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1. Introduction

Radar observations of rain have -been
made at Poona since 1953, when a small air-
borne model search radar type SCR-717-C
operating on 9-1 cm was set up at the Poona
Observatory. The radar has a peak power of
40 gw and a pulse length of 1-125 p s.
The antenna is a dipole-fed paraboloid
mounted for rotation about a horizontal axis
so that the radar beam scans the sky from
horizon to horizon through the zenith giving a
vertical cross-section through the atmosphere
above the point of observation. The Vertical
Height Indicator (VHI) display so obtained is
better than the conventional Range Height
Indicator (RHI), since the heights and dis-
tances are maintained in true proportion and
an easier interpretation of the rain echoes
immediately above the point of observation is
possible. This type of display was first used by
Bowen (1951) and his collaborators in Austra-
lia and has been extensively used since then,
by other workers, especially Vonnegut, Moore
et al. (1959) in their studies of thunderstorms
in New Mexico.

Thunderstorms oceur at Poona generally
during the premonsoon months from March
to June and again from September to Novem-
ber during the post-monsoon period. Radar
observations of both pre- and post-monsoon
thunderstorms have been made more or less
systematically since 1953 and the present
paper summarises the results of the observa-
tions of radar echoes from thunderstorms
over Poona from 1953-1959.

2. Observations of two typical thunderstorms
Radar echoes from two typical thunder-
storms are reproduced in Figs. 1(a) and 1(b).

The first shows radar VHI photographs
of a post-monsoon thunderstorm on 7 Octo-
ber 1953 and the second of a premonsoon
thunderstorm associated - with hail on 16
March 1954. In the first, the thunderstorm
approached the station from the east and
dissipated over the station. 63 cents of rain
fell in the interval 1310 to 1345 IST and
light drizzle from 1430 to 1810 IST, adding
only 9 cents in nearly four hours to the total
rainfall. The echo stratified at 1450 IST, a
bright band forming at a height of 4-6 km by
1455 hours. It descended to 3°8 km by 1511
IST and remained there for three hours till
it disappeared at 1810 IST. The freezing level
that day was at a height of about 4-4 km.

On 16 March 1954, the thunderstorm
moved in from the north and was associated
with hail from 1800 IST. The top of the radar
echo when hail started to fall was at 10-7
km above sea level, where the temperature
was about —40°C. It was nearly 9 km wide
at the base in, the north to south direction.
The top of the echo later descended till by
1827 IST it was only 55 km asl. The
rate of descent was about 14 km hri,
A new cell formed at 1827 IST to the south
and grew to 8-6 km by 1847 IST. Both cells
dissipated rapidly, giving on indication of
stratification of the cloud or the formation of
bright bands.

It is seen that, while the growth of a thun-
derstorm cell is rapid and similar in all cases,
dissipation occurs in two ways, either slowly
as in the first case or rapidly as in the second.
Rapid dissipation is presumably associated
with a decrease in the supply of warm moist
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TABLE 1
Maximum height reached by supercooled water in thunderstorms over Poona

Height reached
by supercooled
water (metres a.s.1.)

Mar—Apr 9500
May—Jun 13100
Sep—0Oct 7500

Height of 0°C
isotherm
(metres a.s, 1.)

Mean height of
supercooled water
above 0°C
(metres a.s.l)

Free air
temperature at
mean maximum
height of super-
cooled water (°A)

1700 241

4800
4900 8200 217
5200 2300 262

air from below and a rapid entraining of the
colder surrounding air. In the other, generally
associated with bright bands and light
drizzle which persist fora long time, the en-
trainment is gradual, presumably due to
the difference in temperatures hetween the
cloud and the environment being small.

3. Bright bands in radar echoes

The bright bands, when they do occur in
the dissipating stages of thunderstorms,
generally appear not at the freezing level, but
well below it and sometimes persist for as long
as three hours. The bands are rather diffuse,
though the general thickness does not vary
erratically. They generally form at a higher
level and gradually descend to a slightly
lower level, in some cases by 300—500 m
below and in others less,

The bright bands in the post-monsoon
thunderstorm seasons appear to be slightly
less thick and nearer the freezing level
than in the pre-monsoon season. However
both their thickness and their distance below
the 0°C isotherm are about thrice the value
obtained in extra-tropical regions. Assuming
a snow flake aggregate of 5 mm radius,
falling with a speed of one metre per second,
Austin and Bemis (1950) caleulated the
distance between the freezing level and the
level at which melting is complete, to be about
1200 ft. The average value of the distance
actually measured by them at Cambridge
Mass., was 830 ft while Hooper and Kippax
(1947) found it to be only 310 ft. The average
distance of the bright band at Poona from the
freezing level is about 1400 m and its average
thickness about 700 m,

The distance of the bricht band below the
freezing level indicates the average distance
the snow flakes fall before melting and should
be expected to be greater for heavier precipi-
tation which contains larger drops and for
smaller lapse rates. The appreciably larger
values observed at Poona are probably attri-
butable to the larger size of snow flakes result-
ing from the greater extent of convection
above the freezing level. Lapse rates have
heen obtained from radiosonde ascents on the
days en which the thunderstorms oceurred
but since thunderstorms are short-lived
and conditions inside the cell may be very
different from those outside, it has not been
possible to draw any inferences on the influen-
ce of lapse rate on the distance of the bright
band below 0°C'.

4, Radar observations of supercooled water in thunder=
storms at Poona

In Table 1 are given the maximum heights
reached by supercooled water in the pre- and
post-monsoon seasons over Poona. It will be
seen that the supercooled water reaches grea-
ter heights in May and June thanin the other
months. Since the heights to which the super-
cooled water if lifted in a thunderstorm
depends on the thermal instability and the
moisture supply available, it is only natural
to find that thunderstorms reach the maxi-
mum heights in May and June. The last
three columns give the mean height of the
freezing level, the mean height of the top of
the supercooled water above 0°Cand the
free air temperature, corresponding to the
mean maximum height up to which supercool-
ed water was visible in the radar echoes.
These indicate the convective vigour of
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1450-15 IST 1455-15 IST

151715 IST 1750 IST

Fig, 1(a). Thunderstorm on 7 October 1953

1805 IST 1811 IST

1827-30 IST 1841 30 IST

Fig. 1(b). Thunderstorm on 16 March 1954

Range markers are for 5 nautical miles
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1827 IST 1831 IST

1834 IST 1837 IST

1844 IST 1847 IST

Fig. 2. Thunderstorm on 16 March 1954

Range markers are for 5 nautical miles
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1817 IST 1825 IST

1827 IST 1829 IST
1833 _IST 1839 IST

1849 IST 1918 IST

Fig. 3. Thunderstorm on 21 April 1954

Range markers are for 5 nautical miles
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Fig. 4. Thunderstorm on 26 May 1858

nange markers are for 5 nautical m
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each season and the level above 0°C to which
water is lifted. It must be remembered that
the air temperature inside a developing
thunderstorm will be higher than that of the
surrounding air and that the heights given
are of the radar echoes and not of the cloud
tops, which will naturally be higher.

5. Thegrowth and decay of radar echoes in thunder-

storms, with special referenceto the initial release
of precipitation in clouds

In Figs. 2, 3 and 4 (pp. 64-66) are
reproduced three series of photographs
illustrating the growth and decay of
thunderstorms as seen on the VHI. These
give a complete history of the echo from the
moment of its first appearance on the scope.

5-1. Thunderstorm on 16 March 1954—
On this day, the first radar echo made its
appearance at 55 km, and was relatively
shallow in extent, being less than 1-km
thick. Tt grew rapidly both upwards and
downwards, the rate of growth of the radar
echo being of the order of 3 and 10 m/sec up
and down respectively. It developed two
turrets reaching 7-6 km, which later
merged and descended to lower levels.

5.9, Thunderstorm on 21 April 1954—
On this day, a number of cumulus cells
developed over and around the station giving
rise to heavy rain. The first radar echo of the
sequence appeared at 1817 IST ata height of
6 Jkm. 1t did not grow appreciably upwards,
the top of the echo remaining at 63 km even
at the time of its maximum growth. The first
echo was sharp and shallow, being only 0-5-
km thick. By 1825 IST, it had brightened and
had a thickness of 1 km. A number of similar
cells appeared to the southeast at the same
level and merged into one relatively shallow
mass at 1827 IST. These intensified and ra-
pidly grew downwards reaching the ground at
1833 IST and dissipated slowly afterwards.
A bright band made its appearance at 1835
IST at a height of 4 km. By 1845 IST only
echoes below the band remained. By 1900
IST even the band had disappeared, but re-
appeared at the same level at 1905 IST,
persisted till 2011 IST, when it finally dis-
appeared from the radar scope.
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5.3, Thunderstorm on 26 May 1958 —
On this day, the radar echo associated with
rain, lightning and thunder over the station
made its first appearance at 1444 IST at a
height of about 4 km a.s.1., 7 km to the NNW
of the station. The echo was about 2-km deep,
with its top at about 3°C; it grew rapidly in
all directions, the top reached a height of
about 7 km and the base approached the
ground by 1452 IST. The rate of ascent of the
echo was about 5 m/sec and of descent 12
m/sec. After attaining its maximum height,
the top of the echo descended at about 8
m/sec.

By 1507 IST, the pattern of echoes
had changed appreciably, there appearing as
many as six individual cells in a row, each
being about 3 km wide and 6 km in vertical
extent separated by about 1 km. From 1501
to 1510 IST, 11 flashes of lightning were
recorded on a local lightning flash counter and
95 mm of rain fell6 kmto thenorth of the
observatory.

The different cells merged into one cong-
lomerate mass by 1514 IST; by 1522 echoes
were visible even at heights of 10-16 km.
The echoes at these high levels result from a
combination of two factors, viz., the upward
transport of detectable hydrometeors in the
updraught and the growth of particles at pro-
gressively higher levels towards detectable
size. Both these factors were apparently pre-
sent in this case.

A new faint echo made its appearance
towards the NNW at 1522 IST at about 5-6
km, developed rapidly and merged with the
main body of the echo on the left, till by 1530
IST there were two main echo masses, extend-
ing horizontally about 16 m with the tops at
about 10-12 km a.s.l. Lightning flashes were
recorded from 1528-1540 IST and rain fell te
the north of Poona.

Only one echo remained by 1548 IST. Its
top had grown from about 5-6 km a.s.l. at
1541 IST to 8 km by 15560 IST, with a feeble
echo above it extending to 12 km a.s.l. The
development of this cell was associated with a
third spell of lightning and thunder and
heavy rain from 1545-1630 IST,
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TABLE 2
Details of initial radar echoes from convective clouds

Date Time Ht. of Ht. of Temp. Ht. of Temp, Max. ht. Temp. Rate of growth
0°C level base of of top of of of echo of of echo
nitial hase of  initial top of max. hr. (m/sec)
echo initial echo initial ofecho ———a_
(km (km echo (km echo {km Up Down
(IST) as.l.) a.s.1.) ) a.s.l.) (‘¢ a.s.l. (*C) )
6 Oct 1953 1522 a2 46 1-5 G5 —11-4 -6 32-5 o 10
1525 5-2 76 | G 9-6 —32-5
1547 o3 G-1 74 741 14-0 76 —16-5
8 Oect 1953 1413 41 4-1 0 44 —3 -0 b b sl 3 1
1414 4- ] 2.9 46 —31 56 _S8-0 3 7
16 Mar 1954 1827 4-3 -1 70 61 14-6 76 —18+0 )] 10
1841 4-3 R —2-0 a1 —7 -0 56 —11-6 2 b1
21 Apl' 1954 1817 49 d+8 —4-9 6.3 —8 6-3 ]-() m
22 Apr 1954 1509 53 1-8 1-0 G0 35 5-9 14
1525 53 -3 5.2 4-4 3-3 59
1743 33 3-8 12-0 30 —3-5 G5
15038 53 22 206G +-9 3-3 49
5 Jun 1954 1453 39 2.8 )1 62 18 74 75 1
1453 SR ] 1:7 224 74 9 74 —7-5 ..
1530 DY o1 J-0 74 ~7+2 9.7 —21+0 5 4
19 Oct 1954 1452 52 bt G0 3 5.2 G- 1 —5:9
1743 53 3:3 82 3 i —35 56 -3:5
16 Mar 1955 1745 4-9 3-8 7-5 G0 —3-0 i) —5-0
22 Mar 1955 1611 46 2.8 11:0 fi-3 —T7-0 -7 —21-0 18 13
1611 46 1:7 152 li+1 —1:9 63 —T7-0 1) 9
1615 4-6 2.8 11-0 37 32 68 —15-6 a (5}
1742 4.6 3-3 S5 4.4 0.5 49 —3+5 2 a
1748 40 2+7 120 a1 1-9 SR8 | -4 3
23 Mar 1955 1546 4-1 36 L5 -2 —328:6 9.2 —28:6 T 7
16406 41 a1 —44 9.7 —31-0 11-9 —42:0 4 4
23 Apr 1955 1627 4-7 31 0 85 —20-0 47 —26-0 5 7
27 Sep 1935 1654 540 4-3 6 30 —1:5 76 —13-3 7
17 Apr 1956 1600 4-5 55 —2-5 -8 —16G-0 3 .
18 Apr 1957 1544 47 34 105 8.7 —23.0 0-7 —34-0 8
1607 4-7 65 —10-2 58-1 —19-5 11-8 —45-0 11
1615 47 3-4 10-5 6.3 —10-2 9.7 —34-0 21
1621 47 5-5 —4-2 -7 —30-2 10-7 —40-0 e
1631 4-7 4:5 223 8-1 —19-8 9-7 —34-0 13
23 May 1957 1631 5-9 55 2.0) 9.7 —23:0 10-7 —37-0 (i
1644 5.0 Gty —1-3 5-1 —13-5 128 —44+0 22
1659 34 G-0 —1-5 07 —23-0 107 —37-0 14
26 May 1958 1444 a4 33 10-0 {8 2.0 7-3 —13:0 6 12
1447 Hed 2.4 16-0 3-9 70 48 240 ) 3
1522 54 G-6 —8-0 85 —20-0 85 —20-0 10
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Tt is seen that—

(1) The first echo always makes its
appearance suddenly, suggesting a sudden
release of considerable quantitiesof large
water drops.

(2) Numerous small echoes appear around
an active thunderstorm cell. A cluster of
cells come into existence almost simulta-
neously with the initial or parental cell, as
indicated by the radar echoes.

(3) The maximum horizontal and vertical
extents of a convective echo are generally of
the same order of magnitude.

(4) The rates of ascent and descent of the
echo are also generally of the same order.

(5) The duration of the individual radar
cell is small, of the order of 20 minutes—
except when it stratifies and forms the
band when it may persist for hours.

(6) Hailis most likely to occur when the

thunderstorm echo is tallest and most
intense.
(7) The frequency of the lightning

discharges and intensity of rain are associat-
ed with the growth and development of
radar echoes. The oceurrence of heavy rain
and lightning is associated with a decrease in
the growth of the radar echo, suggesting a
decrease in the intensity of updraughts.

6. Resulis of observations

Table 2 summarises the characteristics of
initial echoes from a number of convective
clouds over Poona. The heights and tempera-
tures of both the base andthe top of the ini-
tial echo, the heights of the 0°C isotherm
obtained from radiosonde ascents, the rates of
growth of the echo with the maximum heights
reached by the echoes are also given.

In 26 of the 39 cases studied, the base of
the initial echo was below the 0°C isotherm
and on the remaining 14 occasions, at or above
it. On 6 occasions, both the base and top of
the initial radar echo were at temperatures
above 0°C. Only in 7 cases was the bright
band observed in the dissipating stages.

The vertical depths of the first detectable
echoes ranged from 500—3500 m, with a mean
vertical thickness of about 2 km. Byers and
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Braham (1949) found the horizontal dimen-
sions of the initial echoes to be as small as 500
m. Both these authors and Kuettner (1950)
report the existence of sub-cells in a thunder-
storm cell about one-tenth of the size of the
cell itself, viz., 100—1000 m.

The rates of ascent of the radar echo varied
from 2-22 m/sec and of descent from 4-14
m/see, The rates of ascent and descent were
generally of the same order. Byers and Braham
(1949) in the Thunderstorm Project and
Workman and Reynolds (1949) in their
studies in New Mexico, report similar rates of
ascent, of the order of 2-8 m/sec and of des-
cent , about 4 m/sec after the top of the echo
had reached the —30°C level.

The mean maximum height reached by
the radar echoes is about 8 km, the maximum
height recorded being 13 km. The maximum
height of radar echoes recorded of thunder-
storms over England is 12 km (Jones 1950),
in the U.S.A. 17 km (Byers and Hall 1955)
and in Canada 11-5 km (Douglas and Hit-
schfeld 1958).

The minimum temperatures reached by
the echoes vary from +3° to —45°C, with a
mean value of about —18°C. Byers and
Braham (1949) found it to be about —20°C
and Workman and Reynolds (1949) about
—30°C.

7. Discussion

A radar cloud usually indicates the presence
of elements larger than 10 pg (about 270w
diameter) in certain concentration, so that its
first appearance can be taken as a sign that
the releage of precipitation has begun (Browne
et al. 1954). From measurements of the height
at which the first radar echo from a thunder
cloud appears, several workers have tried to
analyse the processes involved in the initial
release of precipitation.

Workman and Reynolds (1949) and Byers
and Braham (1949) found the initial radar
echo to be always near the —10°C isotherm.
Battan (1953) from an analysis of the ground
radar records during the Thunderstorm
Project in Ohio concluded that the initial
echo frequently appears below the freezing
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level. Although the tops of the visnal clouds
invariably reached the —20°C level and often
higher, he found that in 60 per cent of the 123
cages studied, the whole of the first echo was
located at temperatures ahove 0°C. The mean
temperature of the initial echo was 0.4°C
and its base 10°C. There was a definite tenden-
cy for the colder echoes to be associated with
lower freezing levels so that the cloud thick-
ness appeared to be a more important para-
meter than the temperature difference in
determinirg the onset of precipitation,

Wexler (1953) criticised Battan’s conelu-
sion that raindrops were formed by coales-
cence without an ice phase. since under certain
conditions the echoes may be too weak to be
detected. On the other hand. as Browne,
Palmer and Wormell (1954) point out.
initial echoes near —10°C does not necessarily
imply the presence of ice. In a cloud of Liquid
water content 1 gm/m?® and updraughts of 3
m/sec, droplets growing by coalescence would
give an appreciable radar echo only after they
had been carried 3 km above the cloud hase,
which might well be near the —10°C isotherm.
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Australian workers Styles and Campbell
(1953) and Day (1953) conclude that rain
over Australia form wholly by coalescence.
Feteris and Mason (1956) in England also give
radar evidence of production of showers by
coalescence,

Koteswaram and De (1959) studying post-
monsoon clouds over Caleutta reported the
first radar echoes to be below 0°C in most
cases, In 7 complete life cveles studied, the
initial echo was below the freezing level in
five. in one near it and one well above it.

Radar observations are not conclusive,
unless simultaneous visual and aireraft ob-
servations are also taken. It is generally
accepted, however, that in tropical regions,
precipitation is almost always initiated in the
parts of the clouds warmer than freezing
(Byers and Hall 1955) and in extra-tropical
regions the condensation-coalescence process
plays an important role in initiating precipi-
tation in growing cumuli in warm, humid
air (Battan 1959).
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