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1. INTRODUCTION.

Experimental investigations of Simpson (1937, 1941) and his co-workers have
revealed that in a typical thunder cloud extending from ground up to ~10 km. height,
the top layers of the cloud (mean height 8 km.) has got a positive electrification, at a
somewhat lower region (mean height 4 km.) the electric charge is negative, while
further down below (1:5—2 km.) in the narrow central parts of the thunder cloud
the charge is again positive. It is also known that the surface of the earth under
cloudless conditions carries a negative charge of electricity which is compensated
by a positive charge of the lower atmosphere (extending up to 10 km.). The
electrical field due to these charges is of the order of 1 volt/cm. under fair weather
conditions. In a thunder cloud the electrical field is, however, much higher and
is of the order of ~100 volt/em. Experimental data on the electrification of rain
drops seem to indicate that there is a prevalence of positively charged or neutral
drops over the negative. Although notable attempts have been made by Simpson
and his collaborators to explain the origin of these and allied electrical phenomena,
the position at present appears far from satisfactory. In fact Simpson has himself
refuted some of his earlier suggestions in a recent paper (1942). Recently J. Frenkel
(1944) has advanced a significant theory of the origin of atmospheric electricity on an
entirely new line. In view of the fundamental and highly suggestive nature of
Frenkel’s ideas, it is considered worthwhile to discuss the salient features of Frenkel's
theory, derive some of its new consequences, and discuss its limitations.

2. ELECTRIFICATION OF THE WATER DROPS.

Frenkel’s theory is based on two fundamental facts: (1) ionisation of air by
cosmic rays and ultraviolet radiation of the sun, (2) stronger affinity of water drops
(or icecrystals) for adsorption of negative ions than for positive ions. Consider a
layer of water a few molecules thick on any free surface in the cloud. The chemical
energy of adsorption of a positive or a negative ion of air molecule on the surface
layer is the same. But on account of the natural polar character of the water
molecules, the top layer of water forms an electrical double layer with negative
ends of the dipoles contained in the free surface and their axes pointing inwards.
With a fixed potential difference ¢ in the double layer, work done by the drop in
adsorbing a positive ion is e¢ while an equal amount of energy is liberated in the
system in adsorbing a negative ion carrying the same charge e. A negative ion will
therefore be preferentially adsorbed in the surface layer. As a water-drop acquires
more and more negative charge in this way, an atmosphere of positive ions surrounds
the drop with a difference of potential { growing between the atmopshere and the
drop. In the equilibrium state, when the drop acquires a maximum negative
charge ¢, the electrical work done in bringing an ion from outside the positive at-
mosphere into the inside of the drop must be zero, so that the equilibrium value
{o =@ and ¢ = {; », where r = radius of the drop. From experiment we know that
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¢ = 0-25 volt (Termkin), hence for a drop of radius ~10-3 cm., ¢~ 2,000 elec-
tronic charge., 5

The mechanism of negative electrification of water drops contemplated above
is a fundamental point in Frenkel’s theory. It easily explains the reversal or
neutralization of electrical charges of the drops between 1 and 2 km. height in the
narrow central region of the thunder cloud where the temperature exceeds 0°C.
The upward current rising from the ground is the strongest in this region of the cloud
and may indeed contain insoluble, organic surface active dust molecules with a
dipole moment pointing outwards. Contamination of the water drops by these
dust molecules would result in a preferential adsorption of positive ions by the
latter. This may eventually neutralize or reverse the electrical charge of the rain
drops. Coalescence of small drops, each carrying a given amount of the organiec
contamination, into a larger drop would increase the effective surface density of the
contamination. It can be shown that the well-known Wilson’s mechanism of
neutralization of drop charge due to the induction effect of the electric field on the
drop does not work for small drops. The mechanism contemplated by Frenkel
therefore appears more plausible.

3. Tur ELecTRIC FIELD.

The electric field created inside the cloud owes its origin to the displacement
AZ of the centre of the negative charge of the sphere representing the drop relative
to the centre of positive charge of the sphere of the ionic atmosphere in course of
the sinking of the drop. If N = number of water drops per unit volume of the
cloud, the polarization acquired by the cloud in this process is P = Ng.AZ and the
resulting electric field is E = 4#/3.N¢.AZ. As the direction of this electric field
is downwards, the sinking drop experiences a restoring force Eg on account of the
electric field, and therefore oscillates about its position of equilibrium with a fre-

quency given by
1[4 . 1 ¢ (3M\}
= — [ NgZ/m = — .2 | — . .. oo
V= o 3NQ/m dmp 7’2(11') (1)

where m = mass of the drop assumed spherical, { = density of water, M = mass
of condensed water per c.c. of the cloud = N.m. With r~10-5 cm. and M ~10-6
gm./c.c., we get the frequency of the drop oscillation, v~1000 cycles per sec. This
frequency is comparable with that of the sound waves. The observed strong
absorption of sound in passing through fogs may be attributed to the resonance
oscillation of the fog particles under the polarization electric field.

It might be thought that as the negatively charged water drop more and more
sinks under gravity, ultimately an equilibrium stage would be reached when the
electric force Eq acting on the drop would balance the weight of the drop mg. This
is, however, not possible, because the electric field required for such equilibrium of
a drop of radius ~10-3 cm. is ~1,200 volt/em., whereas the observed field is only
of the order of 1 volt/cm. inside the cloud. It is more likely that a steady state of
the drop is arrived at, when it sinks with a limiting veloeity proportional to the
effective force acting on the drop. At this stage the positive ions which are normally
unable to follow the drops, move with the same velocity and produces polarization
at the same rate as the falling drops. . The electric field in the steady state is then
given by

. Mgl
Ectendy = e A) . .. . .o (2)

where 7 = viscosity of air, A = electrical conductivity of air due to positive ions

and A that due to the motion acquired by the drops under the electric field alone,

Since normally A~10-2 es.u. and A>4, 7 =10-% e.gs. units and M ~10-7
iB
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gm./c.c., Egeaay comes out to be ~1 volt/em., which agrees with the observed
value very well,

In general and particularly in the case of a thunder cloud where the water
content is continually changing due to rapid condensation and evaporation of water
drops, the steady state contemplated above can hardly be arrived at. The processes
taking place inside the thunder cloud become much more complicated. One thing,
however, is clear that on account of the large water content of the cloud, its electrical
conductivity, which is primarily due to the free positive ions present, considerably
decreases, and the electrokinetic potential { increases so that the electric field
would increase appreciably. Further in the lower regions of the cloud the water
drops during their fall have a tendency to coalesce due to hydrodynamical forces !
when their radius exceeds a critical value (ro~10-3 cm.)

_ During each coalescence the charge is doubled while 7 is increased by a factor
/2. The effective potential of the drop can thus be enormously increased due to
the combined effect of M, A, { and the coalescence resulting in a field as high as
10,000 volt/cm. which would produce local electrical breakdown inside the cloud.

4. THE ELeEcTRIC FIELD NEAR THE EARTH’S SURFACE.

The electric field of a cloud, assumed spherical (of radius R), would be the same
as that due to a dipole of moment p = 47/3.R3. P situated at the centre of the cloud,
say, at a height H above the earth and its electrical image formed inside the earth.
The calculation can easily be made on the well-known principles of electrostatics.
The result is that within a circular zone of radius H4/2 on the surface of the earth
vertically below the cloud a net amount of positive charge (2/3v/H).P/H is
induced, which is balanced by an equal amount of negative charge induced on the
rest of the earth’s surface, so that the earth as a whole is neutral. These results
are in reasonable accord with the experimental facts mentioned in section 1. Further,
the electric field just below the cloud comes out to be

3

E = 4E‘-(§) , E; = electric field inside. .. o (3
For a low thunder cloud, we have BaH, so that the field just outside the cloud is
even stronger than that within it, which explains the frequent lightning discharge
observed between the thunder-cloud and the earth.

5. Discussion.

The oscillation of a falling drop under the restoring force of the polarization
electric field, as derived in this note, formula (1), seems to be a characteristic con-
sequence of Frenkel’s theory. The formula is capable of direct verification if

1 This follows from the fact that the hydrodynamical forces of attraction between two drops
of the same size is 3nmpv?ré/16x4, where r = radius of the drops, £ = their distance apart and
p = density of air. At the critical distance z,, the hydrodynamical forces are equal to the
electrostatic forces of repulsion between the drops, that is,

gt 37 o 18 N/ 3mp vr3
— = —, Ty= —
zg2 16 Tyt 4 gq
D) B g3 3
P _=gr » - ?2_1/31"315&7-)-? 106 . #3
substituting v=3 p (Stoke’s law), ¢ = {r, %= F 80y 2:5x 108,73,

using p~10~3 gm.je.c., 9~10"3 e.g.5. units. The two drops will coalesce if they approach
each other within distance z,. Further since zy>27, or #o/2r>1, the critical radius is given by

ro>66.10-3 em.
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absorption of sound in fog-particles of definite size is experimentally studied. An
analogous phenomenon occurs in the plasma oscillations in discharge tubes which has
been studied by Langmuir (1930) and others. The expression for frequency of oscilla-
tion derived there is also very similar to (1). Of course the order of the frequency in
plasma oscillations is very large (~10° cycles/sec.), as the electrons have a much
lighter mass and higher concentration compared to those of the water drops in the
cloud.

From relation (2) Frenkel concludes that in the steady state the electric field
is independent of the drop size. It seems, however, unbelievable that larger drops
which sink faster than smaller ones would produce the same polarization as the latter.
In reality the conductivity A depends on the drop radius . Thus assuming A>4,
we get

Esteady - 67"’,\ -9 pew s :

)

where A = Ngo ;. and o, = mobility of the positive ions which is practically constant
at a given height. Formula (4) shows that Egi.aqy is proportional to the square
of the drop radius.

If we assume the balancing condition of the drop (section 3) Eg = mg, the
charge displacement AZ can be computed from the observed value of the electric
field £~1 volt/em. Thus

E__  mglg  4mpPgr

=Y

& M, T8 M
m

4
5 Nyg 377
With ¥ ~10-6 gm./c.c., { = 0-25 volt, equation (5) gives for
r~10-3 cm., AZ~50 m.,
and r~10-2 cm., AZ~500km.

The corresponding values 4 cm. and 400 m. given by Frenkel are obvious miscal-
culations. As most of the low cloud-bases do not lie beyond 0—1 km., the above
numerical results clearly demonstrate the impossibility of the balancing condition
existing in clouds.

The primary origin of electric field in Frenkel’s theory, it must be clearly
understood, is the electric polarization of the cloud. It appears then that unless the
positive and negative charges separate out from each other in the process, the
maximum state of polarization would correspond to that in which the charge dis-
placement AZ lies within the average linear separation between two drops in the
cloud. The maximum displacement would thus be given by

1
AZ < —
where N = number of drops per unit volume of the cloud. The relation (6) therefore
sets an upper limit to the electric field which can be attained by the above mechanism,
This is given by

ANZ =

(5)

(6)

471‘ 1 4'17‘ % 2 2
E’<?N.q.N‘§=(§> M3 .p ig .. . (M
For r~10-5 cm., we thus get E <1 volt/em., and for r~10-2 c¢m. the limiting field
is one-hundredth of this. The consideration of limiting electric field advanced
above, if correct, would seem to strike at the root of all considerations in Frenkel’s
work by which an electric field greater than 1 volt/cm. has been arrived at, as for
example, for the thunder clouds. It seems reasonable, however, to think that in the



ORIGIN OF ATMOSPHERIC ELECTRICITY. 281

initial stage of formation of a cloud, before it gathers a large water content, the
mechanism contemplated by Frenkel holds good, and indeed, the state of maximum
polarization is attained, giving rise to an electric field of ~1 volt/em. within the
cloud. But as the cloud transforms into a thunder cloud, the above mechanism
probably -breaks down and the enormous electric field generated there must be
attributed to some other process. '

In conclusion I wish to express my thanks to Prof. D. S. Kothari for the
inspiring suggestions and help received from him during the progress of this work.
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