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Studies of raindrop size characteristics in different types
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ABSTRACT. The paper describes an easily constructed raindrop recorder for obtaining a continuous record
of the time of occurrence, duration and range of raindrop sizes of all types of rain (thunderstorm, showers, and
eontinuous type of rain). The important meteorological parameters such as liquid water content W, intensity of
rainfall R’, size distribution of raindrops for all types of rain N p, radar reflectivity Z can all be obtained from the
raindrop recorder. Regression equations connecting the intensity of rainfall with the various rainfall parameters
have been developed and compared with the findings of other investigators all over the world. A brief description
of a suitable rain receiver, tilting bucket raingauge is also given for determining the intensity of rainfall at minute
intervals for various types of rain from a continuous photographie record. It is gshown, in agreement with
results obtained by Blanchard (1953) and Atlas and Chmela (1957) that the rain intensity corresponding to most size
spectra can be represented by a uniform collection of drops with size equal to the median volume diameter D,
The study clearly shows that any two of the four raindrop size parameters R, Z, W, D, fix the other two, The
physical basis for the Z- R’ correlation for different types of rainfall are explained using Bartnoffand Atlas’s equation
(1951), The presence or absence of appreciable electric charge in rain helps to find out whether the rain is from

freezing or non-freezing clouds,

1. Introduction

The study of size distribution of raindrops
in different types of precipitation has attract-
ed the attention of many Meteorologists and
Cloud Physicists in recent years. The size
distribution of raindrops is an important
factor in determining and interpreting the
radar echoes from various types of precipita-
tion, with a view to understand the mecha-
nism by which precipitation develops. At-
tempts have been made to develop empirical
relation between the size of raindrops and
rain intensity by numerous workers (Laws and
Parson 1943, Marshall and Palmer 1948,
Spilhaus 1948, Best 1950, Bowen and David-
son 1951, Blanchard 1953, 1957, Mason and
Ramanadham 1953, Atlas and Chmela
1957, Mason and Andrews 1960), The data
collected by most of these workers have been
averaged to derive relations between drop
size distributions and rate of rainfall and
relates to precipitation in temperate
latitudes and in situations where the intensity
of rainfall is mostly limited below 20 mm/hr.

In India, observations of the drop size
distribution have been made by Kelkar (1945,

1959), Ramanadham and Vidyavathi (1957),
Roy and Srivastava (1958), Ramana
Murty and Gupta (1959) using the well
known filter paper technique, Unfortunately
most of the available data refer to intermittent
samples taken on the ground, so that we
know very little about how the concentration
and size distribution of raindrops varies in
space and time during an entire storm.
The size distribution of raindrops varies
considerably with the character of the rain
(e.g., thunderstorm, showers, continuous
steady rain, orographic), with the type of the
cloud from which they fall, and also with the
rainfall intensity.

In this paper, therefore a description of a
simple raindrop recorder, rain receiver, and
tilting bucket raingauge is given to record
continuously the size distribution of raindrops
and intensity of rainfall in different types of
rain to understand the mechanism of preci-
pitation in tropical rain. The recorded data
is carefully matched to that obtained with a
10-cm radar, with a view to correlate any
distinctive features with the rainfall types,
release mechanism and other characteristics
of the rain as revealed by the structure and

*Paper was also presented at the symposium on “Physics of Cloud and Rain in the Tropies™ held during

29 October to 1 November 1860 at the Meteoralogical Office, Poona
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-evolution of the radar echoes, The drop

recorder is a simple instrument which rece irds
theimprints of the raindrops on the moving
paper tape coated previously with Rhodamine
dye thereby obtaining a continuons record
of the time of occurrence, duration of different
types of rain and the range of raindrop sizes,
It resembles the one constructed by Blan-
chard (1953) for obtaining the prwle'nninanr
sizes of rain on the windward and leeward
sides of the island of Oahy, Hawaii, but it
differs from his recorder in driving the tape
at constant speed. The speed of the tape can
be altered to three different speeds hy suitable

-adjustment of the gear assembly. for use
with different types of rain having variable
intensities,

2. Description of the recorder

The recorder consists of an induction type
motor (1/30 H.P.), having a speed of 1500
RPM which is reduced by suitable gears to a
speed such that 60 ¢cm of paper tape are pulled
per minute. The paper tape, which is pre-
viously dusted with Rhodamine dve is 6 em
wide and two reels are used to take up the
paper tape. The rain falls on the paper tape
through a 15 30 mm opening in a rectangu-
lar metal box (B) shown in Fig. 1, giving an
effective area of 15 3 8q. ¢cm (45 sq. em)
for 15 seconds. Asthis recorder is designed
for Poona rains, which are composed mainly
of drops less than three mm in diameter, the
45 sq. cm area for 15 seconds exposure is
found to he adequate. Calibration of the tape
showed that a three mm diameter drop at
terminal velocity produced g splash diameter
of 15 mm for smooth paper. If the paper tape
is made of Whatman No. 1 filter paper a three
mm diameter drop produced a splash dia-
meter of 18 mm (see Fig. 3). In areas where
heavy thunderstorms and storms are com-
mon, one has to use a tape of sufficient width
to handle raindrops in excess of four mm.
It may also be necessary toincrease the speed
of the tape by changing the gears suitably.
The optimum values of tape width and speed
will depend on the general drop size distribu-
tion in the particular region where the re-
corder is used,
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The time marking arrangement consists of
a worm and gear assembly coupled to the
tape pulling shaft of the motor. The shaft
(Fig. 1) in the gear train makes one revolution
in_about one minute and carries a wheel
(Fig. 1) with four teeth, one of which is
double pronged; by the use of a micro-switch
(Fig. 1) the time marking pen, a sharp pencil
lead, will move every 15 seconds, but one out
of every four will be double to count the full
minutes conveniently, A sample time mark
every fifteen seconds can be seen at Section
A of the record (Fig. 5).

The paper tape from its spool after exposure
to the rain through the opening of the hox
passes over two 25-watt cylindrical lamps,
for quick drying of the tape, even in the hea-
viest rain, so that no smearing of the drop
record takes place before the tape is taken
by the take-up reel. The time of start of the
recorder is noted so that from the subsequent
time marks given by the pencil lead on the top
of the tape, the time of occurrence and dura-
tion of the raindrop recorder can be known
correctly.

3. Description of the rain receiver, tilting bucket rain-

gauge used for continuous recording of intensity
of rainfall at minute intervals for different types of

rain

Fig. 2 gives a diagram of the rain receiver
and tilting buecket raingange used for the
measurement of electricity carried by precipi-
tation described in detail elsewhere (1957,
1959). The rain receiver consists of an insulat-
ed copper funnel which is shielded from the
earth’s surfee by a conical shield having an
opening of 8" (20-3 em) above the funnel,
giving an area of 324 sq. em for the mouth
of the cone. For measuring the amount of
rain caught by the funnel, a gauge carries a
merenry switch which at each tilt of the
bucket turns on a light source to the photo-
graphic paper used for recording the electro-
meter deflections when charged rain is
falling on the insulated funnel, thereby giving
a vertical line of the record for every cent of
rain collected by the apparatus amounting
to 8 c.c. The time interval between the tilts
of the bucket could be measured and the rate
of rainfall B’ can be determined accurately
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Fig. 1

The raindrop recorder consisting of : A—Induction motor 1/30 H.I.,, 1500 R.P.M.;
B—Aperture 15 30mm in box; W—Worm and gear assembly; S—Time marking
microswiteh; T,— Dyerd tape-witith 6 cm (Whatman filter paper); T,—Time
marking lead peneil; L3L3—-‘-’-5 watts oylindrical lamps
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Fig. 2

A view of the rain recciver and tilting bucket rain-
gauge with mercury switch which at each tilt of the
hucket turns on a light source to the photographic paper
used for recording the electrometer deflections '“'ilm\
charged rain is falling on the insulated funnel, therchy
giving a vertical line of the record for every cent of rain
amounting to 8 co. The time intervals between tilts
of bucket being known, the rate of rainfall (R') can be
determined at minute intervals,

A—TInsulated stand supporting funnel

B—Tilting bucket raingauge

C—Conical shield

F—Insulated funnef

S—Outer cylindrical shield
at minute intervals. Having known R’
it is easy to calculate the mean mass of the
raindrop from an empirical relation given by
Best (1947) and modified by Browne, Palmer
and Wormell (1954)—

m (ug ) = 180 ' 0.7 (1)
where m = mean mass of raindrop in
microgramme and R’ = intensity of rainfall
in mm/hr.
From equation (1), we easily have
D, =0-70 R'0.2 (2)
where D,= mean volume diameterin mm.,

Fig. 12 gives values of m ( wg) for various
rates of rainfall R’.

Itis not always convenient to compare
two sets of rain measurements by comparing
their drop size distribution. The liquid water
content W (mg/m®) and R’ for a particular
type of rain can be used as a measure of
drop size distribution, which can graphically
be represented by a single point. In the pre-
sent series of measurements, ahout ‘2000’
minutes of disturbed weather consisting of
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Fig. 3. Calibration curve showing the relation
between splash diameter and raindrop diameter
different types of rain (thunderstorm, showers,
and continuous type of monsoon rain) have
been studied at Poona during the years
1955-58. The rate ofrainfall R" and liquid
water content W at minute intervals are ob-
tained from continuous photographic record
using the rain receiver, tilting bucket, and
photographic rain electrograph. A sample
record taken with the above arrangement is

given in Fig, 4,

4, Typical records and results obtained using the rain-
drop recorder, rain receiver, and tilting bucket
raingauge

Figs. 5 to 9 give sections of the raindrop
record with corresponding self recording
syphon raingauge and Bibby type intensity
raingauge records during a few thunderstorms,
showers, and continuous type of rain showing
radar melting band phenomena and rain from
non-freezing clouds. The criterion used for
determining non-freezing rain is (1) from the
estimated cloud height from Poona tephigeamg
wherever possible, (2) by visual observa-
tion of the top of clouds and (3) by the
absence of electric charge carried by such
rain.

Knowing the effective area of the tape,
t.e., 15 sq. em for 15 seconds exposure, Table
1 for calculating

(1) The number of drops per cubic metre
Nbp,
(2) The liquid water content W (mg/m?),
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Fig. 4

Portions of potential gradient, point discharge, rain electrograph and natural syphon raingauge
records during a thunderstorm on 19-20 October 1955. The time intervals between vertical
lines in the rain electrograph record gives a measure of the progressive development in the
intensity of rainfall (R’) at minute intervals for the entire period of storm
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Fig. 5
Portions of the raindrop records taken with the drop recorder during a sharp thundershower on
24-11-1958 from 1604 to LG1+ hours with intensity of rainfall record using a Bibby typcimplll‘l'
recorder and natural syphon raingauge record
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Figs, 6-7, Portions of the raindrop records taken on 10.7-1059 during continuous monsoon rain shawing
10-cm radar melting band phenomena from 1220 to 1240 hours, with natural syphon raingayge
record and intensity of rainfall record using a Bibby type impulse recorder
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For caleulating the number of drops per cubic metre N p,
of rainfall #° (mm /hr),
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TABLE 1
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the liquid water eontent W (mg/m?®), the intensity

and radar reflectivity Z (mm®/m®) from the rainfall recorder using
Whatman No. 1 filter paper

Splash
diameter
(mm)

1

[

(=]

10

11
12
13

14

16
17
18
19
20
21
22
23

’

Rain- Drop dia- Group Ny, §
drop meter limits (mg/m?) (mn/hr) {mm®m?)
{mm) (mm)
0-2 0—-26 1 548-1 *548 «001 -
(0-125)
0-35 +25—-50 2 91-4 2+64 <015 274
(0-375)
0-55 *50—-75 3 59-9 7+68 ~068 3+595
(0-625)
0-75 )
0-95 «75—1-00 4 40+3 1419 *188 18+106
(0-875)
1-1 1-00—1-25 5 34-4 25:73 +399 69873
(1-125)
1-3 1:25—1:50 6 28+5 38-85 +728 19239
(1-375)
1-5
1-7 1:50—1-75 7 26-2 59-0 1-201 481+9
(1-625)
1-85 1-756—2-00 8 23-1 80+0 1:848 1005+9
(1-875)
2-05 2:00—2°25 9 22+4 112-9 2-688 200649
(2+125)
2:2
2-4 l 2.25—2-50 10 20-9 146+6 3-752 3742+6
(2-375)
2-5 J
265 2:50—2+76 11 19+5 1848 5-066 6370+6
(2-625)
2-8 '1, 2.75—3-00 12 19-0 236-7 6-653 10720
(2-876)
2.9 J
3:06 3:00—3+25 13 18:3 202-8 8544 17010
(3-125)
3-15
3-3 3:26—3-50 14 17:6 365-2 10:752 26041
(3-375)
34
3-55 3-50—3-75 15 17-2 430-0 13-320 39040
(3-625)
3-65
|
3.75)

NorE—Caleulation is for a

single drop of each size, values for more drops being obtained

by simple multiplication
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(3) The intensity of rainfall R* (mm hr)
assuming the terminal velocities determined
by Gunn and Kinzer (1949), and

(4) The radar reflectivity Z (mm® m?)
for a single raindrop of each size has
been constructed, values for more drops
being obtained by simple multiplication.

.Table 2 gives values of

(1) Sampling period,

{2) The number of drops sampled,

(3) The spatial drop density Nj m3

(1) The liquid water content W —
27 ZNpD? (mg/md),

where Np= Number of drops between
diameter limits per unit volume of air,
D=Drop diameter,

(5) The intensity of rainfall 2’ in mm hr

=37 Z NpD® xV, where V'=Terminal
velocity of drop size D,

. (6) The radar reflectivity Z = ZNpDf § D

(7) The reflectivity coefficient ((n) — D,
ENp D8I ZN, D3, a quantity dependent
on spectrum breadth, the median volume
diameter Dy (mm), i.e., the diameter at
which the liquid water content is
divided equally, and

*(8) The median diameter D, and maximum
diameter Dy,

. By the method of least squares, the relation
between intensity of rainfall and (1) The
median volume diameter Dy ,(2) The liquid
water content W, and (3) The radar reflec-
tivity Z has been determined separately for
(a) thunderstorm rain, (h) rain showing
radar melting band from stratified clouds,
and (¢) non-freezing rain from stratified
clouds. These observations are compared witk:
previously estimated empirical relations
between R’ and the various rainfall parame-
ters by different investigators all over the
world and given in Table 3.

5. Analysis of results

5:1. Relation of intensity of rainfall R' witl,
distribution of raindrops Np Sor different
types of rain at Poona—Figs, 10 and 11 show

ML V. SIVARAMAKRISHNAN

the raindrop distribution (a) during two
thunderstorms on 3 July and 16 April, ()
during rain showing radar melting band
phenomena on 10 July 1959, (¢) during
non-freezing rain on 15 and 20 July 1959
along with the distribution proposed by
Marshall and Palmer (1948) for different
intensities of rain. The striking features
shown by all the above types of rain are—

(1) For very low intensity, namely, less
than 5 mm/hr the curve is more or less a
straight line in general agreement with that
given by the empirical relationship given by
Marshall and Palmer (1948).

(2) As the rainfall rate increases, the curve
instead of being a straight line consists of a
number of peaks and troughs as noticed by
previous investigators (Mason 1953. Ramana,
Murty and Gupta 1959, Mason and Andrews
1960). In agreemient with Ramana Murty
and Gupta (1959) we may say that a marked
discontinuity in the updraft rate, with maxi-
mum occurring at a certain level at a given
time especially during thunderstorms may be
an important factor to account for a distinet-
ly larger number of drops of a certain size
compared with drops of sizes next below or
above. This level, by acting as a sort of bar-
rier to falling raindrops below a certain size,
will cause a maximum concentration of rain-
drops belonging to a particular size group.

(3) The drop size spectra obtained for
thunderstorm rain, for rain from stratified
clouds showing 10-em radar melting band
phenomena and for non-freezing rain show
distinet features,

The size of raindrops falling from thunder-
storm has a broad spectra, the heaviest rain
(sample No. 44) containing drops up to
4-95 mm diameter and large concentration
of smalldropslessthan 0-25 mmin diameter.
There are usually considerably higher con-
centration of both the very small and the
very large drops than would be predicted
by Marshall and Palmer distribution. This
has been observed by Mason and Andrews
(1960) also in their study of drop size distri-
bution from various types of rain in England .




Raindrop samples taken on 10 July 1959
showing 10-cm radar well marked melting
band echoes from stratified clouds indicating
that the rain is from the melting of snow
flakes, show that the rainfall is far from steady
with peaks and troughs like thunderstorm
rain samples.

The drop size spectra (Samples 40-57)
associated with non-freezing clouds show a
distinct feature from other types of rain.
The maximum diameter of raindrop obtained
is generally found to_be less than 2 mm pro-
bably due to the restricted depth of cloud,
updraught velocity and the water content.

(4) Samples 11, 12, 14, 16, 18, 29, 33, 36,
39, 40, 42, 47, 54, 56 show a decrease in the
number of drops Np with increasing size.

-(5) Samples 3, 5, 7, 20, 30, 34, 43, 48, 55
show an increase in the number of drops
Np with increasing size.

(6) Sa.mples 1,2, 4,8,9, 10, 13, 15, 17, 19,
91-28, 31, 32, 35, 37, 38, 41, 44-46, 5O-53,
57 show the combined characteristics of - both
(4) and (5).

5:2. The relation of intensily of rainfall
R’ with liguid water content W in different
types of rain—By the method of least squares,
the following relations between W and R’
have been obtained for different types
of rain—

(1) W = 86-4 R®7 (for radar melting
band rain from stratified clouds)
(correlation coefficient between W
and R'=-977)

(2) W = 70 R'*® (for
rain)
(correlation coefficient between
W and R’ =0-727)

(3) W = 101 R®% (non-freezing rain)
(correlation coefficient between
W and R’ =0-971)

Fig. 12 shows the values of W for various
values of R’ for different types of rain as
compared with the empirical relation found

thunderstorm
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by Best (1950) in England for rain in general
W==67 R'*-6 (Best has not mentioned the
type of rain, for which the above relation
holds).

While the general features of the curves
appear to be similar, a closer examination
gshows that the liquid water content W
values for thunderstorm rain and rain
showing radar melting band are found to be
higher than that for non-freezing rain at
Poona.

Tt is possible to calculate the liquid water
content W at minute intervals from a know-
ledge of the rate of rainfall R’ and the
terminal velocity of the average drop size,
V (preferably for the median volume dia-
meter), as explained below, using the relation
R'—V x W where R’,V and W are expressed
in proper units. From the continuous records
obtained from the rain receiver, tilting bucket
raingauge and photographic rain electro-
graph, it is possible to calculate W at minute
intervals from a knowledge of R’ and V.
The terminal velocity values used here are
for the median drop diameter taken from the
experimental values of Gunn ‘and Kinzer
(1949) and plotted in Fig. 12 in relation to
rate of rainfall and mean mass of raindrop.

5-3. The relation of intensity of rawnfall
R' with median volume diameter Dy in
different types of rain—Median volume
diameter D, is defined as that value of drop
diameter which divides the drop distribution
into two parts such that each represents
half of the liquid water content W. It is
obtained by plotting a cumulative per cent
curve of liquid water content. The drop
diameter at the 50 per cent ordinate is the
median drop diamter D,.

By the method of least squares, the follow-
ing relations between D, and R’ have been
obtained for different types of rain—

(1) Dy=0-82 R™® (Thunderstorm rain)
(correlation coefficient between D,
and R'=-T06)
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TABLE
Summary of rain samples taken with the raindrop recorder during

Reflectivity
Serial Date Time R W Z D, ecoefficient  Dmax
No, (IST)  (mm/hr) (mg/m?  (mm®m?) (mm) G(n)
1 24 Nov 1958 1606 5-1 325+9 932-6 1-0 1-5 1-3
2 i 1608 20-3 8016 15326-3 1-85 1-6 2-50
3 - 1609 20-7 959-1 13208-6 1-85 1-2 2.05
4 ¥ 1610 23-0 894-0 41297-0 1-85 3-8 36
a - 1611 437 1837-1 38438-8 20 1-4 2.5
6 = 1612 36 226-0 739-3 1-0 1-7 1-3
7 3 July 1959 1600-—-01 15-2 6205 12656-2 2:0 1-3 2.4
(0—15")
8 " 1600—01 14:-9 575-1 28363-1 2.7 1-3 3-3
(15—307)
9 o 1600—01 53 342.8 8400-1 2.4 0-9 2:5
(30—45")
10 - 1600—01 1-6 120-9 7748 075 1-7 1-1
(45—60")
11 . 1601—02 52 227-7 4246-1 2-0 1-2 2:4
(0—15")
12 - 1601—02 1-2 1i°3 266-4 1-12 1-3 1-3
(15—30")
13 i 1601—02 2:4 134+0 1053-3 1-35 1.7 1-85
(30—45")
14 *" 1601—02 4-4 234-0 2373-9 1.25 2.7 2.2
(45—60")
15 o4 1602—03 1-0 71-0 124-5 0+8 18 1-1
16 o 1603—04 1-0 89-8 118-1 075 1-6 1-1
17 " 1604—05 6:9 3402 4392.3 11 4.9 2.4
(0—15")
18 s 1604—05 5-4 232-3 2845-5 1+5 1-9 206
(45—607)
19 W 1605—06 12-9 632:0 6477-9 175 1-0 205
20 5 1608—09 13.1 657-7 55605 1-5 1-3 2:05
21 is 1609—10 9.2 526G-2 352446 15 1+0 1:85
[15—3(]")
22 - 1609—10 11-6 651-7 3620-2 1-25 145 1:85
(30—45)
23 i 1610—11 195 895-9 9607.2 1-5 1.7 2:20
24 10 July 1959 1220—21 10-7 517-3 70839 1'5 2.1 2.4
(0—157)
25 i 1220—21 23-1 1021-2 18088-4 2-0 1-2 2-65
(45—60")
26 “ 1221—22 7-9 438-6 32748 1-125 2-7 2-50
(0—15")
27 = 1221—22 6-5 312-2 4400-7 1-25 38 2-4
(45—60")
28 o 122223 7-1 416-1 28016 1:25 1-9 2:05
(0—15")
29 v 122223 81 493.2 4177.3 1.375 2:9 22

(45—60")




thunderstorms, showers and continuous type of rain at Poona
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No. of drops per cubic metre with 0-25 mm size interval centred about indicated sizo (mm)
SN

Drops
——=— Bam-

rf)'l2.’.i 0-375 0-625 0-875 1-125 1-375 1-625 1-875 2-125 2-375 2-625 3:375 3:625 pled
152-4 33:6 373-3 23-7 16
246-9 370-0 57-4. 23-7 43-3 57-{3 348  16-3 23

381-1 99-9 168-2 574 950 219 130-9 22
457-3 100-9 28-7 475 56-1 17-4 14:4 17
1524 168-2 118-7 43:7 1772 156-5 163 256

49-9 179-0 86-1 T71-2 . 9

59-9 80-7 23:1  44:0  41-7 7

91-4 179-8 121-0 28:5 22:4 17+6 10

91-4 121-0 22:4 19+5 6

91-4 239-7 201-6 344 11

50-9 40-3 26-2 20+9 4

182-7 59-9 34-4 285 5

91-4 179-8 80-7 23.1 :

182:7 1798 807 344 285 22+4 10

01-4 121-0 344 5

456-8 179-8 80-7 34-4 11

182-7 209-6 121-0 85-4 20+9 14

91-4 80:7 344 2856 26-2 22-4 . i

1006-3 365-4 3595 807 56-9 51-9 69-4 22.4 29
456-8 359:5 34.4 142-3 26-2 92:5 29
456-8 599-2 121-0 206-5 60-4 27

182:7 119-8 4033 103-3 113-8 78:6 23-1 25

548-2 230.7 201:6 688 113-8 78:6 69-4 44-0 20

01-4 359-5 80-7 34-4 285 519 224 20-9 15

299-6 80-7 68-8 113-8 23:1 67-2 20:9 196 19

91:4 599:2 40-3 170:7 22:4 19

548-1 274-0 1198 344 85-4 20-9 11
91-4 599-2 161:3 68-8 854 22:4 21

913-6 239-7 161-3 688 56-9 26-2 23-1 224 25

1-02
1-13
1:05
0-93
0-90

0-98
1-05

1-03

1:22

1-00

1-22
0-98
1-04
0-91
1-07
1-14
1-08
0-97
0-562
0:89
1-37
1-01
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TAELE
Reflectivity
Serial Datev Time R w Z D,  cocfficient D
No. (INT) (mm/br)  (mg/m?* (mm*m? (mm) G(n) OAL,
30 10 July 1959 1223—24 6:3 391-9 1464-0 1-25 1-0 1-5
(0—15")
31 » 122324 7:9 449-5 3131-5 1-375 1-4 1-85
(45—60"7)
32 " 122425 153 719-6  13558-1 15 2.9 2.9
(0—157)
33 iy 122425 T 314-8 31418 1-0 52 2.05
(45—60")
34 . 74 324-1 44407 1-75 1-3 2:20
35 » 749 4446- 1 20578 1-25 1-8 1-85
36 , 150 747-6 418449 2.2 2.7 365
37 5 53-8 354-2 14792 1-25 11 1-74
(45—607)
38 16 April 1959 1407—0n 10-8 485:3 67177 1-35 1-3 2:05
(0—15")
30 ”» 1408—08 12:3 408:3  27140-2 2.1 3.1 335
(0—15")
40 i 1412—13 3-1 180-4 1232-9 1-12 25 185
(15—30%)
41 . 1412—13 33-3 1I82-9 689973 3-0 1-1 375
(45—860")
42 i 1413—14 13-4 530-5 165349 8 1-76 30 2.9
(15—30")
43 . 1414—15 9-3 430-3 H703-2 1-5 20 205
(45—60)
44 W 1415—16 02.8 3324-6  21830-0 325 1-0 4-95
(30—457)
45 - 1415—16 13-1 G604 33680 1-25 1-4 2.4
(45—607)
46 15 July 1959 1025—26 2-25 21604 1962 0-5 3-8 1:30
. (—157)
47 " 1025—26 3-52 268+ 6 462-5 0-5 7:2 130
(45—60")
48 - 1026—27 2:36 202-5 2845 075 1-7 1-10
(0—15")
49 W 1026—27 0-33 52+0) 808 0-25 57 065
(45—607)
50 20 July 1959 1525—26 2-18 131-4 372-9 0-9 20 1-50
(0—15")
al 5 1525—24 4-08 297-9 839-0 1-0 1:6 1:30
(45—060") ‘
52 o5 1526—27 10-41 3180 6702:0 1:63 16 2-4
(0—15")
53 & 1526—27 2-93 204-5 466-4 1-0 1-6 1-5
(45—60")
54 i 1527—28 457 2663 1553-4 1-25 1-2 1:85
(0—15%)
55 ” 1527—28 2-44 159-9 5000 1-0 1-6 1-3
(45—60")
a6 " 1528—29 2-01 155-7 322.3 075 2.6 1-6
(0—15"
57 . ISis——EJ 2.82 197-5 457-5 1-0 1-2 1-5
(45—60")
Date I'vpe of rain

24 Nov 1958

16 Apr 1959

3 Jul 1959 |
1
J

Samples of thunderstorm rain

10 Jul 1959
15 Jul 1959
20 Jul 1959

Samples of melting band rain from stratiform clouds

Samples of non-freezing rain of stratiform clouds
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2 (contd)
i?_
No. of drops per cubic metre with 0+25 mm size interval centred about indicated size (mm) Drops Vo

‘ A \ 8am-
0:125 0-375 0-625 0-875 1-125 1-375 1-625 1-8756 2-125 2-375 2-875 3-125 3-375 3-625 pled

548-1 6395 479-4 40-3 34-4 1995 25 0-97
3836-7 6395 651-1 121-0 344 519 46-3 33 0.96
- 2740-5 639-5 119-8 161-3 103-3 85-4 52.4 231 189 28 1-11
2740-5 1371-0 539-4 40-3 23-1 22-4 32 1.27
43852 639-5 1198 34-4 285 448 21 1:00
29-1 1371-0 209-6 68-8 113-8 46:3 39 1-07
2740-5 14617 179-8 121-0 28-5 26-2 224 172 31 0-99
2740-5 1006-2 230-7 103-2 113-8  26-2 20 0-99
1096- 2 40-3  34-4 262 46-2 44-8 ‘ 9 1-07
048-1 5H48-4 590-9 40-3 34-4 23:1 17-6 12 .l."ﬁ
2740-5 548-4 230-6  40-3 285 23-1 18 1-16
457-0 50-9 403 285 6.2 19:0 183 17-2 13 0-99

2192-4  365-6 1797 22:4 20-9 19-0 14 1-21
2740-5 274-0 239-6 34-4 26-2 23-1 44-8 17 1-13
16443 7312 859-4 59-9 137-6 570 46:2 89-6 20:0 10-0 18¢3 17-6 17-2 36 0-87
7125-3  822-6 479-2 120-9 172-0 142-5 52-4 209 46 1-20
59200 822-6 838-6 161-2 84-4 39 1-11
4932-9 1005-4 599-0 201-5 688 28-5 37 1-40
4384-8 639-8 599-0 80-6 103-2 30 1-08
3836:7 1553-8 59-9 25 0-87
548-1 365-6 350-4 40-3 68:8 285 15 125
3288-6 9274-2 239-6 80-6 103-2 85-5 21 1.05
49329 365-6 119-8 120-9 172-0 26-2 22.4 209 26 1-01
4384-8 4570 850-4 40-3 688 57-0 24 1-02
1644'3 365-6 350-4 68-8 570 23-1 18 1-03
4932-0  365-6 119-8 806, 344 57-0 . 20 1-08
2740-5 548-4 350-4 80'6 34'4 285 21 1-16

6029-0 1005-4 179-7 40°3 688 57°7

-1
e
S

1-02

No. of dropd against 8. N9, 44 ard under 3-875 mm is 16°3
Sample 1-6 taken with dyed smoath paper fape; Sample 7-57 taken with dyed Whatman No..1 filter paper tape

R’ Rate of rainfall (mm/hr) ' Dy—=Median volume diamter
W = Liquid water content (mgm/m®) Dmax —Maximum diameter
Z=Radar reflectivity (mm®/m?) Vo =Fall velocity of median volume size

G(n) =Reflectivity coefficient V =Weighted fall velocity given by equation (5)
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TABLE 3

Median volume diameter /J,, liquid water content I}, radar echo intensity Z as a function of rain intensity
computed from various sources

Serial Source D, W Z n
- No. (mm) (nlpn,’m’) lZ*"‘yl)e 3= CR )
1 Ynyslas (Best 1950) 1-20R™. 2 74 R0-8 224 R -M
2 Shoeburyness (Best 1950) 1-32 Ro-22 59 Ro-82 G30 Rt .46
3 Lenard 1-23 R'o. %3 61 Ro-84 360 R1.96
+ Laws and Parson (1943) (U. 8.) 1-06 Ro-20 72 Ro.87 220 R'1.44

3 Marshall and Palmer (1948) (as reported
by Atlas) (mostly stratiform, Ottawa) 0-91 R'v-2 72 R'o- 296 R"1.47
6 Marshall and Palmer (1948) (as reported 0-82 Rro-24 72 R'0. 88 220 R'1-¢
by Best)
7 East Hill (R. F. Jones) 1-14 Ro.%7 65 R'e-83 295 R -5
8 Hilo (Hawaii) (Possibly non-orographic) 0:-81 Rv.28 82 Rro-84 208 B1-83
(Anderson)
9  Blanchard (1953) Warm orographic rain
(a) within clouds 0-30 Rro. 40 235 R0 16-6 R1-55
(b) at cloud base 0-40 R'0.37 150 R0 31 Rt
(e) non-orographic (Hawaii) 1-18 R'o.1 61 Ro.%» 200 R'1-41
10 Jones (1956) (Heavy rain showers, 1-48 R'o.vs 52 Ro-»? 358 R1.38
Illinois)

11 Atlas and Chmela (1957) (Stratiform rain
showing melting band during April 1954
at Lexington Mass)—

(1) 0:95 Rro.2» 80 Rro-ss 162 R .10
(2) 113 Ro-17 64 R'o-58 215 R
(3) 1-38 R0 62 R0-94 350 R/1.42
(4) 1.22 Rro.2 63 R0-57 310 R

12 Ramana Murty and Gupta (1959)
(@) Orographic monsoon rain at 76 Ro.54 109 Rr1.64
Khandala, India

(b) Non-orographic monsoon rain 62 Ro-sa0 242 R'1.42
at New Delhi, India

13 Sivaramakrishnan (1959)

(a) Thunderstorm rain 0-82 Rv.2 70 Rv-83 219 R1.u1
(b) Stratiform rain showing 0-71 R0.20 86-4 RV.77 67-6 R'1.94
melting band
(e) Non-freezing stratiform 0-49 Rro.5 101 R’o-68 665 R'1.02
rain at Poona (1959)
14 Ramana Murty and Gupta (1059) ‘1 s po.e L(1) Khandala
R'=1/67x W Dy"* £ 9) New Delhi
15 Sivaramakrishnan (1959) (Poona) R'=1/63 > W » Do"-5(Poona)

(for Bergeron type of rainfall)
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10}
E | o-- 3-7-59) R = 4.4 mm/hr
ﬁ 3-7-59 | R = 1 mm/hr
[ THUNDER;:&RM x -x 16-4-59 R = 3-1mm/hr
& -4 16-4-59| R = 92-amm/hr
a8 A R=| MARSHALL AND PALMER
. a B R=15 DISTRIBUTION

»—a C

R=45

B B TEEEY SRR )
\
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0 1 2 : 3 2
DROP DIAMETER (mm)

Fig. 10, Raindrop distribution of thundersiorm rain at Poona

(2) Dy= 9-T1 R
(Rain showing radar melting band)
(Correlation coefficient=-833)
(Stratified rain)

(3) Dy=0-49 RS
(Non-freezing rain)
(Correlation coefficient=-822).

Values of D, corresponding to different types
of rain samples with rate of rainfall have been
plotted in Fig. 13 along with the data ob-
tained by Laws and Parson (1943) and Best
(1950) for comparison.

(1) The values of D), are in general found
to be below the values obtained by Laws and
Parson and Best. From Fig. 13 it is seen that
the values of D, obtained for thunderstorm
rain (curve 1) are greater than that for
melting band rain (eurve 4), though both
involve the ice-crystal mechanism for ini-

tiation of rainfall. The values of D for non-
freezing rain (curve 5) is found to be lower
than that for melting band rain and thunder-
storm rain for rainfall intensities less than 10
mm/hr but greater than for values of R'greater
than 10 mm/hr. This may be due to the curve
of best fit being calculated for observations
of intensities of rainfall below 10 mm/hr.
As such the curve of best fit by the method of
least squares should be used only for R’
less than 10 mm/hr and not for R' greater
than 10 mm/hr. It is proposed to continue
these observations during monsoon season for
non-freezing rain with intensities greater
than 10 mm/hr as and when observed at
Poona.

(2) Tt is also noticed from Table 2, that for
the same intensity R’ and same type of rain,
the values of Dy are widely different. But
there is a unique relation for the same value
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10-7~-59
10-7-59
15-7-59
20-7-59
A R=1
B R=I[5
C R=45

R = 13-1}
’ MBAND
R = 9.1

R'= 3.5
' -3l NON-FREEZING
R = 10-41 RAIN
MARSHALL AND PALMER
DISTRIBUTION

U S T Y O B

A .

0

2

DROP DIAMETER (mm)
Fig. 11. Raindrop distribution of melting band and non-freezing rain at Poona

of Dy, W and R', given by R'=KWD,

where KDy"=V (Spilhaus 1948) (Terminal
velocity of drop diameter D) and K and N
are constants; when we plot log R'/W against
Dy, the points form a straight line with the
value of constant K=-016 for thunderstorm
rain and melting band rain, K=-014 for
non-freezing rain and slope n=0-5 thereby
giving :
e i Do.ﬁ (3)
R = 63 X WXD,
as against

; 1 W Do.s
R = -GTX ¥ 5 o
found by Ramana Murty and Gupta (1959)
from their study of dropsize distribution at

Khandala and Delhi.

This relation helps as to determine any
one of the rain parameter Dy, R" and W

when any two of the other quantities are
known.

5'4. Radar reflectivity and intensity of rain-

Jall—The power received at a radar from a

rain target is proportional to the radar
reflectivity Z = XN, DS 8D, where N is
the number of drops per cubic metre of
diameter D on the size interval 3D.

Valuesof Z= ZNp Db. 8D have been
obtained for the different types of rain and
tabulated in Table 4. By the method of least
squares, the following relations between
radar reflectivity Z and R’ have been deter-
mined for the different types of rain and
plotted in Fig. 14.

(1) Z=219 R'*" (Thunderstorm
(correlation coefficient
and R =-549)

rain)
between Z
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Fig. 12. Curves showing relation of liquid water content ('), mean mass of raindrops (m),
terminal veloeify of raindrops with rate of rainfall (£')

(2) Z = 67+6 R"** (Radar melting band
rain from stratified clouds)
(correlation coefficient=-8025)

(3) Z = 66-5 R (Non-freezing rain)
(correlation coefficient="-964)

As the sixth power of the diameter factor
allows the relatively few large drops greatly
to influence the radar reflectivity Z, although
the intensity of rainfall may not be affected
appreciably, any empirieal relation between
Z and R' may not satisfy the actual conditions
in all instances and hence the measurement
of R’ by radar is found to be not correct
always (Twomey 1953). Nevertheless Atlas
and Chmela (1957) have attempted to give

physical basis for Z—R' correlation to detect
the Z—R’' variations in practice.

Bartnoff and Atlas (1951) have given a
basic equation for Z, the radar reflectivity
factor as follows—

Z =—g G(n). D, J:L mm®/m? (4)

where D, = median volume diameter in mm

W = liquid water content in mgm/m?
g = particle density in gm/cc
G(n) — Reflectivity coefficient

— D;3-ENpDYEN, D', a quantity
dependent on spectrum breadth.
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Fig. 13. Curves showing relation of ave

It lias been observed by Atlas (1953) as
well as from Table 4 for Poona rains the value
of G(n) lies between 1 and 2 generally.
According to Atlas this is nature’s preference
for a particular type of drop size distribution.

Atlas (1957) has also shown that

-0036 % l’o(-'l.-) < W (5)
0

where FO=FEL[[ \'ﬂ]U('ii_\‘ of wmedian volime
size

R

V
v
]

= Weighted fall velocity defired

-—

rage size of raindrop with rate of rainfall

by equation (A) itsell,
He has found that for most raindrop spectia

v falls very close to one.
0

For Poona rains also, from Tables 2

and 4,
the ratic V. Vy has been ealeulated and found
to be very close to one in agreement with
Atlas, thereby proving Blanchard’s remark
that ““in general, a drop distribution can be
represented by a uniform collection of drops
with size equal 10 the median volume dia-
meter (D)7,
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Fig. 14, Radar refiectivity as funetion of rain intensity observed at Poona
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TABLE 4

Regression equations and rainfall parameters for different types of rain at Poona

(SUMMARY)

W—R’

Thunder- i
storm

rain

24.11-58 W=T0R'.83
16.4.59
3.7.59
10.7-59 Melting .29
band rain
from
strati-
form
clouds

Non-
freezing
rain

Dy=-49R"-3  [F=101R"-o

W=86-4R"- 7

Corr.

coeffi-
cient
W.R’

V G(n) Corr.
V coeffi-
cient
Dy.-R

Z=218:5R¢

1-0

Z=67-6R"1.? 1-0

Z—66-5R"-9 1-0

6. Progressive development in the variation of rainfall
rate at minute intervals using the rain receiver and
tilting bucket raingauge

Figs. 15 and 16 give histograms showing
variation of rainfall intensity at minnte
intervals for -a few thunderstorms on 28
September 1955, and 18-19 October 1955,
Tt is seen that superpmed in a general trend
of prorrresswe increase in rainfall rate until
the peak intensity is reached, fluctnations
in intensity also occur. On the top of each
histogram, “4-’, “—’, ‘0" markings are given
to indicate the nature of electric charge of
the raindrop during that minute interval.
They show that all the raindrops during the
entire period of rainfall are not charged. Ttis
possible that the origin of drop% having
electrical charge and drops having no electri-
cal charge may be at different levels, one
above the freezing level and the other helow
the freezing level depending upon the inten-
sity of rainfall and consequent change in the
drop size and terminal velocity. The author
has proved earlier (1959) that for rain to have
appreciable charge, the rain must have start-

ed as ice or at least in the form of ice for some
part of its history. Non-freezing rain is found
to have less or no electrical charge (Fig. 9).
In this connection Simpson (1949) in a study
of rain electricity lists a number of occasions
of fairly heavy rain at Kew (England)
without pronounced electrical effects. Smith
(1951) reports that the estimated height of the
cloud top on most of the occasions was below
07C level. This affords a method of identifying
occasions of rain from non-freezing clouds. It
is possible that in some thunderstorms
both Bergeron process and the coalescence
process may work together as raindrops
formed by coalescence below the freezing
level are not appreciably charged.

Again in Fig. 17 radar melting band is
seen during monsoon rain at Poona on 2
August 1955 from 1030 to 1230 hrs but all
raindrops during the entire period of rainfall
are not charged. This may be due to either
that some of the charged raindrops discharg-
ing before reaching the ground or their origin
may be below the f'reezin{z level,
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Fig. 15, Severe thunderstorm at Poona on 28 September 1955
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Fig. 16. Thunderstorm at Poona on 1819 October 1955
The peak intensity of 105 mm/hr is reached 36 minutes after the start of the storm
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Figs, 15 and 16. Progressive development in rainfall rates and electric charge on raindrops at minute intervals
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7. Conelusion

1. From the study of the size distribution
of raindrops, it is shown that the relation of
intensity of rainfall with

(1) Number of drops per cubic metre Np
(2) Median volume diameter Dy

(3) Liquid water content W

(4) Radar reflectivity Z (mm®/m?)

is found to be different for different types of
rain (thunderstorm, melting band rain and
non-freezing rain) (see Table 3).

9. Tt is shown that the rain intensity cor-
responding to most size spectra can be re-
presented by a uniform collection of drops
with size equal to the median volume diameter
D, in agreement with the results obtained
by Blanchard (1953) and Atlas and Chmela
(1957).

3. The study clearly shows that any two
of the four raindrop size parameter, R’
(rainfall intensity), Z (reflectivity factor),
W (liquid water content), D), (median volume
diameter) fix the other two.

4. The physical basis for the Z—R’
correlation for different types of rainfall are
explained using Bartnoff and Atlas equation
(1951).

5. The progressive development of rain-
drop sizes using the raindrop recorder and
intensity of rainfall at minutes intervals using
the rain receiver, tilting bucket raingauge
and photographic rain electrograph -during
the entire period of a storm helps to know in
general, how the concentration and size
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distribution of raindrops varies in space and
time, how the drops grow, coalesce and break
up during their fall to the ground, which will
not be possible if intermittent samples
are taken for study especially during thunder-
storms.

6. Although mean distribution curves
obtained by averaging a large number of
samples of the same intensity show smooth
variation, curves relating to individual
samples even in the so called steady rain
show peaks and troughs in drop size distri-
bution (Figs. 10, 11). This may be due to
possible irregularities in the distribution of
original precipitation elements or disconti-
nuities in the rate of updraft within the
cloud.

7. A knowledge of the electric charge
carried by rain during the entire period of
storm shows whether the rain mechanism
process is ice-crystal process or coalescence
process or both.

8. The presence or absence of appreciable
electric charge in rain helps us to find out
whether the rain is from freezing or non-
freezing clouds.

9. The drop recorder described in this paper
is thus useful to get a continuous record of
the size distribution of raindrops for various
types of rain. The important meteorological
rain parameters such as liquid water con-
tent W, intensity of rainfall R’, the size dis-
tribution of raindrops for various types of
rainfall, the radar reflectivity Z = ZNp D®X
8D, the median drop diameter D, can all
be obtained from this simple raindrop
recorder.
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