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ABSTRACT. This paper presents essentially a dynamic model on the suppression of hailgrowth in mathe”
matical terms. The interaction between the hygroscopic seeding and microphysical parameters are considered
and their effects on the total amount of hail and rainfall available at the surface are investigated. The present
model reveals some important characteristic features on the control of the growth of a hailstone. Correlations
are observed between seeding and embryo radius as well as between seeding and the density of the hailstone.

The concentration of ice is found to reduce sufficiently in the seeded case with a possibility of less availability
of hail at the surface. The present model is compared with the model developed by the same group of authors

(Baneriji et al. loc, cir.). It is found that the hygroscopic seeding controls the growth of hailstone.

1. Introduction

Hailstones are associated with vielent thunder-
storms which bring about considerable damage to
property, aviation, agriculture, etc. The growth of the
hailstone which aggravates this destruction is naturally
an undesirable phenomenon. Thus, finding effective
methods to curb the growth of hailstones has become the
forefront of atmospheric research. In recent years much
interest is being taken to find methods of controlling the
growth of hailstones. The methods available so far are
mostly experimental in nature.

The popular ways to suppress the growth of hail-
stones are by seeding water droplet dry ice, silver iodide
in the region of hail formation. The choice of seeding to
control the growth are influenced by the conceptual
models of hailstones, the hail suppression hypothesis and
techniques and, lastly, the equipments available to
monitor the seeding operations.

Lacaux ef al. (1985) analysed data collected trom four
different seeded storms conducted in Switzerland. They
observed a definite correlation between intensity of
precipitation and the concentration of seeding chemicals.

Farley (1987) used a two-dimensional time dependent
cloud model on a simulated multicellular hailstorm case to
to study the effects of seeding by means of silver iodide
and dry ice. He observed that seeding by dry ice produced
a stronger response than by silver iodide in inhibiting
the formation of hailstones. In both cases precipitation of
ice was found to enhance initially and laterislightly reduce
with a modest increase in rainfall at the ground,

Cheng’s (1987) study was slightly different in the sense
that he made a statistical test of different hailstone
parameters, viz., number, concentration, kinetic energy.

The previous works have not effectively probed into
the role played by intrinsic hailstone parameters in
bringing about effective suppression on the growth of
hailstones. In view of this the present model has been used
to study this essential aspect of the hailstone in a
mathematical framework. Suppression of the growth of
hailstone is brought about by seeding water droplets
on the nucleus. The model, in the parlour of mathe-
matical terms, corroborates not only with the experi-
mental results of Farley (1987), Cheng (1987) and
Lacaux ef al. (1985) but also unravels the dependence of

(31)




BRATATI

09r

BANERIJI

et al.

NATURAL OROWTH

SUPPRESSED GROWTH

Schematic

changs during hailstone

-

growth  end

hailgrowth against = for natural and suppressad cases

suppression of growth on hailstone parameters, such
as hailstone density, embryo radius and concentration of
ice. The important result of the model is that the growth
of the hailstone is affected by sezding right from the
nucleus stage and detects the parameters responsible to
bring about this change. Those aspects of suppression
relating to size. density and concentration of ice in this
model are different from the other studies and shows
that the mathematical model provides a far better under-
standing of the technique to suppress the growth of
hailstone. This claim is supported by graphs based on
realistic data. The conclusions obtained in this papar
will be of use in the study of seeding methods especi-
ally in the Indian context.

2. Mathematica! formulation and solution

The hailgrowth model developed by the authors
(Banerji et al. 1989) involves a two-stage growth
procedure of subsequent dry and wet phased. Growth
of the hailstone as perthe model isenvisaged. to begin
from a central nucleus, the embryo, which has radius
R,and concentration C,. The hailstone grows spherically
through its first phase which is a dry growth phase. This
indicates that the entire quantity of water that has been
accreted freezes. The dry growth continues as long as the
concentration of ice particles is more than the critical
concentration. Hygroscopic seeding is assumed to be
applied at the beginning of this phase of dry growth.

During the subsequent phase of wet growth. the
entire quantity of water collected does not [reeze
immediately. It is soaked into the previously acquired
porous rime or is accumulated on the surface, which

on freezing, produces hard dense hailstones compatible
with samples collected at the surface.

For the collection of ice in the first phase of dry
growth, the concentration equation is expressed as :

eC, K ¢ . 6C,
T [r”—?,f]. Ry<r<R, (1)

et ortoer
where,

C;= Concentration
phase of growth,

of ice of the huilstone in first
K — Bulk density of particle,
R, = Radius of embryo,
R, — Final radius of the first phase.
r Radial, coordinate.
1 == Time.

The concentration equation in the second phase of
wet growth is given by :

£C, ¥ [..s ' €C,

'_(“, s Y ~ ) . (2)
_R2

where, C,—Concentration of ice of the hailstone in the

second phase of growth,

and P-= Rate of collection of ice.
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variations of concentration with =

B

MODEL ON THE SUPPRESSION OF HAILGROWTH

|
In
NATURAL GROWTH 90+ X 6sr e k
SUPPAESSED GROWTH Y ‘ gl S AL
Gop — == - MATURAL GROWTH kY 0 :T X
~—= SUPPRESSED GROWTH
0k 07k
ll. [ ]
60 A
v L] lI
G se \ )
\ \ \
\ 1]
“or r101 0 I' .
Vo ]
\ros) \
0f 0:h\ '
A
ANV \
. \\\
PN\
W\
~ [ros3N N\
-~ RN
5 N
X
S
75 30 : B ¢
Fig, 3. Variation of concentration (C;) with = in dry
phase at different radial distances

the hailstone is in the embryo stage.

Seeding of water droplets is initially applied when

The initial and boundary conditions are

t =0,r=Ro=R/ =R, C

Fig.4. Variation of _concen-
tration (Cy) with = in
wet

_ phase at different
radial distances

where,
A = Local rate of volume loss per unit volume per
i unit time.
Cy+ D, (3) On solving Eqns. (1)
t=0,r=R,, dCy  dCy D (4) less form,
dr dr
r = Ry, Cij = ('“
iC,,
=Ry gt =0

region is given by :

- 7 SR?

(7)
where, §-=Normal rate of hailstone growth per unit vo-
lume per unit time.

hailstone is given by
u

:JT'( g— 'rrR:)= ;-‘rrSR:; 3
4
+(S-— A)*:;*WR.?

(6)
The rate of growth of hailstone in the first phase of dry

In the second phase of wet region the growth rate of

a3

Cp -

where,

(8)

and

the

and (2) analytically under
conditions (3) -(6) and writing the terms in dimension-

where,

ice concentration in first and second
phases, C; and C, are expressed respectively as
og=¢exp(—a1).[oy(oy03)+ 04]/ 0

(9)
o] = og\ .rzcr,’K + D¢,

o, =&V o cos Ve £ —2sin Vo g,

o3 = &3V 0 cOs A T (£— &) + sin /o (£ — &)
oy = Dg; sin y/a ¢

= ¢to Vaa [ K (& \.f"':; cos Vo & — siny/o &)

aq & [og + 0;]/ €[ 05 -+ 04

(10)

o5 = Va—P cos [ Vo (a—P)]a (£—)]
O = '\/rT,‘c:!" £, sin| \"{aTa- -VPV)Z”(: (¢— &)
0s =V a—P cos[ o (ad—P)[a (£&—¢,)]
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Fig. 5. Variation of concentration against = for
different embryo radii (R,)

and

og=\ ajo ] Esin[yo(a—P)a(é —&)]
og. Oy @ £, €y, £a. 7o o are dimensionless forms of
Cy C,, C, 1y, Ry, Ry, 1 and a respectively.

Solving Eqns. (7) and (8) using conditions (3) - (6)
the dry as well as the wet growth of hailstone in dimen-
sionless form are expressed respectively as

E1=§&exp(7/3) (1n
and
E,=(A/S) £3exp (7) EP(1—5/A)
exp (1 AlLSYya) (12)

3. Results and discussions

The ice concentration ol hailstone in the dry phase, C.
and in the wet phase, C, as well asthe growth pattern
of the hailsone in both the phases after hygroscopic
seeding are given in Eqns. (9), (10}, (11) and (12) respecti-
vely. The model lends support to the possibility ol seeding
on the embryo of the hailstone in the preliminary stage of
growth (Fig. 1). The concentration of the embryo s

0 ] 2
T

Fig. 6. Variation of concentration C with = for different
densities (K)

assumed to be constant due to its extremely small
dimensions, viz., C, 5E dm—* . Three sizes of
embryos have been considered, viz.. of radii 0.10 cm,
0.20 cm and 0.25 cm. The value of the embryo density is
taken to be 0.91 gm/cm* and 0.41 gm /em?® according
to Xu (1983) and the critical concentration Cis fixed at 1,
The value of the constant 3 — A/S is arbitrarily chosen
at 0.5. Figs. 2 & 3 reveal that cloud seeding at embryonic
stage of hailstone considerably reduces the initial
concentration of the seeded stone. Table 1 clearly
elucidates a comparison of variation of ice concentrations
in both seeded and unseeded cases of hailstone growth.
The successful application of seeding at the initial
stage of growth is revealed by the marked decreasein
concentration from 500 to 47.71. The ice concentration
in both phases are considerably reduced at different radial
distances from the embryo (Figs. 3 & 4). In other words,
the water content of the hailstone can be assumed to
increase following the sceding operation. From above it
can be suggested that precipitation particles can be
induced to develop earlier in the life of the storm cloud
with precipitation on the ground possibly occurring
sooner than in unseeded cases.  This is in conformity
with experimental results obtained by Farley (1987).
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Fig. 7. A comparison between natural and suppressed hailstone growth

TABLE 1 TABLE 2

Variation of ice concentration in dry phase with » at different radial
distances in the cases of seeded and unseeded hailstone growth for

Variation of concentration with - for different densitics (K) for
constant values of a—1, §=0.1, o, _500. K -0.91, 1 1

constant values of £, —0. 1, D=

od i K od 7 K 94
P |‘.| — . . o A ~u g .
Unseeded Seeded
0 0.9] 47.71 2 0.91 6.46
0 0.1 200 47.71 0.4 121.97 0.41 16.51
0.2 245,36 24,27 1 0.91 17.55 3 0.91 2.38
0.3 172,47 16.46 0.41 44,87 0.41 6.07
0.4 131.54 12.55
I 0.1 183.94 17.55
.4 o .54 In order to study the correlations between suppression

and embryo radius and suppression and density, the
0.3 48.39 6.06 model is tested for different values of radii and density,
Fig. 5 reveals an exponential variation of embryo

radius with seeding, It is found that embryos of smallier
2 0.1 67.67 6.46 radius are more responsive to effects of suppression
than larger embryos, Density is inversely proportional

0.4 33.33 1.62

).2 34.42 20
‘ b2 320 to the concentration of ice as shown in Table 2. Density
0.3 25.20 2.23 of the growing hailstone bears a direct proportionality
0.4 17 80 170 with seeding. Fig. 7 exhibits that with denser hailstones
= the degree of suppression is far higher than in less dense
3 0.1 24.89 2.38 hailstone. The growth pattern in Fig. 7 reveals a break at
0.2 1266 1.2 the boundary of dry and wet phase. It has been observed
o3 - ko that the growth of the hailstone jn the case of hygroscopic

02 seeding is much less than in the unseeded case. Though
0.4 4.51 0.65 initial growth of the dry phase in both seeded and
unseeded cases are the same, the wet growth stage beoing
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much earlier in the case of suppressed growth.
This conforms to the experimental results obtained by
Dennis & Musil (1973) and others.

Thus, it can be concluded that hygroscopic seeding
by water droplets onto the embryonic stage of hailstone
is an important device to suppress the hailgrowth. The
constraint of the model is that it has assumed the
hailstone to grow in spherical shapes only w hich 1s
not true in real situations.
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