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Thunderstorm rain s steady precipitation from layer
type clouds, as judged by study of raindrop sizes

R. €. SRIVASTAVA 2nd R. K. KAPOOR

Rain and Cloud Physics Research Unit, C.S.I.R, New Delhi

ABSTRACT. Quantitatively reliable estimate by radar of precipitation intensity at a distance requires
a critical prior study being made of drop size distribution in rain of various kinds and at different phases of rain.
fall. Observations in this regard have been made in two distinet types of radar synoptic situations—one associated
predominantly with widespread continuons and relatively steady pracipitation from cold stratiform clouds, and
the other in which rain ol a showery and more temporary and localised character occurs chiefly trom very tall

and highly supercooled clouds as in a thunderstorm.
ghly sup

Some of the distirguishing features of drop size distribution

and associated parameters, such as median volume diameter, total spae2 concentration of drops, and radar reflec-
tivity in the two situations are presertad and disoussed in the paper.

1. Iniroduetion

Two of the most important objectives of
determining drop size distributions in rain
are—(1) helping elucidation of mechanisms
of raindrop growth in clouds and (2) enabling
estimate of rain intencities at a distance,
on the basiz of a certain dependable re-
lationship connecting radar veflectivity, Z,
and rainiall rate, R, as given by observed
raindrop size spectra in  different rain
situations. Despite a large number of
determinations of drop size spectram in
rain in different areas, it has not been
possible till now to establish a clear cut
relationship connecting drop rize spectra
and the basic process underlying rain forma-
tion in clouds in different meteorological
situationz. On the other hand, data of rain-
drop size distributions gathered in widely
separated localities and in different rain
situations, when averaged out, appear
to be represented fairly uniformly, at least
in the higher size ranges, by the following
simple expression first propo-ed by Marshall
and Palmer (1948)

Np=N,e=XD, Ny=0-08 em™*

X = 41R%2 et (1)

wlere N p is the number of drops of diameter

D in unit volume of air per unit diameter
range and X i3 a parameter which is related
to rate of rainfall, £ (mm/hr), by the second
formula. As regards Z—R relationships,
widely differing formulae have been reported
(Twomey 1953) by different workers. In this
connection, an attempt has been made hy
Atlas and Chmela (1957) to relate variations
in Z—R relation=hip to synoptic situations.
They have suggested that higher accuracy
may be obtained in measurements of rainfall
by radar, by using different Z—R equations
in different synoptic sitnations, the Z-—R
equation, used being related to synoptic
situation in a physically con:istent manner.
In particular, they have shown that the
cocfficient and exponent in the relationship
between Z(mm® m=?) and R (mm/hr),

Z — 296 RV,

expected on the basiz of Marshall-Palmer
distribution would decrease and increase
respectively, if the original Mar:hall-Palmer
distribution 1: modified as a result of
growth by coalescene with cloud droplets,
while evaporation below cloud base would
have the oppozite effect.

In this note have been presented, raindrop
size data collected in rains which are known
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from radar observations, to be pertaining
to synoptic situations of different types,
and their distinguishing features discussed
in some detail.

2. Method of measurement and data collected

Raindrop size data designated in the note
as belonging to rain situation of type A,
have been collected on days on which ob-
servation by 3-2 ecm meteorological radar
at the Rain and Cloud Physics Centre,
New Delhi showed widespread precipitation
field giving echo with melting band. A
pair of typical P.P.I. photographs of over-
head scanning showing well-defined melting
band, obtained on one such day, is shown
in Fig. 1. Rainin such situations is usually
of long duration and fairly steady in charac-
ter. Drop size data denoted by type B
have been collected on days on which radar
observations revealed rain showers from
tall convective clouds which did not exhibit
any melting band feature, although the
rain cell extended well above 0°C level.
A typical P.P.L. and also an R.E.L. picture
relating to one such rain situation of B-type
is reproduced in Fig.2. Rain on such occa-
sions is of relatively short duration and
high intensity, and is characterized by marked
fluctuations in rates of precipitation. While
in the first case rain appears to he initiated
by Bergeron-Findeisen mechanism, that in
the second case iz perhaps  contributed
largely by collision-coalescence process,

Raindrop size measurements have been
made by exposing to rain Whatman No, 1
filter paper circles, with sampling area 675 sq.
em, for a known length of time, measuring
sizes of impressions formed on the filter
paper, and by relating these to original
raindrop sizes on the basis of previous cali-
bration. All raindrop size measurements
have been grouped in diameter intervals of
width 0:2 mm. Impressions of sizes less
than that corresponding to raindrop diameter
0-4 mm or less have been neglected to avoid
possible effects of drop shattering on im-
pinging on the filter paper. In Tables 1(a)
and 1(b) samples of each type are listed,

together with date and time of measure:
ments and certain other rain parameters,

3. Results and Discussions

Animportant single term parameter of drop
size distribution in any given rain situation
is the median volume diameter, D,, this
being so defined that drops of sizes less than
D, constitute half the space concentration
of rain water, the other half being contri-
buted by drops of larger size:. Assuming
Marshall-Palmer distribution, this condi-
tion for median volume diameter may be
expressed analytically by the relation—

on Dn
[ D3 XD gD — 2 ste“-"" db,

which, after integration, yields
(XD + 3(XD,)? + 6(XD,) -+ 6 =3 XD

This equation is satisfied by
Dy = 3-67[X

The Marshall-Palmer distribution (1) may
consequently be written in the alternative
form

Np= .‘\:o e My A= 3-67 (2)

in terms of the dimensionless scaled diameter
D/ Dy. In this form the parameter X, depend-
ing upon rainfall intensity, is replaced by
the parameter [),

As will be seen, according to equation (2),
a plot of Npws D/D, on a simple log scale
would be represented by a  straight line
which would intercept the Np axis at the
point Np = N,  Plotting values as
obtained from individual samples, it is,
however, seen that although the curves
conform reasonably well to this straight line
characteristic, intercepts on Np axis
differ widely in many of the cases and the
slope of the line also departs from the
theoretically expected value of A=3-67.
An idea of the nature of variations shown by
different samples can be had from values of
No/n listed in the last column of Tables
1 (a) and 1(b). Ng/X has been caleulated by
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Fig. 1. Overhead P,P,I. pictures at 90° elevation, taking at high and low receiver gain,
showing well defined melting band

Fig. 2(a). P,P.1, picture (range 100 km, elevation 2-5°)
showing convective rain cells on 27 July 1959

Fig, 2(b) Fig. 2(c)
R.E.L pletures irange 20 km), at high and low receiver gain, show no melting band
featuro in cold convective cells on 27 July 1859
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integrating equation (2) as below

o0
f N 20Dy qp — YoPo  —o-ap,
(1]
A
i e

where 7., gives the total number of rain-
drops recorded.

0 Moa

From this we get Ny = 040D,

0

Taking, as a first approximation, that A
occurring in the exponential is equal to 3-67,
the various values of Ny/\ have been calcu-
lated from the above equation. The values
obtained are found to vary from 21-4
103 to 1-62 10% in case of raindrop spectra
of type A, and from 1:05x 103 to 3-71x 10%
for spectra of B-type , as against a constant
value of 2-18x< 10% expected on the hasis of
equation (2). Observed variations are seen
to be larger in case of samples of B-type, some
of the lowest values obtained being associa-
ted with samples collected during initial
phases of convective rain showers, with
correspondingly rather abnormally high
values of D,

To help eliminate scatter of Np —D/D,
plots, as might be due to variations in values
of No/x from sample to sample, the para-
meter relating to drop number has been nor-
malized by adopting the following procedure.
The cumulative number of drops, ny , with
diameters equal to D or larger than D is
expressed as a fraction, Fp, of total number
of drops recorded. If drop size distribution
in each individual sample conformed generally
to Marshall-Palmer distribution, and Np/A
only varied from sample to sample, F)
would be related to D by the following
equation

—.D/D
Ny e T ap

No e——?..]);D,,

S~ 8|58

2
-

Or Fo (D D)’ (3)

D—-0-4)

Dy J
Plots on a simple log scale of Fbp
against (D/D,)’ relating to samples collected
in various A and B-type rain situations are
shown in Figs. 3(a) and 3(b). In these dia-
grams, the straight line given by equation (3)
is shown by a dashed line while the best
straight line fit of actual data, as estimated
by eye, is shown in full lines. Comparing

where

(D/Dy) is writtenin place of (

~the plots relating to the two types of rain

pituations it ie seen that the scatter is much
more pronounced in case of showery preci-
pitation as on B-type days. From the com-
parative regularity of distribution of points
relating to a A-type rain it would appear that
the process of rain formation by Bergeron or
ice-mechanism leading to drop size distri-
bution in rain from cold layer type clouds is,
on the whole, a more systematic process,
leading to better agreement in observed
drop size distributions in rain on different
occasions. The line of best fit for A-type
samples runs more or less parallel to the line
represented by equation (3), while that relat-
ing to B-type samples slopes somewhat more
steeply, giving a mean value of A=4:25
as against theoretical value of 3-67. The
fractional number of drops falls off more
sharply with scaled diameter in thundery
rain of type B compared with that in steady
type precipitation in A-type rain situations.
Intercepts on the Fp axis in case of A-type
and B-type spectra are 2-16 and 2-59 res-
pectively.

Plotting Fp against (D/Dy) as given by
individual samples itis seen that while in
general spectra of hoth types are well re-
presented by a combination of two straight
lines having different slopes, this feature of
distribution is more regular in case of A-type
rain. Four typical rain samples of each
type plotted in this way are shown in Figs.
4(a) and 4(b), the abscissae being shifted
by 0-8 units for each successive sample.
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Fig. 4(a). A-type

Fig. 4(b). B-type

Fig. 4. Plots of Fp v+ (I) Iy for four, individual samples of each
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Fig. 5(a). Dot diagram of /), »s I for A-type
rain specira

If number of drops above 0-4 mm dia-

meter and median volume diameter conld 1
related to rainfall intensity we would be in o
position, by using equation (3), to derive
certain unique relationship connecting rain
intensities and dropsize distributions.  Plots
of R againt I}y in the two types of rain
situations are as shown in Fige. 5(a) and
5(b). It is seen that while the correlation is
rather poor in case of B-type samples the
two elements can be fairly well vepresented
by the equation

Dy=1-22 R*16 (4)
in case of A-type rain. This
compared with the theoretical value

Dy=0-9 R 2

may he

1
1w0'

R {wm/hr)}

Fig. 5(b). Dot diagram of 1), v= K for B«‘ype
rain specira
on the basis of Marshall-Palmer distribution.
Again, plotting on double log scales Ng.a
against R, we notice a certain regularity in
the distribution of points in case of A-type
speetra (Fig. 6Ga), with the line of least

squares fit being given hy

Ngog==T8 R 047 (5)

‘Plots relating to B-type rain (Fig. 6b), on the

other hand, show a considerable degree of
scatter and do not justify drawing any line of
hest fit.
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Fig. 6(a). A-iype rain situation
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Fig. 6(b). B-iype rain situztion
Fig. 6. Dot diagrams of no-4 vs B

Thus in case of A-type rain the two equa-
tions (4) and (5), in conjunction with equation
(3), permit a one to one correspondence
between rain intensity and drop size distri-
bution so that the distributions are deter-
mined completely by a single parameter.
In case of B-type rain it is apparent, on the
other hand, that both the parameters, n,.,
and Dy, are necessary for eomplete specifica-
tion of drop size distribution since neither
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Fig. 7(a). A-type rain sample
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Fig. 7(b). B-type rain sample

Fig. 7. Dot diagrams of L vus R
of the quantities ng., and D, is individually
well correlated with R. The combination
ng.y D=L (say) of these parameters Is,
however, a fair index of the value of R.
To bring out this point, a plot of 044
against B on double log scales is shown in
Figs. T(a) and 7 (b). The relationship is seen
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Fig. 8. Dot diagrams showing relationship between Z and 7 for A-type and B-type rain spectra
Open circles in Fig. 8(b) pertain to samples collected during initial phases of shower processes
TABLE 1(a)
A-type samples
Date Time R D, Nors No/n
(IST) (mm hr) (mm) (per m®) (m~¥mm—1)
7-7-1959 1206 2-71 1-41 1-34 102 269 102
1211 156 0-93 2-18x 10* 1145 13
18-7-1959 1025 1-74 1-54 4-79x 101 805 101
1030 186 1-43 T-08% 1N 1-30% 102
1035 1-18 1-46 5:10x 101 9-50 % 101
1044 202 1-55 6603 10 1:10< 102
1053 0-44 1-24 4-64 3 10t 1:22% 10
1119 0-17 0-90 267 x 101 1-52x 102
1-8.1959 1027 268 1-38 1-26¢ 102 2-6410*
1100 19-43 3-32 4-57x 10t 214 10
13.8.1959 1143 32-80 3:17 4-79x 102 4-37x 107
1150 16-90 1-37 T-62x 102 1-62% 108
6-9-1959 1013 10-03 1-51 3-72x 102 G-50% 102
1020 4-G9 1-46 255 102 4:-78x 102
1028 184 1-23 1-99x 10® 5-20x¢ 102
1035 1-56 1-21 2-03 % 10* 5645 102
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1(b)

B type samples

Date Tim: D, Mgy No/x
(I8T) (mm 'hr) (mm) (per m?) (m—*mm—)
20-7-1959 1558 2-82 1-94 4-24x 10 4-69> 10t
1610 6-73 3-36 7-96x 100 1-00x 1¢2
1611 45-80 1-89 3-21x 108 3-7Lx 108
44-80 2-71 G-30x 102 3-99x10%
25.7-1959 1020 1-68 3-59 25 1-05
1024 0-95 1-97 7-91 §-52
1026 29-90 2+61 2-90x 10% 207 x 108
10565 1-64 1-02 2-34x 102 0683 102
27-7-1959 1050 2-74 0-95 5:05 % 102 1:21¢10%
1158 1441 2-73 1-01x10* 636 101
1338 36-80 1-75 1-06x 10° 1-41310%
3-8-1959 1310 86-10 3-66 1-45x 10 5-91x 10
1315 2510 4:26 9-31x 10 306101
1323 2:08 0:79 7-88x 104 6413102
1334 <18 0-70 1:92x10% 224 10%
8.9.1959 1000 08-60 3-T4 3-30x10? 1-30x 10®
1007 3750 1-98 1-14x10* 1-21x 108
1012 11-27 1-93 236 10% 2:61x10%

to he good in case of B as well as A-type
rains, the lines of best fit being

L=140 R*%  (Type A) :
(6
L=T71 R1-%# (Type B)

The second equation of the above set in con-
junction with equation (3) enables us to
sstablish a connection hetween drop size
distribution in B-type rain and any two of the
parameters g ,Dy and R. It is seen
from these formulae and also directly from
Fig. 7, that for the same low intensity rainfall,
represented by the same median volume
diameters, the number of drops, fg.y , 18
smaller in case of type B rain. On the
other hand, if the number of drops, ng.,, is
the same, D, is lower in case of type B spectra.
The position, however, appears to get rever-
sed for intensities greater than 8 mm/hr.

A plot of radar reflectivity, Z = ZNpD® 8D
againt R for the two types of rain situations
together with the lines of best fit,

Z=217 B2 (Type A) T(2)
Z=191. R (Type B) 7(b).

as calculated by method of least squares, is
shown in Figs. 8(a) and 8(b). The equation
for A-type distributions is seen to be in good
agreement, with that expected on the basis
of Marshall-Palmer distribution,

Z=296 RV,

Smaller value of the coefficient and larger
value of the exponent in equation 7(b) points
to larger influence of coalescence process in
growth of raindrops in case of type B spectra.

Further, equations (7) show that for low
intensities cf rainfall (upto about 13 mm/hr)
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Z is smaller in case of B-type rain, the fea-
tures heing just the opposite for higher inten-
sities of rainfall. This may partly be due
to the faet that low intensity rainfall in case
of thundery type rain is commonlv associate|
with samples taken towards the end stages of
shower processes. A glance at Fig.3(h). in
which points corresponding to initial phases of
shower processes have been depicted hy open
circles, will show that for the saire rainfall in-
tensity samples collected at the initial phases
show higher Z as compared to samples eollect-
ed at the end stages. This is in agreement
with the common observation that at the
initial stages of convective showers drops of
relatively large-sizes predominate. Further ob-
servations are, however, necessary to permit
any firm generalization in this recard.

4. Concludinz remarks
The drop size distribution and associated
parametors point un nistakably to th> mor
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systematic nature of tvpe A speetra. Obser-
ved larcer degree of variability of spectral
character in case of rain from convective
clouds is the result apparently of fnore change-
able nature of showery type precipitation
It 1s felt that further
study of type B spectra. with particular re-
ference to the various phases of precipitation,
would he of value in resolving some of the
obzerved variations in the nature of drop
from sitnation to

from such elonds.

size distributions one

another.

5. Acknowledgements

The anthors wish to record their gratefnl
thanks to the Radar Laboratory of Rain and
Cloud Physics Research Centre for making
available the radar observations used in this
study.  They are also thankful to Shri L.T.
Khemani for help in raindrop size observa-
tion and computation of data.

REFERENCES

Atlas, D. and Chmela, A, C.
Marshall, J. S. and Palmer, W, Mck.

Twomey, S.

1957
1948
1953

Proc. Sizth Weath, Radar Conf., p. 21,
J. Met., 5, p. 165.
Ibid., 10, p. G6.




