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Fig. 1. Description of sections into which Indian stations had been grouped together

- well as thunderstorms than those recorded, had
~occurred - and hence it is admitted that there

could be some inaccuracies when a finer esti-
- mate of the values are made.

It is seen that during the winter months of

December, January and February over north
India to the north of Lat. 30 deg. N, on 25 to
40 per cent occasions thunderstorms may be ex-
pected to be associated with hailstorms. Over the
sections 3, 8 and 9, thunderstorms may be as-
sociated with hailstorms on 8 to 13 per cent
occasions. Fig. 2 also indicates that though during
the months of March and April hailstorm fre-
quency over the country reaches highest values,
hailstorm - probability per thunderstorm de-
creases considerably and does not exceed 10 per
© cent - except over sections 1 and 2. This will
imply that though the thermodynamic conditions
-such as atmospheric instability etc. become more
and more favourable for occurrence of greater
number of thunderstorms with the advancement
of the pre-monsoon season, intrinsic criteria as-
sociated with the growth of hailstones become
less and less predominant.

:Latitudinal variation' of hailstorm frequency
over India is clearly revealed in Fig. 2. It shows

~ that hailstorm frequency decreases as one moves
from north to south. As regards longitudinal
variation, Fig. 2 reveals that hailstorm activity
shows: an increasing tendency as one moves from

- west to east. This is perhaps due to greater mois-
- ture -content in the lower troposphere over eas-
tern parts of India compared to western parts.
Fig. 2 also brings out another significant char-
_acteristic of hailstorm frequency over India. It

shows that hailstorms over India are mostly con-
fined to the region to the north of Lat. 20 deg. N.

3. Role of the height of freezing level on incidence of
hailstorms

A hailstone appears to be formed by collision
and coalescence of super-cooled water drops with
some kind of ice pellets. It is quite reasonable
to believe that the height above freezing level of
the place of origin of the core snow pellets- is an
important factor in hail formation. However
snow pellets are commonly observed inside
cumulus congestus clouds in the precipitation
initiation and later stages at or somewhat above
the freezing level. It does not stand to reason
that on occasions of significant hail formation
the snow pellets should originate at much grea-
ter heights than are commonly observed. On the
contrary, consequent of favourablé synoptic
situations on days of hailstorms, the freezing

~ level appreciably comes down so that the place

of origin of the core pellets automatically be-
comes much above the freezing level. Such
lowering of freezing level will also minimise ap-
preciable melting of hailstones before they reach
ground.

Tt is well known that the thunderstorm and
hailstorms activities over central and northern
India during winter and pre-monsoon months are
always associated with the passage of active
western disturbances. The passage of these dis-
turbances causes advection of cold air aloft and
thereby considerably lowers the freezing levels
by as much as 1500 metres on the day of oc-
currence of severe hailstorm (Chowdhury et al.
1973). This lowering takes place before the
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Fig. 3(a).  Height of freezing level‘ of stations along

longitude 75° E
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Fig. 4.
4. Relationship between height of cumulonimbus cloud
and incidence of hailstorm

It is generally believed that hailstones are
invariably associated with thunderstorm clouds
which tend to develop to great heights. Kul-
shrestha (1962) had studied frequency distribu-
tion of heights of cumulonimbus cloud tops over
 New Delhi based on radar observations during
the period from December 1957 to June 1960.
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Fig. 3(b). Height of fieezing level (km) of stations along
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Fig. 5. Height of tropopause along longitude 75°E
during March

His results had been plotted in a modified form
in Fig. 4. The curve marked AA denotes mean

number of occasions (monthwise) when heights N

of tops of cumulonimbus clouds reached the
ranges between 21,000 ft and 30,000 ft. The
curve BB similarly denotes ‘mean number of
‘occasions when heights of tops of Cb clouds:
reached the ranges between 31,000 ft  and
40,000 ft. The curve CC represents mean num-
" ber of occasions when heights of Cb tops reached
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 TABLE1

 Ultimate diameter (in cm) of hailstones

: ',Coﬁcexi)ttt“ation : ;Updraft velgfity (m/sec)
© condensed water (3  (10a) (20a) (30a)
: (grr}/c.c’) : :
Ixto—s 33 34 35 3.8
10510~ 63 69 7.8 91
%105 95 105 12.0 13.9

30x 10— 128 142 16.0 18.3

‘The U.S. Thunderstorm project had measured
updraft of the order of 30 m/sec in some of the
severe thunder clouds. Schumann (1938) quoted
a value of 38 x 10 ¢ gm/c.c. for m deduced
from a case of heavy rainfall in Panama. A peru-
sal of Table 1 will clearly bring out the fact that

~the growth of hailstones does not depend - so
much upon the magnitude of updraft velocity as
it depends upon the. concentration of condensed
water. - Keeping the value of concentration of
condensed water constant at 1X10—¢ gm/c. c.,
if the updraft velocity is increased ten times from
an initial value of 1 m/sec to 10 m/sec, diffe-
rence in ultimate diameters of the hailstones
comes out to be only 0.1 cm. On the other hand
if the updraft velocity is kept constant at 1 m/sec
and condensed water concentration is increased

- ten times from 1Xx 10—%gm/c.c. to 10X 10—8gm/c. c.,

the difference in ultimate diameters comes out to
" be 3.0 cm, i.e., thirty times greater than the pre-
vious - value. Hence it can be concluded that
very high values of updrafts are not a necessary
condition for formation of hailstones in thunder-
clouds. The reason as to why the updraft values

in cumulonimbus clouds which breed hailstones

do not attain very high values will be discussed
in section 7. V

6. Relaﬁonship betWeen the southernmost extension of
- _extra-tropical tropopause and southernmost boun-

dary of the region predominantly affected by hail-
storms = :

The geographical and seasonal variation in the

- distribution of hailstorms over India had been

- clearly revealed in Fig. 2, wherein it can be
clearly seen that hailstorm activity over India is
mostly confined over the region to the north of
~ Lat. 20 deg. N. At present is is generally ac-
cepted that giant hailstone formation is mainly
confined to the continental interiors of middle
latitudes and it is a rarity over the tropics. So
far no explanation had been postulated for such
selective nature in hailstone distribution. In this
- paper the authors offer an explanation as to why
hailstone formation is mainly confined over the

middle latitudes and does not generally penetrate’

far into the tropics.

In Fig. 5, normal heights of tropical as well as
extra-tropical tropopauses during the month of
March over India roughly along Long. 75 deg. E
had been plotted with the help of datd furnished
by Sivaramakrishnan et al.- (1970). The extra-
tropical tropopause on the normal chart does not
extend southwards beyond Ahmedabad although

. simultaneously with the passage of well marked
~western  disturbances it extends further south-

wards. In accordance with the terminology of
Defant and Taba the lower tropopause mentioned
as extra-tropical tropopause by Sivaramakrishnan

et al. is the so-called middle tropopause. This is

the tropopause which is the northward extension
of the lower boundary of the sub-tropical front
which can be located over India simultaneously
with the passage of a well marked western dis-
turbance. The middle and tropical tropopauses
are reported almost regularly by all north Indian
stations during winter and pre-monsoon months.
The core of the westerly jet stream is located in
the tropopause break between the tropical tro-

popause and the middle tropopause. The level of-

maximum wind which lies between the tropical
tropopause and the middle tropopause slopes
downwards towards south (Fig. 10). Many
authors had observed the presence of strong
upper winds with marked wind shear over regions

where hailstorms occur. But the pertinent re-

quirement is that strong wind field with marked

-wind shear must occur in the layer where comu-

lonimbus cloud is extended. To be more precise,
the level of maximum wind should more or less
coincide with the top of cumulonimbus cloud. An
estimate of the height of cumulonimbus cloud
top can be made from the study of the thermo-
dynamical ' diagrams. Actual radar observations
can also help in the estimation of Cb cloud tops.
Ha;lstone formation may be expected over the
region where the height of the level of maximum
wind is a little higher than the estimated height
of the top of Cb clouds. It had already been
mentioned that cumuliform clouds in which hail-
stones form, do not grow far beyond the middle
tropopause level, During the passage of strong
western disturbances the height of middle tropo-
pause lowers down close to 300 mb level. Hence
hailstorm can be normally expected over regions
where the level of maximum wind lies very close
to 300 mb level. The level  of maximum wind
which slopes southwards will be located close to
the 300 mb level over the latitude belt where the
sub-tropical front is generally located between
400 mb and 300 mb levels. In the following sec-
tion it will be explained as to how this ‘strong
westerly wind field with pronounced wind shear
Is an essential requirement for hail formation.
The sloping level of maximum wind is an inte-
gral part of sub-tropical front. Thus the southern-
most protrusion of the sub-tropical front limits
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Fig. 6. Centre of low with locations of cold and warm fronts
4

- locations of cold and warm fronts at 0000 GMT
~-of 10 March had also been marked on this
chart. The locations of the fronts on sea-level

chart had been made with the help of upper air
-charts, ; ;

In association with the surface low located over
- east Rajasthan and adjoining west U.P., the

associated upper air cyclonic circulation extend-
ed upto 300 mb tilting northwestwards with
height. Under its influence, the anticyclone in the
lower troposphere which lay over central parts
of India and the adjoining Peninsula shifted to

Bay of Bangal and caused favourable wind cir-

culation in the lower troposphere which resulted
in considerable moisture influx over most parts
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Fig. 9. Vertical cross-section of temperature along Lbng. 75° E at 0000 GMT on 11 March 1978
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