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PREFACE

The nature of the charges developed in thunderstorms
has only been recently determined, since this is a relative-
.1y new phase in the study of atmospheric electricity. The
Oklahoma Institute of Technology has initiated a research pro-
gram which deals with the particular type of charged clouds
that develop 1n the Southwest area of the United States. The
present investigation describes the position and sign of ths
charged areas in the clouds as determlned by measurements
mede from the earth!s surface.

A number of typical storm situations have been analyzed,
The findings have been compared with those of other investi-
gators to glve a broader perspective and a better comprehen-
sion of the subject. A system 1s proposed for the investiga-
tion of the charges and the potentlal gradient in tornadic
situations, This should make 1t possible to determine any
pecullar varilations in these quantities during a tornado
period., The knowledge thus acquired, it is belleve, may help
in the recognition of the tornado type clouds.

A description of the measuring instrument, its theory
of operation, and its limitations are covered in this thesis,
I1llustrations of the equipment installation are included to
give & clear picture of how the measurement process is per-
formed. The purpose'of this study is to extend the present

knowledge of atmospheric electricity and tornado detection.
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CHAPTER I
POTENTIAL GRADIENT

A, Early Developments in Atmospheric Research

The study of atmospheric electricity began with the
association of static electricity with the phenomena of
lightning. Although thunderstorms have been known to the
human race from earliest times, it is only in comparatively
recent times that the nature and origin of lightning have
been clearly understood, In 1708 Walll was the first inves-
tigator to consider lightning and static electricity as the
same type of phenomenon, On hearing crackling and observe
ing a flash to his finger from a charged amber rod, Wall
remarked that: "It seems in some degree to represent thunder
and lightning." The development of static generators and
the Leyden jar permitted the study of larger electrical
charges and larger sparks., DNext it was suggested by Frank-
1in in 1750 that with the use of pointed conductors electric-
ity might be obtained from thunderclouds. Franklin® ob-
tained electricity from a thundercloud by his famous kite and
conduc tor experiment. The presence of electricity in thunder-
clouds was proved by the‘sparks obtained. By the use of a

kite de Romass3 working independently, obtained a spark three

1w, Wallg Philosophical Transactions Royal Society, 26

(1708% 69,
B. Franklln9 Philosophical Transactions Royal Society,

1§fl s Po 289, )
J. de Romes, Mém, & 1! Acad, de Bordeaux, (1753).




meters long and three centimeters in diameter. This observa-
tion further verified the relationship between lightning and
electrical discharge, The most common method used to produce
sparks by the early experimenters was the point discharge

me thod, '

Lemonnieru first observed that even in fine weather elec=-
trical effects could be obtained., His method used a wooden
pole with a pointed iron rod attached to the top. Fastened
to the rod was an iron wire that entered an adjacent building
without making any contact with the wall of the buillding. In-
side the wire was held tightly by a stretched silk fibre.

When the iron wire was electrified the dust particles, which
were attracted to the wire, showed the presence of electri-
fication that was too weak to produce sparks. Lemonnier also
used a horizontally stretched wire in place of the pointed rod,
This arrangement acted as a weak collector, slowly acquiring
the potential of the surrounding space. The stretched wire
method was used by Beccaria to determine the existence of a
daily potential variation. The concept of positive and nega-
tive electricity was first applied by Beccarias to atmospheric
electricity. He demonstrated that the wire was positively
charged during fine weather, and that during thunderstorms

it became either positive or negatively charged. The next

ML. G. Lemonnier, Mém, de 1! Acad., des Sci., 2 (1752),

Pe 233, A
%G, B. Beccaria, Dell! Electricita Terrestre Atmos-
pherica a Cielo sereno, Turin, (1775).




advance in measuring electrical e¢ffects was made by de

6

Saussure- who devised a form of electrometer which consisted
of two small elder pith balls supported by fine silver wires
in an enclosed glass vessel that had a metal casing. The
pith balls would diverge when the oonductof.was raised, An
understanding of the action occurring can be had by con-
sidering first a vertical earthed conductor in a verticsal
electrical field. TFTor a given position the conductor would
have a bound charge on the unearthed end of the conduc tor to
neturalize the potential at that point. Raising the conduc-
tor higher into the air, where the potential is greater, re-
quires a iarger bound charge to neutralize the field. Next
an insulated electrometer, which was initially at ground po-
tential, was comnected by a conducting wire to the vertical
conductor, the vertical conductor beling ungrounded. The
bound charge was increased as the conductor was elevated. DBy
the law of Géﬁss this increased charge must come from within
the system, Moreover, this induced charge will have to be
balanced by an equal and opposite charge on the opposite end
of the conductor. The electrometer received this opposite
charge which in turn caused the pith balls to repel each
other, The balls came together again when the conductor was
lowered to 1ts original position; hence no charge was re-
ceived outside the system by the conductor. With this instru-

ment de Saussure discovered that there was an annual fair

6H° B. de Saussure, Voyages dans les Alpes, Genevsa,

(17790,




weather variation in the potential gradient,

Another scheme using a flame collector was first uti-
lized by Volta. He found that when a candle flame was placed
in contact with the point of a rod a larger charge was re=
quired than was necessary without the flame; also the conduc=
tor arrived at the potentlial of the air in less time, A con-
trolled experiment, performed in an enclosed room, proved
that the observed electrical effects were not due to combus-
tion,

Erman! first set forth the notion that the earth itself
was charged instead of the surface air. He did not, however,
develop the concept that somewhere there must be a charge of
equal and opposite sign to that carried by the earth. Peltier
confirmed Erman's theory and set forth the hypothesis that the
earth carried abpermanent negative charge. He demonstrated
that an electrometer measures only the potential difference
between the cage and the gold-leaves, and thus explailned why
a grounded electrometer will not show any charge.

B. Theory of The Potential

The concept of poteﬁtial was first introduced by Lord
Kelvin, Using fhe Faraday theory of lines of force and
mathematical principles he showed that the vertical potential
gradient was due to the surface charge carried on the earth.
He theorized that a flame collector and his newly invented

water-dropper equalized the potential of the conductor teo ths

7P, Erman, Journ. de Phys., 59 (180L4), p. 95.



potential of the adjacent air, The increase in bound charge
acquired by raising & conductor was shown by him to be due to
the increase of potential and not to an increase in potential
gradient, this was demonstrated by producing these same ef-
fects in a constant electric field. This demonstréﬁion de-
stroyed the theory of a positive or negative charge in the
lower air, but raised the question of where the lines of
force leaving the earth were terminated, This question has
not yet been answered, but recent work has shown that these
flux lines might end on conducting layers in the upper aimos-
phere,

Coulomb and Matteucci demonstrated that air was a con-
ducting mediﬁmg but it was Linss® who realized the importance
of these investigations, Linss pointed out that the charge
on the earth would leak off in ten minutes due to the conduc-
tivity of the air if there were no means of replacing it.

In order to maintain a negative charge on the earth there
must be some means for replenishing the lost charge. At the
present time the generally accepted theory is that in stormy
weather a negative charge flows to earth to balance the pos-
itive charge which flows earthward during fair weather,

Recently considerable work in the realm of atmospheric
electricity has dealt with the thunder-cloud, research em-
phasis being placed on the electrical nature of the thunder-

cloud and the processes of charge separation. These studies

8P, Linss, Met. Zeit., L (1887), p. 35,
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lead to a controversy as to the.polarity of cumulo-nimbus
clouds, A cloud having a positive upper part and a negative
base 1is considered as having positive polarity, while a
cloud having a negative charge in the upper regions and a
positive charge in the lower regions is said to have nega-
tive polarity. By using ballons, Simpson and Scrase? showed
the top of a cloud to be positive, and the base to have neg-
ative regions, or positively and negatively charged regions.
Lord Kelvin introduced the concept of an electrical
potential at a point. This concept is used extensively in
the subjeet of atmospheric electricity. The potential dif-
ference between two points, by definition, is the mechanical
Work'necessary to move a unit positive charge from one point
to the other point. The potential of a point is the work
“done in bringing a unit charge of positive electricity from
beyond the boundaries of the field in question to that point
without disturbing the distribution of the field., It is im-
possible to find the potential of the earthis surface since
nething is known about the electrical conditions outside the
cqﬁducting layers above the earth through which a unit posi-
tive charge from infinity must move to reach the earth's
surface, The potential of the earth is therefore assumed to
be zero, Great importance is placed on the potential dif-

ference between points while the absolute potential of points

9G, Simpson and J. F. Scrase, "The Distribution of
Electricity in Thunderstorms." Proceedings of the Royal
Society, 161 (August, 1937), pp. 309 - 352,




is disregarded. The potential gradientlo is the maximum rate
of change of voltage with distance. The direction of the
potential is in the direction that a positive unit charge
would be urged In the electric field, It will be assumed
that the electric field is always vertical in the atmosphere.
During fair weather the fileld is nearly vertical, but during
a thundersbtorm this assumption may be erroneous because the
field at a point is a resultant of the fields produced by
different charged volumes in space., The positive direction
of a fileld is usually taken as the direction in which a unit
positive charge would move., In atmospheric electricity how-
ever, the field is considered positive in the direction a
negative charged particle moves, In fair weather a negative
charge 1s carried by the earth, thus producing a positive
field, The electrostatic flux lines are depicted as start-

ing on a positive charge and ending on a negative charge.

POSITIVE NE GATIVE
CHARGED RE& JON CHARGED RE&ION

¢'

+| +| + +‘+_+ +

4
V=== = SIS S = ==y
PosiTive F%ELD NeGsATIVE FIFLD

Figure 1, Polarity of Electric Filelds
In Gaussin units .f-ﬁ - d&a =4 m Q. This equation

10H, H, Skilling, Fundamentals of Electric Waves,
(New York, 19@8), pP. 19-20.




states that the flux passing through a closed surface is squal
to L times the electric charged contained within that sur-
face, The flux density is D, the area is 2, and the charge

is Q. For a vertical field that has a change of potential
gradient iIn the vertical direction, charges must be present
from which the extra flux lines originate. By applying
Gauss's theorem d¢p§ - da ﬂ}gi7 - D) dv = b wmq. If A is

the density of electric charge per unit volume, then

h_ﬁQ:h_ﬂ/;/odvﬂﬁ(vonﬁ) dv.

Both sides of this equation are volume integrals, and so

V oD =l ne (V » E0 E) = lp w2,
and if &5 = 1
then N/« B = i #°, IrE=- VYV, then

VeVV= Ver=-Lmo,
The equation of an electric field varying only in the

vertical direction is 5 v° =l ow
5 X2 o

The relationship between the lines of force ending on
a conductor and the surface charge carried by the conductor

1S

fsfed“azuwcg:uw o da.,

The symbol ¢~ is the charge per unit area, When the charges
on a conductor are in equilibrium all lines of force must
leave normal to the surface, To leave at any other angls
would indicate a component of electric intensity parallel
to the surface, which would result in a flow of electrons

along the surface until an equilibrium with all lines of



force leaving normally is reached, Let the normal flux den-
sity be DRI, and danhh the vector normal to a small surface

representing the surface in magnitude and direction., Then

Dn . ddﬁ =gl 7 da and D da =l v 6 da,
Hence D=L n @ and €oE =l mo .
If e =1 then E = L wmg™
The symbol E is the magnitude of E.

C. The Theory of Atmospherics

The atmosphere conducts an electric current which con-
sists of negative and positive ilons., The current flowing
is usuvally proportional to the potential difference between
any two points and the conductivity of a unit cross-sectional
area of air. Since the ions are equivalent to conductors in
parallel it is simpler to use the conductance of air, for to
find the total conductance of a given area of air it is only
necessary to add the conductances of every point in the area.

Tons move about in a field with a velocity which is the
product of the fleld and the mobility. Thils latter factor
is related to the velocity that an ilon acquires when trav-
ersing a potential change of unity. It is actually the mean
velocity of the ion after it has made so many impacts with
other molecules that it no longer travels at its initial
velocity.

- A few brief facts will be given on the ilonosphere to

note how it contributes to the vertical field, In the at-
mosphere there is a good electrical conducting region about

100 kilometers above the sarth. This vregion actually has
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from two %o three layers and is called the ionosphere, Since
it is a conductor this reginn acts as an equipotential sur-
facevhaving g higher potential than that of the earth, The
potential difference between earth and the lonosphers is
belleved to fluctuate from time to time. Because the
ionosphere has good conductivity, it acts as a shield that
does not permit lines of force to enter the surface region

of the earth from oubter space, or flux lines starting on
earth to extend out into space. This layer is believed to

be the starting point for flux lines that end on the nega-

tively charged surface of the earth,.

The Electric Field Between the Earth and the
Tonosphere

The two general subdivisions in the study of atmos-
pheric electricity are (1) the study of fair weather cone
ditions, and (2) the study of stormy weather phenomensa.
The fair weather condltions are characterized by the earth
carrying a negative charge and the non-existence of s
charged region in the lower atmosphere, The slectrical

field is positive with the lines of force leaving the earth



ionosphers,

waather the vertical current causes the lcns bo move up op

down depending on the sign of the charge., Ths

a charged reglon requires that no accumulation

oceur, Yo satisfy this condition the vertical current den-

e

gity has to be the same at all heights, This positive

s

ot

cal current arriving at the sarth must be neubralisesd by
soms means, Lrhe manner by which this is done has not vet
been adequately explained, but 1t is now thought that & noge

ative current to the earth occurs during stormy we

With inersasing height the potential gradient decreases

-3

to the lines of force ending on positive

These positive particles, which are formsd by lonization,

T

are

£

s more plentiful in the upper, rarefied atmo

@

the mobility is greater than in the lower, denser

3

The vertical current flowing in the direction of the linss

o)

pods

of forece is assumed to be the same at all levels. Singe

{3
&
s
)
&

conductivibty is increased with height, the same vertical

current will flow at higher altitudes where the volts

adient iz less., This phenomenocon gives riss to a posihi

spacs charge above the earth.

The vertical current density, being propox

=
<

conductance of a unit eross

sHion of alr,

e sonda

tivity changes. A change of conductlv:

will not, however, aifect the

dangitys bub ths changs in conductivity v

=

ments made &t the suwwlface of the sarth; thervelor the [

measuremsnts on the earth's surface should be pe
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a local that is free from ion pollution,

The ionization occurring near the earth is mainly due
to cosmic rays from space and radioative radiation from
the earth, Ionization produces small ions that have a
mobility of one to two centime ters per second. These ions
combine with the so-called Aitken nuclei, which are the
nuclel responsible for the condensation of moisture in
clouds, The Aitken nuclel are large ions that acquire a
mobility of 102 to lO“u centimeters per second. In the
atmosphere the conductivity consists largely on the flow
of small ions., These small ions are present in fewer
>am0unts when an abundance of Aitken nuclel exists; thers
fore the varying amounts of the Aitken nuclei with time
and place varies the electric field or vertical current or
both,

The conditions existing during & storm are such as to
make precise measurements extremely difficult., The poten-
tial gradient during turbulent weather has & polarity of
gither sign, magnitudes of very high values and field changes
in rapid sequences. The charges in the cumulo-nimbus seldom
arrange into horlzontal layers; but rather into odd, strange
and uvnusual volume forms scattered throughout the cloud
which introduces into the electric field a horizontal come
ponent in addition to the vertical componsnt. Rain, hail,
snow, lightning and lons change the normal daily conduction
radically, The ions are produced by lightning and poind
discharges from towers, bulldings, poles, ﬁre%sg bushes and

grass,



The falr-weather-cloud and the rain-cloud heve & nega-
tive base, These clouds seem to have no method for separat-

ing the charged particles, Gunntt

in his investigations
of cumuli found the electric field to be practically neu-
tral, or less than 100 volts per meter. He determined that
drops of 10 microns or larger in diameter carried #3.8 X
10“6 e.5,u, cm™ charge, that the 10 to 102 microns drops
carried 42,3 X 10-6 €oSolle ¢m™3 and that the drops less than
10~2 microns carried -6,1 X 10”6 6.8, . cm=> charge., Now
it appears that these éiouds are made up of millions of pose
itive and negative charged particles so close to each other
that the resultant field is almost neutral. It is sssumed
that the wvertical current density has to be the same within
as without the fair-weather cloud. The number of ions withe
in the cloud is decreased because of the large quantity of
Aitkin nucleil present., The fileld strength must then be
greater to keep the current density inside and outsids the
cloud equal, The field strength is increased by the &ac-
cumulation of charges in the top and bottom of the cloud,
and this accumulation of charges gives the cloud & positive
polarity.

Cloud charges as a simplification are assumed a8 sphsr-

ical volumes one above the other. Charge regions, one above

11R, Gunn, "The Electrification of Cloud Droplets in
Non=-Precipitation Cumuli." Journal of Meteorology, 9
{December, 1952), pp. 397-L0Z,
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the other, are the characteristic of a bipolar cloud; more-

]
over it is the magnitude, orientation, polarity and con-
figuration of these charged areas that has been the subject

~

of

many investigations,

e + 4+ + o+ ++ + ot P ot
ey ) i V=l Y
NecaTive PorariTy Positive PoLArITY Positive PoLARITY

Wirw A  PasirivE

CHARGE T HE [BaskE
Figure 3. Cloud Polarity — ' N T

Three methods to determine these cloud characteristics
are: (1) to measure the potential gradient below a cloud,
(2) to measure the field changes produced by lightning and
{3) to send an alti-electrograph into the clouwd. The use
of the alti=electrograph measures the field at one point
in the cloud., For the first type of measurement, assﬁm@

a hypothetical cloud with a positive point charge in the

top and with a negative point charge in the base,



Figure I

Point Charges in a Hypothetical Cloud

The higher cloud charge gives the sign of the vertical
field when the cloud is distant, and at great distances from
the observation point the flelds produced by the two chavgeé
are, nearly edual and very weaks As the cloud passes over-
head the sign of the field is controlled by the charge in the

base; also the shorter distance between cloud base and ground

Figure 5

Electric Field Dus to a Distant Cloud
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causes larger field strengths to be experience. The polarity

of the steady field will be changed by an approaching cloud

¢ +R

{ -

Figure 6

Electric Field Due to an Overhead Cloud

at the critical point, the fleld changes sign again when
the critical point is reached by a receding cloud. Al-
though in reslity the charges are not point charges and do
not aline into vertical regions above each other, still
the behavior of the vertical fields due to clouds can be
determined with some certainty by using these assumptions,
The field produced by a distant cloud is measured with
the fields produced by other distant clouds; moreover it is
difficult to determine the clouds affecting the field and
in what amounts each cloud affects the Tield. The accuracy
of determining the polarity of far-away clouds is not greatb
compared tc the greater degree of accuracy obtained from

measuring the fields of overhead or nearby clouds, sinece
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these flelds are too strong to be influenced greatly by
those of other clouds. The polarity of overhead élouds
can usually be determined from ground observations.

The changes in field intensity can be used to ascer-
tain the nature of the electrical charges in clouds., These
field changes are due to a transfer of charge, and the
change of field potential is caused by the charges flowing
in the lightning storke. The position of the charges and
the type of charge in motion can be determined from a combi-
nation of electric fileld and visual observations., By visual
observation the cloud involved in the dilscharge and the
regions between which the discharge occurs can usually be
determined, Whether the charge flow is between the base and
the top of the cloud or between the base and earth is again
determined by visual observation. Clouds of positive polar-
ity passing overhead give a positive fleld change with an
internal discharge; moreover a cloud to ground discharge from
this cloud will also produce a positive field change. As
the cumulo-nimbus travels farther away, a point 1s reached
where & discharge in the cloud will manifest itself by &
negative field change, yet & cloud to ground stroke by

this cloud will still produce a positive field change.



CHAPTER IT

INSTRUMENTS FOR MEASURING POTENTIAL GRADIENT

A, DBasic Instrumentation
Many different kinds of Instruments have been devised
for measuring potentlal gradient, One early method used the

12,13

water dropper, which was developed by Lord Kelvin, as

a potential equalizer., This particular instrument consisted
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Figure 7

Water-dropper Equalizer

of an insulated water tank that had a long tube which ex-
tended to the point where the potential was measured and
protruded from the base., A rod placed in the water tank
was connected byﬂan insulated wire to an electrometer which

had the cage grounded,

12E, N. Gilbert, Electricity and Magnetism, War
Department Educational Manual EM={409, p. 90,
133, A, Chalmers, Atmospheric Electricity, (Oxford,

19}-!-9)9 PP 51”535
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If the alr has a positive potential with respect to the
tube, a negative charge will be induced on the tip of the
tube. By having each droplet carrylng away a proportion of
the negative charge as 1t leaves the tube, the induced chargs
will be quickly carried off. The negative charge will be
carried away until the tube comes to the potential of the air
around 1tj; then there will be no induced charge left on the
surface. A gold leaf electroscope is used to measure the
potential difference between tube and ground. The elesctro-
scope 1s connected to a plate or rod that is suspended in |
the water tank. The charge flows from the end of the tube
through the water tank onto the plate and from the plate to
the electroscope. In order to follow the rapid changes of
gradient, the number of drops per unit time has to be in-
creased, However there is a 1limit to the maximum rate that
drops can fall, and this limit confines the water-dropper
to the measurement of relatively slow field variations.

Another type of equalizer uses a radio active diskalu
ball or Pod°15 These various forms are coated with a thin
layer of a radio active substance. In order to keep the
coating protected a lacquer, varnish or other suitable mate-
rial is applied over this coating. The radioc active sub-

stances used are predominantly alpha partical emmliters,

1 ..., "Atmospheric Electricity." Carnegie Institu-
tion of Washington Department of Terrestrial Magnetism, Vol,
35 Pp. B830=-2. '

1535, A, Fleming, "Terrestrial Magnetism and Electricity."
Phyvsics of the Earth, VIII (1939), pp. 233“%0
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These positive alpha particles are slow and heavy and do not
move far from the emitting source. The air moleculss near the
equallzer are broken up into positive and negative lons by

the alpha particles, and when the air has initially a negative
potential with respect to the collector, a drift of negative
ions will leave the air and flow onto the equalizer. This
flow9 due to the potential difference between the air and
probe, will continue until both elements obtain the same

voltage,

Figure 8

Induced Charge Produced by a Change in Gradient

When the initial ground is first removed from the probe it
will acquire an induced charge when raised into the air;

this induced charge will cancel the electric field around

the probe. + 4+ + +F
' +
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Figure ©

Equalizer Acquiring the Potential of the Air
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An ion current\will then flow to the collector to bring it
to the potential of the air, When both potentials are the
same, the ion current stops., A change of potentiél gradient
will induce another charge on the probe, and an squal and
opposite charge will be fed to the electroscope causing an-
other change of reading. The probe is then equalized to the
new potential, and is again ready for the next gradient
change, A time delay occurs between the time when the
gradient change occurs and when the equalizer acquires the
new potential., This time delay 1limits the radio~active

equalizer to sluggish field changes,

+ 44+ + + S+

+ + -+ l§§_+ f
- = + + 4+
=Xz T+ %

Figure 10

Equalizer at the Potentlal of the Air

To study the nature of the fields existing through the
periods of storms C. T. R. Wilson16 developed the elevated-
sphere and the test plate apparatus. The elevated sphers
apparatus i1s a metal ball on an insulated hinged rod which

permits the sphere to be lowered Into a grounded metal box,

16¢, T, R, Wilson, "Investigations on Lightning
Discharges and on the Electric Field of Thunderstorsm,”
Philcsophical Transactions of Royal Society, 221-A
{1921) pp. 73-115.
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An insulated wire connects the sphere to a sultable electrome
eters The test plate consists of a metal plate embedded in =
largé circular container., The container fits flush into a
circular hole in the ground, and this container is insulated
on the sides and bottom from the ground. From the embedded
plate a lead is used to connect to a capillary electrometer,
In general these instruments are best suited for dif-
ferent types of measurements. For example in fair weather,
when the potentials are steady and relatively small, the
ionization collector 18 best applicable; while for mild and
distant storms the point discharge or elevated sphere are
best adapted; and for violent or near by thunderstorms the
test-plate performs best. The raised sphere uses the princi-
ple of electrostatic induction. For measuring purposes the
sphere 1is first grounded, then raised to a known height. As-
suming that the earth has a negative charge and the air sabove
to be at a positive potential with respect to the earth, a
negatively induced charge will be induced on top of the
sphere. A connection made from the sphere to a capillary
electrometer allows the positive charge on the sphere to flow
to ground as 1t 1is raised from eérth into the air. The
charge Q flowing to ground 1s measured by the capillary elec-
trometer, The capacity C of the sphere can be calculated by

knowing the physical dimensions of the sphere from the

17¢, T, R, Wilson, Proceedings Royal Society, 92-=A
(1916)9 Po 555, :



formula

C=Lwéa

%_
where C is the capacity in farads, § the dielectric con-
stant and a is the radius of the sphere in meters.

To account for the effect produced by the conduction
of the nearby earth, the potential due to the image charge

at point h must be accounted for. The image potential Vj

at a distance h above ground is

-V, = =

i 7 TR{we) °

The summation of the potentials at h, with the sphere in
the raised position, must equal zero and, is given by the

expression

AR — - Q = 0
mEg) r meg) 2h

The symbols used are: V to represent the voltage at h in
volts, h for the height of the sphere in meters, r for the
radius of the sphere in meters and Q for the charge flow-
ing through the electrometers By rearranging the above

equation it follows that

V = _ 9 l_j_
Lw g 2h r

The potential gradient E 1s determined from the expression

E='Y
h

®
A negative charge will flow through the electrometer when
the sphere is lowered back to earth; moreover this charge

is equal to the positive charge that flowed when the

sphere was elevated. The charge flowing, when the sphere

23
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is raised or lowered, is proportional to the field strength,
Changes 1in gradient produce changes in the bound charge on
the sphere, The fleld variations will produce greater
changes of bound charge on the sphere than on the earth be-
cause the sphere has a greater potential to equalize. To
measure the potential gradient the sphere has to be raised
or lowered and thereafter the bound charge has to be re-
leased through a suitable measuring instrument. This fea-
ture does not lend 1tself readily to contlnuous recordings
of the electric fileld, Another disadvantage is that 1t is
difficult to differentiate between the current or chargs
flow due to inductlon and that due to corona discharge.
This instrument is particularly adaptablg to the measuring
of potential gradient changes caused by distant thunder-
storms where the change of bound charge occurs instantly
with a field change.

The polnt dilscharge collector is another means of measge-
uring electric fields. It is a needie3 usually a platinum
needle which does not corrode, mounted several feet in the
air, and it is connected tﬁrough.a sultable measuring de-
vice to ground. When a negatively charged center in a
thunderétorm passes over the earth, a positive charge is
induced on the earth's surface, and as a result the top of
the point acquires a positive charge which attracts the
negative ions in the vicinity of the point. The potential
gradient becomes intensifiled, and when the gradient has ex-
ceeded & critical value, a sudden surge of positive ions

to the atmosphere occurs. Therealter a positive space charge
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will surround the point which so greatly weakens the field
that the discharge i1s stopped. The charge afterwards
again bullds up on the point, and the entire process is re-
peated again and again. The frequency of repetition of the
discharges depends on the configuration of the collector,
the size of the points, the strength of the field and on
the type of objects surrounding the instrument. The dis-
charges occur in the order of thousands of cycles per sec-
ond which 1s too fast for recording instruments to follow;
however the recorders do give the mean value of the dis-
charge current. The use of corona current as a measure of
electric field has three disadvantages: (1) the field in-
tensity must be a given value before corona discharge
oceurs; (2) the calibration of the instrument is not linear;:
and (3) a current flowing into or out of the point occurs
in response to lightning discharges producing changes in
the electric field which in turn effects the collector.
This latter phenomena 1s easily distinguished from corona,
for the variations will be larger and of greater rapidity
than that caused by corona discharge. The deflections
caused by this effect may or may not have the same sign as
the corona current because their magnitude 1s not represent-
ative of changes of fleld intensity.

To determine the charge distribution in a thunderstorm,

a point attached to a sounding balloon Wwas used by Simpson
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18

and Scrase at Kew Observatory. As shown in Figure 11 two
20 meter wires, AB and CD, were attached below the balloon.
These wires made electrical contact with each other through
a piece of pole-finding paper BC. As the balloon made its
way aloft adjacent to clouds ol positive polarity negative
ions were caused to leave from point A, and to flow to
point D. The current flow through the wire from A to D
passes through the disk causing a brown stain, due to elec-
trolytic action, to appear at point Bo
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Figure 11

Point Collector with Pole-Finding Paper

18¢, Simpson and J. F. Scrase, "The Distribution of
Electricity in Thunderstorms." pp. 309=31L.
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A reversed field makes the stain to appear at point C.

The point discharge is also used with the radiosonde
method of measuring potential gradient in clouds. The
radiosonde employed by Berlinl9 used the current flowing
through the points to operate the signal frequency of the
oscillator, A switching arrangement in the radiosonde made
it possible to send back to the receiving station the pres-
sure, altitude and the potential gradient,

A surface system which used thHe point as a collector,
consisted of a needle point antenna connected to a G. E.
recorder, It was calibrated for plus or minug 700 volts
per centimeter; a high speed photoelectric recorderzo was
used to record the rapidly occurring fluctuations; two re-
cording speeds, one inch per hour and one inch per second
were used.

To £ind the current flowing through the points the em-
21

pirical equation
i = B [%2 - M%J
is used where F is the existing potential gradient, M the

minimum gradient required for a discharge and B a constant

which depends upon the sharpness, number and the series

19r, F. A. Berlin, "Radiosonde Potential Gradient
Measurements." Electronics, 21 (January, 1948), pp. 18-
1 OD
K 20U, 8. Air Force, Navy, National Advisory Committee
for Aeronautics and Weather Bureau, The Thunderstorm He-
vort of the Thundersbtorm Project, p. 205,

ZIF, J. W. Whipple and F. J. Scrase, "Point Discharge
in the Electric Field of the Earth." Meteorological Office

Geophysical Memior, No. 68, p. 6.
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resistance of the point collector. This formula applies
only when a large resistance is inserted between the
points.

The theory of the insulated plate stems from the

formula
E = mah_ T

Since the earth can be regarded as a sphere, the potential
gradient at the surface will be proportional to the charge
carried by the earth. The bound charge on the plate, which
has to be released for each reading, 1s released by covering
the plate with an earthed cover. The test plate measures
the number of lines of force that end on the plate. This
method 1s particularly suitable for measuring the electric
field and electric field changes occurring in overhead
thunderstorms,

Another potential gradient instrument called the field
mill was first used by Macky022 It consisted of a rotating
plate that covers and uncovers an insulated plate. An al~-
ternating potential is produced on the insulated plate by
the changing of the bound charge thereon by the rotoring
plate. The alternating voltage, which is proportional to
the bound charge placed on the insulated plate, is fed to
an amplifier that drives a recorder. In thilis manner con-

tinuous recordings are obtained. The polarity of the

22Wa A, Macky, Terrestrial Magnetism and Atmospheric
Electricity, L2 (1937), p. 77
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potential gradient cannot be determined directly. To over-
come this difficulty the final output is rectified after
amplification by a mechanical rectifier driven in synchro-
nism with the roéating shielding plate. Rectification is
accomplished by having the rectifier connected to the drive
shaft of the motor turning the rotor plate. A synchronous
motor turning at 900 rpm was used by Termain and Cheek®3 in
their voltage gradient meter, which could measure gradients
from hO to AOSOOO volts per meter,

The radio activity collector has been and is still
commonly In use as a potential equalizer° This instrument
operated to produce ionization in a small volume of air
around the collector, When a potential difference exists be-
tween collector and air the ions will move in the field of
force until both collector and air are at the same potential,
Alpha ray emitters are used because the large, slow alpha
particles do not disturb the field away from the equalizer.
The emiss}on of both beta and gamma particles will serious-
ly distort the field around the collector by producing loni=-
zation beyond the range of the equalizer, The two radio

active substances often used are polonium and ionium,Zu 1t

23R, L. Termain and R. C, Cheek, "A Voltage Gradient
Meter.' Electrical Engineering, 69 (May, 1950), p. 1125,

2lis, g, Mauchy, "Control of Ionium Collectors Used in
Potential-Gradient Registrations at the Observatories of

the Department of Terrestrial Magnetism." Carnegie Inst,
Wash, Year Book, 25 (1926) p. 227.
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iz better to use lonium than polonium because the half 1life
of ionium is much longer. However lonium is difficult to
put on objects as a ccating. One collector employed had a
lacquer coating on one side of a brass disk. TIonium was em=-
bedded into the lacquer coating. Another thin coat of lacquer
was applied to keep the radiocactive materials from contami-
nating the site, The second coat lowers the emission of alpha
particles, thereby increasing the effective resistance. Two
collectors are used, one as a standard and the other for
actual measurements. As the protective coating is worn off
by abrasion and weathering, the activity of the collector
increases, and when the one in use has increased its activ-
ity by 20 or 25 per cent the collector is eilther replaced
or a new lacquer coating 1is applied,25 The observatories
of the Department of Terrestrial Magnetism of Washington26
used a collector of this type that was mounted 2,5 meters
above ground level and one meter out from a wall of a
building three meters high. A Dolezalek electrometer was
used to measure the voltage,

Collectors of the water dropper and radiocactive
variety both have an effective resistance. For the water-

drop type the charge Q carried away by each water drop is

Q=0YV

25Tpid., p. 227,
26Je A, Fleming, "Terrestrial Magnetism and Electricity.'

ps 237=8,

t
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for a system where C is the capacity of the drop and V is the
potential difference between the alr and collector. If there
are N drops falling per second, the current flow from the
dropper 1is then

I=NQ=NCYV.

The effective resistance R of the collector is then

R= _V = _V =1
I NCV  NC

To reduce the effective resistance the number of drops per
second or the capacity of the drop has to be increased., To
decrease the effective resistance of the water dropper the
number of drops N must be increased which decreases the water
drop capacity. To find the effect of a leakage resistance

R to ground, the collector is considered as a constant cur-
rent generator. For the case with no leakage to ground the

voltage V, between ground and collector 1s

Figure 12
Equivalent Circuit for & Potential Equalizer
where S 1is fhe effective resistance of the collector and i
is the constant current produced by the generator. The
voltage Vo that is developed due to the leakage resistance

R to ground on the collector is V. = iRS

 ReS
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Figure 13
Equivalent Circult Altered by Leakage Resistance

The ratio of the two voltages 1s then

% fe] [ =

In order to have the ratlo Vé equal to unity, S much ap-

1
proach zero. The effective resistance S of the collector

can be reduced only to a limiting value determined by the
rhysical construction of the Instrument,.

The preceding discusslon applies equally well to the
radioactive element, The effective resistance of a ratio-
actlive collector cannot be computed, but it can be meas-
ured by employing an ionization chamber. The effective re-
sistance of the Kew water dropper was estimated by Scrase?!
to be about 5 x 1010 onms and that of a polonium collector
1010 chms. A leakage resistance of ten times

as about 2 x

the effective value will give a ratio for V2 of 0.91,
7
1

27¢, Simpson end J. F., Scrase9 "The Distribution of
Electricity in Thunderstorms." Proceedings of the Royal
Society, 161 (August, 1937), p. 309=352,
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The leakage resistance of these instrument must thersfore be
in the neighborhood of 500,000 to 200,000 megohms to give re-
liable potential readings,

The field changes in thunderstorms have been investigated
with the object of establishing the nature of radio atmos-

pherics, Appleton and Chapman928

in their study of atmos-
pherics, used an exposed conductor consisting of a Wilson
phere connected to a rapid response triode electrometer.
The output of the triode was applied to an amplifier which
in turn applied the deflection voltage to an oscilloscopes
The rate of change of the electric field could be measured by
placing a high resistance in series with the conductor. To
permit the electromster tube to follow the faster fileld
changes the time constant was made very small, and an ar-
rangement was incorporated whereby the time constant could
be varied, Pictures were taken of the oscilloscope traces
which later were analyzed., Atmospherics of storms at greét
distances (over 100 km) could be detected and analyzed,

The installation used by Watson and Appleton29 to study
atmospherics consisted of: )a) the aerial system, (b) a
triode voltage amplifier, (c¢) a cathode=ray oscillograph and
and (d) a device for the local generatation of known type

of impulses, To give faithful reproductions of the field

28R, v, Appleton and F. W, Chapman, "On the Nature of
Atmospherics IV." Proceeding of Royal Society of London,
18%-A (January, 1937), pp. l1=5. ‘

~ 29p, A, Watson and E, V. Appleton, "On the Nature of
Atmospherics I." Proceedings of the Royal 8Bocilety of London,
103-A (1923), pp. 8L-102,
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changes a highly damped antenns with a time constant much
legs than that of the atmospheric was used while the methods
that have been described do not include all the possible
ways for measuring pobtential gradient and the rate of change
of the electric fileld, they are essentially the basic methods
from which are built many wvarlations,
B, The electrometer used to measure the potentlals of the
various collectors operates from the 117 volt 60 cycle
power lines, with a one ampere fuse in series with the power
1ine to serve as a protective device. The switch Sl is the
on-off switch that supplies power to the power transformer
T7. This transformer Ti supplies 6.3 volts to the filement
of the 6AKH and to & pilot lamp; a 5 volt winding supplies
the filament current for the 5Y3 rectifier; the 680 volt
high voltage center-tapped winding 1s connected %o the SYB
rectifier for full wave rectification, A resistance=
capacitance filter is used to smooth out the ripple voltage,
The power supply was designed in accordance with the
design procedure described by Reichg32 with the addition of
one assumption in the procedure. Normally a value of resiste
ancs egual Lo the series resistance of the high voltage
winding to center tap is the value used, Since the high
voltage oubtpub was too high, 1t was necessary to lower the
voltage across the input condenser Glg morsover a large in-

put condenser Cy was needed to obtain the necessary filtering,

2

32u, J. Reich, Theory and Applications of Electron Tubes
(New York, 19Ll), pp. 565-500,
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and consequently the surge current had to be reduced. The
me thod used to overcome these difficulties was to place a
resistor Ry between the 5Y3 rectifier and the input con-
denser Ci. The assumption was then made that the trans-
former series resistance was Rq plus the transformer resist-
ance. The voltages calculated in the designed procedure
agreed within 10% of the voltages actually measured after
the supply was built,

The resistor Ryy is a resistance that allows the volt-
age regulator tubes (VR=105) to maintain a constant voltage
with line voltage variations from 105 to 130 volts. The
resistors Ro, RBg R),

|
a current that is five times the current drawn by the 6AKH.

and RS are bleeder resistors that carry

By using a large bleeder current, the voltage across the
tapped portion of th which supplies the plate and screen

of the 6AK6, will not change appreciably with changes of
plate current. Consequently, the screen voltage will remain
constant, and as & result the plate characteristic curves
remain constant with a change in grid voltage., The bucking
current32 through the meter 1s supplied from the tap off R;
through a current limiting resistor Rg. The value of Ré
gives the desired bucking current with the tap on RS at the
mid-point position. The plate resistor 1is RQ and tht screen

resistor Ryge The twe resistors RB and R. make up the cathode

7

resistor assembly, where Rg controls the bias voltage. The

38, ¢. Hoare, Trans. Am. Inst, Elec. Eng., L6 {1927),
3 -



use of wire wound resistors of low temperature coefiicient

total leakage resistance of the grid circuit., In order to
maintain this resistance at a high value the tube is used
without a tube socket, and is held in place by a mebtal clamp.

The procedure for preparing the tube for use 1is as
follows: (1) the clamp was mounted around the tube, (2} the
tube and clamp were mounted on a heavy metal plate to keep
the tube from falling over, (3) two six-inch twisted strands
of #23 wire were soldered to each tube prong, (L) the tube
was washed in absolute puPe ethyl alcohol, (5) the tube was
baked at 500° F, for 2 hours and (6) the mounting base was
removed and the tube immedlately placed in the instrument.
During the process the glass of the tube was never touchesd
with the hands, as thils would give leakage paths to ground
or between the electrodeSQBA With dry air the resistance
remains very high, but when moisture becomes present in the
air the tube surface will become mcist and the resistance is
reduced to a low value. This difficulty is remedied by ap-
plying & coating of silicone3® to the tube.,

One of the simplest definition336 of a three-slement
electron tube is that 1t is a device in which the current

flowing from the cathode to the anode is contrelled by the

3y, A, Victorsen, op. cit., p. li38.

35a, A, Hay, "Receiving Valves for Electrometer Usse,
Electronic EBngineering, 23 (1951} p. 260,

b

367, A. Victoreen, op. cibte, Do 1133,
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potential of a grid to which no current flows, DBy this defi=
nition the triode would show no change of plate current if
the grid were disconnected; for no current flows to or from
the grid to change its potential., Grid current was found by
Elmore and Sands37 to be caused by the cathode emitting ions
which flow to the grid and by positive ions which are produced
by the ionization of the residual gas in the tube. The plate
or other parts of the tube also emit electrons, The im-
prirging of electrons on the plate have enough energy to
cause emission of soft Xerays that in turn can bombard the
grid and release electfonso Electrons also reach the grid
from the cathode by virture of the finite wvelocity with which
they are emitted, To test for grid current the instrument
was placed in a metal bbx where the electric field was known
to be zero, The grid was then grounded and the meter zeroed
at mid-scale, If the meter reading is increased alter ths
ground 1is removed 1t can be concluded that there is a low
of grid current. The parameters of the circulit were ad-
justed in order that no grid current would flow. The instrue-
ment was tested for linearity. As & final check it was
noted that when +3 volts was applied to the signal grid,
a full scale deflection from mid-scale was registered on the
me ber,

The collector 1s connected by a brass rod 18 inchss

iong to the control grid by a short wire, The rod is sup-

3Tw, C, Bimore and M, Sands
Nuclear Energy Seriss, Division
Pr. 180=1,
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ported by a one-inch diameter polystryrene rod 12 inches long
mounted at a 30° angle with the back of the case, The col=-
lector is horizontally mounted l. inches above and in the
middle of a six foot square metal plate, This plate is also
grounded, The whole installation is placed inside the attic
of a house, The field is distorted somewhat by the roof, butb
since the sign of the field changes are of primary importance
it is believed the distortion of the field will not greatly
affect the measurements.

One difficulty encountered consisted of fluctuations in
the mebter as a result of variations in line voltage. This
was sliminated by using a constant voltage transformer. The
fluctuations were due to the filament temperature of the
6AK6 being changed by the variations in input voltage,
Another trouble experienced was the change of the meter
reading when the line plug was turned over., The cause was
that the constant voltage transformer had a small leakage
current flow to ground. By mounting this transformer on
insulators the effect was eliminated, Transformers used in
this type instrument should have more insulation than usual
in order to prevent the flow of these small but troublesome -
currents,

The electrometer used to measure the voltages was taken
from a circult that was developed to measure the rate of
change of potential gradient. One of the objectives of the
of the pbojeet was to bulld an instrument using a circuitb

degsigned tc measure the rate of chanéa of gradient. Another
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objective was to determine the possibilities of this circuit
for measuring the potentisl gradient and in addition to make
measurement of the fields produced by thunderclouds., Origis
nally it was intended to measure the potential gradient using
a potential equallzer, However experiments have shown that
the electrometer would not hold a charge when applied %to the
grid circuit when the egqualizer was removéd; moreover it was
determined that the instrument performed the same with as
without the equalizer; in addition the response of the
instrument to field changes was believed to be too fast to
be accurately reproduced by equalizer action., Now it 1s be-
lieved that the fundamental operation iz similar to that of
the test plate or elevated sphere, The instrument is be-
lieved to operate on the principal of induction in the
measurements of the changes of electric field and to be
squivalent to the test plate in operation. A down scals
reading of the meter is believed to correspond to a positive
field change, and consequently the meter will show a more
positive reading for a negative field change.

The suggested improvements in design that are mentioned
nere represent only a few of the many refinements that can
ke made to improve Lhe Instrument performancee‘ The most
necessary improvement is to place the electrometer tube
in a dust=procf housing. Again the prcbe should be mountsd

ix

l_l
<

coaxla in the polystryine tube, with the tube and rod

extending at right angles into the case with at least thres

inches of the polystryine rod sxtended on either side of the
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choogen for the instrument that gilves good vision in all
directions., By the addition of an amplifier the range of
the instrument can be easlly extended to 10 and possibly 20

miles, It would then have a range equivalent to the elevated

sphere,



CHAPTER I1I
THE ELECTRIC PHENOMENA OF THUNDER~CLOUDS

Scientists the world over have made contributions that
have made 1t possible to determine more exactly the precise
nature of the thundserstorm. Wilson was one of the first of
these scientists to begin making a quantitative study of
thunderstormSOBS His investigations led to the belief that
the negative charge on the earth’s surface was replenished
by a negative current flowing from the base of clouds of

39

positive polarity, To test this theory, 1t is necessary
to make numerous observations in every part of the world to
agcertalin whether most of the existing clouds are of posi-
tive polarity:; moreover a hypothesis is adopted that =
thunder-cloud is essentially bipolar to facilitate the
understanding of the phenomena involved in determining the
polarity., The exact positions or relative magnitudes of the
charges will not be specified, but the charges in the cloud
will be classified as the upper and the lower charge. Two
charges in a cloud, one a positive charge at a height H and
the other a negative charge at second height h, lying in =
vertical plane will produce an electric field on the earth:

‘the vertical component of this field is given by the formula

8¢, 1. R, Wilson, Royal Society Procéedingsg Q=4
(1916)y po 555. |

397, E. McDonald, "The Earth's Blectricity,"
Scientific American, 188 (April, 1953), pp. 32-7.
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Figure 16, Positive Bipolar Cloud
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E= 2 goH e 2 qih
(52 + 12)3/2 (n2 + 12)3/2

The two terms in the numerator of this formula account for
the image of the two charges in the earth. For values of

L less than a constant critical value the charge B will de-
termine the sign of the vertical fleld; on the other hand
for values of L greater than the critical value the charge
A will control the sign of the vertical field; moreover the
conditions that the sign of the field will reverse with

distance are that

2
h H
1 d 2 .
@ > I an a4 < Eo a

Still another way to obtain the electrical nature of
clouds and their polarity is to measure the sign and magni-
tude of the electric fileld changes caused by lightning.
Another necessary assumpbtilon is that an isolatsd bipolar

cloud will have nearly vertical discharges bstween the two



poles, or between one of the poles and ground., By deflini-
tion an AC discharge is a discharge between the upper pols
and ground, and a BC discharge is one between the lower pmle;
and ground; while an AB discharge is cone within the cloud,.
The field changes produced by different discharges are as

follows:

AC discharge

A E = =2 QpH
(2 + 12)3/2

BC discharge

A B o= =2 Q1 h
(n? + 12)3/2

AB dischargs

(HZ + L2)3/2 (he + L2)3/2
when Q3 > Q,
and
A E = 2Q i h

(HZ + L2)3/2 ' (he + L2>3/2“

when Qi,<< Qo
where Q. and @y includes both sign and magnitude of ths
upper and lower charge respectively. For discharges of the
AT and AB %ype the field change 1is independent of distance,
but for a discharge within the ¢loud the polarifty reverses
ag the distance behtween observer and cloud increases. It

is also possible to have discharges occur between the top
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of the cloud and the ionospherse which will produce the same
type of field change as an AC discharge., Table I and IT
shows the field changes produced by different type dis-

charges in positive and negative polarity clouds,

TABLE T

Positive Polarity Cloud

Sudden Field Change
Discharge Near Distant
AB Positive 'Negative
BC Positive Positive
AC Negative Negative

TABLE TII

Negative Polarity Cloud

Sudden Field Change
Discharge Near Distant
AB Negative Positive
BC Negative Negative
AC Positive Pogitive

The study of the association of positive field changes
with cloud to ground dischargss should be made at night when
these discharges can best be seen,

Many exceptions occur that falsify the assumptions that
have been made. Since the discharge within a cloud involves
the disappearance of equal and opposite quantities of elec-
tricity, an exception will occur 1f one pole had originally
a greater charge; for another discharge may occur between
this pole and the earth, the upper atmosphere, cr‘ancther

cloud giving different types of field changes. In addition



many discharges do not take place in the cloud but between
the charged regions of different clouds. These changes can
be of either polarity. Also clouds of posititive polarity
will give a positive field change when discharged by more
distant clouds, particularly when the charges are about on
the same plane, or if the lower charge is closer to the
observer than the upper charge. This type of discharge is
called skew lightning and is manifested by the horizontal
flashes that occur across the sky.

A cloud of positive polarity at a great distance will
produce a large number of negative field changes, and as the
cloud approaches the cobserver this condition will be reversed
and a large number of positive field changes will occur.
This pattern, however, is greatly influenced by the presence
of numbers of positive and negative charged regions scat-
tered throughout the cloud which vary the components of the
electric fields, Moreover it is not possible to determine
the polarity of clouds from just this reversal ofvfield
changes, Both field change measurements and visual ob-
servations are needed to determine the polarity,

The steady field of the potential gradient is defined
ag the field produced when neither pole of the cloud is dis-
charging or recovering from a disohargeouo By measuring

the steady field and noting the sign of this steady fileld,

LOB, F. J. Schonland and J., Craib, "Electric Fields of
South African Thunderstorms,” Proceedings of Royal Society,
llll.‘—"A (1927) 9 po 2320
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the polarity of the cloud can usually be determined. General-
ly, however, the effect of the fields of other clouds have
such an influence that these measurements cannot be used %o
find the pclarity of any partidular cloud. For seven storms
studied by Schonland in 1927 the steady fileld exceed -5000
per meter for 300 minutes and +5000 volts per meter for 5
minutesaul For sgtorms ranging in distance from 8 to 35 kilo-
meters away, Schonland and Craibu—2 found that for 798 field
changes studied, 666 were negative and 132 were positive.
This gave a ratio of 5,0 to 1.0; for five storms that were
less than 6 kilometers distant there were 39 positive and ¢
negative field changes., This resulted in a ratio of MOB to
1.0, For the first group of storms the changes were prsedom-
inantly negative for the sudden fileld changes due to distant
lightning discharges; while those for the second group were
predominantly positive. During a two-year period Schonlandh‘3
found that 517 negative and 6 positive field changes were
caused by pole to pole discharges for storms that were more
than 15 kilometers from the observing station, moreocver two
of these positive fileld changes were produced by btwo hori-
zontal discharges. For a two-year period the number of posi-

tive field changes due to cloud to earth discharges from these

ulBo F. J. Schonland, "Ther Interchange of Electricity
between Thunderstorms and Earth." Proceedings of Royal

Society, 118 (1928), p. 255,
428, ¥. Schonland and J. Craib, log. cit., p. 236=7.

L3B, P. J. Schonland, "Polarity of Thunderclouds,"
Proceedings of Royal Socisety, 118 (1928), p. 238.
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distant storms were limited to 8. Only 6 positive field
changes due to discharges within the clouds were recorded
during this period; moreover 2 of these 6 positive field
changes were caused by horizontal dischargesohh On the con-
trary for 6 storms that were within 7 kilometers of the ob-
serving station, there were 188 positive and 9 negative field

L5

changes, giving a ratio of 21 to 1. These results indicated
that the clouds were of positively polarity, and it was con-
cluded that the polarity of South African thunderstorms were
essentially positiveeu6

Other scilentists have also studied the thunderstorm from
the ground. During the years of 191k, 1915 and 1917 Wilsonl7
recorded 528 positive discharges and 336 negative discharges.
These results, which were obtained by the use of the raised

sphere and the test plateh‘8

gave a ratio of 1,56, Another
observer, Wor*mells)‘lrg used a point discharge device that was
raised to a height of 8.3 meters. His observations suggested
that the cumulo-nimbus cloud 1s of positive polaritycso Thé

point collector was also used by Wipple and Scrase to study

WhIpid., p. 239,
US1bid., pp. 2L3=l.
L6, P, J. Schonland, loc. cite., p. 247

u7C T, R, Wilson, "Investigations of nghtnlng Dis-
charges and the Electric Field of Thunderstorms." Proceed-
ings of Royal Society, 221 (1921), p. 85.

L81pvid., pp. 7h=T.

ugTa W, Wormell, "Currents Carried by Point-Discharges
beneath Thunderstorms and Showers," Proceedings of Roval

Society, 115 (1927), pp. Lh3=lL.
50Thid., po LS5,




50

the electric field of the earthggl and their measurements
gave a radic of 305952 Simpson states that a discharge can
leave the cloud, travel towards the earth, but fail to
reach the earth;53 furthermore that the measurements of
field changes alone lead to extremely ambiguous results.
This ambiguity can be overcome to some extent by the use of
several stations that are not too close togetherosu

The measurements described in the last paragraph were
made at the earth!s surface and give at best only a general
indication of the electrical structure of the clouds. In
ordsr to determine the charge arrangement in thunderclouds
Simpson and Scrase emplojed potential gradient instruments,
These devices were of the point collector type, and were
attached to sounding ballons. The variations of the sign of
the potential gradient were measured from ground level to
heights beyond the tops of the thunderclouds. These measure-
ments showed that the types of potential gradient disruptions
were too varied to be classified into a simple scheme, and
emphasized the complexity of the electrical structure of
thunderclouds. In‘addition the frequency of occurrence of
positive and negative potential gradients near the ground
was found to give a preponderence of negative potential

gradients in the ratio of 3:1055 This ratlo decreased with

5lg, J, W, Whipple and F. J., Scrase, "Point Discharge in
the Electric Field of the Earth." Meteorolgical Office
Geophysical Memoirs, 68, pp. 3=li.

52p, J, W, Whipple and F, J. Scrase, loce. Cit., P» 13

53¢, C, Simpson, "The Mechanism of a Thunderstorm,"
Proceedings Roval Socieby, 11li, {(1927), p. 390.

=

Sh1pid., p. LOL. |

55¢. Simpson and F. J. Scrase, loc. cit., p. 320,




height and was found to be zero at a height of about 0.3
kilemeters., This is usually where the cloud base begins,
Moreover 1t was found that for heights ranging from 3 kilo-
meters up to 9 kilometers, the positive gradients predominated;
at 8 kilometers the ratio was 3:1056 The strongest gradients
which occurred most frequently were found to be positive, and
occurred between 3'and 8 kilometers, This is usually the
space between two charged region3057 In almost every sounding
there was evidence of a positlve potential gradient in the
upper cloud layers; but in no case did this positive gradient
extend down to the ground, On the other hand a large number
Vof the recordings showed a negative field extending from the
ground to the upper positive fields. Again other readings
gave a posltive field at the earth, followed by a change to

a negative field in the lower part of the cloud, then a
change to a pbsitive field in the upper part of the cloud.
The positively charged upper regions were found to occur in
all cases above the freezing level; moreover § of the 23
positively charged regions occurred above the -10° C. level;
furthermore the negative charged regions generally occurred
close to the 0° C, 1evel,58 When the readings were averaged
it was found that the upper positive charge was somewhat
higher than ll.6 kilometers or 15,000 feet, and that the re-
gion of negative charge was at 2.7 kilometers or 8,850 feet.

The region of separation of the higher charges was above 3.9

56G° Simpson and F., J, Scrase, loc, cit., p. 320,

57Ibid03 po 3210
58Ibid., p. 323,
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kilometers, or 12,450 feet, while the lower positive charges
were at 1.7 kilometers, or 5,560 feet., The lower region of
charge separation was placed at 2.2 kiloﬁetersosg These re-=
sults led to the conclusion that the charge separation of
the upper positive and negative charges must necessarily
ocecur in a region that is below the freezing pointy further-
more that the charge separation process in the top of the
cloud must be different from that occurring in the base of
the cloud where the temperature 1s above the freezing pointoéo

By measuring the potential gradient from the surface
Workman, Holzer, and Pelso:n61 found that there were several
positive and negative cellular regions of charge; further-
more as the thunderstorm developed the positive center often
moved to a lower level, This action was accompanied by a
shift to one side of the negative charge. Moreover the
charges gave the aspect of being grouped into pairs that
were separated by distances ranging from 3 to l.5 miles.

The changes in the electric field as a function of the
cell growth of a thunderstorm has been the subject of ex-
tensive research by different agencies of the United States

Governmentoéa These agenciles found that the changes of

59(}° Simpson and F. J. Scrase, loc. cit., p. 323,

6OIdem°9 P. 352,

61k, 7. Workman, R. E. Holzer and G. T. Pelson, "The
Blectrical Structor of Thunderstorms." National Advisory
Committee for Aeornautics Technical Note No., 86l, (Washinge
ton, D. C., 19L2), p. 26,

“U. 8, Air Force, Navy, National Advisory Committze

for Aeronautics, and Weather Bureau, The Thunderstorm, Report
of the thunderstorm project, p. 83,




electric field with cell growth seem to follow a definite
pattern, A fair weather cumulus btype cloud would develop
into a cumulo-nimbus cloud over perlods as small as eight
minutes, During this period a positive charge would form
in the lower regions of the cloud. Following this change
a strong positive gradient would develop in the rain area,
with an accompanying strong negative gradient outside ths
rain area, The maximum gradient would occur about alhalf
hour after the development started,

It was also found that there was no correlation be-
tween the electric field and the updrafts or downdrafts in
the lower parts of the cloud. Both types of fields occurrsd
in the updrafts and also in the downdrafts. It was also
found that there was no correlation between the measurs-
ments of turbulence and those of potential gradient.

Lightning is never found in small cumulus clouds, butb
begins when the clouds grow into the cumulo-nimbus types
The investigations of the Thunder Storm Projeot63 revealed
that:e (1) A temperature of the order of -20° C. was re=
guired before the lightning 6¢curred; (2) the maximum cloud
height occurred when the frequency was of the lightning
greatest; (3) it appeared to require:a low temperature to
initiate lightning than was necessary to continue the
process: (L) the maximum lightning occurrence preceded the

maximum rain by 5 minutes,

63U° 8. Air Porce, Navy, National Advisory Commitise
for Aeronautics, and Weather Bureau, loc. cit., p. 89,
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The maximum field ever measured inside a cloud was 3,000
volts per meter at an altitude of 12,900 feet, The measurs-
ment was made by Gunn.,6llr However, hils potentisl gradilent
measurements made by Lflying through clouds that werse
producing steady rain obtained values that were less than
i00 volts per meter, Values for non=precipitating clouds
were found to be less than 100 volts per meter. The average
gradient produced in thunderstorms was found to be 7,000
volta per meter; moreover for nine thunderstorms it was
found that the average maximum gradient was 13,000 volts
per meter, These maximum gradients were found near the
freezing level, In addition the gradient decreased with
height at the rate of about 5,000 volts per meter at
10,000 feet, At 5,000 feet the maximum gradient was 2,000
volts per meter. Numerous fllights by Gunn bthrough isolated
clouds showed that large gradlent measurements were not obe
talned until the alrplane had actually entered the cloudj
furthermore when the cloud was directly above the airplane
it was found that the gradient was usually small. In cone
c¢lusion these measurements indicate that the charges are

onfined to the c¢loud boundaries, and are of a close bipolar
distribution, that produce electric fields that almost
neutralize each cther oubside the cloud boundaries,

Malan and Schonland65 estimated that the mean height

6&R0 Gunn, "Electrical Field Intensity Inside of Natural
Cloud; Journal of Applisd Physics, 19 (10&6) pp. UB1=l,
65D, J, Malan end B, F., J, Schonland, "The Distribution
of Electricity in Thunderclouds." Proceedi ngs of Royal

209-A (1951) pp. 17k 5.
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of the negative charge column of the thundercloud bsgins at
3 to l kilometers above the ground, the maximum height of
the negative charged column being about 9 kilometers, This
negatlve charged column therefore starts at about 2,7 to 3.7
kilometers above the cloud base., Since the maximum height
is at 9 killometers, the region of charge separation must
be at a higher level where the temperature is between =19° C,
and =l0° C.

Many workers have cobserved that the development of
the electrification necessary to initiate lighitning is re-
lated to the upward movement of radar schces reflected from
the hydrometers in the cloud, Jones66 found that frequently
a temperature level of mhoo C. was reached before lightning
began, Workman and Reynold367 found that a temperature of
-28° ¢, was required before lightning occurred,

Workman and Reynoldsé8 have shown that freezing leaves
a negative charge on the large ice particles and a positive
charge on the smaller ice particles, This indicates that
the mechanism for the generation of static electricity
depends mainly on the precess of development of super-
cooled water drops. As these water drops congeal the
heavier ice particles form the negative charged region

of the cloud while the smaller particles form the positivs

667, T, Jones, Quart. J. R. Met. Sac,, 76 (1950), p. 312,

6Tm. J. Workman and S. E. Reynolds, Bull. Amer. Met. Soo.,

EZSE,, J. Workman and S. E, Reynolds, Phys. Rev., 78 (1950
Po 25l

S
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pele of the bipolar cloud., 8. E, Reyn01d869 has established
that, while freezing is in progress, the charge separation
of the liquid water particles from the ice particles can be
produced under suitable meteorological conditicns. Under

guitable conditions, the formation of the charges can occur

in the time required,

QT - Q < (]
6%, m, Reynolds, "Thunderstorm-Precipitation Growth

and Electrical-Charge Generation,” Bulletin of the American
Meteorological Society, 3L {March, 1953), pp. L17=23,




CHAPTER IV
FIELD VARIATIONS FOR THUNDERSTORMS IN OKLAHOMA

A. The Storm of April 1L, 1953.

Many disastrous storms occur in Oklahoma, However, for
the spring of 1953 very few heavy storms were in evidence.
The southwestern region as a result of the small rainfall has
been very dry. Consequently 1t was not possible to make &
large number of measurements, nevertheless the few that were
made gave considerable insight into the electrical nature of
the Oklahoms thunderstorm.

The first storm to be observed occurred on April 1l
1953, At 1732 very dark clouds began appearing in the west,
At 17012¢12 the first abrupt field change was recorded as
shown in Figure 17A. At 1748 the frequency of the field
changes bégan to increase, reaching the first maximum of 7
per minute at 1753, At 1805 a second maximum of 8 charges
per minute was reached as shown in Figure 17B. The last max-
imum of 11 changes per minute occurred at 1807, Figure 17C.
This was the highest frequency rate of the storm. The high-
est frequency rate, it is believed, occurs when a charged
area or region is directly overhead. During this storm
there occurred bl positive and 68 negative field changes,
giving a ratio of 0.94:1, When it began raining the steady
field changed from unity to zero between 1809 and 1811. This
phenomenon always accompanies rain,

B, Storm of April 23, 1953,
On April 23, 1953 a storm approached Stillwater from the

57
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Figure 17C
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southwest, This was a very weak and small storm with little
or no thunder or lightning in evidence. During the period
between 1110 and 120lL, as shown in Figure 18A, twc negative
field changes were recorded 10 minutes apart., BRain begain

at 1152:30, and afterwards the potential gradient changed
from 0.6 to unity, as shown in Figure 18A, The next record
was made between 1316 and 11,00, as shown in Figure 18B.,
During this interwval three abrupt field changes occurred,

The average time between the three field changes was about

5 minutes, The last recording between 1255 and 131l produced
one negative field change as shown in Figure 18C. The out= |
standing characteristic of thils storm was the occurrence of
field changes spaced 5 to 15 minutes apart,

C. The Storm of May 10, 1953,

Another storm occurred on May 10, 1953, The recording
of this storm, which began after the storm had reached
Stillwater, is presented in Figure 19. The storm produced
32 negative and 3 positive sudden field changes. The ratio
of negative to positive field changes was 11:1. At 0518:2l
a negative fileld change gave an off=-scale deflection for 39
seconds, Figure 10A:; and one at 0526:1lL gave an off-scale
deflection for 3l seconds, Figure 19B. The highest rate of
9 and 8 field changes per minute occurred at 052l and 0525,
respectively, Figure 19B. This storm appeared to be the
common type of thunderstorm which occurs in the spring and
the summer, |

D, The Storm of May 11, 1953,

The next steorm occurred in the early morning of May 11,
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Storm of April 23, 1953
at Stillwater, Oklahoma
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Storm of May 10, 1953
at Stillwater, Oklahoma
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1953, The field changes that occurred are shown in figure
20, A tabulation of the sudden field changes gave 2l nega=
tive and 6 positive, or a ratio of L:1l. This ratio appears
to be abnormally large., Between 2110:1i5 and 23110:5l the
steady gradient changed from 0,8 to 0.5 and back to 0.8 for
2 abrupt negative changes. Moreover, these sharp changes
oceur frequently; sometimes with a sudden field change and
at other times without, as at 2113 in Figure 20A., The largest
change of the steady field occurred at 212:36., At that
time a change from 0,9 to 0.3 was produced by a large nega-
tive field change, Figure 20B.

E. The Storm of May 12, 1953,

In Figure 21 is shown the field changes of the storm of
May 12, 1953, There were 19 negative and 7 positive sudden
field changes, The ratio of the negative to the positive
field changes was 2:71. The frequency rate of this storm
did not exceed 3 per minute. The active center did not pass
overhead, but went south of Stillwater in a path from west
to east.

F, Storm of June 6, 1953,

The next storm occurred on June 6, 1953, when a coal
black cloud swept down upon Stiliwater late in the after-
noon at 1730,

After a few recordings were made it became evident
that the fileld changes were varying too fast to bs recordsd
by the means employed, At times the field changes appsarsd

to break into small steady oscillations for 10 to 20 seconds,
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at other times there were field changes produced upon fisld
change, and at other times off-scale deflections occurred for
periodé of 20 to 30 seconds. The fasit warying elsciric field
appears to be a chéra@teristic of'very.violent thunderstorms,

G. Storm of June 8, 1953

The last storm recorded occurred on June 8, 1953, More-
over it was the most severe storm that took place during the
year, As shown in Figure 22 170 sudden field changes occurred
within a—pepiod of 33 minutes, There were 113 negative and
57 positive field changes, pfoduoing a ratio of nearly 2:1,
Three noteworthy charsacteristics were exhibited during this
storm., One was that the frequency rate seemed to increase
to a maximum at OISZ‘as detailed in Pigure 23; and the
gradually decreased to zero in & almost symmetric manner.
The second characteristic exhibited was the gradual build
up of the magnitude of the negati&e abrupt field changes.
This build up continued until 0200:20 when a maximum off-
scale deflection of 2l seconds was produced, as shown in
Figure 22E., Afterwards the magnitude of the negative field
changes decreased rapidly within a 5 minute interval. The
third and last characteristic was the re-occurrence of the
same btype of fileld changes spaced at nearly equal time inter-
vals, For example, in Figure 22D the three negative dig-
charges of 015355, 0156¢10 and 0157:05 were separated by 1
minube, 3 seconds, and 58 seconds, respectively, and each
gave off-scale deflections of about 11 seconds duration,

Tn Figure 22C at 01l7:55, 0148235 and 01lj9¢18 occcurrsd thres



Figure 22A

Storm of June 8, 1953
at Stillwater, Oklahoma
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changes ol nearly the sams magnitude separated by almosth

equal intervals of L0 seconds. It is believed that these

field changes are due to the same cloud mechanism, and that

for & one or two minute period, the cloud remains essentislly

On the other hand these

the zame in its electrical structure.
characteristics given are only for this particular storm

and are not to be applied to storms in general,



CHAPTER V

CONCLUSIONS

The potential gradient meter was the Ilnstrument that
was designed to measure changes in potential gradient, and
to be calibrated in volts per meter., It was necessary to
construct a test Instrument for this purpoéeo The test
apparatus consisted of a large metal box in which were placed
two large horizontal metal plates. The metal plates were
insulated from the box by stand-off insulators. The metsal
box itself was well grounded and acted as & shields A volte
age was applied to the plates to produce a vefti@al electri-
cal field, Since the plates were widely separated, a large
amount of fringing wes expected to occur, but it was be-
lieved that a vertical field would be produced in the center
of the plates., The potential gradient meter was placed in
this chamber and a 300-velt power supply connected to the
plates., When the connections were such that a negative
field was produced, a large deflection to minus six occurred
when the voltage was first applied. Afterwards the meter
went back to zero., A poslitive field change of the same mag-
nitude produced a very small deflection, much less than &
socale division. For both instances, however, the reading
of the instrument returned to zero after the initial ds-
flection, It is evident that 1t was the Maxwell displaces

ment of veritical component current of this fileld that pro-



83

duced the large negative deflection. In other words this
deflection was produced by the change in induction between
the parallel plates and the probe.

The explanation of this phenomenon became clear aftey
an electroscope had been built, By bringing a known small
positive charge near the probe of the instrument a positive
deflection of plus two was obtained. Then a large deflec-
tion in the negative direction occurred, When a large charge
was brought close to the probe a spark would occur between
the object and the probe; moreover the instrument pointer
would not move when this occurred. A negative charge brought
nieayr the probe would give a negative deflection., Thus it
appears that the instrument was insensitive to large posi-
tive field changes, It is believed that the action at first
the grid becomes léss negative or more positive, Than é
grid potential was reached when an avalanche of electrons
flows to the grid, In the case of a small change of the
electric field & small charge is induced on the grid. When
the avalanche of electrons occurs the induced charge is
neutralized; morecver the excess electrons hold the grid
at a negative potential, giving off-scale deflection. When
the large charge wasbrought near the probe the electron
avalanche passed to the charged object through the spark.
This left no negative charge on the grid. Conseguently the
limitations of the Instrument made 1t impossible to dee
termine the actual pelarity of the thunderstorms,

The two parallel plates were also placed outside in the



open. The procbe of the instrument was then placead botwee
them, The same effects were observed with the addition of
a secondary effect., This effect occurred when a negative
field existed between the plates., The needle of the meter
would then sway back and forth, Again for & positive fileld
betwesen the plates the reading was zero, It was concluded
that this effect was produced by the earth?s electric fislid,
and consequently the artificial electric field must be
separated from the field of the earth by shielding.

The fringing effect should be eliminated in order to
produce a vertical field in the metal box, To reduce the
gffects of fringing and to give a uniform field a large
number of equipotential surfaces should be placed heltween
the two parallel plates. This can be effectively done by
placing a large number of wire loops equidistant between
the plates. These loops should be the same size as ths
horizontal plates or slightly smaller. The loops should be
placed one above the other, and should be separated by aboutb
one inch., A resistor should be connected between each wire
loop. A resistor should also be connected between the metal
plates and the loops nearest to them. A power supply of at
least 3000 volts should then be connected across the parallel
plates., By this means the effects of fringing would bs
greatly reduced, and the electric field would be isclated and
nearly vertical,

The screen, grid, and electrods were interchanged in

g later investigation of the melter, The civeult was then
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similar to than employed in most potential gradlient instru-
ments. This caused the bilas voltage to increase, produced
more plate current, and gave less amplification. A negative
charge was then placed on the grid and the meter then read a
minus six, It took 20 minutes for this charge to leak off,
The equalizer was then placed on the probe, and the same
charge again applie& to the tube, This time it took 1.5
minutes for the charge to leak off, thus demonstraﬁing the
effectiveness of the equalizer., A negative 30 volts was
also applied to the grid by a battery. This gave a negative
deflection of one scale division., Aftsr the battery was rs.-
moved this deflection remained the same for about © minutes,
When a positive potential was applied to the grid the meter
was deflected up scale, but when the battery was removed the
meter immediately read zero, It is thought that if the bias
were made greater the same action could be produced for posi-
tive charges as was produced by negative charges. When the
probe held a negative charge a positive charge would move

to the immediate vicinity and cause a positive deflection.
Again this represents the measurement of a change in poten-
tial gradient,

A conventional circuit for electrometer tubes should be
employed to measure the static potential gradient. A come
nmercially designed electrometer tube, or one of the few re-
ceiving tubes that are adaptable to this purpose should alsc be
used, Moreover the tube should be coated with a silicon

coating if the instrument is to be used during rainy weather,
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The following procedure is recommended in case it is dee
sirable to investigate the effect of humid weather on the
instrument. The instrument should be placed in a box simi-
lar to the one described, With very dry air in the box, a
known voltage should be applied to the horizontal plates.
This voltage will produce a fixed deflection of the meter of
the potential gradient instrument. Next air that has
passed through a water spray should be blown into the box.
The air then will bé extremely humid, If any decrease in
the reading of the instrument occurs, 1t must of necessity
be due to the moisture deposited on the tube and insulators.
When wet the glass surfaces of the tube and insulators give
low leakage paths to ground. To overcome such difficulties
the insvlators and the tube may be treated with silicon.

The instrument that was designed and constructed for
this project 1is capable of measuring the sudden changes of
electric field., In order to improve the performance for
detecting positive field changes, it 1s suggested that a
50 to 100 megohm resistor be connected across the input grid
and ground. Another improvement would be to increase the
bias voltage. This would keep the grid from drawing current
when the positive field changes occurred,

For consistent operation it is very important that the
enclosure of the electrometer tube should be made dust and
bug proof, Also the insulator outside the elecirometer en-
closure should be placed where it can easily be inspecitad,

Thus 1f any cobwebs are present they can easily be ssen
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and removed., Cobwebs are often formed between the probe and
ground, and when damp, thess cobwebs act as a low resistance
between the probe and ground.

In order to simplify the process of recording field
changes, it is suggested that a recording milliammeter be
used, An instrument with a recording speed of one to two
inches per minute is recommended. This will allow for the
separation of the field changes that occur very rapidly.

The instrument employed on this project has provided re-
cordings that show numerous thunderstorm characteristics.
While it is reasonable to assume that the small positive
field changes have been faithfully reproduced, there may be
some error in values. It was observed that as the severity
of the storm inereased, the rate of the sudden discharges
also increased; moreover there seemed to be a trend for the
more violent storms to give a larger number of the negative
field changes with large and abrupt characteristics, Finally
the predominance of the negative field changes gives evidence
that the Oklahoma thunderstorms have positive charged regionsg
in the base. This is an unusual result and differs from the‘
findings of investigators Working in other regions,

During the 1953 tornado season no actual tornadoes
oceurred within range of the station. If the method of
potential gradient change 1s to be used for the purpose of
studying the tornado type of storm, the relations that should

be studied are given in the following outline:
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{1) The correlation of the relationship of the field
changes per unit time with that of ordinary storms,
(2) The comparison of the magnitude of the potential
gradient due to tornadoes with that produced by
thunderstorms,
(3) The comparison of the field change patterns taken
during thunderstorms wifh those due to tornadoes,
It would be Interesting to dispatch five radio=-sondes
equipped with potential gradient instruments into an incipient
tornado cloud to measure the electrical field changes. This

might glve an improved understanding of the phenoménon involved.
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