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Abstract

It is shown that charges may be separated in large cumuli as a result of negative charging of
growing ice particles by collision with supercooled droplets. The magnitude of the effect has
been calculated and it has been shown that charges comparable to those involved in thunder-
storms can develop, providing the water content and updraught velocity in a cloud are high.
The hypotheses lead to conclusions which agree, qualitatively and quantitatively, with the

known physical characteristics of thunderclouds.

1. Introduction

The generation of the large electric charges
in thunderstorm clouds has been the subject
of many theoretical and experimental investiga~
tions. Although several theories have been
advanced to explain thunderstorm charge-
generation processes, most of these theories
were expressed only in qualitative form and
all seem unsatisfactory when examined quan-
titatively. In a recent review MAasoN (1953 a)
has outlined and discussed the classicial theories
of charge generation and has also described
the main physical features of a thunderstorm
as deduced trom the observations of Byers,
Braham, Chapman, Gunn, Kuettner, Malan,
Reynolds, Schonland, Simpson, Wilson, Work-
man, and others. The more important of
these features are as follows.

(1) The average electrical moment destroyed
in a lighting flash is about 110 coulomb
kilometres and the electrical charge involved
is 20 to 30 coulombs.

(2) Lightning flashes occur at average in-
tervals of about 20 seconds, so that the current
dissipated and the charging current are of
the order of 1 amp.

(3) A thundercloud has a bipolar electrical
structure, the upper positive charge bcing
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centred in the vicinity of the —30° C isotherm,
and the lower negative charge centred in
the vicinity of the —8°C isotherm. A subsid-
jary and smaller charge (about 4 coulombs)
may also be found below the 0° C isotherm.

(4) The first Jightning flash appears within
12 to 20 minutes of the appearance of precipita-
tion particles large enough to be detected by
radar.

(s) It is probably necessary for the cloud
base to be warmer than 0° C and for the to
of the radar echo from the cloud to approacﬁ
the —30° C level.

(6) An incipient thundercloud is charac-
terized througgout its volume by updraughts
averaging 7 m sec~! but values of 15 m sec?
have been frequently found.

(7) The average duration of precipitation
and electrical activity is about 30 minutes.

In a subsequent paper MasoN (1953 b) out-
lined a theory for charge generation associated
with graupel formation, and showed that
charges of the order of 500 coulombs could
be separated during the later stages of growth
of large ice particles, when the particle radii
approached 1 cm. Although the mechanism
described may undoubtedly give rise to large
charges it does not seem sufficient for the
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following reasons to account for most occur-
rences of thunderstorms.

(1) As Mason himself points out, hail-
stones of radius I cm or more are probably
not a normal feature of thunderstorms.

(2) The volume distribution of particles
computed by Mason, and their associated
charges, must give rise to very high values for
precipitation intensity and precipitation current
density — of order 2 mm sec—! and 2 x 10-10
amp cm~—2, respectively. Both values appear
excessive: a precipitation rate of 100 mm
per hour is unusual, while CrHALMERs and
LitTie (1939) have reported one occurrence
of a precipitation current of 7 x 10-!2 amp
cm~2 during a hailstorm as a very unusual
event.

In the present paper a different approach has
been adopted, based on actual observations of
natural cloud element electrification. The
charge-separation process postulated is similar
to that assumed ﬁy Mason, but it will be
shown that large charges can be separated
without the formation of giant hailstones.

2. The mechanism of electrification

Experiments by FINDEISEN (1940), WORK-
MAN and REYNOLDs (1948) and several other
workers show that the freezing of supercooled
water is accompanied by electric charge sep-
aration. It now seems certain that the im-
pingement and freezing of supercooled droplets
on an ice surface results in a negative charge
being acquired by the collecting surface.
The balancing positive charge is presumably
carried away, either by the surrounding air
or by minute droplets. From experiments in
natural supercooled cloud, Luebper (1951)
concluded that the charge received by the
collecting ice surface increased in direct pro-
portion to the volume of supercooled water
collected until it reached a limiting value
determined by the surface potential gradient.
The charge was given by Lueder as -o.2
coulombs (-6 x 108 e.s.u.) per cm?® of super-
cooled water collected, and the limiting
surface potential gradient was approximately
700 volts cm~1.

Experimental measurements of cloud ele-
ment electrification carried out on a moun-
tain top (TwoMEY, 1956) showed that
cloud droplets were normally positive, the
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mean charge being approximately 10-? d2
es.u. (where d was the droplet diameter in
microns). When ice crystals were present,
however, many of the cloud elements carried
negative charges, and it was found that the
surface potential gradient, calculated on the
assumption that the particles were spherical,
appeared to have an upper limit close to 700
volts cm~1. This suggested that the negative
charges arose as a result of collisions between
ice particles and supercooled cloud droplets
and that charging ceased when the surface
potential gradient attained a value near 700
V cm-1. It should be noted that, on the basis
of a charge of 0.2 coulombs (6 x 10® es.u.)
per cm?, the collection of a supercooled
droplet of radius 1 micron is more than suffi-
cient to charge a 300 micron particle to the
limiting charge determined by the restriction
of the surface potential gradient to 700 V cm-1.

3. Assumptions

In order to compute the charge separation
which may occur 1n a cumulus cloud by the
mechanism described, the following assump-
tions have been made.

(1) In an ascending parcel of air, the num-
ber of ice crystals which have appeared in
the parcel when it has been cooled to a tem-

erature — T° C is the same as the number of
?reezing nuclei active at that temperature.

(2) The freezing nucleus spectrum is such
that a tenfold increase occurs in the number
of effective nuclei for each temperature in-
crement of —4° C. This assumption gives a
spectrum close to experimentally observed
values (B1Ge, private communication). Hence
if the lapse rate in a cloud is y° C cm-1,
the number of nuclei active at or below a
height z above the o° C isotherm is

N(z)=Ae? (1)

where « = 0.25 ¥ In 10. The number A is a
function of the concentration of freezing
nuclei. On the average about 1 nucleus per
litre s found at —20° C; under such conditions
A has the value 10-%. However, although the
shape of the freezing nucleus spectrum does
not vary greatly, concentrations often vary
enormously from day to day. Hence A may
take values ranging from about 10-7 to 10-9,
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and occasionally may be even as low as 10-10
or as high as 1o0-%.

(3) The vapour pressure in that part of the
cloud between the 0° C isotherm and the
level at which complete glaciation of the
cloud occurs (i.e. above which the liquid
phase is absent) is the equilibrium vapour
pressure above water. The supersaturation
with respect to ice at level z, expressed in
degrees C, is then approximately T/10 at
temperature ~'T° C giving for the supersa-
turation

Z,
S=y5 C (2)

(4) A simplified equation for the growth of
spherical ice particles by sublimation has been
dirived from that given by Squires (1952,
p. 64) for the growth of cloud droplets by

condensation. The equation used is as follows:

dr
TR 4% 1078S (3)

(r = radius of spherical ice particle in cm,
t = time in seconds, S = supersaturation in
degrees C with respect to ice).

(s) The particles are assumed to obey Stokes’
Law, so that the free fall velocity is

u=kr® cm sec™! (4)

where k is approximately 1.2 x 104 cm~!sec~1.
Temperature variations of viscosity and den-
sity have been neglected.

(6) A uniform updraught of I ¢cm sec=*and
a uniform lapse rate y=§%x1075°C cm-1! is
taken to exist throughout the cloud.

(7) The collision of a supercooled droplet of
volume v cm?® with an ice particle is capable
of imparting a charge of 6 v x 10® es.u. to
the particle, but the charge which can be
imparted to a particle of radius r has a maxi-
mum value of 7/3 r® es.u., this being the
charge which produces a surface potential
gradient of 7/3 es.u. (700 V cm~Y).

(8) Charging ceases when no supercooled
drolplets are available or when the ice particle
melts or acquires a covering of unfrozen
water.

Although the above assumptions represent a
much simpler model than is found in nature,
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they do not scem likely to introduce any
gross errors in the final deductions.

4. The growth of ice particles

Ice particles grow in cloud by two distinct
mechanisms:  firstly by sublimation (i.e.
diffusion of water vapour from the super-
saturated environment) and secondly, by
collection of water droplets and ice particles.
From equation (2) the rate of increase of
volume by sublimation is seen to be given by

<j—':> = 167 x 10~ 88r.

Growth by collection of smaller ice particles
and water droplets is given approximately by

(‘%) = kEw 4.

(w. = water content of cloud, including li-
quid and solid phases, and

E = collection efficiency)

dv
dt). kEw,r?

dv\ 16 x 10788’
dt /)

Substituting values for typical cloud conditions
with w, = 1 g m~3 and § = 2° C this ratio is
found to become unity when the radius
approaches 100 . Smaller particles grow
mainly by sublimation, while farger particles
grow mainly by accretion.

If accretion is neglected, the equations of
motion for an ice particle above the o°C
isotherm can readily be solved. By combining
equations (2), (3) and (4), one obtains

Hence

— = —w?Zz

dr?

where w = (8k x 107%)Y2 ~ 7 x 1074 sec™.
The solution of this equation is

z=Z sin (wt+¢)
from which . (s)

r=k- 12V~ @Z cos (wt+ ¢)}?
Tellus IX (1957), 3
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If the ice particle came into existence at a height
¢ at time ¢ = o, the constants become

—tan-1 %
@ =tan v

Z ={ cosec ¢.

(Here, and everywhere in the subsequent
discussion, height is measured from the 0° C
isotherm.) Equation (5) describes the trajectory
and time dependence of radius for an ice
particle growing by diffusion alone; it is not,
of course, applicable for negative values of z
or {.

The probability of a particle undergoing a
collision with a cloud droplet between t and ¢
+ At is readily found to be

p(t) At = mkENrt At

where N is the number of cloud droplets per
unit volume and E the corresponding collec-
tion efficiency. Hence the probability of a
particle originating at time ¢ = o undergoing
at least one collision within a time ¢ is given by

’
—nk [ENrtdt

P(fy=1-¢ ¢ (6)

The quantity P(f) represents that fraction of
the total number of particles originating at
time ¢ = o which have undergone one or
more collisions at time . The exponent in the
expression for P(t) is a function of the height
at which the particle originated and also of
the supersaturation and other cloud param-
eters. However when P(f) was evaluated
for several sets of values of the various param-
eters it was found that the timer which gave
P(t) = 0.5 did not vary greatly, ranging from
about so to 70 seconds; in this time the
particle grew to about 30 microns radius.
The calculations were made assuming growth
from zero radius at ¢ = o.

5. The collection of charge by growing
ice particles

As indicated earlier, the assumptions made
concerning the charging mechanism imply
that the collection of a single cloud droplet is
capable of imparting the maximum charge
to all but the largest ice particles. Hence when
a growing particle experiences the first collision
Tellus IX (1957), 3
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with a cloud droplet (which occurs in the
average some 60 seconds after its formation) it
will acquire the maximum charge, which 1s a
function of particle radius. Thereafter frequent
collisions will occur, which are potentially
capable of separating relatively large charges;
the actual charge imparted, however, is lim-
mited by the restriction that the charge
carried by a particle of radius r shall not
exceed 7/3 r? es.u. Consequently once a
particle has undergone its first collision the
charge carried will be determined by the
particle radius. Hence for r > 30 p, the
charge is taken as

(72)

g~ —2.337%esu.

d d
d_f= -4.66x7:. (7b)

and

If a rising parcel of cloud air of unit volume
at level z is considered, A e*= ice crystals have
formed during the ascent from the o°C
isotherm; the particles originating at lower
levels have grown and fallen from the parcel,
but have been replaced by an approximately
equal number faﬁing into the parcel from
above. Thus there are approximately A e**
ice particles per unit volume at level z and
those particles which have been in existence
for a time 7 or more have undergone several
collisions with supercooled droplets and there-
fore carry charges the magnitude of which
are given by equation (7a). The number of
such particles is clearly the total number of
particles formed when the rising air parcel
was at a height z —vV. The charging rate for
such a particle is given by equation (7b).
Combining these results with equations (2)
and (3), one finds that the total charging rate
Fcr unit volume of ascending cloud air at
evel zis given by

%2 =Ae*E-"V) % 4.66 (4 x 10799) z

~2 X 1078y Azex(z-7V),

But the parcel is ascending at velocity V,
hence

~atV =z

Q=2x10"8yilf [ ze*dz
|4 (1%
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Fig. 1. Graph showing the variation of the function I (z) with height (z). I(2) re-
presents the current flowing at or below the glaciation level z,; for z < z,
the current is constant and equal to I(z,).

and
g4

Q(®)~2x10 Vo

(aze*z — e2)
providing z>1V.

Therefore the current per unit area being
carried by the cloud air at level z is foun
to be :

i(z) =2 x 10~ %y Aa~*(aze** — e*%)e.s.u. cm ™2,
(8)

This function converted to amps km~2 has
been plotted in fig. 1. If at some level zy
charging of the ice particles ceases, the charged
ice particles rapidly fall out and the ascending
parcel of air is left with a positive charge
which is carried aloft and is equivalent to a
current i(zu). It is clear from equation (8)
that this current depends critically on za,
and accordingly it is necessary to determine
the value of zj from the initial assumptions.

6. Evulation of the glaciation level

On the basis of the charging mechanism
which is being considered, charge separation
in a rising parcel of cloud air will cease when
liquid droplets are no longer present, i.e. when
complete glaciation of the cloud occurs.
Supercooled water droplets have been observed
in cumulus clouds at temperatures as low as

- 40° C, while complete glaciation has occa-
sionally been reported at temperatures as
high as -15°C. It may be said that the
temperature of complete glaciation ranges
from -15°C to —40°C, and is most fre-
quently around -30°C. However, it does
not seem desirable to use these experimental
data to determine what value of z is to be
substituted in equation (8) to obtain the
maximum current density; it is preferable to
calculate this level on the basis of the assump-
tions which led to equation (8). This approach
has a twofold advantage in that it permits
the evaluation to be completed in a self-
contained form and also in that the results of a
mathematical evaluation of the glaciation
level can be compared with the results of
observations, thus providing an independent
test of the validity of the assumptions made.

In order to determine the glaciation level,
it is necessary to compute the total mass of
ice per unit volume in a rising parcel of cloud
air; complete glaciation is taken to occur at
the level at which the mass of ice per unit
volume is equal to the mass of available water
per unit volume.

Substitution of dm = 4mridr

and dz = Vit

in equations (2) and (3) gives, for an ice
Tellus IX (1957), 3
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Fig. 2. Graph showing variation of computed ice content with height (z) for

values of updraught velocity V from 0.2 m sec! to 20 m sec~!, and A=10"8

(i.e. 1 freezing nucleus per litre active at — 20° C).

farticle originating at a height { and growing
rom zero radius,

dm

Hence

(167 10~% V-1) rzdz

3
i

(16 x 10~ V1) fzrzdz,
g
Also
rdr = 4 x 10-% V-1zdz,
whence
12 =4 x 10" V-1(22-(9)
and
jzrzdz = (4 X 10—9yV—1)1/2fz2(z2 . 52)1/2dz
4 4
—-=§(4 X 1079y 1)12 (22 — [2)8/2,

Thus the mass at a height z of a particle which
originated with zero radius at level ¢ is given by

- /
e ) N

But the number of particles originating per
unit volume between ¢ and ¢ +dC is Axe*d?,
from which one finds the total mass per
unit volume at level = to be

u(z) = 5? < Io;”?) 3/2/1« f ext(z2 - 2)3i2dr. (o)

The integral here is to be evaluated with 2
held constant and ¢ as the variable of integra-
tion. If this integral is denoted by I(2),

1(2) =07 e (22 = {)3ind]

= %4 e 12 (1 - x)32dx
0
r=0a
_Z {(“z)' /le/s -0 (g - x)a,lza’x}

2 rl

r=0

2 z’“ (2, 3),
2 r! 272
r=0
CZ
where x = g and B(p, q) is the complete
1
Beta~function fyr-1(1~y)e-!dy. When this
0
result is substituted in equation (9), one obtains

_ 167 f10-8y\32
,u(z)——T( V) Az

(=2) & <’_t_1 z)

7! ’

=00
. 10
5 (10)
r=0
Using the Jast result, the mass of ice per unit
volume as a function of height has been cal-
Tellus IX (1957). 3



390

culated; the variation of computed mass with
height is shown in fig. 2. According to equation
(10), the mass per unit volume of ice is in
direct proportion to the concentration of
freezing nuclei. Hence if the freezing nucleus
spectrum is such that there are 1o nuclei per
litre active at —20° C, the masses given in
fig. 2 should be multiplied by 10, while for
10! nuclei per litre active at —20° C the
masses shouldP be divided by r10.

Under adiabatic conditions most of the
water vapour in an ascending parcel of air
condenses to liquid water in the first few km
above the condensation level. Hence at higher
levels in a cloud the amount of available
water is determined mainly by the water
vapour content (mixing ratio) of the air at
cloud base. This in turn is determined pri-
marily by the cloud base temperature; in
warm moist air up to 12 g m~2 may be available
and in cold dry air only 2 g m—3. It hashowever
been found that the measured liquid water
content in cumulus clouds is only a fraction
of the adiabatic value. The observations of
WARNER (1955) showed that at the higher
levels in cumuli about 3 km deep the liquid
water content was about one-fifth of the
adiabatic value. If this holds in the case of
large cumuli, the available water in the upper
parts of such clouds might better be taken as
ranging from 0.4 g m=3to 2.5 g m~3.

The glaciation level has been computed for
several values of ¥/, A and available water
content w,, and the results are set out in table 1.
A lapse rate of § x 107%°C cm~1 has been
assumed here and in all other computations
involving lapse rate.

From table 1 it is seen that the computed
glaciation levels agree well with observational
results; the table shows that the computed
glaciation level may range from 3.75 km
(-18.75° C), for small updraught, low water
content and high freezing nucleus concentra-
tion, to 8.4 km (- 42° C) for large updraught
and water content and low {reezing nucleus
concentrations.

From equations (8) and (10) it folows that
both current and ice content at any height are
directly proportional to A (which determines
freezing nucleus concentration), which implies
that an increase in A results in an increase in
current at any given height, but also results
in a lowering of the glaciation level. The
Tellus IX (1957). 3
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Table 1. Computed values for glaciation level

(km above 0° C isotherm

(a) 4 =107® cm™® (1 freezing nucleus per litre
effective at — 20°C)

w, (g m—3

V (m sec—1) (g )
0.4 I 1.0 I 2.0 40 | 10,0
0.2 445 | 4751 495 | 52 545
1.0 52 35 575 | 595 | 6-25
3.0 575 | 6.05 | 6.25 | 6.5 6.75
8.0 6.2 6.5 6.7 6.95 | 7.25
20.0 6.6 6.95 | 7.15 | 6.4 7.7

(b) 4 =10"7 cm™® (10 freezing nuclei per litre
effective at — 20° C)
w (g m~3)
V (m sec™!) (8

0.4 | 1.0 | 2.0 | 4.0 | 100
0.2 375 ] 405 | 425 | 445 475
1.0 445 ] 48 | 50 | 52 |55
3.0 50 | 53 | 555 575 | 605
8.0 545 | 5.8 6.0 6.2 6.5
20.0 5.9 6.2 6.4 6.6 6.95

(¢) 4 =10"" cm~3 (0.1 freezing nucleus per litre
effective at — 20° C)

w {gm~3?
V(msec™?) (e )
0.4 | 1.0 2.0 ‘ 40 | 10.0
5.2 5.2 545 | 5-7 59 6.2
1.0 5.95 | 6.25 | 6.45 | 6.7 7.0
3.0 6.5 6.75 7-0 7.2 7.5
8.0 6.95 [ 725 | 745 7:65 | 7-95
20.0 6.4 7.7 7.9 8.1 8.4

latter gives the value zy which must be used
to determine the maximum current i3 from
equation (8), so that the maximum current
does not vary appreciably with A, but the
level at which it 1s attained is lowered signifi-
cantly as A increases. For example, if the
updraught and water content are taken as
3 msec ! and 2 g m~3 respectively, the glacia-
tion level increases from s.5s km for A = 10~7
to 7.0 km for A = 1079, but the resulting
change in iy is insignificant - from 4.5 x
10-2 amp km=2? to 5 x 1072 amp km~2
The variation of liquid water content with
height is very slow several km above cloud
base and can be ignored. The above considc-
rations imply that maximum charge separa-
tion can occur in smaller clouds if the freezing
nucleus concentration is high.
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Table 2. Current at glaciation level (amp km~?)
for several values of V and »,

w -3
V (m sec™?) (g m™)
0.4 | 1.0 2.0 l 4.0 | 10.0
0.2 0.00018| 0.00045! 0.00085} 0.0018/0.004
1.0 0.0018 |o0.005 |o.01 0.018 [0.05
3.9 0.01 0.025 |0.05 0.10 |[0.20
8.0 0.04 o.10 0.18 0.40 |[1.0
20.0 0.13 0.40 0.70 1.7 4.0

In table 2, the maximum current density
has been tabulated for several values of up-
draught velocity V' and available water con-
tent w,. It will be noticed that current densities
sufficient to provide the charging rate of about
1 amp required in thunderclouds are given
by the higher values of updraught velocity
and available water content. For example if
the available water content is 4.0 g m=3, a
current of 1 amp is provided by an updraught
of 3 m sec~! extending over 10 km?, or an
updraught of about 15 m sec~! over an area
of 1 km?

7. Electrical moment separation
On the basis of the theory described, charge

separation commences as soon as the ice
crystals begin to form in a growing cumulus,
but does not become significant until the
top of the cloud is s—6 km above the o° C
isotherm (i.e. until the cloud top temperature
is -25°C to -30°C). Thereafter rapid
charge separation occurs and within 10—20
minutes several thousands of coulombs may
have been separated. Much of this charge,
however, may be located in that part of the
cloud where the positive charge on the air is
largely balanced by the presence of negatively
charged ice particles. It is readily seen that
settling of the growing ice particles leads to
a bipolar charge distribution of the correct
sign, and the resulting electrical moment
separation can be estimated by considering
the falling velocity of the ice particles. In
10 minutes ice particles can grow by sublima-
tion alone to a radius of order 100, so
that the falling velocity of the particles as
given by Stokes’ Law is of order 1.3 metres
per second. If for example a total charge of
2,500 coulombs has been generated, one ob-
tains for the moment separation a value of
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about 3.25 coulomb kilometres per second.
Thus the 110 coulomb km destroyed in an
average lightning flash is separated in about
one half-minute.

8. The charge on precipitation and the
distribution of negative charge

If the liquid droplets in the warmer parts
of the cloud carry positive charges ofP the
order of 4 x 107! a2 es.u. (a = cloud droplet
radius in cm), as was found in experimental
observations, the negative charge acquired by
a growing ice particle in the upper part of
the cloud will tend to be neutralfi)zed when it
settles into the lower parts of the cloud.
Once an ice particle has melted or acquired a
liquid covering (LubLaM, 1950), the negative
charging process will cease and the tgalling
particle will commence to acquire a positive
charge by collection of positive cloud droplets.
Of for example an ice particle melts at radius r,
while carrying the postulated maximum
charge of ~2.33 74? e.s.u., and falls through a
cloud containing 200 droplets per cm? of
radius 10 g, which carry positive charges of
order 4 x 107 es.u,, it can readily be shown
that the charge originally carried by the ice
particle will be neutralized in a fall of about
0.1 km.

It follows from the above considerations
that the final charges on precipitation elements
depend on the electrification of the cloud
droplets near cloud base and bear little relation
to the main charge-separation process. In
fact either positive or negative charges may be
found on precipitation. A more important
consequence is that the many thousands of
coulombs involved in thunderstorm processes
need not be removed from the cloud itself
by precipitation: if the negative particles be-
come neutralized by collection of positively
charged cloud droplets, the negative charge
on the cloud air, which originally was balanced
by ﬁwositivc charges carried by the cloud
droplets, becomes “exposed” so that a nega-
tive charge is acquired by the cloud air near
the 0° C isotherm. This negative charge will
be carried up with the rising air, hence the
negative charge centre should extend up from
the 0° C isotherm. MaLAN and SCHONLAND
(19512, 1951b) reported that thenegative
charge involved in a lightning flash to earth

Tellus IX (1957), 3
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was contained in a vertical column up to 6
km deep and that successive strokes tapped
higher and higher regions of the negative
column. These observations are consistent with
the negative charge distribution suggested.

9. Discussion

Before discussing the conclusions to which
the development of the initial assumptions
have led, it is desirable to refer to the effect of
varying the parameters which have been
treated as constants. It is found that the most
critical assumptions are those involving the
growth equations of ice particles and the
freezing nucleus spectrum.

The numerical factor 4 x 108 in equation
(3) is not in fact a true constant. It decreases
with decreasing temperature (SQuires, loc.
cit.), so that the growth rate at higher levels
may have been overestimated. However,
the departure of the particles from sphericity
and the contribution of accretion to the growth
rate would tend to have the opposite effect,
and these factors also have not been taken into
account. It is probable that the best test of
the assumptions made concerning growth
rate is obtained by comparing the computed
glaciation levels with the results of observa-
tions. The close agreement found suggests
that the growth equation adopted was a fair
approximation.

The shape of the natural freezing nu-
cleus spectrum is not constant, so that the
quantity o is also likely to vary in nature.
The assumed value of « was 2.88 x 1079,
which corresponded to a logarithmic freezing
nucleus-temperature specttum such that the
total number of effective nuclei increased by a
factor of ten for a temperature decrement
of 4°C. Experimental observations suggest
that the temperature interval so designated
may on occasions range from 2°C to 6° C,
i.e. « may range from 5.75 x 107% to 1.92 x
10~%. When the effect of varying the value of &
is calculated, it is found that the maximum
current i(zp) is almost independent of «,
whereas the glaciation level (zp) varies
markedly with «. For example, table 1 shows
that for w, in the range 0.4-100 g m=3
and V in the range 0.2 —20 m sec™!, & = 2.88
x 107%and A = 10-8, the computed glaciation
level ranged from 4.45 to 7.7 km. If the above
extreme values of a are employed, one finds
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the range of zp to be 2.6 -4.2 km for « =
5.75 x 1075 and 6.2 —10.8 km for « = 1.92 x
1075 It is seen that the computed values for
the glaciation level are still feasible, while
the maximum currents are not appreciably
altered. It follows that the conclusions which
have been reached are not drastically modified
by altering the value of «, within the bounds
of its observed variations.

On the basis of the initial assumptions, which
were largely based on experimental evidence,
a model has been set up for a thunderstorm
cell. This has been shown to lead to certain
conclusions, of which the more important
are repeated below.

(1) In a large cumulus extending well
above freezing level, large electric charges
can be scparated as a result of the collection
of supercooled droplets by growing ice par-
ticles.

(2) The resulting charge distribution is
such that a positive charge is accumulated in
the upper part of the cloud, with a lower
negative charge extending from just below
the 0° C isotherm to several km above.

(3) The upper charge in average conditions
will mainly be centred 6 km to 7 km above
freezing level (i.e. between the —30°C and
the —35° C levels).

(4) The rate of charge separation increases
rapidly with increasing height above freezing
level but ceases when the glaciation level 1s
reached. The current therefore attains a2 maxi-
mum just below glaciation level.

(s) The maximum current density in-
creases with increasing updraught velocity
and water content, the computed values
ranging from 0.0018 amp km-2? for an up-
draught of 0.2 metres per second and a water
content of 0.4 g m~2 to 4 amp km~2 for an
updraught of 20 metres per second and a
water content of 10 g m~3. This dependence
on updraught and water content implies
that vigorous cumuli, the bases of which ex-
tend well below the 0° C isotherm, are the
most likely to become thunderclouds.

(6) The level at which current reaches its
maximum value depends on the freezing
nucleus concentration (assuming a one-to-one
correspondence between freezing nuclei and
ice crystals). The cloud must penetrate to this
level to achieve maximum electrical activity;
this critical level becomes lower as freezing
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nucleus concentration increases, being lower
by about 1.5 km for a hundredfold increase
in nucleus concentration. This suggests that
in otherwise similar conditions thunderstorms
are more likely to occur when the freezing
nucleus concentration is high.

(7) The level to which a cloud must pe-
netrate in order to realize its maximum
electrical activity is under average conditions,
6—7 km (-30°C to -35°C).

Despite the simplifications made in develop-
ing the theory, it is seen that the above con-
clusions agree well with the main known
physical features of a thunderstorm as given
by MasoN (1953 a) and summarized in the
introductory paragraph. The close agreement
between the computed glaciation level and
the results of observations suggest that the
assumptions made were not grossly in error.
The suggested dependence of minimum cloud
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top height for maximum electrical activity
on freezing nucleus concentration, and the
consequent implication that thunderstorms are
more likely when freezing nucleus concen-
trations are high, may provide a further test
of the validity of the hypotheses which have

been made.

10. Conclusions

It seems likely that charge separation during
the collection of supercooled water droplets
by growing ice particles plays an important
role in thunderstorm charge generation. It
has been shown that current densities of order
1 amp km~2% can be produced as a result of
the charging of ice particles in this fashion
and that the conditions necessary for the
generation of large charges are similar to
those which have been deduced from the
known properties of thunderstorms.
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