, (i) 11 to 20,
=30 minutes for each of the staiions and
are shown with the help of the histogzeans,

( 91220 and (/1)

Fig. 7 shows the following salienr fearuve,

(1) Excepting Cochin the data of which have hee
discussed subsequently the west coast and Gujara
stations have about 98 per cent squalls having 10
min duration. As Fig. 6 has slready shown (f
over 90 per cent of squalls over this arves
mum speed of less than 40 kts, it ean he
ed that a large majority of squalls over thi. reuin
are mild ones and of short duration.

(i1) For Hyderabad—Sholapur—Poona arves also
about 90 per cent squalls are 2 10 min duratior

Further in this area squalls of duration 1
an hour or over do not oceur, 7.2, thev are m
transient in character.

have maxi-

(#4¢) The maximum frequency of long dwrii
squalls having duration >30 min (about 10 per

» K. G, PUNJABI
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Fig, 5(b). Squall dicection
Summer (March to May)

nt) occurs over east India as is shown by the fre-
quencies of Dum Dum, Jamshedpur and Gaya.
il it could be seen that 50 to 60 per cent squalls
i this area have duration 10 -7min.

i3

(i#) Other areas where the frequancies of long
tion squalls are appreciable are west Rajasthan
d east coast round about Madras,

() In central India, Uttar Pradesh, Delhi and
Punjab stations 70 to 80 per cent squalls have -~10
min duration; while the frequeney for long duration
squalls is also not negligible.

(vi) The most surprising squall frequencies are
those of Cochin which do not even remotely fit with

he dota of any other station. A comparison of this
with snother west coast station, Santacruz shows
(hnt  whereas 98 per cent of squalls at Santa-
etz are of <10 min duration, for Cochin this
Tequency is only<C 12 per cent. In this connection
t may ba mentioned that the Cochin data are not
rrmnental but are that of Cochin Port Trust

ice s prosented by Ramakrishnan (1957). The
neney of 68 per cent of squalls having duaration

~ 30 min is \'t'—r}: difficult to explain and if the origi-
nal figures as published are seen it is also found thac
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SW Monsoon (June to September)

an appreciable frequency (15 per cent) has duration
of more than 2 hours, Also from Fig. 5 it could be seen
that 82 per cent of squalls, 7.c., an overwhelming
majority occurs dvring the monsoon season only.
As in this season the surface winds at Trivandrum
are many a times very strong, often 15 to 20 kts,
it appears that once a squall satisfying the normal
definition occurred most of them might have been
shown as continuing till the wind force became app-
reciably less and were not shown as having ceased
as soon as the mean wind force became less than 22
kts. As the strong monsoon coastal winds are also
very gusty as frequent gusts of 22 to 25 kts and over
normally occur when the actual mean force is about
15 kts, this could easily mask the time of cessa-
tion of squall if we are not carefully looking for it.

8. Comparison of squalls and thunderstorm frequency

Fig. 8 shows the mean annual thunderstorm fre-
quencies based on data of 1931-1960. Thunder-
storms are recorded when thunder is heard at the
station. For this the thunderstorm cell can be situa-
ted in any direction with respect to the station. How-
ever squall occurs when the wind speed at the station
satisfies certain specified criteria and is associated

| 1 T
@ @ SCALE ( MEAN ND.)
2 4 e« B8

e N—MEAN NUMBER OF SQUALLS
- P— PERCENTAGE FREQUENCT OF TOTAL

@ MUMBER OF SQUALLS

@ @ LKN
F JDP “@ @su

@ B

@c /@i‘u
& e

Vs

MDS

BNG [
|ad’

&)
NS N e

Fig. 5(d}. Squall direction
Post monsoon ( October, November)

il

with convective cloud at an advanced stage of
formation. Further, for squalls hitting a station
the thunderstorm cell should be situated in favour-
able direction with respect to the station so that the
downdraft when it occurs reaches the station,
Hence, it is normally to be expected that thunder-
storm frequency should normally be more at a
station than squall frequency. However, when we
compare this with Fig. 1 we see that although in a
broad way the squall and thunderstorm frequencies
compare well which should normally be expected as
most of the squalls are associated with thunder-
storms, some interesting differences are also noticed.
These are given below.

(1) The highest frequencies of squall occur in
Trivandrum-—Cochin sector of west coast, although
the maximum thunderstorm frequencies are shown
by the Bengal—Assam region.

(2) Santacruz squall frequency is more than twice
that of Poona although more thunderstorms occur at
Poona than at Santacruz. In fact the squall fre-
quency of Santacruz as well as of Cochin is more
than the thunderstorm frequencies at these stations.
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(3) The thunderstorm frequency of Nagpur
Begumpet tract is moderate (30 to H0) but this area
shows one of the highest frequencies of squalls.

(4) The Gopalpur Jagdalpur minima on squall
charts is not shown on thunderstorm charr.

9. Discussion of result and conclusion

Squalls when associated with thunderstorms occur
as downdraft of winds which are initiated at (or
near) the freezing level (Petterssen 1956). Since the
air of the downdraft warms wet adiabatically as it
descends through the eloud, and sinee the rain below
the cloud base keeps the air near saturation, it is
to be expected that the lowest temperature recorded

during the downdraft at the ground would not he
very different from the potential wet bulb tempera-
ture, It has been shown by Fawbush and Miller
(1954) that the maximum speed in squalls depends
on the difference between the actual ground surface
temperature and the temperature which downdraft
attams on reaching the ground,

The above explains the occurrence of the winter.
pre-monsoon and post monsoon squalls and even
squalls which oceur m the monsoon season asse eiated
with thunderstorms during the onset or revival of
monsoons. However, these could not explainthe
west coast squalls which overwhelmingly occur in
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the monsoon season when the monsoon is strong, At
this time we could not say that these are associated
with thunderstorms as the thunderstorms do not
usually occur, nor that the downdraft of these
squalls starts at (or near) the freezing level since the
freezing level is very high (about 17,000 ft), and
although individual cumuliform cloud cells may be
present in the stratified monsoon clouds, it is very
doubtful that these reach such heights (17,000 ft),
as, otherwise they would develop into thunder-
storm cells as even during strong monsoon condi-
tions the air above 15,000 ft can support insta-
bility.

Hence, the mechanism of west coast squalls,
which are of very short duration, is different from
those of squalls which are associated with thunder-
storms, It appears that a majority of the west coast
monsoon squalls are somewhat akin to m'msunlly
gusty winds, which we often experence 1in other
parts of India, These unusual gusts of west coast
during strong monsoon conditions are cl:lxs‘uhed as
squalls when the normal wind speed is ]ug_h {about
15 kts) and an unusual gust can easily raise speed
by 3 stages on Beaufort Scale, thus satisfying the
squall criteria. However, this explanation does not
satisfy occurrence of all squalls on west coast as




216

S. M. A, ALVI axp K. G, PUNJABI

Fig. 8. Annual number of thunderstorms’(1931—1960)

George (1950) points out that at Bombay during
monsoons, many a times, there is a lull hefore the
occurrence of squall which is invariably associated
with showery precipitation. These squalls appear to
be associated with downward draft from the
individual cumuliform cells although the down draft

may be starting from a much lower level than the one
stipulated by Petterssen (1956) for active thunder-
storm cells. It is also seen that monsoon squalls of
this type are only experienced on the west coast
and they are not at all experienced on the leeward
side of the Western Ghats,
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