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INTRODUCTION

THIS review is devoted to the present state of our
knowledge of atmospheric electricity.

An outstanding contributor to this field was Jacob
I’ich Frenkel. It must be noted that his contribution
to geophysics was not limited to atmospheric electric-
ity. In 1944 he wrote an important paper ‘‘Contribution
to the Theory of Seismic and Seismoelectric Phenom-
ena in Moist Earth.’” In this paper he developed a
theory of electric phenomena accompanying the prop-
agation of elastic oscillations in moist earth, the the-
ory of the so-called E-effect, a seismoelectric phe-
nomenon discovered shortly before by A. G. Ivanov.

In 1945 Frenkel announced a new theory to explain
the origin of the earth’s principal magnetic field. It is
known that the metallic matter in the earth’s core has
very low viscosity. Assume that this matter contains
sources of heat, say radioactive substances. Convec-
tive motion will occur under certain conditions in the
earth’s core. A weak random magnetic field induces
currents in the moving metallic masses. I the con-
vective motion is of the right type, these currents re-
inforce the initial random field, until equilibrium sets
in, in which the field buildup is balanced by an increase
in the Joule losses. This spontaneous field buildup is
due to the energy of the convective motion. It is com-
pletely analogous to the buildup of a seli-excited gen-
erator. The order of magnitude of the necessary field
can be readily estimated. This work by Frenkel was
later continued by Elsasser, Bullard, and others, and
is widely recognized at present. In addition to these
three principal trends, Frenkel undertook several

*The introduction, and sections 1 and 2 were written jointly;
sections 3 — 10 were written by I. M. Imyanitov.

other important geophysical investigations. These in-
clude the evaporation of liquid drops in an air stream,
new ideas on the connection between condensation nu-
clei in the atmosphere and the sun’s ultraviolet radia-
tion, the vertical distribution of gases in the earth’s
atmosphere, and others.

Frenkel’s activity in geophysics is far from limited
to his geophysical papers. His purely theoretical re-
search on the theory of phase transformation, viscous
flow, and plasticity are also of great importance.
This pertains in particular to his classical ‘‘Kinetic
Theory of Liquids,’’ which can serve as a handbook
for all geophysicists who investigate the formation of
clouds and precipitation in the atmosphere, or the in-
ternal structure of the earth’s sphere.

Of great value to Soviet geophysicists were not only
Frenkel’s scientific articles, but personal contacts
with him, Frenkel showed lively interest in literally
all branches of geophysics. This included problems
in meteorological optics, methods of artificial precip-
itation, problems in dynamic meteorology, and atmos-
pheric acoustics. He was able to advance original
ideas and point out new paths in all these fields.

However, Frenkel paid most and persistent atten-
tion to atmospheric electricity.

We group under the term atmospheric electricity
all processes occurring in the troposphere and partly
in the stratosphere. Electric phenomena in the upper
layers of the atmosphere and in the ionosphere, which
differ appreciably in their nature and in the required
research procedures from the phenomena in the lower
layer, will not be considered. In examining the proc-
esses occurring in the lower layers we shall touch
upon only the main problems: the structure of the
atmospheric electric field, its nature, the space-time
variations, and the space charges and currents flow-
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FIG. 1. a) Daily course of unitary variation of electric field
intensity (Greenwich time).["] 1 — Above the oceans; 2 — in
polar regions. b) Daily course of the area covered by thunder-
stomms. 1 — For the entire earth’s surface; 2 — in America;

3 — in Africa and Europe; 4 — in Asia and Australia; 5 — in New
Zealand.

ing in the atmosphere. We shall consider these phe-
nomena for both the case of ‘‘good weather’’ and for
days with ‘‘disturbed’’ conditions, for different types
of clouds, showers, and thunderstorms. Questions
such as the occurrence and dynamics of development
of line lightning, the theory of the lightning rod, ball
lightning, and the like will be left out. An analysis of
these questions would call for a much longer review.

The study of atmospheric electric phenomena,
started by Franklin, Dalibar, Lomonosov, and Rich-
man in the middle of the 18th century, was first cen-
tered on lightning and storms, brilliant natural mani-
festations which naturally attracted the attention of
scientists.

The electric phenomena occurring in the atmos-
phere in the absence of clouds were discovered almost
simultaneously by Lomonosov (] and by Lemonnier. C2]
Gradually, particularly in the beginning of the 19th
century, interest in the study of lightning and thunder-
storms greatly subsided. The main attention of the
researchers was concentrated on electric fields in
good weather. Thunderstorms and lightning were
regarded as disturbances that distort the pure field
pattern in the cloudless atmosphere. Electric phe-
nomena in clouds and thunderstorms were regarded
as separate from those occurring in the cloudless at-
mosphere and essentially different from them.

In the 1920°s Simpson, [¥1 Mauchly, (4] and Swerd-
lup L8] observed the so-called unitary field variation,
i.e., the synchronous variations in the field intensity
E at different points on earth. The major principal
significance of this discovery to the study of electric
phenomena in good weather is by now quite clear. This
phenomenon is illustrated by the curves of Fig. la.
Wilson has advanced the hypothesis that the unitary
field variation is due to thunderstorms, which cause
the earth and the high layers of the atmosphere to be
oppositely charged. This assumption was confirmed
by Whipple and Scrase. cel They established that the
daily variation of the field is similar to the daily vari-

293

ation of the total area on the earth’s sphere over which
thunderstorms occur at the given instant. The depend-
ence of S on the time is shown in Fig. 1b (S is in 104
km?). This gave rise to the notion that in clear days
the electricity is closely connected with the thunder-
storm activity of the clouds—the factor excluded as
anomalous in research on the field of good weather.

It must be added that until recently the connection
between the ‘‘cloudy’’ electricity and the electricity of
good weather was obscured by a large number of ex-
traneous interfering factors and was exceedingly un-
clear, Thus, for example no unitary field variation was
observed at all, over the continents, where the over-
whelming majority of atmospheric electric measure-
ments are made. This is due to the influence of the
earth’s surface and of neighboring well-conducting
walls (the well known electrode effect), to fluctua-
tions in the space charges and in their vertical dis-
tribution, to horizontal inhomogeneities in the earth’s
surface, and to a few other factors which come into
play in measurements made above the continents. The
unitary variation was noted only after measurements
were made over the oceans and in the polar regions,
where the conditions are much more homogeneous.

Because of the unclear general picture, most re-
searchers have found it necessary, to improve the
methods used for field measurements on land, to ac-
cumulate long series of observations, etc. One of the
main investigators in the field of atmospheric elec-
tricity, H. Israel, ("] remarked in 1939 that in order
to find a way out of the resultant quandary it is nec-
essary to revise the methods and continue measure-
ments on land for another 50 years.

Lack of firmly established general concepts, and
a paucity of experimental data characterized the situ-
ation in the middle 1940’s, when Frenkel started to
develop a theory for atmospheric electricity phenom-
ena.

Frenkel’s principal contribution was a general the-
ory of atmospheric electricity in consistent and clear
form. This theory was based on two principal ideas:
a) close connection between the processes in the clouds
and in the free atmosphere, and significant influence
of all clouds, not merely storm clouds, on the forma-
tion of the electric field; b) independence of the at-
mospheric-electricity phenomena in the lower layers
of the processes occurring in the ionosphere, and the
rejection of the theory of the so-called ‘‘spherical
capacitor.”’ '

The unified picture of the atmospheric-electricity
phenomena, by which the phenomena in the clouds and
in the free atmosphere are really different aspects of
the same natural process, has found its expression in
Frenkel’s book ‘“Theory of Atmospheric Electric Phe-
nomena,”’ [8J published in 1949. At that time there
were no systematic data on the electric characteris-
tics of the free atmosphere, and particularly of the
clouds. The publication of the book played a major
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FIG. 2. Change in intensity of ionization at the earth’s sur-
face with altitude.[?*] 1 — Total ionization; 2 — ionization by o
radiation from the earth; 3 — ionization by o radiation from radio-
active gases; 4 — ionization by B radiation from the earth;

S — ionization by y radiation from the earth; 6 — ionization by
cosmic rays.

role in the progress of research on the electricity in
the free atmosphere. One cannot regard it as acci~
dental that systematic research in this field began
precisely following its publication. Although the re-
search results did not always agree with the predic-
tions, the general ideas formulated in this book are
still the most fruitful in the study of atmospheric
electricity. '

We consider below the main facts on atmospheric
electricity, established by the end of the 1940’s essen-
tially as a result of measurements made on the earth’s
surface, as well as the new data of good weather elec-
tricity and on different types of clouds, which became
known recently, primarily through measurements in
the free atmosphere.

We shall not discuss at all the measurement meth-
ods, their accuracy, and other aspects of research
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FIG. 3. Daily course of the elements of atmospheric electric-
ity at a continental station (local time).['°] a) Vertical current.
b) Conductivity. c) Field intensity. Solid curves — days of
‘“good’’ weather; dashed — all days.
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methodology. In the discussion we shall merely at-
tempt to use the most reliable experimental material
available. Methodology problems are partly touched
upon in [e],

1. BASIC INFORMATION

By the end of the 1940’s much information accumu-
lated on atmospheric electricity, principally as a re-
sult of measurements on the earth’s surface.

It was established that the electric field has the
same direction as would obtain were the earth to be
negatively charged and the atmosphere positive. The
mean field intensity at the earth’s surface is about
130 V/m. During precipitation and particularly during
thunderstorms, snow storms, dust storms, etc, the
field intensity may change sharply, sometimes reach-
ing about 10,000 V/m, and the field direction is fre-
quently reversed. The electric field of good weather
is shown to exhibit several regularities of behavior.*

1. The daily course of the field intensity over the
continents has the form of a double wave (Fig. 3). The
maxima and minima of the field and its mean value
vary at different stations. Thus, for example, the
average field intensity is 171 V/m in Slutsk (Lenin-
grad), 70 V/m in Uppsala (Sweden), 304 V/m in Kew
(England), 86 V/m in Java, and 88 V/m in the antarc-
tic, (10

2. The daily course of the field intensity over the
oceans and polar regions has the form of a single
wave (Fig. 1, curve 1), the field variation at various
points occurring in synchronism at a single universal
time, with relatively constant amplitudes and mean
values. Above the oceans, for example, the mean
value of the field intensity is about 113 V/m, and the
amplitude of the variations is about 17% from the
mean. This is the so-called unitary variation of the
field intensity.

3. At all points of observations, the annual course
of the electric field has the form of a simple wave
with a minimum in the summer of the northern hemi-
sphere. This was demonstrated most clearly by N. A.
Paramonov. [11]

4. The field intensity has a clearly pronounced lati-
tudinal variation. The greatest field intensity is noted
in medium latitudes, decreasing towards the poles and
towards the equator.

5, The field intensity decreases with altitude in
nearly exponential fashion. This conclusion, incident-
ally, is based on several tests [1%:13] whose results are
doubtful, owing to methodological errors. cel

Investigations of the electric field in bad weather
have led to the following conclusions.

1. The electric field intensity above thunderstorm

*By ““good’’ weather we mean weather when the electric field
depends little on local conditions, i.e., when there are no clouds,
precipitation, fog, dust, strong wind, etc.
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clouds usually has a direction opposite that of good
weather.

2. The character of the variation of the field on
earth during the passage of a thunder cloud and the
variations of the field occurring when lightning strikes
indicate that the storm clouds can be likened as a rule
to electric dipoles charged positively above and nega-
tively below. 4] The existence of such a charge dis-
tribution was later corroborated by Simpson and his
co-workers, [15-17] although the low values of field in-
tensity (~ 100 V/cm) measured by him raised serious
doubts (later confirmed) concerning the accuracy of
the measurements performed.

3. Precipitation-producing clouds cause irregular
and abrupt changes in the field on the earth’s surface.
Clouds that produce no precipitation cause a certain
reduction in the good-weather field. (18]

4, Clouds produce a certain increase in (absolute)
field intensity in the summer and a decrease in the
winter, [19]

5. Air pollution usually increases the field intensity.

6. Dust and snow storms cause a sharp increase in
the absolute values of the field intensity and may re-
verse its direction.

Along with the field, a major characteristic of at-
mospheric electricity is the current flowing in the at-
mosphere. The electric conductivity of the atmosphere,
discovered by Coulomb®2%] in 1785, became a subject
of detailed study only at the end of the last century. It
was established that in good weather the atmosphere
becomes conducting because the air is ionized by radio-
active radiation from the earth’s surface, by radioac-
tive impurities in the air, and by cosmic rays. Figure2
shows the altitude variation of the total ionization of the
atmosphere and the contributions from the individual
components mentioned. At altitudes greater than 2 or 3
km, the main factor ionizing the atmosphere are cos-
mic rays. Coulomb forces cause the atomic ions re-
sulting from the ionization to combine within about
107¢ sec with several dozens neutral molecules, and
this gives rise to relatively stable particles, so-called
light ions, with approximately equal mobility u, ~ 1
cm?/V-sec.

The light-ion concentration n,, determined by the
ionization and recombination conditions, amounts to
about 400 cm ™2 in clean air near the earth’s surface.

In this case the conductivity of the air is about 2 x 1074
esu. It is connected with u, and n, by the formula

A=e(nu_+nu,). 1)

The conductivity is greatly influenced by nonradio-
active impurities in the atmosphere. Light ions settle
on these impurities (minute dust particles, droplets,
and other particles with dimensions from 1077 to 1079
cm) and form heavy and ultra-heavy ions with mobili-
ties that do not exceed 10~3—10~* cm?/V-sec.

For light particles, the ionization-recombination
equation has the form
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dn,
Lt =I—an.n —pn,N_—yn N,

- (2)

Here N_ is the concentration of negatively charged
heavy ions, N, —concentration of neutral particles, a,
B, and ¥y —corresponding recombination coefficients,
and I —ionization intensity. We have left out from the
right side several terms which are usually of small
order of magnitude. Analogous equations can obvi-
ously be written also for n_, N_, N,, and N,. Thus,
in the stationary state and in quiet air we have dn,/dt
=0, and

I

= G BN N, @)

n
If the number of heavy particles is large, then the con-
centration n,, as follows from (3), should noticeably
decrease.

Since the mobility of the heavy ions is very low, the
contribution these ions make to the conductivity is usu-
ally negligible. If yN, + 8N > an,, and if we assume
that 8 ~y and put Ny + N_; = N, we get n, ~ N1,
Since (approximately) n, =n_ and u, = u_, this means
that

A~N1 @)

i.e., the conductivity of the atmosphere decreases
greatly with increased pollution. The number N may
reach 10° em™3; in industrial cities it amounts to about
103—10% cm™3. This decreases the number of light ions
in dusty air to 20—30 cm™? and reduces the conductivity
to 107 esu.

The daily and annual variations of the conductivity
at the earth’s surface are influenced by the daily and
annual variation of the two factors determining the
conductivity, namely the ionization intensity and the
atmospheric pollution. The conductivity usually in-
creases at local nighttime and decreases in the day-
time (Fig. 3), when the developing convection increases
the number of heavy particles in the atmosphere. In
the winter the conductivity in northern latitudes is
lower than in the summer, since the snow cover stops
radioactive emission from the earth from ionizing the
atmosphere. The conductivity increases with altitude
approximately exponentially. The columnar resistance
(resistance of a vertical air column 1 cm? in cross
section between the earth and the ionosphere) was
measured once to be 102! ochms, half of this amount
being made up by the layer between 0 and 2 km alti-
tude. [22]

Compared to air, the earth’s surface can be re-
garded as an ideal conductor, since the conductivity
of sea water is 14 orders of magnitude greater than
that of air, while the conductivity of the ground is 10
or 11 orders of magnitude greater. The conductivity
of the ionosphere also exceeds the conductivity of the
lower layers of the atmosphere by ten orders. The
atmosphere is therefore usually regarded as a dielec-
tric with variable conductivity, contained between con-
ducting shells—the earth and the ionosphere.
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In bad-weather zones, additional sources of ioniza-
tion may be the following:

1. Brush discharge from various sharp points on
the earth’s surface (tree branches, grass, antennas,
etc.), starting with electric fields of intensity exceed-
ing about 10 V/cm.

2. Electrification occurring when contact is broken
between particles; this happens usually in shower and
thunderstorm clouds, dust storms and snow storms,
volcanic eruptions and similar phenomena; in thunder
clouds, for example, this electrification may increase
the conductivity by almost two orders of mz:tgnitude.fz"':|

3. Lightning discharges. The presence of a field in
a conducting medium causes current to flow. In good
weather zones, where the horizontal dimensions of the
zone are much greater than the vertical ones, the
electric field is vertical. The density of the conduc-
tion current flowing through the atmosphere is

in=MAE, ()

where E is the field intensity and A the conductivity.
In good weather zones we have on the average i, = 3

x 10718 A/cm?. This current is not the same at all
stations. Its average annual value is 3.2 x 10718 A/cm?
over the oceans, 3.5 x 10~16 ynder Leningrad (Pavlovsk),
4.3 x 10718 jp Spitzbergen, and 1.7 x 10718 A/cm? in
Samoa and in Davos (Switzerland). Since the relative
daily variations of the conductivity above the conti-
nents are greater than the field variations, the daily
course of the conductivity current above the continents
recalls in many respects the daily variation of the con-
ductivity (Fig. 3). Over the oceans, where the daily
variation of the conductivity is quite weak, the daily
variation of the vertical current is very similar to the
daily unitary variation of the field intensity.

Over the entire earth as a whole, the total conduc-
tivity current in the good weather regions (the good
weather current) is approximately 1500 A; this cur-
rent charges the earth positively. Direct measure-
ments show that in the good weather zones the current
density is practically constant with altitude. From (5)
and Poisson’s equation for the one-dimensional prob-
lem

a
3 —5 = 4mp (6)
it follows in this case that the space charge density p
in the atmosphere, determined by the altitude distribu-
tion of the conductivity, is

- in® A
Q= —Zmr 57 -

M

The time necessary to establish stationary distribu-
tion is determined by the ratio €/4n\, where ¢ is the
dielectric constant of the atmosphere. Since € re-
mains practically constant in the atmosphere (changes
occur only in the fifth significant figure), the equilib-
rium time depends on A. In clean atmosphere at the
earth’s surface, with A = 2 x 10~* esu, the relaxation
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time is about 500 sec; it decreases with increasing
altitude.

Since the space charge is unevenly distributed in
the atmosphere, and the turbulent diffusion coefficient
k in the atmosphere is quite large, a diffusion current

, d

lq =—k 3_5 ’ (8)
flows in some cases in the atmosphere, in addition to
the conduction current, and also a convection current
ik, due to the convective transport of space charge
with velocity v:

®

Thus, the total current in the atmosphere in the good
weather zone is

ip=QU.

i =iyt iyt iy =ME— 1 22 qu. (10)

The vertical component of i is usually very small
in good weather zones.

The diffusion current is usually also quite small.
Only near the earth’s surface does it begin to play an
appreciable role, since the earth’s negative charge
causes a noticeable positive space charge to accumu-~
late in the atmosphere near the earth’s surface (the
electrode effect).

The electrode effect greatly complicates the meas-
urements near the earth’s surface, since all the instru-
ments are then under disturbed conditions. Calculations
show [25:26] that the thickness of the disturbed layer can
reach hundreds of meters in the case of strong turbu-
lence and decrease to 10 or 20 meters in weak turbu-
lence. Since the turbulence in the atmosphere has both
daily and annual variations, the electrode effect influ-
ences the variations of the corresponding atmospheric-
electricity elements. Thus, for example, changes in
the turbulence alone may cause the potential of the at-
mospheric field at a height of 2 meters to fluctuate ap-
proximately 20% about its mean value.

The earth’s average electric charge, usually esti-
mated at —5.7 x 10° Coulombs (calculated from data
on the average field intensity in good weather regions),
does not vary with time. This means that simultane-
ously with the positive ‘‘good weather current’’ the
earth receives a negative current also equal to 1500 A.
The possible sources of this current are the bad
weather zones, where the current has additional con-
tributions from charge exchange between the earth and
the atmosphere due to lightning, from brush discharge
by sharp objects near the earth’s surface, and from

electric precipitation current.
The charge carried by one lightning is about 20—30

Coulombs, while the brush-discharge current reaches
several microamperes per sharp point; according to a
rough estimate by Wormell [2"] this amounts to about
100 Coulombs per km? (in England). The precipitation
current carries in the main a positive charge to the
earth. The current density in a continuous rain ranges
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from 10716 t0 10~ A/cm?. Thunderstorm downpours
and showers may have a current density as high as
10-12 A/cm? and even more.

Thus, Schonland[m measured a maximum current_
of 2 x 1071 A/em?, Chalmers and Little [2%] observed
a precipitation current ~7.3 x 10712 A/e¢m?, The de-
termination of the current balance in bad weather
zones is very difficult because the main components
are difficult to measure or even to estimate. The
currents from individual clouds differ greatly in mag-
nitude and in sign, and the balance in individual years
may likewise diverge greatly. In various regions of
the earth the balance of these currents is also differ-
ent. As a result, only individual data on the current
balance are available. Thus, for example, Wormell [30]
gives the following annual current balance per km? in
Cambridge (England):

Conduction current +60C
Current from sharp points — 100 C

Current from precipitation + 20 C
Lightning current -20C

Total — 40 Coulomb/km? year.

These figures are highly approximate, particularly
when it comes to estimating the current from sharp
points, the main item in the balance. No such bal-
ance was measured for other places; yet it may differ
greatly from that given above. Thus, for example,
according to V. V. Zykova[31] the current from sharp
points in south Sakhalin charges the earth positively.

Gish and Wait[32] attempted to calculate the upward
current from thunder clouds by measuring the field in-
tensity and the conductivity above these clouds and to
determine the current flowing to the earth, assuming
it to be equal to the current flowing upward from the
cloud. According to their data, the current per storm
is about 0.5 A. According to Brooks, some 1800 storms
occur simultaneously over the earth’s sphere. Thus, if
the thunderstorms in the central part of the USA, where
the measurements were made, are sufficiently typical
of the entire earth’s sphere, then the lightning current
to the earth is on the order of —1000A. Later Stergis,
Rein, and Kangas estimated the current from one thun-
derstorm in Florida to be 0.8 A and found that the cur-
rent brought by lightning to the earth is about 1400 A.
These estimates however, are quite arbitrary in char-
acter, particularly if it is recognized that they are
based on measurements of currents of only a few
thunderstorms.

2. TWO THEORIES

The main facts listed above were used in several
dozen theories concerning atmospheric electricity
(see [35]). For various reasons, the majority of these
theories have been discarded by now. This pertains in
particular to all mechanisms wherein the earth is
charged by extraterrestrial sources. In view of the
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FIG. 4. Diagram illustrating the spherical-capacitor theory .[**]
I — Good weather regions; II — thunderstorm regions; 1 — earth;
2 — ionosphere.

high conductivity of the atmosphere, as noted above,
the electric charges reaching the earth will be trans-
ferred to the atmosphere and can be observed only by
instruments placed outside the atmosphere. %] Within
the confines of the earth’s atmosphere, the appearance
of such charges can manifest itself only in brief field
variations.

Let us consider two of the best developed theories.
The first is based on the views of Wilson[3"] and was
developed in [10,38-40,21]

According to this theory, the electric field of the
atmosphere exists because the earth (1, Fig. 4) and
the upper layers of the atmosphere (the ionosphere, 2)
act as capacitor electrodes carrying negative and pos-
itive charges Q. and Q,, respectively, and producing
a certain potential difference V so that a field is cre-
ated in the atmosphere. Because of the conductivity of
the atmosphere, a ‘‘good weather current’’ Iz flows
continuously between the ionosphere and the earth’s
surface, tending to discharge the capacitor. The den-
sity iq of this current is constant with altitude and
amounts to EpAp, where Ep is the field intensity and
Ap is the conductivity of the air at altitude h. The
field intensity of the atmosphere should decrease with
altitude, following an exponential law because the con-
ductivity of the atmosphere, as indicated above, in-
creases exponentially with altitude.

To maintain the charges on the electrodes of this
capacitor it is obviously necessary to have charging
currents offsetting the discharge current.

It was proposed that the charging currents I, are
produced in all the thunderstorm regions on the earth,
II (Fig. 4), where the field direction is opposite to that
observed in the good weather regions I. Since the
charges Q of the earth and of the atmosphere are de-
termined by the ratio of the charging and discharging
currents, an increase in the thunderstorm activity
should be accompanied by an increase in the charges,
and consequently by an increase in the potential dif-
ference V between the earth and the ionosphere. Be-
cause of the good conductivities of the earth and of the
ionosphere, the settling charge is distributed over the
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entire surface of the corresponding sphere within a
very short time (on the order of several seconds).
Thus, changes in the potential difference V should be
practically simultaneous over the entire earth. A de-

- crease in thunderstorm activity should be accompanied
by a corresponding decrease in the potential V and in
the intensity of the atmospheric field.

If it is assumed that the entire current I; to the
earth and to the ionosphere, produced by the thunder-
storm clouds, is proportional to the area covered by
the thunderstorms, then the close correlation between
the course of thunderstorm activity and the unitary po-
tenial gradient variation (see Fig. 1a and b) becomes
understandable. If R is the columnar resistance, then
the discharge current density ig will be

, 14
ld=? . (11)

On the other hand, ig = AE. Comparing these relations,
we obtain

4
F=ME. (12)

The last equation is useful because it relates the
potential V, which is the same over the entire earth’s
sphere, with the characteristic R of an air column
above the point of measurement and with the local
characteristics A and E, measured at any altitude,
and in particular near the earth’s surface. The vari-
ations of the field intensity E at the earth’s surface
can be attributed, in accord with (12), to one of the
three factors (or to some combination of the three).

When R and A are constant, the variation of E
should follow that of V, i.e., it should be simultane-
ous over the entire earth. When V and A are con-
stant, the field E should vary with R. This can be
related with the passage of fronts, cloud systems, and
the appearance of large dust zones. When V and R
are constant, the variations of E are related to those
of A. Local variations in conductivity, occurring in
the surface layer adjacent to the earth, hardly influ-
ence the resistance R of the entire air column. If
we measure E and A independently and assume (12)
to be correct, we readily can interpret the nature of
the different variations.

A characteristic example of the role of local varia-
tion in conductivity was cited by Stewart. [41] He showed
that the decrease in the average annual values of the
field intensity observed between 1952 and 1958 by
several English and Portuguese stations, and which
led to nearly half the field intensity by 1958, was due
to the increase in the ionization of the atmosphere in
the layer of air near the surface. This increase in
ionization turned out to be due to increased 8 emis-
sion from radioactive substances settling on the earth
as a result of nuclear explosions. Since the ionization
in the lower layer (up to 2 meters) has approximately
doubled, the conductivity has increased, and the field
intensity decreased, by the same amount.

IMYANITOV
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The spherical-capacitor theory explains many phe-
nomena observed in nature. For a direct verification
of this theory one would have to measure the potential
difference between the earth and the ionosphere and
demonstrate that it is the same for the entire earth
and that it experiences synchronous fluctuations due
to the unitary variation. It would be further necessary
to confirm experimentally the data on the balance of
the currents charging and discharging the earth in the
ionosphere. The measurements of currents above thun-
derstorms, reported in [32] and [33], are patently not
convincing, in view of the arbitrary nature of several
of the estimates.

The second theory which we now consider was de-
veloped in 1949 by J. L. Frenkel. (8] He assumed that
most clouds are electrically polarized (form electric
dipoles). The field intensity inside the clouds was as-
sumed to be approximately 10,000 V/m. The polarized
clouds should induce charges on the earth’s surface.
The sum of the charges induced by all the clouds pro-
duces the observed earth’s field, Differences in the
conductivity of the atmosphere under clouds and in
good weather zones are due to the appearance of a
certain excess charge on the earth’s surface, the field
of which is superimposed on the field of the induced
charges and guarantees the existence of the good-
weather field in large cloudless regions (for example
in the Sahara desert).

It is assumed in accordance with this theory that
the ionosphere (or the upper conducting layers of the
atmosphere ) plays no essential role in the course of
the atmospheric-electricity processes, and the elec-
tric field of the atmosphere was attributed wholly to
electric phenomena occurring in the troposphere and
their interactions with the earth.

The unitary variation of the field intensity can be
attributed in this theory to variations in the conditions
under which the earth as a whole is charged. Fluctua-
tions in the potential of the upper layers can occur in
this case in non-synchronous fashion, and in general
are not connected directly with the field measured at
the earth. The field in regions of bad weather, for ex-
ample above thunderstorm and shower clouds, has di-
rection opposite to that in good weather regions. Ac-
cording to Frenkel’s theory, the changes in the condi-
tions under which the earth is charged as a whole are
determined by a relation that follows from the equality
of the currents in the good and bad weather regions:

MES, = AE,S,, (13)

where Ay, E4, and S; are the electric conductivity,
field intensity, and area of the earth’s surface in the
good weather zones, respectively, while A,, E;, and
S, are the same for the bad weather zones. Since the
total positive charge induced by the polarized clouds
is equal, in accordance with the theory, to the total
negative charge, we have E;S; = E,S,.
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FIG. 5. Variation of field intensity E with altitude H.[**]

Group L. Leningrad, 1958 (H in the upper plot is in dekameters). made it impossible to verify the theory as a whole and
to compare it with observed facts.

Let us consider the present status of information
on atmospheric electricity. Principal attention will be
paid to information obtained in a new field of research,
the electricity of the free atmosphere.

If A, = A,, the total charge of the earth’s surface
is zero. However, under clouds whose field can cause
brush discharge from objects on earth, particularly
under thunderstorm and shower clouds, we have Ay > Ay,
meaning that E;S; > E,S,, i.e., the surface of the earth
as a whole should in this case be negatively charged,
with uniform charge distribution in good and bad

3. VERTICAL STRUCTURE OF FIELD, CONDUCTIV-
ITY, AND CURRENT IN GOOD WEATHER

weather zones. The charge remaining in the atmos- The altitude variation of the electric field intensity
phere in the bad weather zones is carried away, in above the continents was investigated most fully during
accordance with Frenkel’s ideas, by the air currents the time of the International Geophysical Year at three
into the good weather zone. Soviet stations, in Leningrad, Kiev, and Tashkent. [42]

Frenkel also studied in great detail several elemen- An analysis of more than 2,000 soundings of the atmos-
tary processes whereby the cloud particles are charged phere yielded systematic information on the altitude

and the charges macroscopically distributed in the variation of the electric field above these points. (431
clouds. However, the almost total lack of information It was found that even in days of good weather the field
on the space charge in the clouds and the rate of its profiles can be quite varied. It is advantageous to
redistribution, and the lack of data on the value of the break these down into three basic groups.

charges of individual particles in the clouds, have The first group includes profiles [4] with exponen-

tial decrease of the field intensity E with altitude z

(these comprise 40% of the cases):
7774

o E=E,e* (14)
Here E; is the field intensity at the 50-meter level
and a=1km™, Figure 5 shows a profile of this type
(measurements near Leningrad).
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E,V/em FIG. 8. Transformation of the electric field intensity profile
FIG. 6. Variation of field intensity E with altitude H.[**] during the day, for group III. Tashkent, June 1958[¢*]. 1 — 0%,

Group II. 1 — Leningrad; 2 — Kiev; 3 — Tashkent. 2 —6%, 3 - 12°, 4 — 18 (Greenwich time).
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In the upper right corner of Fig. 5 is a semi-loga-
rithmic plot of the altitude variation of the field. We
see from this part of the figure the extent to which
formula (14) represents the true altitude variation
of the field, and also that the replacement of (14) with
a two-term exponential equation, as is customarily
done, permits a more accurate description of the
field variation in the lowest layer alone.

Profiles of this type yield a = 1.2 km~! for Kiev
and a =1.5 km™! for Tashkent. We add that over
the oceans, where such profiles are also encountered,
a=0.25 km™1,[51]

In many cases the field intensity first decreases
with height in accord with (14), and then reverses sign,
usually at 3500—4000 meters (Fig. 6). Profiles of this
type were assigned to the second group.

Finally, in more than 40% of the cases the field
first increases with altitude and then starts decreas-
ing (Fig. 7). Profiles of this type comprise the third
group. Usually the field reverses direction at 3500—
4000 meters (Fig. 7a), but in some cases it remains
positive up to the maximum sounding height (Fig. 7b).
A similar variation of the field with altitude is ob-
served on cloudy days.

Profiles of these types were noticed by several in-
vestigators, [(4-511 put except for [4] and [51] only a
few profiles were investigated in each of these studies.
The profiles of the field above the continents can
change noticeably during the course of the day, as can
be seen from Fig. 8, obtained for strongly turbid at-
mosphere. These changes are closely connected with
the changes in the humidity and dust content of the at-
mosphere and with air movements. The profile of the
field is connected with the vertical course of the im-
purities. From the constancy of the conduction current
density it follows that E ~ A~1, and since A ~ Ny! for
large N, we get

E=BN, (15)

where B is a certain constant [see (4)].

Thus, in regions where the atmosphere contains
many impurities, a linear relationship should exist
between the impurity concentration and the field in-
tensity. This variation was thoroughly traced in sev-

IMYANITOV and K. S. SHIFRIN

eral examples. Simultaneously with field measture-
ments, A. L. Dergach[®2] measured also the altitude
variation of the number of condensation nuclei. Their
number was found to decrease with altitude as N

= Noe"bz. The average value of the coefficient b for
altitudes 0—3 km above Leningrad was found to be
1.05 [compare with the value of the coefficient a for
Leningrad in (14)]. The close agreement between the
variation of the field intensity with altitude and that
of the number of condensation nuclei was observed
also in individual flights. This dependence was noted
in (51,531 (Fig. 9). We notice a curious connection be-
tween the horizontal visibility in the atmosphere, S,
and the intensity of electric field E. Since S, ~ Nyl
we have when (15) is applicable (see, for example, [149])

ES, = const. (16)
The vertical conductivity profile consists of two parts:
a surface part with reduced conductivity, pertaining to
the mixing layer, where N is large and A ~ Ny 1 and
the region above, which extends to about 30 km. In
this region the conductivity varies exponentially, as
follows from the theory of ionic equilibrium of the at-
mosphere in the cosmic-ray field. It is connected with
the pressure p and temperature T by the relation

0) N/ T (k) \5

w =20 () (7o)
where r =1—0.64 and S =1.7 (see [5537]) (accord-
ing to [%] r =0.5 and S = 1.25). The existence of
such an altitude variation of conductivity above the
continents was investigated in great detail by R. Sa-
galyn and G. Faucher, [%] by Stergis et al, (%] and by
others. [48:5] Since the solid and liquid impurities in
the atmosphere usually accumulate between the earth’s
surface and the temperature inversion layers, which

delay the exchange, a minimum of A and maximum of
E are usually observed under such inversion layers.[44]
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FIG. 11. Comparison of results of simultaneous measurements
of the concentration of light ions (n) and the number of charged
nuclei (N).[] A, B, C, and D — curves calculated from the ion-
ization-recombination equation for the indicated particle radii,
assuming that only cosmic ionization is present.

Sagalyn’s investigations [%6] have shown that a lower
conductivity is observed in the mixing layer also over
the oceans. The influence of the continental conditions
is noted at distances up to 300 km from the shore.

The difference between the dependence of light -ion con-

centration on the number of charged heavy particles (con-
densation nuclei) in the atmosphere over the continents
and oceans is clearly seen from the data of Fig. 11.[%]
The figure shows that for the same content of heavy
charged particles, the number of light ions is larger
over the continents than over the oceans. The reason
for it is that the ionization intensity due to radioactive
impurities is larger over the continents than over the
oceans.

It is essential to note that the value 1.28, which is
usually assumed on the basis of the data of Gish and
Sherman[22] for the ratio of the negative to positive
conductivity A_ /A, is found to be too high. Accord-
ing to (%1 A_ /A, =1.05 £ 0.1 at altitudes 200—5,000
meters, while [58] gives 1.07 + 0.1. In the mixing
layer, Kraakevik (%] obtained a value A_ /A, = 1.04
+ 0,13, and above this layer he obtained A_ /A, = 1.08
+ 0.1. Thus, the assumptions made in the derivation
of formula (4) can be assumed to hold true in the at-
mosphere.

The daily variations of the profile of field intensity
(see Fig. 8) can be ascribed to a considerable degree
to variations in the conductivity, which are connected
with the daily course of the number of particles in the
atmosphere at different altitudes, which depends in
turn on the variation in the mixing conditions in the
atmosphere during the day and on the conditions gov-
erning the coagulation of the particles. [%]

Simultaneous measurements of the variations of the
field intensity and of the conductivity with altitude en-
able us to check the validity of the assumption that the
vertical current in the atmosphere is essentially the
conduction current, and to estimate the value of the
diffusion current in those cases when this assumption
is not valid. I. Kraakevik[%%1 observed that the con-

FIG. 12. Variation of conduction current density with altitude
above the east coast (2) and the west coast (1) of the USA.[*°]

duction current above the mixing layer remains con-
stant within = 10%, while in the mixing layer it may be
on the average 30%, and sometimes even 200% larger
than the conduction current at considerable altitude.

If it is assumed that the total current remains con-
stant, then the observed effect can be ascribed only to
turbulent diffusion iqjf [see formula (8)], produced by
the upward-moving positive space charge in the mix-
ing layer. An example of such a profile of conduction
current is shown in Fig. 12, As can be seen from the
figure, in the first current profile the current density
above the mixing layer is equal to (1.85 = 19) x 10716
A/cm?, and below the mixing layer it increases with
increasing height reaching 3.5 x 10716 A/cm? at 15
meters. We can thus assume that at this level the dif-
fusion current has reached a value 1.85 x 1071€ A/cm?.

The second field profile in Fig. 12 shows the pres-
ence of a diffusion current reaching 2.9 x 1071 A/cm?2.

Variation of current with altitude was observed
also in (131, but the usually observed variations were
attributed to considerable measurement errors. In
many joint measurements of the variations of conduc-
tivity and field intensity with altitude, carried out by
Rossman, [81] one can also notice an altitude variation
of the current, but here the current increased with al-
titude. An increase of conduction current with altitude,
amounting to as much as 30%, was noted also above
Japan, [50]

The existence of noticeable diffusion currents could
be established also near the earth’s surface.[®2] 1t was
noted that this current amounts on the average to 7—
30% of the conduction current and can vary from 1.55
x 10716 0 —4 x 10716 A/cm?.

Even greater discrepancies between the total cur-
rent on earth and the conduction current were noticed
in [%8], in which results in central America, which is
the world’s focus of thunderstorm activity, are dis-
cussed. During the rainy (thunderstorm) season, the
conduction current amounted to 14.1 x 10~16 A/cm?,
and the total current on the earth was —9.7 x 10716
A/cem?, while during dry seasons the values were 16.1
and 15.6 x 107! A/cm? respectively in one period, and
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1.4 and 2.7 x 10716 A/ecm? in the other, the field being
positive all the time. Thus, during the time of rain
one observes on the earth a negative diffusion current,
reaching —4.3 x 10716 A/cm?, while during the second
dry period the diffusion current is positive at +1.3

x 10718 A /cm?,

The conduction current density above the oceans,
according to Kraakevik, [$°] amounts to —2.7 x 10716
A/cm? and is constant with altitude within +2%. As-
suming this estimate to be correct for the earth as a
whole, an estimate of 1400 A is given in (8] for good
weather on earth.

It must be stated that diffusion current can be pro-
duced not only by positive but also by negative space
charges.

The data of the present section call for a certain
modification in the concept of ‘‘good’’ and ‘bad”’
weather.

In ‘“‘good’’ days the atmosphere contains no addi-
tional* space charges that modify appreciably the
earth’s space charge, while in ‘‘bad’’ days the field
of the space charges produced in the atmosphere
greatly influences the general course of the field.

Thus, the term ‘‘good’’ weather should probably
apply only to periods when profiles of group I appear.
Vertical sounding is one way of distinguishing these
periods.

4. DISTRIBUTION OF SPACE CHARGE IN THE
ATMOSPHERE

The altitude variation of the space charge p(z) can
be calculated from data on the variation of the electric
field intensity with altitude using formula (6).

For profiles of group I we obtain from (14)

0= —%Z—Ene‘“‘, (18)

We note that the space charges are much closer to the
earth over the continents than over the oceans.

From data on the altitude variation of the field we
can also calculate the charge of a column of air of unit
cross section. The daily variation of this charge has
the appearance of a simple wave. From the time vari-
ation of this charge we find that the current charging
this air column amounts to 10~ 13—10"1 A/m?, i.e.,
1—10% of the conduction current. This ratio shows
that the assumption that the current in the atmosphere
is stationary is in general valid. The average value of
the space charge of an air column in the 0—600 m layer
amounts to 0.5 x 10~3 esu/m3 in Leningrad, 0.4 x 1073
esu/m? in Kiev, and 0.22 x 10”3 esu/m? in Tashkent.
The charge of the column is less than the surface den-
sity of the earth’s own charge.

In the case of profiles of group II, the variation of

*The field due to the earth’s charge cannot fail, of course, to
evoke corresponding space charges in a conducting atmosphere,
but the field due to these charges should be exactly offset by the
earth’s own charge.
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FIG. 13. Variation of space charge density with altitude for
field profiles of group IIL[**] 1 _ Leningrad; 2 — Kiev; 3 — Tash-
kent.

the space charge is similar to that given by formula
(18) up to the altitude at which the field reverses di-
rection. In the layer from 0 to 6,000 meters, the value
of this charge is higher than the surface charge den-
sity of the earth.

In the case of profiles of group III, the distribution
of space charge is shown schematically in Fig. 13. We
see that the atmosphere becomes polarized for pro-
files of this group, with negative space charges below
and positive above. The entire positive charge in the
vertical column of air is frequently greater in abso-
lute magnitude than the sum of the negative charge of
the column and the surface charge of the earth. The
average negative space charge is 1.6 x 1073 esu/m3
in Leningrad, 3.6 x 1073 esu/m? in Kiev, and 2.4 x 1073
esu/m?3 in Tashkent; the corresponding average posi-
tive charge is about 0.4, 0.6, and 0.95 x 1073 esu/mS3,

The profile of the space charge may experience
considerable changes during the day. This is shown
schematically in Fig. 14, plotted from the data of
Fig. 8. Both the magnitude and the locations of the
negative and positive charges change abruptly over
the day. Since the appearance of space charges is
connected with the settling of light ions on heavy par-
ticles, the electric field influences little the displace-
ment of the charges.

In fact, considerable space charges are produced
in the mixing layer, as indicated above, also by ions

7

W 20 0 20 30 VO 4
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FIG. 14. Transformation of the space-charge profile during the
day (Tashkent, June 1958(%1).
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with mobility less than 10°3—10"% cm?/V-sec. Ina
field of intensity 1—2 V/cm, the linear speed of these
ions does not exceed 1_0'3—10'4 cm/sec, i.e., merely
several centimeters per hour, whereas the observed
displacements of the space-charge layer amount to
several meters or sometimes several times ten meters
hourly. The observed displacements are those con-
nected with the turbulent diffusion, convective move-
ments of the air, and the displacement of the particles
in the gravitational field.

The annual variation of the air column of unit cross
section within the layer 0—6000 meters and of the po-
tential at an altitude of 6,000 meters above Leningrad in
1958 is shown in Fig. 15. This variation is similar in
many respects to the annual variation of the space
charge near the earth’s surface. A minimum is no-
ticed, in particular, in the fall. The changes in the
charge amount to 0.5—3.8 esu/cmz, whereas the am-
plitude of the annual variation of the earth’s charge
density does not exceed 0.5 esu/m?.

The appearance of separate charges in the atmos-
phere during days of ‘‘good’’ weather can be explained
in part by variations of conductivity with altitude. One
of the possible reasons for this separation may be the
accumulation of charges in a poorly conducting layer.

The influence of space charge in the atmosphere on
the overall course of the field intensity above the earth
is illustrated by the data of Fig. 16, which shows the
latitudinal variation of the field intensity over the
oceans, obtained during the time of three marine ex-
peditions to the Antarctic shore.[®] The maximum,
which is regularly noticed in the region 10—20° south-
ern latitude, is apparently connected with the intensi-
fied thunderstorm activity at these latitudes, which
leaves a positive charge in the atmosphere.

5. TIME VARIATION OF FIELD AND POTENTIAL
AT HIGH ALTITUDES

In comparing the sounding data obtained in different
times, we can disclose the daily variation of the field
intensity at high altitudes.

Fig. 17083 shows the daily variations of the field
intensity (Greenwich mean time) at altitudes from 0
to 500 meters and the potential at an altitude of 6,000
meters near Leningrad and Kiev.
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FIG. 16. Latitudinal variation of the field intensity over the
oceans.[*] 1 — Fall; 2 - winter; 3 — fall.

Two facts are striking. The variation of the poten-
tial at 6,000 meters does not agree at all with the uni-
tary variation, while the variation of the field inten-
sity, which does not agree with the unitary variation
at the earth’s level and above 400 meters, agrees well
with the unitary variation at 200—300 meters. The fact
that the unitary variation manifests itself only at cer-
tain altitudes is a characteristic of all three groups of
profiles, although the altitudes are different for the
different groups.

In the case of profiles of group III, [43] for example,
the unitary variation appeared in the summer of 1958
at an altitude of 700 meters in Leningrad, at 1,000
meters in Kiev, and at 700—1000 meters in Tashkent.
The correlation coefficients between daily variation
of the field intensity, measured at the same points,
and the unitary variation measured over the oceans
are 0.92, 0.7, and 0.96, respectively. These data ex-
plain the appearance of unitary variation on the top of
the Eiffel Tower, already noticed by Chauveau,[87J al-
though no correct explanation was proposed at that
time for this phenomenon, and it was assumed that the
collector was located outside the layer in which the
electrode effect occurs.

The unitary variation occurs at a definite altitude
only, because the field due to the space charges lo-
cated above and below this altitude, and also due to
charges induced by them in the earth and in the atmos-
phere, cancel each other and thus permit the earth’s
field to manifest itself.

If we have data on the levels h at which the unitary
variation is observed, we can estimate the height H
of the effective layer of the space charge in the atmos-
phere, [43,68]

Assuming that p = pye™@% inside this layer, we ob-
tain for continents (a =1 km'i) and oceans (a = 0.25
km~!), for h=0.2 and 1 km respectively,

H=05and 2,5 km and H=0,4 and 2 km.

These low values of H show that the effective height
of the induced charges is that of the lower troposphere.
The same region contains obviously charges induced in
the atmosphere by the earth’s charge. The conductivity
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FIG. 17. Daily variation of field intensity at alti-
tudes from 0 to 500 metets and of the potential at
6,000 meters (summer, 1958(]). 1 _ Leningrad;

2 - Kiev (Greenwich time).
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is low and cannot ensure equalization of the potential
within the required time.

Let us examine the data obtained by measuring the
potential. These should help ascertain whether the as-
sumptions underlying the theory of the ‘‘spherical capaci-
tor’’ and the theory of J. I. Frenkel are correct.

Integrating the curve E = f(z) we can calculate the
potential V at the altitude h:

h

vi=— £ d.
0

(19)

As follows from the altitude variation of the field in-
tensity (see Figs. 6 and 7, and also [%]), the potential
does not always increase with altitude monotonically,
and sometimes starts decreasing beyond a certain al-
titude.

The daily variations of the potential at 6,000 meters,
measured simultaneously in three continental stations,
are shown in Figs. 18a, b, and c.[%3] It is essential to
note that neither the mean values of the potential at
high altitude nor its time variations are the same at
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FIG. 18. Daily variation of the potential at 6,000 meters.[5]
1 — Leningrad; 2 — Kiev; 3 — Tashkent (Greenwich time). a) June
1958, b) September 1958, c¢) December 1958.
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FIG. 19. Histograms showing the potential at 6,000 m.[**]
a) Leningrad, 1958; b) Kiev, 1958; c) Tashkent, 1958.

the different points of observation. During the time

of the International Meteorological Interval in June
1958 (Fig. 18a) the mean potential at 6,000 meters

was 230 kV in Leningrad, 160 kV in Kiev, and 370 kV
in Tashkent. The corresponding values were 220, 170,
and 110 kV in September 1958 and 140, 140, and 150 kV
in December 1958.

Neither are the relative variations of the potential
at high altitudes similar. Thus, in June 1958 the rela-
tive changes in potential at the points of observation
were 28%, 22%, and 50%, respectively.

The daily and annual variations of the potential over
different continental stations are not in phase with each
other, nor are they in phase with the unitary variation
of the field intensity.

The unitary variation of the potential does appar-
ently occur over the oceans (511 a¢ 6,000 meters, the
mean registered value of the potential being 231 kV.

The relative amplitude of the annual variation of
the potential over Leningrad exceeds greatly the an-
nual amplitude of the unitary variation. [63]

Figure 19 shows histograms of the electric potential
at 6,000 meters over three continental stations. [63,68]
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The dashed lines in the figure denote the values of the
potential expected from Gish’s formula, [0

We see that the most probable values of the poten-
tial are less than expected. For Leningrad and Kiev,
the most probable value of the potential lies between
120 and 160 kV, while for Tashkent it lies between 80
and 120 kV. In many cases, negative potentials reach-
ing —200 kV are observed.

In individual good weather days, the potential over
the point of observation can reach 5 x 10% V; cases of
+3x 10"V and —3 x 108 V were observed in cloudy
days.

The measured value of the potential at 6,000 meters
differs slightly from the potential of the ionosphere.
According to Gish[™ the potential at 6,000 meters
should amount to about 70% of the potential of the iono-
sphere; if we start from Eq. (2), the percentage is
more than 95, and over the oceans (after Clark[®])
it is about 80. Thus, the measured values of the poten-
tial enable us to estimate the potential of the iono-
sphere, which should amount(%8:6%] on the average to
about 200—250 kV.

6. DESCRIPTION OF ELECTRIC PROCESSES IN
REGIONS OF GOOD WEATHER

Certain facts, such as the non-synchronous varia-
tion of the potential at high altitudes over different
points of the earth’s surface, the lack of similarity
between the unitary variation of the field intensity
and the daily course of the potential, the non-mono-
tonic variation of the field intensity with altitude, or
the low effective height of the induced charges, cannot
be reconciled with the ‘‘spherical capacitor’’ theory.

On the other hand, the weak influence of the high
layers of the atmosphere on the electric processes
in the ‘‘good’’ weather zone in the troposphere jus-
tify one of the main premises of Frenkel’s theory.

At the same time, many observed facts, hitherto un-
known, cannot be fitted in the frame of either basic
theory. Among these facts are the considerable di-
urnal and annual variations of the space charges in
the atmosphere, with a relative amplitude that exceeds
the relative amplitude of the variation of the earth’s
surface charge, the polarization of the atmosphere in
clear weather, and the existence of considerable dif-
fusion currents flowing towards the earth’s surface.

Many previously known and recently discovered
facts can be explained with the aid of a somewhat dif-
ferent scheme. (44,681

Let us imagine a well-conducting sphere, the earth,
surrounded by a poorly conducting medium, the atmos-
phere. We assume that clouds or dust layers have ap-
peared above some part of the earth’s surface and the
charges in the atmosphere became separated. The
field due to these charges is confined to the region of
the clouds and will be regarded as local. If precipita-
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tion, the settling of dust on the earth, or some other
factor causes the charges to settle on the earth, they
become distributed within a certain time over the en-
tire earth as a whole. In this case there will be super-
imposed on the local field an additional field over the
entire earth’s surface. The direction of the field will
be such as to tend to discharge the earth into the at-
mosphere.

Let us assume (Fig. 20) that a charge —Q has set-
tled on an area S; in some zone from a previously
neutral atmosphere. If the area of the entire earth
is 8, then the additional charge on the earth’s surface
in that zone will assume a value —Q; = QS;/S, after
a certain time determined by the conductivity of the
atmosphere and the conditions under which the charge
is transported by the air currents. This charge, in
conjunction with the charge of the atmosphere, pro-
duces in the atmosphere the field variation shown in
Fig. 20c (compare with the measured variation in
Fig. 7). The charges of the first zone, which have
settled on the earth, will produce on the remaining
surface of the earth an additional charge Q, = —Q;S,/S,
where $; + S, = 8. The altitude variation of the field
obtained after the establishment of the stationary cur-
rent will then be given by the curve of Fig. 20a (com-
pare with the measured altitude variation of the field
in Figs. 5—7). It is significant that the field due to
the charges in the atmosphere can no longer offset the
field due to the earth’s charge, and a positive field will
appear in the second zone, which can be called the good
weather zone, extending up to very high altitudes and
decreasing with increasing conductivity. As positive
charges are transported by the air currents from the
first zone to the second zone of the atmosphere, the
latter becomes richer in positive charges to an extent
that may even be sufficient to offset the earth’s field
at a certain altitude (see Fig. 20b and compare with
Fig. 6).

If we further extend this pattern to the earth as a
whole, then a series of zones of the first type, poor
weather zones, will exist simultaneously and generate
charges; this series will undoubtedly include the thun-
derstorm zones.

Active sources of charge separation in the atmos-
phere may be clouds which are usually positively po-
larized (see below). These zones also include des-
erts and semi-deserts, and apparently other zones in
which charges can become separated. Such a zone,
as already pointed out, is identified by a field variation
similar to that of Fig. 20c. The clearly pronounced
latitudinal course of space-charge distribution in the
atmosphere, which apparently gives rise to a latitudi-
nal variation of the field intensity along with the varia-
tion of the ionization of the atmosphere due to the lati-
tudinal variation of the cosmic rays,[15] is due to the
geographic distribution of these zones.

Analogously, there should exist in the atmosphere
a series of good weather zones, similar to the second
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FIG. 20. Field intensity profiles in regions where the atmo-
sphere gave up negative charges to the earth, (b) and (c), and in
regions where there is no excess charge in the atmosphere (a).[**]
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zone and characterized by the altitude variation shown
in Fig. 20a. The continuous formation and disappear-
ance of such zones gives rise to the good weather field,
determined essentially by the earth’s own charge and
by the altitude variation of the atmospheric conductiv-
ity. This field may become clearly pronounced near
the earth’s surface where the space charge is produced
only under the influence of the earth’s field and the dis-
placement of the ions is due essentially to the electric
field, while the diffusion and convection currents play

a secondary role. Such regions may be oceans, polar
regions, and high mountain regions. The field is nega-
tive in the upper part of the troposphere and above,

and in poor weather zones, and positive in good weather
zones. The appearance of fields in the upper layers of
the atmosphere may give rise to compensating currents
in the same layers. Thus, a compensating current
should flow in the upper layer of the atmosphere be-
tween the two types of regions. The level at which

this horizontal current begins lies obviously at the al-
titudes where the field reverses sign, i.e., 3—4 km.

At these altitudes, obviously, the electric atmospheric
field lines begin to deviate from vertical.

The air streams should continuously transport the
space charges from the poor weather region to the good
weather zones and vice versa. The electric field and
the diffusion and convection currents transport these
space charges in a vertical direction.

Thus, the field in the atmosphere is determined by
the field of the earth’s charge and the field of the local
charges of the atmosphere. Since the latter is quite
large, there is no similarity in either the magnitude
or in the variation of the potential of the atmosphere
over different points of observation. The changes in
the earth’s own charge manifest themselves in the
field variations noted simultaneously at different
points on the earth’s surface.

The space charges can be produced in good weather
zones by five processes.

1. Separation of light ions of different polarities by
the electric field.
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Table I. Characteristic of stratified clouds [76]

3 N i wy ﬁ? Electric field intensity in the clouds (V/cm) Space charge density R gg 5 E
- o8 g .y 8 2nf| g2 in the clouds, %-g'é ==§:§
s p-] % -
2 E 3 >‘; = f"E .%"-S % g E Average Maximum Minimum X10? (esu/m%) RN Bt §;.g <
2 S { ° & kS PEL S
o 85 g, | 803 S8E1 T FlelEfasy
° §¢ | E% | Hoo wog) Js . —8El8,85%
é’ 2% ] Eg g 88| 5% Egv Lavi E max lEmax Enin ‘ Einin %av | %nax | Omin 8% g 5 § &8¢
Fol 2 | & |98 [289] <3 £Pg|787 5
St 116 62 2,6 350 500 0.9 1.6 2.1 2.6 -0,3 0,7 0.7 3.8 —-2,2 2.8 17
Se 357 242 1,8 | 1000 500 0.3 1,8 1,6 3.1 —-0.5 0.8 0.8 5.5 -1,8 3.4 2,4
As 218 660 0.5 | 3400 950 —0.2 3.2 4,7 8.4 —3.3 1.2 —01 52 |—12.4 1.0 87
Cs 48 0 2.9 5500 | 1100 0.0 2.8 1.9 6.8 —2.4 0,7 1,2 4,8 —0.4 1-3.8 - 323
Ns 155 380 —-8.,7 900 2100 0,3 5.6 12,9 18.6 —9.8 0.4 0,2 345 [—18,1 |-0.3 78
Table II. Relative distribution of electric field intensity in clouds of stratified form, percent ("]
Interval of mean field intensities in a 100 meter layer (V/cm)
o
N < ) N -
Type of 1 |
cloud - ! I J , ! 7 < s
- - = | | I - « ~* © - 1 -
| - - = ~r ™ - ! K -
% I I I I o - o - © 2 A
St 3 2 4 3 16 24 32 15 1
Se 4.5 3.5 8 13 2% 25 14 25 | 1.0
As 1 3 4 2.5 2,5 3.5 10 12,5 18.5 23,5 9 8.5 3.5 1
Cs 1 2 1 5 15 22 15 15 13 4 6
Ns 3 3 7 10 12 10 10 10 9 9 3.5 5.5 4 3

2. Transport of space charges from poor weather
zones.

3. Adsorption of light ions from the atmosphere by
the aerosol particles with subsequent spatial separa-
tion due to differences in the weights of differently
charged ions bound to different sorts of particles.

4. Entry of particles that have become charged on
breaking away from the earth into the atmosphere.

5. Charging of particles in the atmosphere by inter-
action with one another or by transfer of the charge
from the particles to the atmosphere, with subsequent
spatial separation of oppositely charged particles of
different sizes.

The first process is predominant only in a clean
atmosphere, and results in profiles of the first type.
The second process undoubtedly appears, for example,
in the case of profiles of the second type, but cannot
explain the daily variations of the space-charge pro-
file, the connection between the daily variation of the
measured space charges, and local characteristics of
the atmosphere such as aerosol concentration, radio-
activity of the atmosphere, etc. The mechanism of the
third process was already considered; without raising
the question of the elementary processes that bring
about the settling of ions on the heavy particles, the
accumulated space charge can be determined from the
altitude distribution of the aerosols. The space charge
distribution characteristic of field profiles of the third
type can also be produced by the fourth and fifth proc-
esses. Charging of particles that break away from the

earth cannot occur when the wind is weak and over
surfaces with dense vegetation.

The daily altitude variation of the space charge dis-
tribution also indicates that this charging process can-
not be predominant. The role of the fifth charging
process is still an open question at present. The ele-
mentary processes that can bring about the charging
of aerosol particles of different sizes by charges of
opposite polarities have not yet been investigated;
some ideas in this direction are now being tested. [11774]
For the time being they have led to mutually contradic-
tory results (see, for example ["1-73]),

Both main theories of atmospheric electricity deal
with the possible generators that maintain the good-
weather field. According to Wilson, Israel, et al,
these sources are the thunderstorm clouds; according
to Frenkel these are all clouds, or at least clouds with
vertical development. Let us examine the main char-
acteristics of the electricity of clouds.

7. ELECTRICITY OF STRATIFIED CLOUDS

Stratified clouds, which extend over territories that
are hundreds of times larger than those occupied by
thunderstorm clouds, may stay for weeks above the
same point. Almost half of the earth’s surface is
covered with stratified clouds. The electric charges
and currents in these clouds, although much smaller
than in thunderstorm clouds, can consequently play
an appreciable role in the overall exchange of charges



308 I. M. IMYANITOV and K. S. SHIFRIN
Table III. Sizes of charges in clouds of different structures (7]
Type of electric structure
Polarized clouds Unipolarly charged clouds
Positi Negati ies :
Type of cloud A"acx;‘iez::t of polari:z a:iin pol:Eiaza:ieon Positively charged Negatively charged
Charge of | Average Charge of Average Charge of Average Charge of | Average
column with |  Space column with space column with space column with space
1 m? area chargf den- 1 m? area charg_teyden- 1 m? area charge den- 1 m? area charge den-
sity 2 sif sity it;
(esu/m2) (esum) (esu/m?) resusm®) (esu/m?) (esu)md) (esu/m?) (e:;},mﬁ
*
Stratus (St) Upper charge +2.5 0.5.-10"2 —8.8 ~3.0.10°2
Lower charge ~2.5 —0.5-10"2 +8.8 +1.2.10-2
Excess charge +2.7 | 40.5.10°2 425 | 40.4-10-2 7.5 | 4+1.9-10°2 —6.4 | —1.8-102
Stlratocsumu- Upper charge +3.0 +0.5-10"2 ~3.7 —1.8-10"2
us (Sc)
Lower charge ~3.0 —1.0.1072 +3.7 +0.5.10"2
Excess charge —+4.3 0.6-10°2 +3.2 0.45-1072 6.9 1.7.10°2 —10.6 —2,5-1072
Altostra- Upper charge +2.9 0.5-1072 —=3.5 —0.6-10"2
tus (As
(4s) Lower charge —-2.9 —0.5-10"2 +3.5 +0,6-10-2
Excess charge —1.9 —0.2.10"2 0 0 4-23.2 3-10-2 —4.5 —0.5-1072

between the earth and the atmosphere. The electric
properties of these clouds remained practically un-
known until recently. Let us examine the electric
characteristics of individual types of stratified clouds
(Tables L, II, III) as given by L7576,

a) Low stratus clouds. (%] The thicknesses of the
investigated clouds ranged from 100 to 1,000 meters.
The field intensity ranged essentially from -1 to +3
V/em (80% of the cases).

Based on their electric structure, these clouds can
be classified in four types. In 50% of the cases the
clouds were positively polarized. In addition, an ex-
cess positive charge was observed in the clouds. In
10% of the cases negative cloud polarization was ob-
gserved. Many of the investigated clouds had unipolar
charges. In 30% of all cases the clouds were positively
charged. The remaining 10% were negatively charged.
The profile of the field intensity for all types is shown
in Figs. 2la—d. The sizes of the charges are listed
in Table III. The altitude variation of the electric
field during days when only stratus clouds are ob-
served is shown in Fig. 23a. We see that these clouds
are associated with the appearance of a considerable
negative charge on the earth’s surface and a rapid de-
crease of the field with increasing altitude. Above
3,000 meters, the field intensity is close to zero.

b) Low stratocumulus clouds.[™) The thicknesses
of the investigated clouds range from 100 to 1800
meters. The field intensity in these clouds varies es-
sentially between —2 and +3 V/cm (80% of the cases).
Like the stratus clouds, these clouds have four types

of electrical structure: positively polarized (45%)

(Fig. 22a), negatively polarized (13%, Fig. 22b), posi-
tively charged (23%) (Fig. 22c), and negatively charged
(7%) (Fig. 22d).

In 12% of the cases the clouds either had charges
smaller than the measurement accuracy, or had a com-
plicated electric structure (the clouds had three
charges with vertical arrangement + - + or — + —).

The altitude variation of the electric field in days
when only stratocumulus clouds are observed is shown
in Fig. 23b. As in the preceding case, a negative space
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FIG. 21. Four types of field intensity profiles in stratus
clouds.[”*] a) and b) — clouds with positive and negative polari-
zation; c) and d) — clouds with positive and negative charge.
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FIG. 22. Four types of profiles of field intensity in strato-
cumulus clouds. [**]

charge is produced under the clouds, but above the
clouds the field intensity remains appreciable up to
6,000 meters.

The conductivity in stratus and stratocumulus
clouds or in fogs that have similar properties is sev-
eral times lower than the conductivity in clear atmos-
phere, the conductivities of both polarities being ap-
proximately the same. According to [77] the conduc-
tivity in supercooled clouds decreases by a factor of
3—5 (as much as 20 in individual cases), according
to [ (on Mt. Elbrus) it decreases to approximately
Y., according to ("] it decreases to about ¥,. In fogs
[19] the conductivity is decreased to about %;.

The charges of the droplets in stratus clouds and
fogs were measured in [80-83]  The probability of
charging a drop to either polarity is approximately
the same. The measured charges q were found to be
proportional to the drop radius: q = kr (Table IV).

Measurements in fogs [8%] yielded k ~ 16, meas-
urements on Mt. Elbrus [81] yielded k ~ 13, measure-
ments on an airplane fez] yielded k ~ 18, while meas-
urements (8] on an aerostat balloon yielded k ~ 20
(the radius is in microns and q in elementary charges).
Many drops remained practically uncharged or very
weakly charged.

Quite different data are cited by Twomey [3¢]
(stratus clouds, observations on mountains, in Tas-
mania ), where the charge turned out to be several
times greater and proportional to the square of the
radius (see Table IV).
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Table IV. Charges of droplets in clouds and fogs,
expressed in elementary charges (8]

Drop radius (microns)
Measurement conditions 1
2 { 5 l 8 ‘ 10

Fog, measurements on a plain[s°] 20 5 42 46
Stratus and stratocumulus clouds

on a mountain[®] . .. ... .... 28 68 81 104
Stratus and stratocumulus

clouds —airplane measure-

ments{8] . ... ... .0 25 94 127 188
Clouds—_aerostat measure-

ments{®] ... ... e 36 96 _ _
Clouds, measurements on

mountains|®] . ... . . Il 200 800 | 1000
Thunderstorm clouds[t»¢} ... ... — 270 320 —

We note that the charges of the drops turned out to
be much less than would follow from the assumption
that the electric kinetic potential of the water is the
cause of the charge, but several times greater than
would follow from the diffusion mechanism of charging
the drops. cel

c) Altostratus clouds. ] These clouds are pro-
duced at considerable altitudes (above 2,000 meters),
where the good weather field is appreciably attenuated.

These, too, exhibit the four types of distribution
mentioned. Positive polarization is noticed in 30% of
the cases, negative in 25%, positive charge in 12% and
negative charge in 13% of all cases. In addition, in
10% of the cases weakly charged clouds are observed,
while another 10% comprise clouds with a complicated
charge structure such as + — + or — + —.

The field variation in days when these clouds were
present is shown in Fig. 23c; again we see a negative
space charge between the surface of the earth and the
base of the cloud. Negative polarization is more fre-
quently observed in these clouds, and the clouds them-
selves have an excess negative charge.

d) Cirrostratus clouds. "™ These clouds lie high
above the earth’s surface at a level of 5,000 meters
and above. Nonetheless, they decrease noticeably the
field intensity at the earth’s surface (see Fig. 23d).
The field in these clouds is usually negative.

In addition to the previously noted types of polar-
ized clouds, two other types are frequently encoun-
tered, in which the upper and lower parts of the clouds
have positive charges, and the middle of the cloud is
negative (distribution of the + — + type), as well as
clouds with a distribution — + —.

As can be seen from the foregoing, stratus clouds
that produce no rain exert an appreciable influence

H,m @ H,m @ H,m @ H,m @ H,m
. gs . L) ) ),
FIG. 23. Altitude variation of electric O clouas| %117 clouds ¥, 23 clouds) % / e ouds M”Lﬁtfm
field in days with stratified clouds.[™] sa00 5000, fﬂ(i boss | w0
a) Stratus, b) Stratocumulus, c¢) Altostratus, 4000/ 4000 éﬂy(f 4090 7y
d) Cirrostratus, ) Nimbostratus clouds. n swoo|—3 e % ; ,,,% 7 % 7
Thfe shaded region shows.the heights at oo < | 7 %”I"a 7
which the clouds of the given type wete g 1\
located. 1000 100070522} pr 1000 _\} 4 1
/| | X
7 @0 12 0 @ @5 450 W 2 W 4 A 420 G5 6 ¢ 2 0. Z 4 ¢
a) b) c) d e) E, V/em
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Table V

Interval of most probable
values of average electric
field intensity in the

Fomm of cloud clouds, V/cm

Interval of cloud

thickness, m Remark

Cumulus. . ...... 0-10 [+
Cumulus congestus. 0-10 b2l
Thunderstorm . . . . 3002000 [*++¢]

1001500
15005000 B**°]
2000—12000 ***7*]

Field data pertain
to cloud thick-
ness smaller
than 4,000 meters

on the electric characteristics of the atmosphere. At-
tention should be called first to the appreciable elec~
tric space charge produced by these clouds, ranging
from 3 esu/m? to several times 10 esu/m?. We recall
that the surface charge of the earth amounts to about
3 esu/m?, and its unitary variation amounts to only
about 20% of this quantity.

Thus, the variation in the charges of the clouds ex-
‘ceeds greatly the observed unitary variations of the
charge of the earth. It must also be recalled that
stratus-type clouds cover almost 50% of the earth’s
territory. Consequently the total contribution which
they make to the charge exchange between the earth
and the atmosphere can be quite large. The appear-
ance of a negative space charge near these clouds
should be accompanied by diffusion currents which
carry negative charges to the earth. The first attempt
to measure these currents directly [62%6] yielded favor-
able results.

The character of decrease in the field intensity with
increasing distance from the cloud to the earth shows
that this field is produced not directly by the charges
of the cloud, but by the charges which these clouds
produce and redistribute. The clouds act not as field
generators, but as generators of space charge in the
atmosphere. [44] Only high clouds of the cirrostratus
type fail to produce a considerable negative space
charge at the earth’s surface. Stratus clouds, as
shown by the data of Table I, greatly influence the
potential of the atmosphere at an altitude of 6,000
meters. They produce in this potential relative changes
which are much greater than the changes due to the

7
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FIG. 24. Frequency of occurrence of average values of field
intensity in all the investigated cumulus congestus clouds (1),
in cumulus congestus clouds with positive average field intensity
(3), and in cumulus clouds (2).[**]

unitary variation. Thus, the stratus clouds apparently
play an appreciable role not only in the formation of
the bad weather field, but also in good weather.

The mechanism whereby the space charges are pro-
duced in this case is not clear at all. We have seen
that the charges on droplets of these clouds are small
and the spectrum of the positively charged drops is
approximately similar to the spectrum of the nega-
tively charged ones. We cannot assume in this case
that gravitational coagulation of the minute drops
guarantees accumulation of the charges on the large
drops, since the coalescence of the drops leads in
such a case to a relative decrease in the charges on
the drops. It can be assumed that in these clouds
there occurs, under definite conditions, an exchange
in charges between drops of different dimensions or
between the drops and the air. One of the possible
mechanisms of this type was considered by V. Ya.
Nikandrov, (8] who assumed that evaporation may
charge a liquid because of the difference in the mobil-
ities of the anions and cations in the liquid (see ™).
In addition, an important role may be played in the
electrification of altostratus and cirrostratus clouds
by the precipitation particles falling from these

clouds.[#9
e) Nimbostratus clouds.[™ Precipitation from the

cloud contributes to an accumulation of electricity in
the cloud. The electric structures of nimbostratus
clouds are highly varied and complicated. Along with
the aforementioned four types, clouds are encountered
with three and even four layers of charges. The gen-
eral characteristics of nimbostratus clouds are given
in Table I.

The altitude variation of the electric field intensity
in the presence of nimbostratus clouds is shown in
Fig. 23e.

It is interesting that the measured altitude variation
of the field intensity in these clouds agrees, in general
outline, with the field profile proposed by Chalmers [108]
for nimbostratus clouds.

The measured cloud profiles agree with those ob-
tained under the assumption that the space charge car-
ried by the rain is positive and that the melting of the
snow flakes from which the drops are formed occurs
in the upper part of the cloud.

In nimbostratus clouds one observes a higher field
intensity than in other types of stratus clouds. These
clouds reverse the sign of the field intensity at the
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earth’s surface and produce near the earth a positive
space charge. The charge of these clouds is for the
most part negative. The average charge of a precipi-
tation drop near the earth’s surface ranges from 1074
to 1073 esu (86881951 the negative charge being some-
what higher than the positive one. On the whole, how-
ever, the charge carried by the precipitation from
these clouds is positive. For example according to
[90] and (%13, one gram of positively charged drops
carries 0.21 esu, while 1 gram of negatively charged
drops carries 0.08 esu. These numbers may vary in
individual drops by as much as a factor of 10.

Positively and negatively charged drops are en-
countered simultaneously in precipitation on earth.
However, under the clouds all the drops have essen-
tially like charges. Thus, some of the drops exchange
charges as they fall. The current carried by the pre-
cipitation from the clouds is about 5 x 10716—5 x 10715
A/cm?, [90,91]

As pointed out by E. K. Fedorov, [1%] the average
and maximum charges of both positively and negatively
charged drops increase and decrease simultaneously,
i.e., the precipitation does not remove appreciable
charges even from isolated regions of the clouds.

8. ELECTRICITY OF CUMULUS AND CUMULUS
CONGESTUS CLOUDS [#:65:82]

Cumulus and cumulus congestus clouds are of par-
ticular interest, because they develop into shower and
thunderstorm clouds, which produce the greatest
electrification of the atmosphere. Many characteris-
tics of cumulus congestus clouds (turbulence, water
content) are similar to those observed in thunder-
storm clouds. A hypothesis has been advanced that
cumulus congestus clouds are by way of a model of
thunderstorm clouds, in which it is safer to carry
out the investigations. This assumption, as will be
demonstrated below, is not confirmed, but certain
regularities in the charging of thunder clouds can be
deduced from research on cumulus congestus clouds.

Investigations of cumulus clouds [#4:6%:92] have
shown that their field is highly irregular; in a single
flight through a cloud one can encounter several field
extrema, both positive and negative. The average
field intensity in cumulus clouds is as a rule positive.
Negative values are observed in approximately 25%
of the cases; they are usually connected with the ap-
pearance of large drops in the clouds and with the
start of precipitation.

The measured average values of the field intensity
are shown in Fig. 24. Curve 2 characterizes the aver-
age value of the field intensity in cumulus clouds. [44]
Curve 1 gives the values of the field intensity in thick
convective clouds. If one excludes from the statistics
the clouds that are in the state of transition towards
the shower and thunderstorm cloud,[%] then the dis-
tribution of the frequency of occurrence of the average
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values of the field intensity will be characterized by
curve 3 of Fig. 24.

The connection between the vertical dimensions of
the cloud and the average field intensity in the cloud
is shown in Table V.

The data of Fig. 24 and Table V show that the ver-
tical dimensions of the convective clouds do not influ-
ence greatly the average values of the field intensity
in them, so long as the qualitative jump connected with
the appearance of the ice phase does not occur in the
cloud; the latter brings a new electrification mecha-
nism into being. [#3,95]

The extremal values of the field intensity in cumulus
congestus clouds may exceed the mean values consid-
erably. Figure 25 shows the frequency of occurrence
of the extremal values of the field in these clouds.
These extrema are noticed for both vertical and hori-
zontal components of the field intensity, [101]

In cumulus congestus clouds, extremal fields are
usually encountered in zones of relatively small di-
mensions (50—150 meters). It is frequently suggested
that very large field intensities can occur in cumulus
congestus clouds within limited volumes and give rise
to discharges. The measurement data do not confirm
this assumption. The probability of occurrence of
large fields does not increase with decreasing dimen-
sions of the zone.
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FIG. 26. Connection between dimensions of zones where the

charges are inhomogeneous, and the absolute values of the ex-
trema of the space charges in these zones.[*?]
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FIG. 27. Frequency of occurrence of linear dimensions of
zones where the field intensity has extremal values (3), of the
airplane charge (2), and also of the jet dimensions as obtained
with an accelerograph (1) and from data on the temperature pulsa-
tion (4).[%]

The average space charge density did not exceed
1 esu/m? in 80% of the cases. The most probable val-
ues of the average density range from 1072 to 2 x 107!
esu/m® (50% of the cases).

The extremal values of the space charge density
may greatly exceed its mean value. Although the
probability of occurrence of space charges decreases
rapidly with increasing space charge, these charges
can nevertheless exceed 1 esu/m? in not less than 40%
of the cases, and exceed 2 x 10~} esu/m?® in approxi-
mately 75% of the cases.

The connection between the dimensions of the zone
where space charge of particular magnitude occurs
and the extremal values of these space charges is
shown in Fig. 26. Each point corresponds to a meas-
ured value of the space charge in a zone of given size.
In the upper and lower parts of the figure are shown
the absolute values of the space charge. In the zone
where the clouds are inhomogeneous, however, one
encounters both positive and negative space charges,
so that usually the average space charge in the layer
is much less than the sum of its absolute extremal
values.

As can be seen from the data of Fig. 26, larger
space charges do exist in smaller zones. Space
charges reaching 10—17 esu/m3 were noted, but they
usually occupy a zone extending not more than 50
meters. A large space charge in a zone of consider-
able dimensions cannot exist, first because charges
cannot accumulate at the rate at which they are gen-
erated in the clouds, if the fields that draw the charges

FIG. 28. Diagram illustrating the
electric structure of a cumulus
cloud.[*?]
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out are on the increase, and second because the large
zones are rapidly broken up by the large-scale turbu-
lent movements in convective clouds.

It must be noted that clouds lying below the zero
isotherm and clouds whose tops lie above this iso-
therm have a similar structure, so long as icing or
growing of particles does not begin in them.

The role that convective motion plays in the appear-
ance of inhomogeneities is seen by comparing the prob-
ability distribution of the dimensions of the zones with
field extrema (Fig. 27, curve 3) with the distribution
of the jet dimensions (Fig. 27, curve 1), determined in
the same flights by means of an accelerograph regis-
tering the airplane bumps. Curves 1 and 3 are similar
in many respects. They show approximately the same
limiting dimensions of the zones and the same distribu-
tion of the maxima.

The similarity between the dimensions of the zones
with extremal field values and the jet dimensions can
be apparently ascribed to the inhomogeneities in the
particle dimensions and concentration distributions in
the jets, and to the associated difference in space
charge density. This was confirmed by measurement
of the electric charge acquired by the airplane.

Curve 2 of Fig. 27 has been plotted for the same
regions as curves 1 and 3 and shows the probable dis-
tribution of the dimensions of the extremal values of
the airplane charge. Curve 2 of Fig. 27 is most simi-
lar to curves 3 and 1. Consequently, in jets that pass
through the cloud, the concentration distribution and
the particle-spectrum distribution can change appre-
ciably from jet to jet, and this manifests itself in the
value of the space charge and consequently the field
in the jets.

The relatively narrow spectrum of sizes of the in-
homogeneities allows us to assume that the inhomoge-
neity-zone dimensions should have a spectrum similar
to that obtained in all convective clouds at moderate
latitudes. Thus, for example, a jet dimension spectrum
very close to that considered here was obtained by
N. L. Vul’fson in investigations of the temperature
pulsations in convective clouds at an altitude of 3,000
meters (curve 4 on Fig. 27).[100]

The research results show that cumulus congestus
clouds, as well as simple cumulus clouds, are bipolar.
As a rule, the positive charge is on top and the nega-
tive one on the bottom (Fig. 28). Against the back-
ground of these relatively small charges, with a vol-
ume density on the order of several tenths or hun-
dreths of an esu/m?, the cloud contains randomly
scattered regions with negative and positive space
charges of high density, amounting on the average to
several tenths or even units of esu/m3. The length
of these regions varies from several tens to several
hundreds of meters and is closely connected with the
convective streams in the clouds, in which both the
spectra and the dimensions of the particles should
vary greatly.
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Table VI
Average space chatge Average rate of accumulation
Form of cloud density, esu/m? of space charge, esu/m® sec
Cumulus . . - - ¢ o oi oo 107*-5-10" 10°-10"
Cumulus congestus . . . . ... ... 107-1 107°-10"
Cumulus congestus clouds that
change over into thunderstorm
or showerclouds . . .. ...... 1-30 107°-10"
Thunderstorm clouds in the active
stage. . . ... ... .. 10-100 1-10°

These results explain the fact noticed by Reynolds
et a1[197] and by Moore et al[1%] that the electrifica-
tion of convective clouds is closely connected with
the convective motions of the air in these clouds.

The rate of accumulation of charges in cumulus
and cumulus congestus clouds can be calculated from
data obtained in investigation of intra-mass clouds.
Since no noticeable increase in the space charge den-
sity is noticed as the clouds develop, it can be as-
sumed that the total amount of free charge accumu-
lated by the cloud is proportional to the volume of the
cloud. For all stages of development of cumulus con-
gestus clouds, the rate of buildup of the main space
charge ranges between 107° and 1073 esu/m3 sec.

It is of interest to compare these data with the
rate of accumulation of charges in the subsequent
stages of development of cumulus congestus clouds.
The corresponding data from [99:23,102] are listed
in Table VI

It is seen from Table VI that the rates of growth of
space charge are more descriptive of the different
types of clouds than the space charges themselves.

The foregoing data show that the fraction of charges
first accumulating in a cumulus congestus cloud and
then appearing in the thunderstorm is so small, that
it can be reliably stated that these charges do not play
any role in the thunderstorm processes. The altitude
variation of the electric field for cumulus clouds is in
many respects similar to that observed for strato-
cumulus clouds. A field maximum is observed under
the lower boundary of the clouds, along with a nega-
tive space charge at the earth’s surface. Above the
clouds the electric field is positive.

The charges of the drops in convective clouds may
reach hundreds of elementary charges. Furthermore,
in individual parts of a cumulus cloud the field may
reach values at which the effectiveness of coagulation
of the drops noticeably increases.[1%2] Calculations
of the effect of charge of the drops on the coagulation
are given in [1%J, Calculations of the effective coagu-
lation on the charge are made in [332,503]

9. STRUCTURE OF SHOWER AND THUNDERSTORM
CLOUDS

If a cumulus congestus does not dissipate, it turns
into a shower or thunderstorm cloud. The develop-

ment of the thunderstorm part of the cloud [111] con-
sists of three stages: growth, the main stage, and
disintegration. The growth stage includes a period
when the cumulus congestus cloud grows vigorously
and changes from a cumulus cloud into a shower or
thunderstorm cloud. Ascending air currents prevail
in the cloud during this stage. The main stage is
characterized by maximum electrification and is as-
sociated with the presence of strong descending air
currents along with the ascending ones. Finally, in
the disintegration stage, the electrification attenuates
greatly (although the field may remain quite large in
the cloud, owing to the undissipated space charges ),
and the entire cloud as a whole comprises a single
powerful descending stream. The thunderstorm
processes may occur at different times in individual
parts of the thunderstorm cloud, the so-called ‘‘cells,”’
and even though the entire life cycle of one cell is
about an hour long, the thunderstorm cloud may pro-
duce lightning for hours. The horizontal linear di-
mensions of the cells range from 1.5 to 10 km. [111]
The transformation of the cumulus clouds begins
in a region where the particles begin to grow; the hori-
zontal dimensions of this region are about 500 meters.
In strong current streams, the speed of which may
reach 15 m/sec, the particle growth is very fast. The
top of the cloud is usually already at below-zero tem-
perature and icing sets in. At approximately the same
time, the electric field near the cloud begins to grow
rapidly. Simultaneously with the increase in the field,
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FIG. 29. Variation in field intensity on going through a cumu-
lus congestius cloud (a) and in the stage of a cumulus congestus —
cumulonimbus transition (b).[*]
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the entire volume becomes uniformly charged. Figure
29 shows the variation of the electric field on the top
of a cumulus congestus cloud at this stage.[112] Meas-
urements made in flight through the top of a cumulus
congestus cloud (Fig. 29a) disclosed average fields of
about 10 V/cm, with amplitude not exceeding 25 V/cm.
The space charges occupied regions with linear dimen-
sions on the order of 100 meters.

To fix the exact instant when icing begins, the cloud,
was seeded with dry ice. Four minutes after the start
of seeding, the entire cloud was charged and the field
intensity grew to 100 V/cm (Fig. 29b). A similar proc-
ess was observed in the natural development of a
cloud. [%,113] The growth stage may last from 10 to 30
minutes.

The most completely investigated were the clouds
during the thunderstorm (main) stage. It was already
shown by Wilson, [14] in an investigation of the change
in field produced by lightning strokes, that thunder-
storm clouds have a dipole structure. Investigations
by Simpson et al [15-1"] haye shown in addition that the
clouds have a certain excess positive charge. The
measured values of the fields and the charges have a
considerable dispersion. Positive charges predomi-
nate in the upper part of the cloud at altitudes above
7 km at temperatures lower than -20°C, and at any
rate not higher than —10°C. Negative charges are
located at altitudes between 2 and 7 km; their centers
usually lie somewhat above the region of the zero iso-
therm. The lower positive charge is connected with
the zone of intense precipitation and is usually located
in a region of positive temperatures. A schematic
model based on the analysis of all the measurements
(Fig. 30) is given in [1¥], Later works have shown
that the charge distribution pattern is more compli-
cated. Workman and Holzer have shown by measure~
ments on the earth’s surface that the center of the
upper positive charge is displaced relative to the cen-
ter of the lower one in the direction of the wind, and
the centers themselves are located at 2.5 and 4 km.
According to Barnard, [11*] who investigated the vari-
ations of the field in three land stations, the distances
between the centers of the main positive and negative
charges is on the average 5.2 km and ranges from 2.5
to 8.7 km. According to data by Gunn, (%] obtained
above the USA with direct measurements of the field
in the clouds, this distance is about 3 kin. At the same
time Malan and Schonland [115:116] have reached the con-
clusion, on the basis of surface measurements of the
field, that the negative charge in the thunderstorms of
south Africa is located in a vertical column bounded
by the 0 and 40°C isotherms, and this column is dis-
charged by successive lightning strokes, starting at
the base. The charges in the clouds differ greatly in
value, according to various authors. Thus, according
to Workman and Holzer, the charge carried by light-
ning ranges from 10 to 190 Coulombs, and values be-
tween 20 and 50 Coulombs are the most frequent. A
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FIG. 30. Electric ]
structure of thunderstorm
cloud, after Simpson.

6km

range of charges from 4 to 40 Coulombs is given in
[114] (the average change in the electric moment of
the cloud was 182.5 Coulomb-km ). In (%] the cloud
charge is estimated at 20 Coulombs. The values of
the field intensity given in [15:18) have later on been
shown [ to be highly underestimated, and the aver-
age charges obtained by Simpson should be at least
doubled. In addition to the cloud polarity shown in
Fig. 30, an opposite polarity is also possible in
shower and thunderstorm clouds. This is noted par-
ticularly frequently in shower clouds. Measurement
of the electric fields made on an airplane (18] above
the tops of about 100 shower and thunderstorm clouds
has shown that approximately in 40% of the cases the
clouds are negatively polarized, and usually shower
clouds are negatively polarized.

Depending on the activity of clouds, they may yield
discharges that follow each other with intervals rang-
ing from several seconds to several times 10 seconds.
Some clouds produce only one or two lightning bolts,
which may furthermore occur inside the cloud. The
clouds stretching along a thunderstorm front fre-
quently have alternating polarities; such an arrange-
ment of the clouds may lead to the appearance of a
lightning longer than 50 km [11%] and even 150 km, [120]
The lifetime of the thunderstorm cell in the main stage
is 20—25 minutes. During this stage the cells grow to
the sizes indicated above, and heavy precipitation flows
from the cloud. Investigations made in thunderstorm
clouds in a high-mountain station by Kuettner [121] have
shown that solid precipitation in the form of snowflakes
or soft hail is observedin 93% of the casesnear the zero
isotherm. The role of the solid phase inthe generation
of thunderstorm electricity will be discussed later; we
point out for the time being that some observers [122]
report thunderstorms occurring in warm clouds, i.e.,
clouds whose tops lie below the zero isotherm. In the
main stage a strong ascending air current flows through
the cell as a whole, with a speed of about 10 m/sec,
along with descending currents that appear in the upper
part of the cloud. In strong thunderstorms, the current
speed may be considerably higher. Thus, according to
a rough estimate, the speed of vertical air currents in
a strong storm on 14 August 1961, which resulted in
considerable damage in Voronezh, reached 40 m/sec.
This high speed of the ascending currents may be the
reason why a negative charge column, rising to the




PRESENT STATE OF RESEARCH ON ATMOSPHERIC ELECTRICITY

a

80 a\

E, V/em
S
i
b
N

c B

71 -2
20 /‘\/\ AY
- Y
g Vi 2 /) 40
t, min

FIG. 31. Time . variation of field intensity above the cloud at
three stages of development of thunderstorm clouds.[***] A and
B — Instants of start and termination of thunderstorm discharges,
C - instant of start of icing in the top of the cloud and growth of
the drops in it. Growth stage — I, main stage — II, disintegration
stage — III. 2 — Maximum field intensity, 1 — average.

~40°C isotherm, appeared in thunderstorms in south
Africa, [115,116]

The end of the discharges is followed by the disin-
tegration stage, when the field intensity and the inten-
sity of the precipitation greatly decrease. Frequently
the field reverses sign, apparently because of the re-
moval of negative charges from the cloud by the par-
ticles. Some 15—30 minutes following the end of the
thunderstorm, the cloud is ‘‘washed out,”” and only the
‘‘anvil”’ remains—an elongated strip of ice crystals in
the upper part of the cloud. The electric charges and
hence the electric fields in the “‘anvils’’ are small. [%]
Figure 31 shows the time variation of the average (1)
and maximum (2) values of the field intensity [113] dur-
ing the life of a single cell (or the variation of the
electric moment of the cloud).

The development of one cell can apparently con-
tribute to the development of new cells. Ice crystals
from the icing top of the cell may enter the cupola
of cumulus congestus clouds during the main or last
stage. These crystals accelerate the icing of the
cupola and the start of the new stage. A certain role
in the acceleration of the development of the new cell
may be played by the electric fields of the developed
cells, if the coagulation of the drops or the electrifica-
tion processes in the clouds are connected with the
action of the electric field; this is suggested, for ex-
ample, by Moore et al. [108] The distribution of the
electric fields above a cloud, in the initial stage was
measured by many researchers. [3%:3%118] The inten-
sity of the electric fields above the clouds amounts on
the average to about 100 V/cm. The field frequently
increases and decreases smoothly. This makes it
possible to attempt to determine the magnitude and
distribution of the charges producing the field, but
such calculations are not very reliable in view of the
uncertainty in the determination of the distribution of
the charges from the given distribution of field inten-
sity. In some simplest cases, however, such a solution
is possible. It must be borne in mind in these calcula-
tions that the field intensity at a given point depends
not only on the magnitude of the charges but also on
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the distribution of the conductivity, [123] since a quasi-
static field distribution is established as a result of
the current flow. In the central part of thunderstorm
clouds the field intensity is on the order of (%] 1,000
V/cm and does not exceed 2,000 V/em; directly under
the thundercloud, at a level of 200—300 meters, the
field intensity is approximately 200 V/cm, whereas
at the earth’s surface it does not exceed 100 V/cm.
This decrease in field near the earth’s surface, by
100 V/cm in a layer of 200 meters, is due to the ac-
tion of the space charge produced by brush discharge
from sharp points on the earth’s surface in the field
of the thunderstorm and shower clouds. The average
density of this space-charge amounts thus to about

3 esu/m?, [124]

The conductivity above thunderstorm clouds is
close to the value normally prevailing at this height.
Calculation of the effective conductivity inside thunder-
storm clouds from data on the rate of variation of the
field after the lightning stroke gives grounds for as-
suming that the conductivity inside the cloud is greater
than in the surrounding atmosphere, amounting to about
1072 egu, [23]

The charges of the drops in the clouds were hardly
ever measured. According to [1%] these charges are
quite large (see Table IV) amounting on the average
to 270 elementary charges per drop of five micron
radius. The charges of the individual particles in the
precipitation, measured at the earth’s surface, are on
the average [125) 16,9 x 1073 esu and - 7.3 x 1072 esu,
while [126] cites values of —2 x 1072— —3 x 10~2 esu.
It should be noted that both positively and negatively
charged drops are observed in measurements made
on the earth’s surface. The predominant sign of the
charge carried by the precipitation at a given instant
of time is the inverse of that of the field intensity, if
the positive direction is taken to be the direction of
the good weather field. This so-called ‘“‘mirror’’ ef-
fect was observed and explained by Simpson[!27] (see
also [128-1301)  p his opinion the drops falling from
the clouds exchange charges in the appreciable space
charge produced under the clouds by corona from
sharp points. If the field is negative, then the space
charge is positive and the drops acquire a positive
charge, and vice versa. Since the field under the
thunderstorm clouds is essentially negative, the drops
under the clouds bring to the earth a positive charge.

Measurements of charges of precipitation drops in
clouds and directly under the clouds show an essen-
tially different picture. [13:132,8] Charged particles
of a single polarity were observed in regions several
kilometers long. The average charge of the particle
in thunderstorm rain[13!] ranged from 50 x 1073 to
150 x 1072 esu. Even in shower rains the average
charge per drop under the clouds ranges from 30 to
50 x 1073 esu, and the maximum charge exceeded
130 x 1073 esu in many cases.[8] If the current car-
ried by the precipitation from the cloud is measured

(R
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at the earth’s surface, it is found to be about 102
A/cm?, and if the current is calculated from data on
the particle charges, it reaches 0.1 A/km? even on the
periphery of the thunderstorm. [?5,89]

The considerable distortion that the space charge
produced at the earth’s surface introduces into the
magnitude of the field, the particle charges, and the
precipitation current, have stimulated Gish and Wait
[32] and sturges et al (%] to determine the currents
flowing from thunderstorm clouds using data on the
field intensity and the conductivity above the thunder-
storm clouds. Starting with the premise that the cur-
rent remains constant with altitude, they have assumed
that the measured current is equal to the current flow-
ing to the earth. The currents (321 ranged from zero
to 1.4 A per cloud, with 0.5 A as an average. Accord-
ing to Sturges et al, who made their measurements
closer to the equator, this average current was 0.8 A
per thunderstorm. As already indicated, by using the
data on the number of thunderstorms occurring simul-
taneously on the earth’s sphere (about 1800), these
figures can be used to calculate the current balance
between the earth and the atmosphere. Holzer points
out[1%2] that these current values are slightly exagger-
ated. In view of the possibility that some of the field
lines from the upper part of the cloud can terminate
on earth and on the lower charge of the cloud, it be-
comes necessary to reduce the values given by 15%.
Taking account of the fact that clouds of opposite po-
larity also exist, (1181 it must be noted that there are
no grounds at present for stating that the ‘‘good
weather current’’ is balanced by the thunderstorm
current.

10. ACCUMULATION OF CHARGES IN THUNDER-
STORM CLOUDS

For lightning to occur, the following three condi-
tions must be satisfied.

1. The thunderstorm cloud should have a sufficient
number of charges.

2. The oppositely charged particles should be at a
considerable distance from each other.

3. The foregoing two conditions must be satisfied
within a sufficiently short time interval, to allow the
generation and separation of the charges in the clouds
to proceed more rapidly than the recombination and
association of the charges before the critical values
of the charge and field intensity are reached.

Let us examine the scheme by which an electric
moment is produced in a thunderstorm cloud (Fig. 32).
Let the intensity of generation of particles with charge
q in the cloud be I; we denote by W the relative ve-
locity of particles of opposite signs. Then obviously,
for the charge Q accumulated in a column of unit
cross sections in regions I and II we obtain

dQ Q
L= IgW —4nQh—p 3. (20)
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FIG. 32. Scheme showing the creation of electric moment in a
thunderstorm cloud. H — thickness of cloud; I, II, and III — zone
of separating negative and positive charges.

It is assumed here that the cloud is equivalent to a par-
allel plate capacitor, in which the field is 47Q, and that
the turbulence carries away a charge pp = pQ/h (p —
space charge density, p —coefficient of turbulence ).

If dQ/dt > 0 prior to the equalization Q = Q¢ at which
the lightning discharge occurs, then the cloud turns into
a thunderstorm cloud; if dQ/dt < 0 prior to reaching
the value Q = Qgp, We have a shower cloud. The
charges in the cloud will increase as

4nhh+p
o), @

4nlh+ p
From (21) it follows in particular that the turbu-
lence in the cloud influences the variation in this
charge in a manner similar to the conductivity. We
can introduce an arbitrary effective relaxation time

Tett = g ¢ (22)
which characterizes the rate of growth of the charges
and fields in the clouds. In a real cloud all our as-
sumptions are of course most relative. This scheme,
however, presents the main features of the process
quite satisfactorily.

Even Wilson 4] noted that the sharp change in the
field due to the lightning bolt is followed by a relatively
slow recovery of the field, lasting for several secounds,
and he assumed that this recovery process represents
the restoration of the electric moment M of the cloud.
We note that the relative change in the field is AE/E
~ AM/M. These changes were investigated in detail
by Wormell, [133] Smith, (1341 and many others. It was
found that when measurements are made on earth near
the thunderstorm cloud, the observed field changes are
affected by the space charge due to brush discharge
near the earth. To eliminate the influence of this
charge, the recovery times were measured on air-
planes.[?3] It was found that the field variations are
usually exponential, and the relaxation time ranges
from 0.5 to 33 sec.[%] The average value is 7 = 3.6
sec; the fraction of the cases with 7 > 10 sec is only
5% of the total number of cases, and the fraction of
cases with 7> 15 sec is only about 3%.

Thus, within a time on the order of 10 sec after the
lightning bolt, the electric moment is restored in the
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Table VII. Change in electric state of cumulus congestus
clouds by artificial seeding

; Prior to seeding After seeding Total growth, 9,
i Time of

! Date Time Field inten- Time Field inten- growth

1 (1953)  (hours | sity V/cm (hours sity V/em | of field, | Aver- | Maxi-
i and min- Tver Maxi and min- Aver | Maxi seconds age mum
f utes) avger - m?x’rcn utes} a‘éeer mum

. 17.07 13.57 3 5 14.02 20 —36 i 300 660 720

! 21.07 15.23 10 24 15.27 50 108 240 500 450
124,07 14,06 16 20 14.30 46.5 70 1440 300 350
| 14.32 54 131.5| 1560 350 700
! Note: Precipitation on earth started at 14:32.

cloud. The electric moment of the cloud, neutralized
by the lightning, is on the average 100 C-km. The
charge neutralized by the lightning is on the average
20 Coulombs. The changes in the dipole moment of
the cloud after the stroke of lightning should be due
either to the increase in the number of separated
charges, or to an incre..se in the dipole length. If it
is assumed that the separation of charges of opposite
signs is brought about by the force of gravity, then
the separation speed W could hardly exceed 10 m/sec
even for large particles. Thus, within a time 7 =10
sec the charges producing the dipole can move about
0.1 km. Thus, the recovery of the field is due essen-
tially to charges amounting to about 20 Coulombs ap-
pearing on the top and on the bottom of a layer not
thicker than about 100 meters (see Fig. 32, regions
Il and III). In order for these charges to appear it is
necessary that unseparated charges of equal density
exist over the entire volume of the cloud (see Fig. 32,
region I). If the section of the thunderstorm cell has
an area of about 10 km?, and the distance between the
centers of the main charges is 5 km, then about 100
Coulombs of electricity distributed among the par-
ticles, or 20 Coulomb/km?, must be present in the
cloud to restore the electric moment. The natural
question arises—were these charges brought to the
cloud earlier or must they be produced within a time
comparable with the relaxation time of the electric
moment.

It is usually assumed [1%2] that all the charges are
acquired by the cloud during the preceding stage. But
we have seen that during the preceding stage the
charges of the cloud are several orders of magnitude
less than the required value. In addition, it can be as-
sumed that, under conditions when the oppositely
charged particles have a higher concentration, the
recombination of the particles of opposite signs
rapidly neutralizes all the ‘‘imported’’ charges if the
particles are intensely mixed. Charges of opposite
signs can therefore exist in the cloud only if they are
continuously generated at a rapid rate. This explains
the fast rate of charge generation and high values of
the space charges themselves in thunderstorm clouds,
as listed in Table VI.

As seen from formula (21), in those cases when the
field drops to zero following a bolt of lightning and

when one can be assured that the field has been pro-
duced only by the charges in the investigated cloud,

it is possible to determine the charging current of the
cloud by measuring the rate of recovery of the field at
instants directly following the lightning bolt. Mason
estimates this current to be approximately 3 A, [102]

It can be assumed that the charges of the cloud are
not separated by gravity, but by rising air currents,
which lift the usitive charges, and descending cur-
rents which bring the negative charge down. %] Since
the air can attain velocities of 30—40 m/sec, this im-
mediately reduces the amount of charge that must be
acc.mulated in the cloud. So far, however, no one has
succeeded in observing charges of opposite signs in
oppositely flowing streams. In addition the foregoing
estimated required charge density would remain the
same for clouds where the air streams have speeds
of about 10 m/sec.

It is interesting to cite the results of direct meas-
urements of the existing charges. To estimate the
charges accumulated during precipitation, we can use
the data given in (8], The field intensity values meas-
ured at two altitudes in shower rains were used to de-
termine the total average space charge of the air,
which is equal to several tenths of an esu/m3, whereas
the charge on the drops in the precipitation reached
7 esu/m3. Thus, the space charge in the air and on
the small particles is approximately 7 esu/m3. The
separation of these charges would bring about condi-
tions close to those of thunderstorms (see Table VI).

Thus, even during showers the precipitation and the
surrounding air contain charges close in magnitude to
those that should exist were the separation due to the
force of gravity. To choose correctly those processes
which create thunderstorms from among the dozens of
possible mechanisms of elementary electrification, it
is necessary to know not only the intensity of electri-
fication but also the conditions under which these proc-
esses occur. In particular, it is very important to be
able to state at what time during the life of the cloud
does the intense charging, characteristic of thunder-
storm clouds, begin. Usually the intensified charging
of the cloud is noticed at a time coinciding with the
start of the growth of the particles in the cloud, when
their dimensions reach 100 microns and above. Such
a growth follows directly the icing of the tops of the

owm
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clouds (see Fig. 31); it remains unclear which factor
plays the main role in the electrification of the cloud,
the fast coagulation and the precipitation of minute
drops of the same charge, or the electrification con-
nected with the two-aggregate state of the cloud. As
was already shown, at the initial stage of the growth
the space charges are small, and consequently the co-
agulation mechanism cannot lead to a rapid buildup of
charge as the particles increase in size, since the co-
agulation in the presence of oppositely charged par-
ticles leads to a relative decrease in the charge of
the large particles. An attempt was therefore made
to seed the cloud with dry ice at precisely this stage,
thus creating conditions for rapid appearance of a
two-aggregate state and a determination of its role

in electrification. (112} The results of these experi-
ments are summarized in Table VII and illustrated in
Fig. 29.

As can be seen from Table VII, the creation of the
ice phase in the clouds within a time on the order of
several hundred seconds has brought about an intensi-
fied electrification of the clouds. Thus, the role of
the icing in the electrification of the clouds can be re-
garded as demonstrated.

Unfortunately, there is no information whatever on
the conditions under which charges are generated in
‘‘warm’’ clouds, i.e., pure water clouds, located below
the zero isotherm. We shall therefore not discuss the
generation of charges in such clouds. We mention only
that these were observed [122] over the ocean in the
subtropics during evening hours, i.e., in places with
. strongly developed convection, high humidity, and the
specific conditions of nighttime thunderstorms.

Table VII also answers the interesting question:
can thunderstorm activity be regulated artificially ?

As can be seen, the electric state of the cloud responds
to external action. The change in potential difference
on the boundaries of the clouds resulting from such
action can be estimated at approximately 25 million
volts. The possibility of controlling thunderstorm ac-
tivity was pointed out by Langmuir, [135]

Several dozens elementary mechanisms can be sug-
gested for the electrification of thunderstorm particles.
Each has served inevitably as a basis for a theory of
thunderstorm electricity. We shall not discuss these
mechanisms in detail. Some are considered in detail
in the book by Mason.[192] We shall only attempt to
compare the possible rate of creation of charges in
thunderstorm clouds called for by some of these mech-
anisms with the observed rate of generation of charges
in thunderstorm clouds. Several elementary charging
processes are connected with the capture of ions from
the surrounding air by the cloud particles. This cap-
ture may be due to the difference in the recombination
energies of the positive and negative ions, as suggested
by Frenkel, (8] owing to the difference in the diffusion
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ions moving in the electric field directed along the di-
rection of motion of the falling drop (the Wilson mech-
anism ), [138] etc. The maximum charge that the par-
ticles can capture in this case within a time t is obvi-
ously

q=qo-+1t, (23)

where qq is the number of ions of given polarity par-
ticipating in the exchange at the time t = 0, and I is
the ionization intensity.

No electrification mechanism connected with this
process can produce a charge greater than that indi-
cated. Figure 33 (curve I) shows the time buildup of
the particle charge in 1 km? for the limiting case of
unipolar charging [Eq. (23)] and the Wilson mechanism
(curve II) in a cloud that produces precipitation at a
rate of 24 mm/h, with an average drop radius 1.5 mm
and an average field intensity 500 V/cm. The shaded
area in the figure corresponds to the relaxation time
of the electric moment in the thunderstorm cloud. The
intersection of this region by the line showing the elec-
tricity per cubic kilometer required for the thunder-
storm processes, delineates the region (shown cross
hatched in Fig. 33) of the required electrification ve-
locities. Curves III show the rate of charge buildup
caused by the Elster and Geitel mechanism, (3] jn
which electrification is produced by collision with the
small drops, which carry away the charge induced by
the field in the upper parts of the larger drops.

Curve Illa gives the rate of charge growth when the
field itself depends on the size of the charge, while
curve IIIb is constructed for the rate of growth of the
charges in a field having an intensity 500 V/cm. New
ideas concerning the possibility of this mechanism
were recently developed by Sartor, L1511 but its action
is appreciably limited by the intensifying coalescence
of the drops in strong electric fields:[1%2] Curve IVa
has been constructed for electrification due to the ball
effect of water;[138:155] curve V is the same for the
ball effect of snow.[13%] Curve VI shows the growth
of the electric charge when the drops are disintegrated
in the electric field, an effect investigated by V. M.
Muchnik. (1493 Curve VIa gives the growth of the
charge under the assumption that the field is first
equal to 1 V/cm, and then grows as a result of the
disintegration of the drops. Curve VIb is constructed
under the assumption that the drops are disintegrated
in a field of 500 V/cm,

The effect of the mechanism analyzed by Mason and
first observed by Findeisen[14%:192] js represented by
curve VII. This mechanism is connected with the elec-
trification occurring when minute supercooled drops
strike an ice surface and freeze on it. The physics
of this mechanism, based on different rates of dis-
placement of the ions H* and OH™ in the presence of
temperature gradients, was considered in detail in

velocities of the ions towards the surfaces of the drop,[8] [1531,

to the difference in the fluxes of positive and negative

Point VIII corresponds to electrification based on
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FIG. 33. Effect of elementary mechanisms of elec-
trification in thunderstorm clouds. All the calculations
are made for clouds which produce precipitation at a
rate of 24 mm/h with an average drop radius 1.5 mm.

I - Electrification due to unipolar capture of ions;

11 — electrification by the Wilson mechanism, III — elec-
trification by the Elster and Geitel mechanism;

IIla — initial field intensity 1 V/cm; IIb — in field of
intensity 500 V/cm; IV — electrification due to the ball
effect of water; V — electrification due to the ball effect
of ice; VI — electrification due to disintegration of drops
in electric fields; Vla — initial field intensity 1 V/cm;
VIb — in field of intensity 500 V/cm; VII — electrifica-
tion by elastic impact of supercooled drops against an
icy surface; VIII - electrification by the Workman and
Reynolds mechanism; IX — electrification by contact
potential difference between water and ice.

the mechanism of Workman and Reynolds, [143] which
consists of charging the solid and liquid phases

when weak aqueous solutions of salts and acids freeze.
The potential difference between the water and the ice
may exceed 100 V. The maximum rate of charge pro-
duction that this mechanism is capable of may reach
100 C/km3-gec. The effective electrification mecha-
nism was considered in [14],

This mechanism consists in the fact that if small
drops of water make contact and jump away from ice
particles or if these particles melt and water drops
subsequently break away from their surfaces, the ice
particles can be rapidly charged to considerable po-
tentials because of the contact potential difference be-
tween the water and the ice. Under these conditions,
approximately 1 C/sec can be produced in 1 km?
(curve IX).

It must be noted that Fig. 33 does not show the lim-
iting values. In thicker clouds with more intense pre-
cipitation and stronger fields the amount of electricity
generated with the aid of these mechanisms can in-
crease. Thus, for example, V. M. Muchnik [141] assum-
ing the intensity of the precipitation in the clouds to be
~ 170 mm/h and the initial field intensity to be about
1,000 V/cm, found that the rate of charge generation
in these clouds, accompanying the disintegration of
the drops in the electric field, may reach several tens
of C/km? sec. However, the initial data that he as-
sumed are patently too high. Mason [102] assuming a
higher number of ice particles (compared with that
observed) in the cloud, also found that the mechanism
investigated by him can yield five times more electric-
ity per unit time than that shown in Fig. 33. Many of
the mechanisms concerned give a polarization with di-
rection opposite to that observed under real conditions.
This pertains to the ball effect in water and in part to
the Elster and Geitel effect. Other mechanisms, even
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some very powerful ones, cannot come into play effec-
tively under thunderstorm cloud conditions. This per-
tains, in particular, to the mechanism of Workman and
Reynolds. [1%2] However, an analysis of the data of
Fig. 33 suggests that the most effective mechanisms
are essentially connected with electrification occurring
in a two-aggregate cloud on the water-ice interface.
This circumstance agrees with the known facts that the
greatest electrification begins at the instant when the
ice phase occurs in the cloud and that the main elec-
tric charges are located in those zones of the cloud,
where the water and ice particles exist simultaneously.
It must be noted that most electrification processes
noticed on the water-ice boundary actually reduce to
only two or three physical processes. Workers inves-
tigating this type of electrification(1%2] ysually describe,
and use as the basis of classification, the conditions
under which the electrification appears, and not the
physical process which causes the electrification. The
electrification of drops disintegrated in an electric
field may turn out to be highly effective. In tropical
thunderstorms, possibly, it may be the cause of light-
ning observed in warm clouds.

A detailed investigation of the macro and micro
processes in thunderstorm clouds should permit us
to resolve the question of what electrification mecha-
nisms act in thunderstorm clouds and how they do so.

Among the least understood questions in the phys-
ics of thunderstorms is how the lightning is maintained.
‘The electric field intensity in thunderstorm clouds does
not exceed 2,000 V/cm, whereas the development of a
spark at an altitude on the order of several kilometers
calls for an intensity of about 10,000 V/cm. On the
other hand, the discharge conditions in the lightning
should be difficult compared with discharge from me-
tallic electrodes connected to a relatively powerful
source of supply, for which the foregoing value of
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breakdown voltage was obtained. To clarify the role
of the singularities of the drops, an investigation was
made of the behavior of the drops in strong electric
fields.[15] It was found that drops become strongly
stretched in the field and corona from them can be
initiated. Macky [145] obtained the following equation
for the critical field intensity Eg, at which the drops
begin to elongate

Eer= 2 [V/cml,
where the radius of the drop R is in centimeters.
Thus, the elongation of the drops and corona from
them [146] can start in fields having intensity 7,000—
10,000 V/cm, and there are no such fields in thunder-
storm clouds. It is equally unclear how the discharge
of the lightning is maintained. During the lifetime of
the lightning, i.e., within a time on the order of milli-
seconds, the field of the cloud can diminish to zero.
Thus, all the charges contained in a region with volume
of 1 cubic kilometer on the drops located on an aver-
age at distances of about 10 cm and consequently well
isolated from each other are gathered together by this
lightning.

How this aggregate of isolated drops is suddenly
converted into a single association is quite unclear.
The lightning has even in its main channel a diameter
of about 1 meter, and in the branches the diameter is
even less. Lobe 147 guggests that positive streamers
are produced in the cloud at the instant of discharge,
and thus discharge the cloud. However, the existence
of such streamers has not yet been observed, although
radar measurements should be able to show the in-
stant of time at which the entire volume of the cloud
is ionized.

It is still unclear at present whether the earth or
other celestial bodies are neutral or electrically
charged.

The nature of ball lightning has not yet been made
clear, It can be assumed that a solution of this prob-
lem can yield information of importance not for at-
mospheric electricity alone.

A study of a considerable portion of the phenomena
considered in the present review is still at the initial
stage of clarification of the main facts. The investi-
gations became especially fruitful in recent years,
when they have begun to be performed in the free at-
mosphere. We can relate this circumstance not only
with the obvious progress in technology, but also with
the stimulating influences which were exerted on these
researches by the ideas of J. I. Frenkel.
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