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Abstract 
When an ice-crystal impinges on the lower surface of a particle of hail or soft hail part of 

the charge induced by the electric field is transmitted to the ice-crystal. The relaxation time for 
the exchange of charge varies from a few milliseconds to about 1o-O seconds and is sufficiently 
short to enable this gain of charge. In a positive field the soft hail will therefore get a negative 
and the ice-crystal a positive charge. In an electric field E the final charge of a sphere with a 
radius R is e, = - 2.12 ERZ.  At temperatures between - 18' and - 26' the number of ice crystals 
is sufficient to allow a time constant of about 5 minutes, for the charging process. The charge 
per droplet and per g of water derived from this process are in good agreement with measure- 
ments of Ross Gunn. The growth of precipitate and the formation of strong electric fields can 
be brought into correspondence with the timing and development of thunderstorms. 

Introduction 

During the years 1937-1941 G. C. SIMPSON 
and collaborators [I] published the results of 
experimental investigations on the distribution 
of electricity in thunderclouds and the asso- 
ciated electric fields. Ths initiated a new era 
in our understanding of the origin of elec- 
tricity in thunderclouds. The observations 
made it clear that electrical charge coincides 
with certain regions of temperature. Negative 
charge is centered in regions of temperatures 
below freezing point. This region of negative 
charge is marked by the 0' to - 20' isotherms. 
The positive charge is about 2-3 kms hgher. 
It is roughly centered at the - 10' to -45' 
isotherms. A third and smaller region of 
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prevailing positive charge frequently, but not 
always, appears during thunderstorms between 
the +1o0 and 0' isotherms. The free charge 
in this region is considerably smaller averaging 
about 1/5  of those in the other two regions. 
The measurements of Simpson have subse- 
quently been extended by others. According 
to E. I. WORKMANN and E. S. REYNOLDS the 
centre of negative charge is between the o0 
and -25' isotherms, but mostly at -15'  
[2, p. 1391. 

The generation of electric space charge and 
electric fields is always associated with preci- 
pitation phenomena about which the following 
is known: It appears that a first precipitate can 
be formed in either the liquid or the solid state. 
Larger drops originate inside the cloud in a 
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temperature environment above the 0" iso- 
therm. According to BYERS [2, p. 631 the exam- 
ination of 66 radar-echos shows that larger 
drops appear-in the average-660 m above 
the 0" isotherm (i.e. at an altitude of about 
5,600 m), but in many cases only 300 m above 
the 0" isotherm, i.e. at temperatures of -4.0" 
to -2.5". According to WORKMANN and 
REYNOLDS [2, p. 1471 the first radar-echo is 
associated with the -21" to -24' isotherms, 
where it appears to be reflected by ice crystals. 

When the radar cloud reaches the -28" to 
- 29" isotherm a noticeable downward move- 
ment of the top of the cloud begins simul- 
taneously with precipitation resulting in the 
separation of electric charge [2, p. 1391. The 
radar-cloud of a specific thunderstorm-cell 
will sink with approximately the same vcloc- 
ity with which it grew (2.5-20 mjs). This 
marks the beginning of electrical discharges 
lasting 25-40 minutes. According to Byers, 
however, the first lightning-discharge is ob- 
served when the radar cloud passes the -20" 
or an even lower isotherm, 10-15 minutes 
after the appearance of the first radar-ccho. 
The investigation of 35 cases has shown that 
radar-clouds were growing at a mean rate of 
5.4 m/s, go cmjs less than that of the visible 
clouds. At a height of 6,000 m a down-drift 
velocity of 9ocm/s is reached by drops of 
about IOO p radius or by soft rime of about 
600 ,LA radius which are responsible for radar- 
echos from the top of the cloud. 16 minutes 
after the first radar-echo has occurred and a 
mean cloud height of ro ,~oo m (-36" iso- 
therm) has been reached the average down- 
drift-velocity of the top of the cloud is 
3.6 m/s. The downward current of air is 
propagated from the lower part of the cloud 
to the top in connection with the formation of 
precipitation. It therefore commences a short 
time after the first radar-echo has appeared. 
10-15 minutes later, when the first lightning 
discharge occurs the - 20'- - 28" isotherm 
is reached. The most frequently found width 
of that area in which the air flows downward 
is 1,500 m (with a maximum of 7,000 m). 
At an altitude of 7,800 m the mean down- 
drift-velocity is 6.7 m/s with a maximum of 
24 m/s (mean of 60 measurements) [3 p. 421. 

Simpson's measurements by meacs of 
soundings have given evidence on the ficld 
strength within the clouds: In wide regions 

it seldom exceeds some IOO V/cm. Measure- 
ments made by using aeroplanes [3 p. 801 
yielded values up to a little above 500 V/cm. 
Ross Gunn obtained a maximum gradient 
of 1,600 V/cm at an altitude of 3,900 ni, 
shortly before the plane was hit by lightning. 
This value refers to the unperturbed field [z p. 
1991. (The field was of course disturbed by 
the aeroplane, the actual measured value being 

The positive and the negative charge are 
by no means completely separated. According 
to Ross GUNN [2 p. 2001 in the region from 
about +14.7" to -10" both positive and 
negative drops are mixed. But there are also 
cells extending over 2 km containing uniform 
negative charge. In these mixed regions the 
effective density of space charge is consider- 
ably smaller than the space charge density 
resulting from the charge on single drops. 
Positive space charge prevails in the region 
between 6,000 m and 8,500 m where prectpi- 
tation with positive charge has been exclusively 
identified. 

The electric processes connected with thc 
formation of ice crystals have been investigated 
by W .  FINDHSEN, E. WALL, and R. ROSSMANN 
[4], H. LUEDER [ 5 ] ,  E. J. WORKMANN and 
S. E. REYNOLDS [2]. They have been critically 
examined by B. M. MASON [6 a]. During the 
formation of a rime layer a negative charge is 
acquired by the ice. This process is capable of 
generating the required quantity of charge 
(B. I. MASON [6 b]). It must be supposed 
that several electrical processes will occtir si- 
multaneously in a thundercloud. W e  shall 
now investigate the process taking place when 
rime and ice crystals come into contact and 
are again separated in an electric field. In the 
event of such a contact between rime and an 
ice crystal the crystal will slip off the ice grain 
after touching it for a short moment. At the 
same time the ice crystal removes part of the 
charge induced on the "bottom" of the ice 
grain by the electric field. In a positive field 
the small crystal will become positively 
charged, consequently leaving the bigger ice 
grain negatively charged. ELSTER and GEITEL 
discussed this mechanism for drops in 1913 [7]. 
In this manner a rain drop was to convey 
part of its induced charge to a cloud droplet. 
An air cushion between the drop and the 
droplet was to prevent coalescence of the two 

3,400 V/cm [z p. 1991.) 
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particles, and permit the positively charged 
droplet to recoil from the drop. The experi- 
mental investigation of T. E. W. SCHUMANN 
[8] proves, however, that the process of colli- 
sion between two liquid drops is different: 
Small droplets having a radius of less than 
180 ,u will coalesce with the raindrop. Larger 
droplets will travel through the raindrop and 
then disintegrate taking with them the charge 
induced on the  top. The process then ends 
with a charge of opposite sign to that assumed 
in Geitel’s and Elster’s theory. The raindrop 
wdl receive a positive charge. Thus the rain- 
drop weakens the existing positive field. 
Consequently this mechanism does not in- 
tensify the field and will itself slowly die out. 

We assume, therefore, that the crystals 
slip off the soft hail in the form of small 
plates of varying thickness, as dendrites or 
as small frozen droplets. This w d  not-or not 
alwavs-be the case with soft rime. at least 
not &hle the rime is s t i l l  developing a conical 
habit through little supercooled droplets loose- 
ly depositing on a star-shaped crystal (spec. 
weight about 0.1). Such forms of soft rime 
are found as well as soft hail. and later on we 
shall see that this is particularly significant. 

Rehation Time of the Charge-Exchange 
Process of Ice 

If charge is to flow from an ice grain to a 
small crystal of ice the latter must have a 
certain conductivity. The relaxation time of 
the exchange process must be shorter than the 
time of contact. This time is given by: 

Now ncithcr the dielectric constant E nor the 
conductivity 1c both of which vary with 
temperature, are defined values. Water always 
contains some imourities. This holds even for 
normally distilled’ water of a conductivity of 
about I x I O - ~  (Q cm)-l because of absorption 
of ammonia and carbondioxyde from the 
air. The lssolved substances are not “tightly” 
frozen. The ice is permeated by a network of 
very thin channels. In respect to its dielectric 
constant and its conductivitv it behaves as an 
inhomogeneous dielectric. ’Both properties 
depend strongly on the frequency. Table I 
shows some data taken from an investigation 
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of C. P. SMITH and C. P. HITCHCOCK [g]. 
The figures refer to ice obtained from water 
having a conductivity of 2 x 10-6 (Q cm)-’, 
at the applied frequencies given in the left- 
liand column. 
The relaxation time obtained by this method 
ranges from IO-~ to 10-6 s within the ranges of 
tern erature and frequency given above. 

from other experimental data. It is assumed 
that at the instant of contact between ice 
grain and ice crystal the electric phenomena 
in the dielectric are similar to those at hi h 
frequencies. The dielectric constant will t e 
determined by the relation E = 3 40 + 0.04 
(T+Io) ( T  in deg. Cent.). T h s  empirical 
relation was found by H. BROMMELS [IO] to 
hold for temperatures down to - 18” (“C), 
and the corresponding lowest value of 3 for 
the dielectric constant will be used later on. 
The D.C. conductivity of ice like that of other 
ionic conductors, e.g. quartz, calcite, rock salt 

T ! e relaxation time may also be obtained 

etc. is given by 
B log It = A  - -- 
To (2) 

-6 

-7 

-8 
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Fig. I .  Relation between conductivity of ice and tem- 
perature. 
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frequency 
kcycles 

. .  . .  
-40" o c  -30" ' -20" -10" 

temperature "C - 
- 5 0 0  I -300 I - 1 0 0  I -5" 

Fig. 2. Relation between relaxation time of exchange of 
charge and temperature. 

with the two constants A and B and the abso- 
lute temperature T,. The constants A and B 
whch determine the magnitude of the con- 
ductivity depend on the number of foreign 
ions absorbed by the water. Carefully distilled 
water has a conductivity of I + Z X  10-6 
(Q cm)-l while the conductivity of rain water 
is greater by about one order of magnitude. 
For temperatures ranging from oo to - 19' C 
the values of the conductivity of ice are taken 
from JOHNSTONE [I I], and for - 78" that value 
obtained by BANDEL at LOEB'S laboratory, 
namely 10-l~ (Q cm)-l (fig. I). These data 

refer to ice prepared from distilled water and 
are minimum values. Then the conductivity 
is given by 

This leads to a lower limiting value, because 
there are always very small quantities of 
sodium, magnesium, and chlorine dissolved 
in the ice crystal, particularly if they originated 
directly from supercooled droplets. Although 
no measurements are known, H. KOHLER'S 
investigation [13] carried on for a number of 
years suggest the following: melted soft rime 
shows a chlorine content of (0.067 t56.3) x 
I O - ~  g per cm3 of water with a certain frequency 
distribution having a maximum at 3.5 x I O - ~  
g per cm3. This soft rime originates from a 
rather loose freezing (specific gravity 0.01 to 
0.1) of small and very small droplets with a 
radius of 8.8 ,LA as the most frequent value. 
This value leads to 1.85 x 10-l~ g of salt per 
droplet, this being the most frequent conden- 
sation nucleus, and is responsible for a greater 
conductivity as that given by (z a). The values 
published by H. Kohler may be assumed to 
hold also at 7,000 m altitude, because when air 
is driven up vertically from the ground it will 
carry with it condensation nuclei from ground 
level. The measurements of H. NORINDER and 
R. SIKSNA [14] give further support to the 
assumption that the conductivity of ice 
crystals-i.e. soft rime, snow, soft hail, and 
hailstone-is greater than that given by (z a) 
(provided the crystals do not originate from 
sublimation on water-insoluble nuclei). These 
measurements, obtained with compact snow, 
are shown in fig. I. 

Table I 
I I 

dielectric 60 3.02 3.04 3.33 3.71 
constant E 

60 3.33 15.6 23.7 
1.84 1 ;:; 1 9.86 
1.18 0.2 

relaxation time t~ 60 1.94. I O - ~  0.81 . I O - ~  1.89. I O - ~  1.38 + I O - ~  
2.4 . I O - ~  3.62 * I O - ~  

T nq. 10-4 7 a ? .  rn-4 T 6 2 .  ~ n - 3  3 7 ~ .  10-3 

1.95. I O - ~  

Tellus VI (1954), 4 
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An approximate value for the conductivity 
of rime and hail will henceforth be assumed 
having an upper limit one order of magnitude 
hgher than that given by (2 a), i.e. 

(2 b) 
3.78 x 103 

logx=6.35- 
Ta 

In this way the relaxation-time assumes the 
values shown in fig. z (shaded area): At 
temperatures between - 10’ C and -20’ C 
the relaxation-time varies between 1.6 x I O - ~  
seconds (upper value, ice-crystals originating 
from sublimation) and 3 x 10-5 seconds (lower 
value, rime). At temperatures below -40’ C 
which are most frequently encountered at 
altitudes above 12 km the relaxation-time for 
ice-crystals is about 1.8 x I O - ~  seconds. There- 
fore ice-crystals and ice-grains may be justifi- 
able regarded as being “conductive” withn 
that range of temperature in which the elec- 
tricity OP thunderstorms probably originates. 

Electrification of ice by contact in an 
electric field 

The following arrangement was investigated : 
A particle of rime is polarized by a vertical 
electric field through which it falls. Let it 
overtake small crystals of a shape shown, for 
instance, in the micrographs of H. KOHLER 
[13 a] or V. SCHAEFER [IS]. For a first approxi- 
mation we consider the particle of rime (fig. 3)  
replaced by a conductive sphere of greater radius 
and the crystal by one of smaller radius. 
The greater sphere of radius R, be charged in 
proportion to the gradient thus 

e,=pxER: (3) 

where ,5 denotes the “specific” charge. An 
infinitesimal change of charge is 

de, =dp x ER: (3 a) 

The charge transmitted by contact from the 
greater sphere to the smaller one of radius R ,  
is proportional to the radial field strength at 
the point of contact: 

e,=yxE,R: (4) 

where y denotes a numerical factor whicL, 
R I  372 

R, IOO 6 
when the ratio 2 - - is equal to - = 1.65 

5 +20 
mm 

Fig. 3. Soft rime and soft hail. 

and may be determined for other ratios from 

At the surface of the drop polarized in the 
electric field E the radial field strength E, 
at an angle 6 is 

fig. 4. 

E,=E (3 cos #+/I) (5 )  

The maximum field strength is obtained for 
6 = 0, i.e. for the centre of the circle re resenting 

plane. The probability of a collision between a 
small sphere and the bigger one is regarded 
as constant all over the circle representing the 
projection of the bigger sphere. Then the mean 
angle at whch a collision occurs is #=4so, 
and the mean field strength becomes 2.12 E. 
Thus at the point of contact with the sphere of 
the specific charge ,4 the mean field strength is 

the projection of the sphere on a R orizontal 

E,=E (2 .1~+ ,5 )  ( 5  4 
Now, considering a large number of con- 

tacts during each of which a very small pro- 
portion of the charge on the big sphere is 
transmitted to the small sphere, the loss of 
charge per contact may be derived from . .  

The loss of charge on one hand is balanced by a 
gain of charge by the small sphere identical 
with (4). Combining this result with ( 5  a) 

Tellus VI (1954). 4 
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1.6 
7 
1.4 

12 
t 

10 
0 

s x  Rd 
9 811 

xvherc R,  =radius of the “small sphere” 

(7) 

s =specific gravity of the small sphere 
vl0 =relative velocity of the small 

sphere with respect to the big 
sphere with radius R, 

cm g =981 - 
s x 2  

a2 0.4 0.6 - 0.8 1.0 
KO - -  
R, 

Fig. 4:Thc numerical value 7’ for contact bctwccn two 
sphcrcs of radius R, and R,. 

Assuming the drop has an initial spccific 
charge equal to zero ( n  = 0) 

Thc specific charge tends towards thc limit : 

el= -2.12 ERi  (6 b) 

this limiting value being reachcd after a largc 
number of contacts. The number of contacts 
(a) is equal to the number of crystals in thc 
path of the falling particle of rime and within a 
certain interception area. This area is somewhat 
smaller than the area R:n of the projected 
sphere (factor of proportionality = p), bccausc, 
as already mentioned abovc, some of the 
smaller crystals will be caused to deviate froin 
their path by thc rime. 

Taking into account the aerodynamical de- 
viation of the small sphere when flying towards 
the biggcr one, the following procedure may 
be adopted in accordance with ALBRECHT [16] 
and SELL [17]. The deviation in a current 
of air is determined by a numerical factor 
whose physical meaning is determined by the 
ratio of two numbers, namely the path over 
which the small sphere is decelerated divided 
by the radius of the big sphere: 

x sec 
=viscosity of air = 1.61 x 10-7 ‘- 

cm 11 

at -.zoo C 

The relative interception-area of a sphere 
was investigated by Sell. p denotes the ratio 
of a distant circular area from which the 
small particles will just reach the s here, to 
the cross-section of the latter. Se 8 s results 
inay very approximately be intertreted by 

p = tanh 0.43 6 (8) 

c.g. 6 will have a value of 4 for a crystal (sphere) 
of 20 ,u radius and S.G. = 0.9, travelling at a 
relative velocity of 1.6 mjs against soft hail 
of I mm radius. (Only very small particles for 
which 6 is less than 0.1-i.e. particles of less 
than 2.3 ,LL radius in the above example- 
will deviate and not touch the sphere.) The 
relative interception-area is given by p = 0.94. 
94 9 ,  of the particles travelling in a cylinder 
of the same cross-section as the sphere will 
collidc with it. Thus the 20 p-crystals will fly 
towards the sphere on a nearly rectilinear path. 

Precipitate of radius exceeding I mm, falls 
inore and more slowly than in proportion to 

its size, in other words, becausc !E in (7) 

diminishes with growing R ,  the value 6 and 
therefore the relative interception-area will 
become smaller. For hail with a radius of 
10 min 6 is 2.3, and the interception-area for 
miall particles of 20 ,LL radius becomes 0.76. 

In connection with these aerodynamical 
discussions the mean angle of collision could 
now be investigated more closely for the 
particles hitting the big sphere. This would 
lead to a more accurate determination of the 
numerical factor given as 2.12 in ( 5  a). The 
probability of a collision is not uniform over 
the projection of the sphere. On the one 

R ,  

Tellur VI (1954). 4 
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hand the particles will be deviated in their 
flight from the central region of the projection 
and on the other there will no longer be any 
collision at the fringe areas. The angular limits 
are therefore not 0" and 90' but somewhat 
closer together, for instance ALBRECHT'S in- 
vestigations [16] allow their determination 
in the case of a cylinder, and Albrecht gives the 
diameter of that section of the cylinder with 
which the small spheres just collide. For the 
very small spheres of 2.3 p radius in the ex- 
ample the limiting angle is approximately 
40" for 6=o.1 and 76" for 6=2  under the 
above conditions. This would therefore have 
to be considered in investigating the collision 
of very small particles. 

The rate of electrification 
The rate of charging according to (6a) de- 

pends on the number of ice crystals (small 
spheres) impinging on the particle of rime 
(large sphere). Let the number of crystals 
per cm3 in the interception-area p,nRt be N 
and let the relative distance of fall be vl0 x t 
in time t. Then the number of ice crystals 
in impinging on the particle of rime equals 
the number of contacts n, where 

n = Np, Ri nvlot (9) 

Combining (9) and (6 a), the specific charge B 
of the rime-particle is 

where the time constant T of the charging 
process is given by 

The numerical constants y (eq. 4) and y (eq. 8), 
and relative velocity vl0 depend on the size 
of the rime. 

The time constant may be illustrated by a 
numerical example. Let the radius of the ice 
crystal be Ro=jo p (that is equal to 5 x I O - ~  
cm), the number N per cm3 be 0.2, and the 
radius of the rime be 2 mm. Thus according 

to fig. 4 2 becomes 0.025 and y becomes 

1.6. According to (8) p, is 0.95, and as the 
relative velocity vl0 is about 230 cm/s, 

R 
Rl 

Tellus VI (1954). 4 

5-4 10 0 7 1  

~- I T= - 190 sec 
(z x 1.6 x 0.95) 0.2 x s2 x I O - ~  x 230 

i.e. the time constant is therefore 3 min 10 sec. 
For crystals (spheres) which exceed 20 p in 
radius the product yp, is about 1.5 and therefore 
the time constant is given approximately by 

0.21 T--- 
NR: x vl0 

on the assumption that the number N of ice 
crystals per cm3 is invariant with time. This is 
to be expected if the rime corn remains in 
its position, in other words, if its terminal 
velocity when falling, is equal and opposite 
to the velocity of the convection current of 
the air. If this were not the case, a conventional 
time-constant would not suffice to describe 
this process. 

The relative distance travelled by the ice 
crystals with respect to the rime-particle 
in a time equal to that given by time constant 
T shall be called the specific relative rise H. 
Let the relative distance travelled in time T 
by the first of the crystals impinging on the 
rime be h.  Then (eq. 10) gives the specific 
charge 

h _ _  
8=2.12 (e H -  I )  

where 

(13) 
I H= 

(n . y . p) X NR; 

Consequently the specific relative rise de ends 

unit volume and the square of their size. 
Probable or possible values must now be 
assigned to these as no measurements are 
known. 

The number of ice crystals per cm3 that 
can form under certain atmospheric conditions 
depends largely on the temperature, but is in 
no way fixed by it. At the same temperature 
there ma be a variation of several orders of 
magnitu B e depending on the origin of the 
air. From numerous investigations on the 
number of ice crystals per unit volume the 
measurements of AUFM KAMPE and WEICK- 
MANN [2] and V. I. SCHAEFER'S researches 
[IS] will be used hereafter. In artificially 
produced clouds ice crystals form only sporad- 
ically (some crystals per 1113) at temperatures 

primarily on the number of ice cryst ,P s per 
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Fig. 5 .  Relation between number of ice crystals and 
temperature. 

between -3" and -10'. Occasionally only 
supercooled water droplets and an absence of 
ice crystals may be observed during laboratory 
tests on cloud air down to -18". In the 
temperature-region from - 10' to - 25' the 
number of crystals increases by two orders of 
magnitude for every decrease of -5" ;  i.e. 
if the temperature decreases from -10" to 
-25' the number of crystals increases by about 
5 orders of magnitude. 

Fig. 5 shows the data which will be used in 
the following. 

The size of ice crystals will now be investigat- 
ed in relation to their determined conditions, 
e.g. suppose an ice crystal originated at - 10' 
or -15" and travelled at a fixed vertical 
velocity, say 5 m/s, through cold regions of 
known air-velocity tdl at a definite time it 
crosses, for instance, the -25' or -30" 
isotherm. Further simplifying assumptions 

must be made. Firstly let the forming ice 
crystal be spherical growing from zero-radius. 
On the other hand ice crystals can originate 
by freezing of supercooled droplets; the 
spheres of radius Ro which may therefore be 
present at the beginning of the process, will be 
neglected. Further assumptions are as follows : 
I) Diffusion will be considered on stationary 

spheres. If the radius does not exceed IOO ,u 
the calculated diffusion is not influenced 
by the motion of &e sphere. 

2) The temperature of crystals is assumed to be 
equal to the temperature of the surrounding 
air. The influence of condensation heat on 
the temperature will be disregarded. The 
decrease of temperature of an ice crystal 
traversing a temperature field of constant 
gradient in a convection current of 5-15 
m/s is invariant with time. In the numerical 
example given below this temperature de- 
crease is one degree for between 1-30 
seconds. 

3) The vapour-pressure of the supercooled 
droplets determines the vapour-pressure in 
the cloud. The known difference between 
vapour-pressures of water in solid and 
liquid states is the effective difference of 
vapour pressure between ice crystal and the 
surrounding air. 

The value of R,  necessary for eqs (I I) and (13) 
will be too great as a result of this simpllfica- 
tion. Because the number N of crystals per 
unit volume varies at a given temperature 
between extremely wide limits, as seen above, 
there will in any case be certain limits for the 
wanted value NRi. This makes the discussion 
of the results of the investigation possible. 
Finally it has to be considered that the radius 
R,  of an ice crystal can change dxontinuously 
namely if an ice crystal collides with a super- 
cooled droplet. Droplets with a radius from 
60 ,u to IOO ,u are to be found in cumolo- 
nimbus before reachmg the 0' isotherm [z, 
p. 671. If they are supercooled to a temperature 
of -10' they solidify within I to 2 seconds 
after the absorption of an ice crystal, which 
can easily be calculated. 

The increase of matter by diffusion on a 
sphere with radius R,  is 

Tellus VI (1954). 4 
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T- 
- "c 

where where the constant 

exact 

mm merc. 

D = diffusion-coefficient. For water vapour 
in air at 16" C = 289 K" D = 0.285 cm2/s, 
D being approximately proportional to 
the absolute temperature 

M = molecular weight (I 8 g/mol) 
p =difference of vapour pressure (kg/cm2) 
R=gas constant (84.8 kg cm/mol degree) 
T,=absolute temperature (OK). If the above 

value of D is used, Ta=289" K and 
the expression becomes independent of 
absolute temperature. 

The difference of vapour pressures np can 
be calculated exactly. Table I1 gives values 
published by M. ROBITZSCH [IS]. Because 
these values are unwieldy for an integration 
they will be replaced by an empirical rela- 
tionship 

- (kg/cm2) (15) np =4.0 x 10-5 TI.28 e-O.1088  T- 

where T- denotes degrees below zero (- o C). 
Table 11 shows a comparison between exact 
values and those calculated empirically accord- 
ing to (IS), and they show reasonable agree- 
ment with each other. 

Table I1 

I I difference of vapour pressures p A  

calculated by (15) 

0.175 
24 0. I34 

0.092 
36 30 I 0.061 

mm merc. I kg/cm8 

0.087 1.19 x I O - ~  

0.153 
0.198 

0.176 1 2.40 1 
0.122 I .80 

0.094 I 1.275 I 
0.062 0.85 

In eq. 14 mass (m) is replaced by volumex 
specific weight s, and the element of time dt 
by a temperature increment dT- because 
the ice crystal is carried through a tem erature 

From (15) 
field of gradient h (deglcm) with a ve P ocity v. 

D M .  4 x I O - ~  
A= sR Tahv (16 a) 

For h =6.67 x 10-5 deglcm and v = 5 0 0  cm/sec 
A becomes equal to 0.278 x I O - ~ .  If the crystal 
originates at T-, its size at temperature T-, 
is given by 

T-. 

R;=Z A ~ J ( T - )  d ~ -  (17) 
T-1 

The integral may be expanded into an infinite 
series 

I Z  1 f( T-)dT- + 
2.28 3.28 

+---+ . . . 
2!4.28 3!5.28 

where z=0.1068 T-. Some numerical values 
of the integral are given in table III. 

Table 111 

Figure (6) gives the radius R, of a spherical 
ice crystal originating at the temperature indi- 

90 

P 
Ro 

60 

30 

n 

. I  

Fig. 6. Relationship between the size of ice crystals 
. reaching the -15, -20 ,  -25, and -30' C isotherms 

and their temperature of formation. 
RodRo=A. T'.28e-o.10asT-dT- (16) 
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-30°C -25" -20" 

4500 4000 3500 3000 m 
Fig. 7. Relation between temperature and (number of 
ice crystals) x (radius)z. 

cated by the abscissa; and whch crosses the 
-15O, -zoo, - z j 0 ,  and -30' isotherms a t  
the three given velocities. Thus an ice crystal 
originating at - 15' has a radius R, of 40.9 p, 
28.9 ,LA, and 23.7 p at respective convection 
velocities of 5, 10, and 15 m/sec on reaching 
the -zoo isotherm; in consequence the time 
interval is 150, 75, and 50 seconds. The tem- 
perature gradient h = 6.67 x 10-5 deg/cm corre- 
sponds to the decrease of temperature with 
height in thunderclouds at temperatures below 
-10'. Ths value considers the entraining of 
the air surrounding the cloud and is conse- 
quently a bit greater than the decrease of 
tem erature corresponding an adiabatic curve 

From Ri and the number N of ice crystals 
depending on the temperature (figure 5 )  

S R i d N  

is obtained by graphical integration as a func- 
tion of temperature. These values of NR: are 
shown in figure 7. They hold for a vertical 

of d! amp air. 

T-  

0 

velocity of 5 m/s and the greatest as well as 
the smallest number N of ice crystals. These 
values are inversely proportional to the veloci- 
ty of the crystals carried through the tem- 
perature field, and halved at 10 m/sec. 

The size distribution of the ice crystals 
according to figure 8 was calculated at -28" C 
and 16.6 crystals per cm3. The radii are tabu- 
lated in steps of 5 p. The number A N  and the 
ice content per cm3 is indicated respectively. 
The total ice content is 0.686 g/cm3 and this is 
small compared to the water content of 
supercooled droplets. The assumption that 
the vapour pressure of the supercooled droplets 
determines the rate of growth is reasonably 
substantiated. Figure 7 can now be interpreted 
as follows: If a particle of soft hail is floating, 
i.e. if its terminal velocity when falling is 
equal and opposite to the vertical velocity of 
convection, it passes an air current carrying N 
crystals per cm3 with a surface of IR: I. In this 
case the appropriate values of the specific 
relative rise H and the time constant T are 
given at the right hand ordinate. The mean 
values of NR; at -no C give a time constant 
of 5 minutes. These values give some idea 
of the speed with which electrification can 
take place. Moreover the heights above the 
oo isotherm are given on the abscissa for 
which a temperature gradient of 6.67 x 10-5 
deg/cm is appropriate. 

Discussion 

The results so far obtained will now be 
checked against some measurements compiled 
by Ross GUNN [zo]: 

I) The maximum charge in a drop is*((zo 
-:- 30) ESU per gram (measurements at 
ground level) 

2)  The mean charge of a drop is approxi- 
mately proportional to f 2.8 R2.  The 
highest charge is about rt 10 R2, where 
R is the radius of the liquid drop (measured 
at ground level) 

3) The charge per drop is about 5 0.27 ESU 
at 2,300 m altitude (+ 10.3' C), -0 .135  
ESU at 3,800 m altitude (+  2.4' C), and 
+ 0.052 or - 0.062 ESU at 6,600 m altitude 
(- 9.9' C) .  
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4) Only occasionally does the field gradient 

exceed 500 - 111 large cloud regions. 

The maximum field strength of 9 thunder- 

storms had a mean of 1,300 -. 

According to (6 b) the final charge of 

v .  
cm 

V 
cm 

rime is: 
e1=-2.12ER: 

where R,  denotes the radius of the rime. If 
we replace R, by the radius R, of the liquid 
drop of equal weight, then R: x s= Rij. Ac- 
cordingly the charge per gram of water is 

0 10 20 30 40 50 S o p  
R 

Fig. 8. Size-distribution of ice crystals and their water 
content on reaching the - 28 O C isotherm in a convection 
current. Number of crystals per cm3 

N =16.6 
NRZ =68.9 I O - ~  cm-’ 

water content w =0.686 g/cm3. 
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In table IV charge per gram as well as the 
charge in terms of (drop radii)2 are compiled 
for various field gradients. The figures are 
based on a mean drop radius of 0.8 mni 
which may be taken as representative for 
thunderstorm rain near the earth‘s surface. 

Table IV 
I I I 

field 
gradient 

V 
cm 
- 

350 
500 

1,000 

Mean drop radius = 0.8 mm 

soft hail (s=0.6) soft rime(s=o.125) 
-charge in ESU’s charge in ESU’s 

1 per gram I x RZ lper gram1 x R* 

9.90 
14.15 

The figures given by Gunn: 30  ESU/gram 
and 10 R2 per drop are confirmed for soft 

V V 
cm cm 

hail at 1,000 - and for soft rime at 350 - - 
The charge per drop for which Gunn gives a 

maximum figure of 10.27 ESU is used in 
table V to compute the drop radius. This 
value refers to very heavy rain. 

Table V 

field 
gradi- 

en t  
V 

cm 
- 

350 
500 

1,000 

I drop-charge -0.27 ESU 
Rain drops originating from 

soft hail (s=o.6) I soft rime (s=0.125) I 
radius (mm) weight radius (mm) weight 

solid l l iyu i j  mg 1 solid I liquid I mg 

I I  I I I ::;;I 2.801 92 1 3.31 I 1.66 1 19.1 I 
2.34 53.7 2.77 1.385 11.15 

1.46 1.64 14.0 1.46 0.48 1.06 

Droplet weights of 10-20 mg are rare but 
peculiar to regions of very heavy rain. Thus 
Gunn’s experimental results fit in with the 
calculations as far as negative charge is con- 
cerned. The following process applies to 
positively charged drops. Small positively 
charged ice crystals recoiling from rime after 
contact wdl finally cling to rime, e.g. to a 
growing particle of soft rime, thereby con- 
veying their positive charge to the soft rime. 
The ice crystals are then frozen in by super- 
cooled water droplets. A small percentage 
of charged ice crystals in the soft rime “skele- 
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Table VI 
Lightning I -  +-a’ 1 5 ’ 3  5 +-z5’-40’ b f  

Cumulus stage Mature stage Dissipating stage 

30’- 

Initial radar echo Rainfall at earth‘s surface 

Con4ection 
4 

Downdraft over entire cell 

ton” is sufficient to give the soft rime the same 
charge held by soft hail. Thus the charges 
will finally be distributed in such a manner, 
that positively charged rime will exist beside 
negatively charged rime in a layer following 
on the first negatively charged layer, ix.: 

I. layer: negatively charged soft hail or small 
smooth hailstones, 

2. layer: negatively and positively charged 
rime with a net charge approxi- 
mately nil when taken over a wider 
space, but possibly having different 
mean rates of fall. 

3. layer: positively charged ice crystals. 

It will now be attempted to incorporate this 
process in the chronological development of 
thunderstorms that can be derived from the 
results of investigations mentioned above. 

Single turret thunderstorm 

To the extent table VI is based on the state- 
ments of Byers, it is valid for a temperature 
of 2ooC and a pressure of 900 mb at the 
bottom of the cloud. The oo isotherm lies 
within the cloud at 4,900 m. Rain reaches the 
ground 1-15 minutes after the origination 
of the radar-cloud. No rain can reach the 
ground as long as the updraft continues, 
neither can soft rime and soft hail-which are 
characteristic of thunderstorms according to 
J. KUTTNER [21]-appear at the altitude of 
the oo isotherm. A downcurrent is a prere- 

quisite to precipitate reaching the earth, at 
least in that part of the cloud from which the 
precipitate originates. 

A crystal-whose growth by condensation 
was shown in figure &grows from approxi- 
mately 60 ,u radius taking up supercooled 
droplets, considerably faster than by conden- 
sation. It takes a relatively long time, though, 
before soft hail will descend to the ground 
in a convection current of 5 m/s. F. H. LUD- 
LAM [22] has investigated the growth of 
crystals partly by condensation and partly by 
coagulation. To simplify matters it w d  be 
assumed that precipitate of 60 ,u radius will 
grow by coagulation with droplets of at 
least IS ,u mean radius, and in this connection 
the process of condensation may be neglected. 

Let unit volume contain w grams of water 
as small droplets whose rate of fall may be 
neglected compared with that of the growing 
precipitate. Then 

4 s,dR,= w -rp * vldt (20) 

Under these assumptions the relative inter- 
ception-area according to (8) is practically I 
for water droplets and less than I for hail and 
soft hail. Thus 

This leads to the time interval t,, in which 
the precipitate of spec. weight =sl grows from 
radius R,, to Rll. The rate of fall vl of the 
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precipitate can be expressed by Schmidt’s 
formula: 

106 
v ‘ - A  B 

The constants A and B, valid for an altitude 
of 6,000 m, are given in table VI. 

Table VI 
Hail: The values are valid for irregular forms. For 

regular forms reduce B with a factor 0.7. 

d rops . .  . . . . . . . .I 0.682 I ;;; 1 1.0 
rough hail.. . . . . 0.576 0.83 
soft hail .... . .. . 0.717 1,750 0.60 

The time tol is given for an interval, over 
which w, s1 and 47 may be regarded as in- 
variant, by 

R, ,  

XIO-6 (23) 1 -- 
RIP 

During the time tlo the growing precipitate 
rises through a height S :  

t. 

where v denotes the velocity of the convection 
current. As a numerical example, the rise is 
related in figure 9 to the time for droplets, 
hail, and soft hail growing by coagulation in 
an atmosphere containing 5 x 10-6 gram water 
per cm3 as small dro lets. Rise and time are 

The weights of precipitate in figure 9 are 
indicated alongside the curves. A water 
droplet rises about 500 meters from where 
its size corresponded to 60 p radius. Then it 
falls and, on exceeding a weight of 100 mg, 
it may disintegrate and initiate a new process 
with a multitude of droplets, dropping only 
slowly below its origin as long as the con- 
vection current persists. Within the first IS 
minutes taken from its beginning as 60 ,u 
recipitate neither hail nor soft rime drop 

Eelow their place of origin, but this is con- 
tradicted by experience. Therefore the down- 
drift of the air must start soon after the first 

reversely proportiona P to the water-content. 
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Fig. 9. Height to which precipitate rises while growing 
by coagulation in a convection-current. With 

S = 0, R ,  = 60p, G, = 0 . 8 2 .  I O - ~  mg. 

(A droplets, B hail, C soft hail, irregular form). 
w = 5  x I O - ~  g/cm3 

Weights are denoted by numbers, for C very approxi- 
mate. 
R = beginnins of radar sight. 

strong precipitate is formed. According to 
scheme p. 12 this might take place after 5 
minutes. The downdrift of air is 
to the upper regions, so that a so t hailstone 
originating in the convection current will 
hardly exceed an altitude of 1,500 m above 
its origin. The timing would then be as 
follows: A soft hailstone originating at - 5” C 
and growing in the vertical air current by 
condensation w d  have a radius of nearly 
60 p when it reaches the - 15’ C isotherm 
and its weight has increased to 10,000 times 
this initial value, when it reaehes the - 25” C 
isotherm, 1,500 m above its “coagulation- 
origin”. The size of the precipitate and 
number per unit volume determine the 
possibhty of radar soundings. It is assumed 
that the radar cloud appears 4-6 minutes 
after the beginning of the 60 p precipitate. 
Ths  fixes the rise at 300 to 600 m for droplets, 
and at about 1,200 m for soft hail. According 
to the above scheme these would be the 
limits for the beginning of the “cumulus 
stage”. 

During the next 1-15 minutes the down- 
ward movement of the air containing super- 

fropagated 
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cooled water droplets and ice crystals will 
increase more and more. Even now contact 
between ice crystals and soft hail takes place 
in the same way as described above, but the 
effective area originally lying between the 
- 18' and - 26' isotherms will move down to 
higher isotherms. The generation of charge 
will cease when the ice crystals have dis- 
appeared. This limit is given by their subli- 
mation when the vapour pressure of the down- 
drifting air in the dissipating stage sinks 
below the vapour pressure of the icc by en- 
trainment with the surrounding dry air. 

Elsewhere [23] it was shown that in a 
region where charge is generated the electric 
field grows logarithmically, i.e. at first slowly 
and then very rapidly, according to a process 
intensifying with increasing field strength. 
If applied to the above case this calculation 
leads to plausible assumptions for the ap- 
pearance of a strong field within a short 
time. Assuming, for instance, that soft hail 
of 2.3 mjsec velocity drops within about 3 . 5  
minutes through a 500 m thick layer of uni- 
form space-charge, thereby increasing this 
charge, then the field will be increased to 
1,500 times its initial value, if the rate of 
precipitation is 1.25 mm water per minute 
and the time constant is 5 minutes. At alti- 
tudes in which charge is generated the earth's 
electric field is very weak: this is intensified 
immediately on the formation of a first heavy 
precipitate, because the small cloud-droplets 
have a slight negative charge leading to the 
formation of an initial field of about I V/cm 
within approximately 3 minutes. [23] Conse- 
quently a strong field could be built up 
within 6.5 minutes. This is in good agree- 
ment with the statement of BYERS [2, p. 621, 
who had observed no electric field when 
first flying through a thundercloud, but 8 
minutes later he found a strong positive field 
associated with heavy precipitation. 

In this connection a possibility may be 
pointed out to account for the third and smaller 
region of positive space charge, mentioned 
above, which is between the + 10' and 0" 

isotherms. This positive space charge does 
not always appear, and it is confined to a 
relatively small region. Its effectiveness may 
be roughly represented by a sphere of 500 m 
radius [I]. The space charge is relatively dense. 
According to G. C. Simpson's soundings the 
mean density is 2 . 4 ~  10-5 ESU/cm3. Ac- 
cording to Ross GUNN [20], it is 15 .5  x I O - ~  
ESU/cm3. Ross Gunn who obtained this 
figure by using an aeroplane gives about 
0.5 ESU per drop on the+ 10.3' level. Nega- 
tively charged hail having passed a region 
of negative charge will then enter a region 
with a negative field gradient. At temperatures 
above oo hail develops a moist and slippery 
surface. This makes it possiblc for small 
water-droplets-e.g. having a radius of I 5 ,LL 

-to slip off the corn-shaped bottom of the 
hailstone thus leaving it again. Assuming that 
the hailstone does possess a conical shape, 
these considerations may be transformed for a 
spherical shape. Water droplets will then 
leave the sphere at an angle 8 to the vertical 
axis, the final charge of the hailstone will be 

i.e. it will cqual 0.52 when 6 = 80". The time 
constant of this process is very small. As- 
suming small water-droplets amounting to 
some tenths of a gram per m3 its order of 
magnitude wdl be 10 sec which is sufficient 
to discharge the hailstone and re-charge it 
with the opposite sign. This would increase 
the existing negative field. These considera- 
tions can, however, not be extended by cal- 
culations without further experimental in- 
vestigations. 
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