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Editorial Foreword

Atmospheric Electrostatics is a welcecome addition to the

Electrostatics Series of monographs.

The author has skilfully combined fundamental theories of
atmospheric electrostatic phenomena with his own unique
explanation of thundereloud charging. The arguments put
forward are very convincing and are supported by appealingly
simple experiments. Mathematical treatment of the subjeet is
kept to a minimum, which enables the non-expert to follow the
reasoning with ease. At the same time, the introduction of the
electrochemical model for charge exchange makes this compulsory
reading for atmospherie scientists who are more familiar with
the traditional theories of thundereloud charging.

The subjeet is presented in a very logical manner, beginning
with early 19th Century experiments and leading finally to
extraterrestrial lightning phenomena. Congratulations to the
author for presenting this complex subject in such a way that
even a novice to the field will have no difficulty in fol lowing
the text. All levels of readers are guaranteed a fascinating
conducted tour through this most fundamental of electrical

phenomena.

Dr. J.F.Hughes,PhD, CEng, FIEE, FInstP.
Southampton. April 1986



CHAPTER 1
Historical Background

1.1 PRIMITIVE BELIEFS

An electric storm is one of nature's most spectacular
phenomena, and its display of lightning and thunder has
fascinated and frightened man throughout time. In ancient times
it was believed that the great gods were responsible for
hurling thunderbolts that could kill, upturn boulders, split
trees or kindle fires. Man's early steps towards civilization
began when he learned how to control fires started by lightning
and use it against predatory animals. Tales from American
Indians explain how the world was a cold place before the first
fire was started by the thunderbird god. As recently as the
1870's German soldiers were convinced that magic power from the
donnerkeil, or lightning stone, would protect them from French
bullets. Lightning stones, believed to be spearheads of
lightning bolts, could be found buried where lightning had
strueck. The lightning stones and their fragments were sold
throughout Furope for many hundreds of years and were thought
to protect from illness and evil. We know now that most of the
stones and fragments found were old relics and artifacts from
the Stone Age (Lundquist 1969).

Today we smile at old superstitions, yet we too bend to the
mystery of lightning and its atmospheric implications, for

modern man has yet to understand it.



1.2 EARLY ELECTROSTATICS

The first person on record to have suggested a relationship
between eleectricity and lightning was an Englishman named
D. William Wall (1708). He noted a similarity between
lightning and the crackling sparks produced by the rubbing of
amber. S. Gray (1735) and A.G.Rosenberg (1745) both mention
the similarity between lightning phenomena and electric fire
produced by electricity machines in the laboratory; and in a
book published in Leipzigin 1746, JJH.Winkler describes several
resemblances between lightning and electricity. During this
time improved electricity machines and Leyden jars became
readily available and a new era of electrical secience was
born. Many more scientists, among them Benjamin Franklin,
also questioned the nature of lightning, recognizing its
similarity to the snapping sparks produced in the laboratory.
"How loud must be the crack of 10,000 acres of eleetrified
cloud!" exclaimed Franklin. In a letter to Dr. John Mitchel
of the Royal Society in England, he enclosed a treatise, "The
Sameness of Lightning and Electricity”. According to Mitchel,
the paper was read by the Society amidst laughter from its
professed experts on electricity. Another paper, dated July
1750, was sent to the Royal Society through a friend, a Mr.
Collinson. In this paper Franklin deseribed how electric
"fluid" is attracted to pointed conduetors. "Might not the
same principles be of use to man in teaching him to protect
houses, churches, ships and other structures from damage
occasioned by lightning?" he asked. Thus the idea of the

lightning rod was born.

As yet no experimental tests had been performed to prove that
lightning was an eleetrical phenomenon. Franklin therefore
proposed an experiment to answer the question once and for all.
On a high tower or steeple a sentry-box was to be erected
large enough to contain a man and an electrically-insulating
platform. A long pointed rod or antenna would be attached to

the sentry-box by means of insulators and would be connected to

the insulated platform inside (Fig. 1). A man standing on the
insulated platform would thus become charged from the rod when
a thundercloud passed overhead. At will he might then draw

sparks from his fingertips to the surrounding grounded wall.
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Fig. 1 Franklins's proposed sentry-box experiment.
In principle it was just another lightning rod. From

laboratory experiments Franklin knew that charge could be drawn
from a nearby charged body by means of a pointed rod, which

atiracted eleetriec "fire",
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experiment.

The experiment was never to be performed by Franklin, due to
the lack of financial aid, yet with time Franklin's ideas

version of Franklin's sentry-box

gained increasing approval from the Royal Society.

several of his papers were published in England in book form

and soon thereafter translated into French by the naturalist
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D'Alibard. So intrigued was D'Alibard by the sentry-box
experiment that he decided to put it to the test himself. An
experimental structure slightly different in design was erected
outside Paris at Marly. (Fig. 2). By the 10th of May, 1752
D'Alibard (1752) had successfully determined that thundereclouds
are indeed electrically charged.

In America a few weeks later Franklin, unaware of D'Alibard's
success, performed his famous kite experiment. It was a poor
man's experiment, simple and brilliant. It demonstrated that
lack of financial help is an insufficient deterrent to genius.
(One wonders if Dr. Franklin was advised, when looking for
financial support, to go fly a kite) In his kite experiment
Franklin not only confirmed the electrical character of
lightning but also, more importantly, found elouds to be
negatively charged at the base and positively charged on top,
thus forming giant electric dipoles in our atmosphere.

1.3 FRANKLIN VERSA NOLLET

It is interesting to note that Franklin spoke of positive and
negative eleetricity. This is a produet of his own theory on
electricity and the concept of positive and negative charge is
still being used today. Franklin envisaged electricity as a
kind of fluid where a body could have either an excess or a
deficit of fluid. For example, if a person standing on an
insulated stool were to toueh the glass cylinder of an
eleetricity machine he would lose some of the fluijd. A
deficit or loss of fluid represents a minus state and excess
fluid equals a plus state. The sum of positive and negative
electricity is always nil. The plus state of the fluid was
determined by Franklin as follows: A positively charged pith
ball would snuff out the flame on a candle i.e. the flame
will retreat from the ball while the ball is trying to rid
itself of excess fluid. A modern explanation is that the
flame, which econtains a great number of positive ions produced

by the heat and combustion, will be repel led by any other
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positive charge in its vieinity. One consequence of Franklin's
theory is the convention of labelling the direction of electric
current. Although in metals the charge is carried by electrons
flowing from minus to plus, we are now forced to assume that
electric current or charge is flowing from plus to minus in
order to keep things algebraically consistent.

The Abbé Nollet (1700-1770) of Paris was the authority on
electricity in Europe during the time of Franklin's
discoveries. Nollet was aware of two different kinds of
electricity, namely glass electricity and resin electricity.
He believed that the two different kinds of electricity were
liquid streams flowing in and out of electrified bodies in
opposite directions, effluence and affluence. Nollet
maintained a very negative attitude towards Franklin's ideas on
electricity and especially to the lightning rod. This is
perhaps one reason why it took so long for the lightning rod to
become established in Europe. The Abbé Nollet, however, was a
master of experimental electricity. He often performed
electricity demonstrations before Louis XV and his eourt. A
typical demonstration would be to pass a high voltage statie
charge from a Leyden jar, through seven hundred monks holding
hands, causing them to jump in perfect unison, to the King's
delight. Nollet was often criticized for activities sueh as
this. His theories on electrieity were eventually abandoned in
favour of Franklin's ideas whieh, to a certain extent, still

are used today.

1.4 THE LIGHINING ROD

A year after the famous tests of D'Alibard and Franklin a
Russian professor named Richmann attempted to repeat the
sentry-box experiment. The result is pictured in Fig. 3.
Professor Richmann was killed instantly when lightning struck
his antenna on the roof of the laboratory in St.
Petersburg. As a result of this accident the general public
grew skeptical of the lightning rod as a protective device.

Fig. 3 Professor Richmann is killed when lightning strikes

his experimental antenna in St. Petersburg, 1753.
Did not the death of Professor Richmann prove that lightning
rods attract lightning? Some twenty years later Europeans
finally accepted Franklin's invention, but the arguments
against it were many. One such argument, advanced by a number
of seientists spearheaded by Nollet, ran as follows:

If a large strueture like a church steeple is not



spared by lightning, how much larger must the lightning

rod itself be to withstand the devastating power of a

severe bolt?
The argument seemed valid at the time, for church steeples
literally exploded when struek by lightning (Ohm's Law had not
yet been formulated). The resistance of a church steeple is
perhaps one megohm, and since the average lightning bolt
carries about 25,000 amperes, it will dissipate a peak power of
R x I* =6.25 x 10" megawatts. Although the duration of the
lightning bolt is short, its total energy is considerable. The

function of the lightning rod is, of course, to lower the

resistance across the structure a million or more times and

thus to permit the energy to dissipate into the ground.

»
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Fig. 4 Hat pin and umbrells lightning rods (Paris, 1778).

Eventually the lightning rod became a common sight on both
sides of the Atlantie. FEuropeans, who had once strongly
rejected the notion, embraced it with an enthusiasm that led to
extravagant measures for protecting life and limb from the

perils of lightning (Fig. 4).

Ironically, Europeans today are occasionally amused by the
different shapes and designs of American lightning rods which
they feel are costly and only of psychological importance,
see Fig. 5. (Miuller-Hillebrand 1963).

Fig. 5 Points according to American standards (1959) not
cheap and only of psychological importance.

1.5 LATER DEVELOPMENTS

The D'Alibard-Franklin experiments were repeated by many
investigators and most noteworthy is perhaps L. Lemonnier
(1752) who, with his more sensitive apparatus, discovered that
weak eleetrical charges could be detected in the atmosphere in
the absence of clouds. He also noticed a difference in
electrie intensity during night and day. The discovery of
Lemonnier is important because it gave birth to a new field of
research in atmospheric physics, namely "Fairweather

Eleetricity".

In 1775 the Italian scientist Beccaria (1775) confirmed
Lemonnier's findings with one important addition, that pointed
rods and insulated wires suspended in the atmosphere became
positively charged relative to the earth's surface during fine
weather, under cloud-free skies. This meant that an electriec

field is present in the atmosphere even when no thunderclouds
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are near. Beccaria also noticed a polarity reversal when a
thundercloud passed overhead, indicating the introduction of
negative charge from above. Thus he substantiated Franklin's
earlier finding that thundereclouds are generally charged
negatively at the bottom and positively at the top, an
observation that can readily be confirmed today.

The first notable attempt to explain the origin of
fairweather electricity was made by Lord Kelvin (1860). He was
first to envisage the fairweather field as electrie field lines
which must streteh from the earth's surface and terminate on
charges in the atmosphere. The direction of the field is
towards the earth's surface. He theorized that the charged
atmosphere forms a giant capacitor with the earth's surface.
The capacitor model was later expanded by Kennely and Heavyside
(1902) who suggested that the conducting layer in the
atmosphere is the ionosphere which forms a spherical capacitor
with the earth's surface where each "plate" of the capacitor
carries a charge of nearly one million coulombs. A charge of
this magnitude will, of course, produce an electric field of a
few hundred volts per metre at the earth's surface. This is
the normal value of the persisting fairweather field and Lord
Kelvin, not knowing what proecess had charged the capacitor
plates, at least seemed to have a reasonable idea explaining
the structure of the fairweather field. Unfortunately for the
attractive theory, later discovery of ions and cosmic rays
proved the atmosphere to be electrically conducting. Lord
Kelvin's capacitor model would therefore lose 1its charge in
less than 10 minutes at a rate of nearly 2000 coulombs per
second (=2000 amperes). It should be mentioned that C.A.
Coulomb, the father of the electrostatic force law,
discovered in 1785 that air is slightly condueting, an
observation that was not understood at the time.

Where does the atmospherie fairweather charge come from? How
is it replenished at the rate of 2000 coulombs per second?

Many answers have been proposed, the most popular being that
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of C.T.R. Wilson in 1925. Wilson suggested that all
thunderstorms around the world are electrical generators which
by their violent discharges continually supply electricity to
the earth-ionosphere system. More recent evidence, however,
weighs heavily against this evocative idea. Insufficient
charge is available from worldwide thunderstorms to drive such
a global electric circuit. Furthermore, data presented by
Imyanitov and Chubarina, among others, demonstrate that annual
variations of the fairweather field are not in phase with
typical thunderstorm activity throughout the world for the same
period. Despite the arguments against Wilson's proposal and
the lack of evidence to support it, many investigators still
favour the idea since, until very recently, there has been no
other explanation available. Now there is a new theory in
competition with Wilson's concept based on the electrochemical
properties of the atmosphere. This new theory is discussed

in Chapter 2.

Serious research on lightning and thunderclouds started late.
With the birth of electric power in the early 20th eentury and
the many power failures due to lightning, a better
understanding of lightning and thundereloud charging was
necessary. Charles Proteus Steinmetz, a German immigrant to
America who worked as an engineer at General Electric
Laboratories to develop lightning arrestors, might be
considered as one of the early pioneers of modern lightning
research. His work led to the construction of high-power high-
voltage generators which could simulate lightning flashes. The
machines consisted primarily of a large capacitor bank which
was charged by a high voltage transformer via rectifiers or
diodes. For the first time research could be performed on large
electric discharges under controlled conditions. Much
information was gathered by Steinmetz and his lightning machine
which has helped us wunderstand electric transients and has
aided in the design of lightning protectors. The invention of

the oseil loscope inereased our knowledge on the lightning
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discharge because of its fast response to electrical
transients. H. Norinder at the University of Uppsala High
Voltage Research Institute was first to obtain such
oscillograms from lightning surges in 1925. Parallel with
electric research during the first part of the 20th century
was the development of a high-speed camera which would record
the optical properties of lightning. The first camera suitable
for recording the rapid changes in lightning flashes was
created by Sir Charles Boys who himself, unfortunately, did not
obtain any satisfactory pictures of lightning flashes. It was
not until 1933 that the Boys camera became a main contributor
to what we now know about lightning discharges. It was
B.F.J. Schonland and his team in South Africa who discovered
the different sequences of a lightning flash with the aid of a

Boys camera (Fig. 6) and revealed the
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Fig. 6 Boys camera photograph of cloud to ground discharge.

initial process of the stepped leader. Boys' pictures show
that a bright-tipped leader works its way down from the cloud
in steps. When the leader gets near ground it is met by the
main return stroke which carries the main discharge current
through the ionized conducting path provided by the leader.
Normally the stepped leader is invisible to the naked eye and

only the main stroke can be seen.

At the present time much is still unknown about atmospheric

electricity and its origin. What mechanism is responsible for
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the build up of cloud charges and what generates the electric

fairweather field? How is charge drained from a cloud or how

does the lightning bolt connect up to all the myriads of

charged drops in the cloud? These are still wvalid questions

and, in the author's opinion, is the reason why Atmospheric

Electricity is one of the most challenging fields in science

today.
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CHAPTER 2

The Electric Structure
of the Atmosphere

2.1 IONS

The existence of ions in the atmosphere is the fundamental
reason for atmospheric electricity. An absence of ions would
mean zero electrie field in the atmosphere and most probably no
thunderstorms or lightning. The concept of positive and
negative ions as charge carriers in the atmosphere was first
put forward by J. Elster and H. Geitel (1899) in order to
explain the electrie conductivity of air. Much work has since
been done on ions and their role in atmospheric electric
phenomena. Today we know there are mainly three classes of
ions, namely small ions, intermediate ions and large ions.
Most important are the small ions since their higher mobility
allows them to take a more active part in the transfer of
charge throughout the atmosphere. The mobility of ions can be
measured in metres per second per volt per metre which
signifies the velocity that an ion will reach when subjected to
an electric field of one volt per metre. For small ions the
mobility is of the order of 0.0001 with a slight edge of the
negative ion over its positive counterpart. In fact, the
negative to positive mobility ratio of small ions is about
1.25 (WAh1lin 1985) which is a paradox since negative ions are
believed to be more massive than positive ions. One
explanation (Papoular, 1965) is that for part of its lifetime a

negative ion is really an electron jumping frommolecule to
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molecule. Molecules such as NO and NO, &are believed to
dominate the negative small ion population while oxonium and
water might make up the positive small ions in the atmosphere.
Their true molecular structure and mass are not well known
because it is difficult to get spectroscopic mass analysis of
small ions in the lower atmosphere. The problem is their
relative short life time, about 100 seconds, which is much
shorter than the transit time required for molecules or ions

to reach the source end of a mass analyser.

The ionization in the lower atmosphere is mostly caused by
cosmic¢ rays and natural radioactivity. Ions are also produced
in and near thunderclouds by lightning and corona processes.
Cosmic rays originate from solar flares and other galactie
objects such as supernovas and exploding stars. One
interesting thought is; do stellar events affect our lives
here on earth? We know that cosmie rays are by far the major
ion producers in the lower atmosphere and if thunderstorms
need ions to feed on in order to charge, we certainly would not
have thunderstorms 1if there were no cosmic rays. Ancient
man would not have had access to fires and the many thousand
deaths each year from lightning strokes would have been
avoided.

Cosmic rays originate from deep space and usually consist of
very high-velocity atoms that have been stripped of their
orbiting electrons. There are also electrons present in space
that travel with near-1light velocities, but sueh particles are
usually absorbed at very high altitudes in the earth's
atmosphere. However, heavy cosmiec rays penetrate the
atmosphere quite far and often reach the earth's surface.
During such an encounter numerous secondary electrons are
produced (electron showers) along its track from ionizing
collisions with atmospheric molecules. The secondary electrons
in turn might ionize a fair amount of molecules themselves

before they slow down and attach themselves to atmospheric
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molecules to form negative ions. The result is that one
cosmie particle could be responsible for the creation of as
many &s one billion ion pairs. Fig. 7 shows the rate of ion

production by cosmic rays as a function of altitude.
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Fig. 7 Ion production as function of altitude.

The average production rate at sea level is about ten million
ion pairs per cubic metre per sceond. However, the average ion

population at any given time is nearly one hundred times more,
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which isdue to the facet that the average life time of a small
ion is about 100 seconds. If all ions in the lower atmosphere
were visible they would produce a most dense fog because the
average spacing between each ion is roughly 1 mm. If we
consider that the ion production rate closely follows the
composition of the cosmic radiation at various altitudes (see
Fig. 7), we can also expect a marked increese in electric
conductivity with altitude. The increase in ion density

HEIGHT thou.
km DESCENT- 70
20 - feet
ASCENT
- 60
15— - 50
-~ 40
10
- 30
- 20
5 —
- 10

) 1 ' T I

2 4 6 8 10

-13
mho x 10
Fig. 8 Conductivity as a function of altitude (Rocket data).

and ion mobility with altitude as air gets thinner has a
drastic effect on the electric strueture of the atmosphere.
Typical conductivity data as a funetion of altitude are shown
in Fig. 8.
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The conductivity 1is the inverse of specific resistance and
is usually measured with a Gerdien eylinder (Gerdien 1905).
The Gerdien apparatus consists of a eylinder with a coaxial

mounted eleetrode (see Fig. 9). Air is drawn through the
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CENTER ELECTRODE
GUARD

Fig. 9 Gerdien conductivity apparatus.

cylinder at a velocity of a few metres per second by means of a
fan. The centre electrode is biased to a few volts via a
sensitive eleetrometer. The amount of current registered on
the electrometer relates to the amount of ions per unit volume
of air. Care must be taken not to over-bias the inner
electrode in order to avoid saturation ecurrents. When
properly calibrated, the Gerdien instrument cean read both the
positive and negative conductivity of air depending on the
polarity applied to the centre electrode. A typical ion
current plot is shown in Fig. 10 where two identical Gerdien
cylinders were tested, the only difference being that one was
made of stainless steel and the other of aluminium. Three
important features appear from the results shown in Fig. 10,
I'irst, the slopes of the two curves are different for negative
and positive ion currents. This is due to the difference in
ion mobility between negative and positive ions; therefore, the
ratio of the slopes equals the ratio of the ion mobilities.

Secondly, there is still a negative ion ecurrent going to the



20

centre electrode when the electrode is at zero volt bias.

BIAS
pmﬂr_ R S w RATIO
- _
2.5 m/sec SLOPES | I4%at 0V
ss| 1.25 1.36
Al 1.25 1.55

ION CURRENT x 10 '° AMPERE
2

VOLTS BIAS

Fig. 10 Typical ion current readings from a Gerdien cylinder.

Thirdly, the negative ion current at zero bias is higher for
a Gerdien instrument made of aluminium than stainless steel.
In order to obtain a zero ion current on the electrometer one
needs to bias the stainless steel at 0.4 volts and the
aluminium at about 1 volt. These results led to the discovery
of electrochemical potentials in the atmosphere (Wahlin 1971)
whieh appear on material surfaces in contaet with ionized air.
The reason why stainless steel and aluminium have to be biased
at different positive potentials , to achieve zero ion current,
is to cancel out the electrochemical or oxidation-reduction
potentials which are characteristic of each material and appear
when exposed to an ionized environment. The effects of contact
potentials are eliminated since both the inner and outer
electrodes of the Gerdien instrument are made of the same

material. The graphs in Fig. 11 show eleectrochemical
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potentials on different materials as a function of positive to
negative ion concentration ratio. Electrochemical and contact

ELECTROMETER

GERDIEN CYLINDER
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IONIC CONCENTRATION RATIO
Fig. 11 Electrochemical equilibrium potentials for different

materials as a function of ion concentration ratios.

potentials will be discussed further in Chapter 3.
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2.2 THE FAIRWEATHER ELECTRIC FIELD

The fairweather electric field discovered by Lemonnier
and Beccaria (see Chapter 1.2) is almost entirely due to the
excess of positive ions over negative ions in the atmosphere.
The fairweather field is best understood if we assume that the
earth's surface has absorbed a certain number of negative ions
from the atmospheric ion pair population. It will create a
slight excess of negative charge on the earth's surface with
an equal excess of opposite charge in the form of positive ions
left behind in the atmosphere. If we imagine that each
captured charge on the earth's surface will produce an electric
field line whieh must terminate on a positive excess ion left
behind in the atmosphere one obtains a fairly accurate picture
of the electric fairweather field in the atmosphere, such as

shown in Fig. 12. The excess positive ions are more or less

\, 4mRe, ( |+R/d)
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Fig. 12 The fairweather electric field in the atmosphere.

uniformly mixed in the lower 3 km of the atmosphere which, to
the meteorologist, is known as the "Austauch" or mixing region.
The mixing is produced by convection and eddy-diffusion and
the ioniec distribution follows the mixing patterns of other

constituents in the atmosphere such as radon for example.
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Radon is a radioactive gas emitted by the earth's surface and
is constantly released into the atmosphere. Fig. 13 shows
the vertical distribution profile of excess positive ions
compared to that of the radon gas. The positive ion
distribution is determined from electric field measurement at
varying altitudes and by applying Poisson's equation. The
radon profiles are obtained from airborne radioactive counters

that deteet the daughter products of the decaying radon gas.

RADON 222

1
I

EXCESS POSITIVE
IONS

ARBITRARY UNITS
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ALTITUDE IN km

Fig. 13 Wmuhﬁw<m.mmmanmd=nwou of radon atoms and excess
positive iomns as a function of altitude.

The number of field lines per unit surface area produced by

the positive charge or space charge above the earth's surface

is nlso a measure of the eleetrie field strength. Obviously

the eleetrie field strength reaches a maximum at the earth's
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surface since it contains the largest number of field lines
per unit area. The average field strength at the earth's
surface is on average 100 volts per metre and decreases to
less than 10 volts per metre at an altitude of 3 km. If one
integrates the electric field as a function of altitude one
obtains the total potential difference V at different heights.
A typical value of V at 3 km is 200 kV with respeect to the

earth's surface.
The total charge & on the earth's surface is
Q= AFe,, (1)

where A4 is the surface area of the Earth, F the electric field
strength at the surface and e, the permittivity of free space

—12

(8.85 x 10 Fm™'). The total energy of the fairweather field

W==2vq. (2)

Fig. 14 shows the total electric energy, charge and
potential in the atmosphere as a function of altitude. More
than 90% of the energy is confined to an altitude below 3 km
which together with the charge distribution curve in Fig. 13
seems to indicate that convection and eddy diffusion play a
predominant part in the distribution of the fairweather
electric field and that the bulk of its energy is distributed
throughout the mixing region by the so ealled "Austauch

Generator" (Kasemir 1950).

One crucial question still remains to be answered. What
causes the positive space charge in the atmosphere and how is
the opposite negative charge maintained on the earth's surface?
As mentioned before there are two schools of thought on this
subjeet, one in which all thunderstorms around the world are
believed to charge the earth-atmosphere system (Wilson 1929)

and a more recent theory proposed by the author (1973) which
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considers the electrochemical effect as a charging mechanism
where negative atmospheric ions are preferentially captured by
the earth's surface leaving a space charge of positive ions
behind in the surrounding atmosphere. Both theories might be
supported by the evidence of a small systematie diurnal
variation 1in the fairweather field, which is believed to be
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Fig. 14 Electric energy, charge and potential vs altitude.

related to the world-wide atmospheric convection activity. The
effect was first discovered in Laplandin1905 by Simpson whose
findings were later augmented by Hoffmann (1923) and Mauchly
(1923). The effect is illustrated in Fig. 15 where the
average variation in the world-wide potential gradient is
compared to the estimated world-wide convection activity at
different times of day (by GMT). The top graph shows the
global variations in the elecetrie field measured at sea in the
anbsence of loeal disturbances such as pol lution, fog, ete. The

top graph seems to coincide with the lower graph whieh gives an
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estimate of the world-wide convection activity produced by the
amount of land mass exposed to the heat of the sun during a
diurnal period. The steady convection over oceans, however,
is thought to smooth out the electric field variations as is
evident from the top graph. Before discussing the
eleetrochemical and global thunderstorm circuits as possible
generators of the fairweather field, it is necessary to
examine the global leakage current and its implications.
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Fig. 15 Diurnal variations im the fairweather field compared
to world-wide convection.
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2.3 THE AIR TO EARTH CURRENT

As already mentioned, the atmosphere is conducting and the
earth's electric potential or field must cause a current to
flow in the atmosphere. Since there is an excess of positive
ions residing in the atmosphere and an opposite negative
charge bound on the earth's surface, charge must flow to earth
in the form of a positive ion current.

Direct measurements of electric currents 1in the atmosphere
are difficult if not impossible. Therefore, ion ecurrent values
at different altitudes are almost always computed from
conductivity and electric field data by the use of Ohm's law.
Direct current measurements can be made, however, at ground
level by isolating a portion of the earth's surface and measuring
the charge collected over a given time. Several methods can
be used (Wilson 1906, 1916, Simpson 1910, Mihleisen 1953 and
Kasemir 1951) but in almost all cases the indireet current
gives a value often twice as large as the direct method (Lutz
1939, Israel 1954). Whipple (1932) pointed out that the
diserepancy in currents can be explained by the fact that there
is always convection and eddy diffusion in the atmosphere which
will mechanically move charges upwards in the atmosphere thus
generating a mechanical or convection current in the opposite
direction of the leakage current (the Austauch generator). As
later explained, the question whether or not the convection and
leakage current on the average are equal is crucial to the
electrochemical charging theory and is a problem which has not

yet been settled.

From direct current measurements it is possible to estimate
the total fairweather ecurrent over the whole earth to be
nearly 2000 amperes which corresponds to a current density of
about 4 x 10”**amperes per square metre. Other charge transfer
meehanisms in the atmosphere of importance are point

discharges, precipitation currents and lightning discharges.
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2.4 POINT DISCHARGE CURRENTS

It is difficult to determine the total charge brought to the
earth's surface by means of point discharge currents under
electrified clouds. Wormell (1930) has made some estimates
from the amount of charge brought down by a single point over
a period of 4 years. He made a guess that the total point
discharge current around the world brings negative charge to
the surface at a rate of about 1500 amperes which would supply
about 75% of the total fairweather leakage current. Other
investigators give slightly lower values for the average point
discharge current but not less than 25% of the fairweather
current. The source of point discharge currents are the
electrified clouds whieh of course also bring charge to ground
by lightning. The point discharge current is, to a certain
extent, cancelled by the large amount of positive charge

reaching the earth's surface by precipitation.

2.5 PRECIPITATION CURRENTS

The electricity of precipitation has played an important role
in atmospheric research due to the belief that charging of
precipitation particles in some way must relate to whatever
charging mechanism is active in clouds. Paradoxically,
this is not always true because the final charge on a cloud
drop is determined in the space between the cloud base and
ground and is usually of opposite sign to the charge of the
eloud base where it came from. This peculiar phenomenon is
called the mirror-image effect and is demonstrated in Fig. 16
by the two eurves whieh show the change in electric field
strength and amount of precipitation charge reaching the
earth's surface as a function of time. One can easily see
that when the electric field goes negative (negative charge in
the cloud base) the precipitation current becomes positive and
vice versa. As pointed out by Chalmers, a drop must take
several minutes to fall from the cloud base to ground. Since
the precipitation charge changes with the potential gradient

below the c¢loud, it must mean that the drops also obtain their
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final charge below the cloud or very near ground.

The electrochemical charging process can possibly explain the
mirror-image effeet if one assumes that the positive to
negative ion concentration ratio near ground is affected by the
strong electric field under the cloud. For example, a positive
charge on the earth's surface, caused by a strong negative
cloud charge above, would attract and remove part of the
negative ion population near the surface. The result would be
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Fig. 16 The mirror-image effect.

a higher than normal positive to negative ion concentration
ratio at lower levels. When the positive to negative ion
ratio exceeds 1.2 (see Fig. 11) it will produce a positive
electrochemical potential on water drops falling through such a
region as demonstrated by the Gerdien apparatus experiments in
section 2.1. On the other hand, a positive cloud charge
above would reverse the effect because drops now fall through

an environment containing a higher negative to positive ion

concentration ratio which will generate negative
electrochemical charges on their surfaces. Other
explanations of the mirror-image effect take the Wilson



