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PREFACE 

The primary objective of this study is to learn as.much as possible 

about electrical storms in terms of the behavior of. the electrostatic 

. fields at the earth I s surf ace due to the electric charge configurations 

in the c.ells themselves. 

The stu~y was begun by organizing the most generally accepted theories 

as to electrical structure of the atmosphere, charging mechanism of thunder

storm cells and discharge mechanism of lightning strokes. 

Advantage was taken. of recent e~pe:riments which yielded much infor

mation relative to the above topics. Such devices as radar, radiosondes, 

etcetera have yielded much information that was impossible to .obtain prior 

to their development. Chapter III is devoted to a discussion of these 

experiments • 

The theory of induction, radiation, and quasi-static fields in terms 

of electric and current dipoles is sketched in Chapter V~ The objective 

of this chapter is to differentiate between the often misinterpreted r·a

dia.ted and static fields and to provide theoretical bases which are later 

studied experimentally. 

Chapter VI describes the instruments constructed for the purpose of 

investigating slowly- and rapidly-varying quasi-static fields, i.e., the 

electric fluxrneter and the electric probe. The.combination of these two, 

plus the theory and design of the electric probe, is one of the main con

tributions arising from this study. 

The final chapter contains recordings of the electric fields during 
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electrical storms, accompanied by discussions in terms of the theories 

discussed and developed in earlier chapters. 

Because of the broad expanse of material compassed by this study, 

brevity has been stressed as much as possible. It has been assumed through

out that the reader has a background of physics and electrical engineering; 

sufficient theory and references have been given so tha:t further workers 

in this field may extend this study with minimum difficulty. 

This study is by no m~ans complete; probably several years I use of 

the equipment developed will be made before its full capability is real

ized and before it will yield the' answers to other problems -outstanding 

in this fieldo 
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CHAPTER I 

ATMOSPHERIC ELECTRICITY 

For a study of the electric al nature of the atmosphere, it has been 

found to be of great convenience to regard the earth, its atmosphere, 

and the ionosphere a.s a spherical condenser with a leaky dielectric-.. 

the earth as the inner conductor, the ionosphere as the outer o In accord= 

ance with classical convention, the earth has a negative chargeo It 

could hardly be expected that at any time would there ever be a static con

dition for this condenser; but· for a given location where clear weather 

is manifest J we may apply the definition of electric intensity to the 

above convention, and find that the fair-weather electric intensity is 

normal to the surface of the earth, and pointing into ito Since poten

tial gradient is the negative to electric intensity, it follows that fair

weather potential gradient is a normal outward vector. 

The idea of a leaky dielectric arises from the presence of ions in 

the atmosphere. Conductivity of the air is found to be due almost entirely 

to small 1ons.1 created by cosmic rays, and by radioactive gases emana.ti.ng 

from the earth itself. Only these small ions have sufficient mob::Llities 

as to account for the apparent conductivity of the atmosphere. 

It has been estimated by Gish (1951) that the total leakage current 

is about 1800 amperes, i.e. 3 about 1800 coulombs per second of negative 

charge from the earth upward, and that the effective resistance of the 

atmosphere is about 200 ohms. This gives a potential difference of about 

360,.000 volts. The potential gradient between the plates of our condenser, 
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however, is not uniform, being about 100 volts per meter at sea level, 

and decreasing with altitude. 
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The electrical aspect of thunderstorms, or lightning, pJ ays an 

important role in this situation. First., our condenser cannot remain 

charged, because of its leaky dielectric. Its equilibrium appears to be 

a continual charging process, which is brought about by lightning. This 

is Y..nown to carry predominantly negative charge back to earth. This 

lightning, though frequently destructive, appears to be one of the forces 

necessary for the existence of life on our planet, since it oxidizes at

mospheric nitrogen into· a form that becomes usable by plants. Certainly 

today we can supply plant nitrogen in sufficient quantity as to make that 

produced by lightning unnecessary, but it appears that plant life could 

never have survived the early stages of its evolutionary development with

out the electrochemical nitrogen cycle that goes on with the aid of the 

thunderstorm. 

The supply current, then, which maintains the charge on our condenser, 

is brought about by electrical discharges. It has been estimated by Gish 

( 1951) that from 3000 to 6000 electrical storms must be in progress at all 

times to balance the discharge of the condenser via the atmospheric con= 

duction. Statistical data compiled by Brooks (1925) indicates about 1800 

electrical storms are in progress at all Umes over the face of the earth. 

Allowing two or three cells per activity meets the recharging requirement. 

In passing, it might be mentioned that Linss (1887) estimated that 

the leakage current due to atmospheric conduction is such that the air

earth condenser could be completely discharged in 120 minutes. Gish and 

Wait (1950) found b;y- measurement that the average charging current per 

thunderstorm is from 0.3 to 10.6 ampere. This appears to be consistent 
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with the foregoing estimates and data. 

To sum ~p the foregoing, there appears to exist a continual electric 

field in the earth's atmosphere which carries negative charge from the 

earth's surface upward. This process cannot continue indefinitely, of 

course--there must be some means of re-establishing an electrical equi

librium, at least temporarily. It is believed that the thunderstorm and 

its accompanying lightning discharges serves this purpose. The best 

supporting link between thunderstorm activity and the daily regeneration 

of the earth's electric field is given by Whipple and Scrase (1936), whose 

curve of the diurnal variation of the area covered by thunderstorms on 

land areas of the earth matches the diurnal variation of potential gra

dient on the oceans. 

A question may be raised after reading the foregoing discussion: How 

is it possible for the atmosphere, in view of its conductivity, to maintain 

a permanent electric field? This problem has been considered at great 

length by Gish (1950). It is generally accepted at this writing that 

thunderstorm activity is the device responsible for the maintaining of 

this air-earth electric field. The conductivity of the atmosphere carries 

negative electric charge from the earth upward, thus tending to discharge 

the condenser. The charging process, i.e., the carrying of negative elec

tric charge back to the earth, is accomplished by lightning strokes in 

thunderstorms.· In areas where the potential gradient in the atni.osphere 

becomes high enough, an electrical breakdown occurs. Events· leading to 

this condition involve processes that are still .not completely understood, 

but will be discussed in the chapter devoted to thunderstorms. 

Simplicity of the above conditions and processes is not implied. Such 

thi_ngs as the ionosphere, polar phenomena related to the aurora borealis, 
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etc., have not been conclusively explained. 

Many of these phenomena have a first-order explanation in terms of 

lbasic electricity and magnetism. For example, the idea of magnetic mo-

mentum resulting from the spin of electrons in an atom may be applied to 

a simple theory of the earth's magnetic field. It is known that the sur-

face of the e:arth carries a negative charge. A given charge .follows a. 

circular path about ·the earth's axis due to its rotation. '.I'.he result is 
' 

a magnetic vector parallel to the earth'' s axis, making the north pole 

that which is ·sought by the north pole of compass needles. There are 

additional theories as to terrestrial magnetism: The foregoing, whether 

the cerrect one, or whether it explains only one of the factors contrib

uting to the magnetic field of· the earth, is offered as an illustrat:j.on· 

of the ap~lication of basic ideas to some of these phenomena. 

The electrical nature of thunderstorms seems to b.e a rather remote 

sub'ject from that of the atmosphere. An attempt will be made. in later 

chapters to answer some of the questions arising from this statement, and 

to seek answers to other questions related to the ~lectromagnetic nature 

of thunderstorms. 



CHAPTER II 

THUNDERSTORMS 

The thunderstorm, with its lightning strokes, has awed and impressed 

man strong]y since his advent on earth. He remained completely ignorant 

of its nature and cause until the science of electricity began to develop, 

and Benjamin Franklin in his famous kite experiment identified a lightning 

stroke as an electric spark. 

The origin and the heart of the thunderstorm lies in the so-named 

cell, which is a center of a.tmospheric density unbalance. The ensuing 

electrostatic energy within the cell makes it an electrostatic machine 

of_ enormous energy and power. In the common type of thunderstorm, damage 

is done by heavy lightning strokes to the ground. If one of these thun

derstorms runs wild, and causes the so-named tornado, a large part of the 

stored electrical energy in the cell or cells is conve.rted to mechanical 

energy of air motion, and the result is winds of destructive velocities. 

Although considerable knowledge has been amassed relative to the 

common thunderstorm, very little is known about the tornado. Obvious 

hazards incidental to the measurements and study of the tornado have re

sulted in man's almost complete ignorance of the nature of the tornado. 

This chapter will be devoted to a discussion of the elementary thun

derstorm, using ,as a background knowledge which ha.s been amassed in recent 

years by many researchers in this field. 
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The Thunderstorm Cell 

The thunderstorm cell appears to be created by a local atmospheric 

inversion, i.e., a region where pressure and temperature gradient are the 

reverse of the normal. .A:f!Y set of circumstances leading to the heating 

and humidification of air nearest the earth's surface results in a strong 

convective updraft unit which is called the cell. This updraft' carries 

the moisture-laden air to upper atmospheric levels where the temperature 

is considerably below freezing, sothat ice crystals are formed. Many 

circumstances can lead to these strong]¥ convective updrafts--high 

ground-temperatures, unusual air-mass movements, and fires of large extent, 

such as those resulting frqm volcanic eruptions, incendiary bomb attacks, 

and large forest fires. 

Figure 2.1 shows a schematic diagram of a thunderstorm cell at the 

beginning stage of its development. Moisture has been carried sufficient]¥ 

high to bring about precipitation and its pa.rtial freezing into hydro

meteors such as hail and snow. At this stage no electrification has so 

far developed. Figure -2.2 shows the same cell approximate]¥ a half-hour 

later. There are considerable increase of updraft, entrainment of out

side air, and ice and snow aloft. Rain falls freely at this time and 

causes some downdraft. At this stage the thunderstorm, which is the 

present state of" the cell, is at the height of electrical activity, and 

the major portion of its lightning strokes are occurring. The size of 

the activity in the horizontal direction should be careful]¥ noted. 

It will be noted that no electrification occurs unless there is con

vection that carries moisture--containihg surface air well into or past the 

freezing isotherm. It is, at the present state of knowledge, fairzy cer

tain that cell electrification involves the presence of snow, ice, and 
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Figure 2 .1. Schematic -of thunderstorm cell in early stage 
of development. 

(Adapted from Bye~s and Braham, "The Thunderstorm.") 
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hail as well as water in the ,upper levels of the cell. This is merely 

another way of stating the theory that electrification involves the 

change of state of the moist air by coalescence into water droplets, 

thehce to snow, ioe; and hail. 

Before outlining the theories in connection with charge-separation 

in thunderstorm ~eils, one may note the third stage in the life of the 

9 

thunderstorm cell. This is represented schematically in Figure 2 .3. When 

the cell has passed through about twenty minut,es of its most active elec

ricai stage, it gradually loses energy. In the course of approximately 
. . 

sixty minutes its electrical charge has completely vanished, and it takes 

the form of the cloud shown in· Figure 2.3. Updrafts are either non

existent or very slight, and rain.ftitlls from almost the entire lower area 

of the cell, although very lightly,. and all electrical activity in the 

form of lightning strokes has ceased. 

_ .As a rule, the thunderstorm cell is not stationary. In· addition to 

slight movement near the surface, there may be fairly high winds at high 

levels that will alter the convection pattern somewhat and give the cell 

cloud the characterist~c anvil shape. 

·Figure 2.4 depicts the distribution of charge within the thundercloud. 

Many workers in this field have contributed material in this immediate 

phase of thunderstorm- electricity. Electrification within the cells has 

been recorded from aircraft flying directly through and around them as 

well as from ground stations in areas where thunderstorms are frequent. 

["The next chapter de'als with this subject in considerable detail.!? The 

data from the latter, ·however, JS open to mu.ch question, since it has 

been shown recently that measurements taken from without the cell present 

no reliable information as to electrical activity within the cell itself. 
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This will be. discussed in more detail in a later chapter describing:details 

of some very recent and somewhat exhaustive experiments in which the elec

trical and aerodynamic processes within active thunderstorm cells were 

studied. 

It will be noted in Figure 2;,4 that most of the positive charge is 

in the top region of the cell, where it is associated with snow or ice. 

The main negative charge is in that section of the cell where updrafts and 

downdrafts are most prominent. The negative charge is associated with 

most of the rain, and the majority of the rain falling from the thunder

cloud is negatively charged. Also, in most clouds that were studied there 

exists a low-lying accwnulation of positive charge associated with large 

raindrops in the region of turbulence at the base of the cloud. · It is be

lieved, and it is logical from the electrostatic viewpoint, that,this posb 

tively-charged region, plus the negative charge at the earth's surface, is 

largely responsible for cloud-to-ground lightning strokes • 

. Figure 2 .4 also points up another noteworthy fact: the electrical 

charge in the thunderstorm cell is segregated into three cloud regions 

and is associated in all cases with hydrometeors, i.e., snow, 1ce, and 

water droplets. As will be discussed later, these solid and liquid hydro

meteors play the major role in the creation of the charge. Regardless of 

how the charges are generated, however, they would rapidly be picked up 

by these hydrometeors. 

It has been found by measurement that in thunderstorm cells there 

are between one and ten grams of water per cubic meter, of which an aver

age of four grams per cubic meter is distributed among 250 to 4000 water 

droplets. Ross Gunn (19.52) measured the charge on individual droplets in 

airplane flights and found that drops of varicms sizes carry from 0.03 to 
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0.15 statcoulombs of charge. The electric field at the surface of a 

typical drop ranges from 300 to 3000 volts per centimeter. It therefore 

follows that the charge density within a cell can range between 38 and 

120 statcoulombs per cubic meter. The larger value of charge density 

corresponds to about 240 coulombs in 6 cubic kilometers of cloud mass, a 

figure generally accepted as the proper order of magnitude. 

The foregoing was intended to be of a general descriptive nature and 

is based upon observation and measurement. In the next section the most 

generally accepted mechanism of thunderstorm electrification will be dis-

cus~ed in some detail. 

Mechanisms of Thunderstorm Electrification 

. .• 

Many theories have been advanced as to the mechanism of charge gen-

eration in thunderstorm cells. Some of these have been discarded, and of 

those that remain, workers in this field are still uncertain as to which 

is correct and also as to whether more than one of these are correct, 

allowing more than one process to contribute to the overall electrifica

tion. Worlanan and Reynolds (1949) have shown conclusively thatJ when 

water of the purity found in raindrops freezes, very high electriqal po

tential differences exist between the water and ice phases during the 

freezing process. Similarly, potential differences exist between the two 

phases when melting occurs. The sense of the potential difference appears 

to depend upon the impurities dissolved in the water. Because an electric 

potential difference'exists between the liq12:id q.nd the 'ice phases during 

the change of phase, it is evident that the two phases have charges of 

different polarity. Now, if the two phases of a given particle become 

separated, as when water is blown off an ice particle, then charges have 



become separated. Whether the process is a melting or a freezing one, 

the potential differ.ence exists, and if the two phases become physically 

separated during the change of phase, there are two charged particles of 

different polarity. This theory has been verified positively in the labo

ratory by Worl:an.an and Reynolds and appears to account for both the polar

ities and magnitudes of the charges observed in thunderstorm cells. 

In a thunderstorm cell, as already noted, warm, moist air is carried 

by updrafts into the upper levels of the cell. Here it freezes and, in 

starting downward 3 coalesces into hail or falls as snow to the freezing 

isotherm. The updra£ts condense and freeze water~vapor found there or 

freeze water droplets already falling as rain and thus bring about the 

potential difference and ensuing charge separation. A similar process takes 

place if frozen particles descend below the freezing isotherm and melt. .As 

has already been mentioned, the sense of the potential difference between 

the ice-liquid phases depends upon the nature of the impurity found 1.n the 

water. Usually the impurities are such that the heavier solid particle 

is charged negatively, and the liquid is charged positively. The blowing 

away of liquid by updrafts carries a positively-charged vapor to higher 

levels in the cell, but falling ice or snow carries negative charge to the 

lower portion of the cell. As the ice or snow melts into rain, if there 

is no physical separation during the change from ice to liquid, the rain

drops retain the negative charge and carry it to the earth. This process 

appears to be the only one that is ca.pable of accomplishing the massive 

charging that exists in thunderclouds, as noted earlier in this chapter. 

The above charge-separation process results in the charge-distribution 

illustrated in Figure 2.4. The high electrostatic fields that now exist 

may bring about furt:q.er charging processes, that of polarization of falling 
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raindrops by the high field and again by ion movement. It will be borne 

in mind, however, that these latter processes may contribute only in a 

small way to the charge magnitudes that have been observed. Furthermore, 

they depend upon the previously established electrostatic field that has 

been set up by the phase-change charge-separation process. 

The electrification theory of thunderstorm cells has been outlined 

briefly above. Attention will now be directed to the electrodynamic man

ifestation of the thunderstorm--the lightning stroke. A great deal of 

effort has been put forth i~ obtaining measured data of these phenomena. 

Measurement techniques, plus the fact that these strokes are visible, make 

a compilation of reliable data relatively easy. 

As mentioned in the first chapter, it appears that thunderstorms 

account for the maintaining of the atmospheric electric field, in spite 

of the continuous flow of a.tmospheric current that tends to discharge 

the air-earth condenser. It appears that cloud-to-ground lightning strokes 

are of such polarity as to neutrali~e negative charges in the cloud. This 

means either of two things, the flow of negative charge to earth or the 

flow of positive charge from the earth to the cloud. Either satisfies the 

current requirements of the stroke mentioned above. Also, this is in agree

ment with the theory that the air-earth condenser is being continually 

discharged ty the flow of negative electricity from the earth into the 

atmosphere. 

Nothing has been mentioned in the foregoing discussion a.bout cloud

to-cloud strokes. If there are many cells in close proximity, the electric 

field between the upper positively charged portion of a cell and the neg

atively charged portion of another cell may become sufficiently high to 

cause an electrical breakdown between these two regions. This idea accounts 
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for the ,ear-horizontal strokes frequently observed. Of course, there 

may be a stroke within a single cell where the altitude of the lower por-

tion is such that the breakdown field_nthin the cell is reached befilpre 

that in the region between the negatively charged lower portion and the 

ground. 

In conclusion, thunderstorm electrification is remote from the de-

electrification of our air-earth condenser. Negative electricity in fair

weather areas may be presumed to be carried all the way from the earth to 
. . 

the positively charged stratosphere. Therefore, the recharging process 
·if'.:': • 

of the air-earth condenser is accomplished enti:r:ely by cloud-to-ground 

lightning strokes. Intra-cloud or inter-cloud strokes merely bring to-

gather charges that have been separated by the process describedtearlier. 

Characteristics of Thunderstorms 

Thunderstorms, both in the formative and discharge stages, differ 

in several ways. Their size, height, manner of discharge, and length of 

life depend upon a number of factors. It ~ppears that the most important 

influence determining the character of thunderstorms is land elevation. 

The diameter of the cell depends upon_the area in which there is suf

ficient turbulence to carry air masses upward. This is usually a maximum 

of four kilometers. In the United States the; average height of the cloud 

base above ground is two kilometers. The length of the lightning strokes 

to ground in such cells varies between 3 and 9 kilometers. The number 

of strokes required to discharge a cell to" the extent that no further 

electrical activity is observed depends on the vertical distance from the 

base of the cloud to the top of the negatively charged portion. The num

ber of strokes increases nth this vertical distance; for a distance of 
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5.1 kilometers the number of strokes is two; for a distance of 9 kiloweters 

the number of strokes is approximate]y eleven. 

· When the cell acquires a charge sufficient to bring about a discharge 

to the ground, a conducting channel of ionized gas gives rise to further 

strokes; each stroke effectively lowers the negatively charged portion of 

the cloud until the cell is discharged. During a storm some of these cells 

may recharge and give rise to new strokes. The writer feels that the con

dition under which a cell may discharge'via several strokes and then re

charge, repeating the process, may have an important bearing on the forma

. tion of tornadoes. This is merely mentioned in passing; much must be 

learned before these ideas can be expanded upon. 

As to the sequence of events in a cell which repeatedly recharges, 

after reaching maturity, the average number of flashes in each ten-minute 

interval is 40, then 80, then 60, then 40; the maximum frequence of strokes 

occurs 50 minutes after the.first stroke. If there are six strokes per 

flash, which represents a complete celi charge, there are about 37 re

chargings in 40 minutes. Averaging a discharge of about 20 coulombs per 

stroke, a cell having a life of 50 minutes may generate a total charge 

in the neighborhood of 3000 coulombs. This, plus other approximate fig

ures to be given later, gives one some idea of the enormous energy stored 

electrically in these cells. 

The Lightning Discharge 

The electrical discharge to the ground is a rather complicated proc

ess involving a pilot leader, a stepped leader, and the return stroke. 

These, and the processes involved with them, pave the way for an expla

nation of the various phenomena very con1monly observed in thunderstorms. 
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Surprising]y enough, some of these explanations have not been made until 

quite recently. 

The first ground stroke is initiated by the pilot leader, which is 

invisible except at close distances. This pilot leader feels its way 

downward and gives a forked effect as it progresses. Its path, includ-
·. . 

ing the forks, is greatly illuminated in steps when its channel is fol-

lowed by the stepped leader. These individual steps vary from 10 to 200 

meters in length. 

TherE:1 are two types of stepped leaders, the alpha and the beta types. 

The former represents a relative]y weak discharge progressing to the 

ground in uniform steps at an average :rate of 2 x 107 cm/sec. The latter, 

or beta-type, begins with larger steps and considerable branching, pro

gresses to the ground at the rate of about 1.5 x 108 cm/sec, and gradual]y 

evolves into an alpha-type leader. The time required for a stroke to reach 

the ground from a cell base 4 kilometers above the ground varies between 

2 and 20 milliseconds. 

It might be mentioned in passing that the information above is ob

tained photographically by means of a rapidly rotating prismatic lens. 

This permits observing the various events accurately in time. From a 

measurement or estimation of heights involved, the velocities mentioned 

may be calculated. Figures 2.5(a) and 2..5(b) illustrate the chronological 

sequence for an alpha-type and beta-t.ype discharge. The variation of the. 

electric component of the radiated electromagnetic field is plotted above 

each event. These are due to Schonland (1953). 

To return to the discharge process, when the path that has been ion-

ized by the step-leader reaches within ten meters 0£ the ground, the gap 

is closed by an upward positive streamer, which causes the characteristic 
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Figure 2.5(a). Sketches atter Schonl~rid showing the time relationship 
between alpha~type stepped leaders, return strokes 
and the electric component o:f.~the radiated electromag
netic field. The hes,& lines show the return stroke, 
fallowed by the .. pe,rsistent luminosity of the heavily 
ionized channel. Note that in the second and subse
quent discharges, the leader is not stepped, but' pro
ceeds directly down the partially decayed channel. 
This is the ''dart leader. 11 Note also the. beginning 
.,of the oscillation of the .. electric field, giving way 
to· i;he quasi-stationary electric;;. field. as the ionized 
channel partially decays. 
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Figure 2.5(b). Sketches after Schonland similar to previous figure for 
a beta-type stepped leader, and its evolution into an 
alpha-type. Note the branching of the stepped leader, 
which gives rise to vigorous oscillations of the ra
diated electric field, .which die out during the alpha
type stepping. Note also that .the excessive branching 
of the beta leader causes a branch of the return stroke. 
In other respects, the overa11 phenomenon is the same 
as that brought about by an alpha-type leader. 

0 
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blinding flash and leads to the return stroke, which is a very violept and 

fast-moving pulse of high luminosity that travels as a wave of high poten

tial gradient up the ionized path left by the leader stroke. Its velocity 

is initially 1010 cm/sec, but it decreases to 3 x 108 cm/sec·as it ap

proaches the cloud. This rapidly-rising potentia1 wave causes the bril

liant light and a.ccompanying ionization that carry the heavy current flow 

that discharges the lower sections of the cell base. Current flow and 

luminosity usually persist for about a half-second, during which the dis

charge of the cell is completed. 

If conditions warrant it, the complete process of recharging and 

discharging may be repeated. The ionized path of the completed discharge 

is rapidly decayed, with the result that the new discharging process will 

acquire a new pilot leader and stepped leader. The time required for a 

leader to reach the earth from a height of 6 kilometers is from l to 3 

milliseconds, but separate strokes occur at intervals of an average of 

30 milliseconds. These figures lead to fair estimates of current magni

tudes involved: A collection of charge from l kilometer height proceeds 

earthward at about 3 x 106 cm/sec. The charge lowered to earth may be 

about 5 coulombs for 6 kilometers of cell height, .and strokes carry a 

total charge to the earth from 20 to 200 coulombs. The current involved 

in the pilot and stepped-leader amounts to from 50 to 600 amperes, but 

the return stroke carries currents as large as 500,000 amperes; the av

erage is somewhere between 5000 and 30,000 amperes. This peak current 

flows for from 100 to 1000 microseconds. 

It has been estimated that the diameter of both the step-leader and 

return-stroke channels is of the order of 20 centimeters. The constriction 

is likely due to the pinch-effect, caused by the magnetic field because 

of current flow. 
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As will be brought out in the next chapter, the potentials of the 

charged cloud masses are not known, but Schonland (1950) has estimated 

this to be of the order of 6 x 108 volts. 

In the heaviest of lightning strokes the power developed is of the 

order of 2 .4 x 1011 kilowatts. _If the stroke lasted for one millisecond, 

the energy liberated would be 1.3 x 105 kilowatt-hours. Of this, on]Jr 

about 1.6 percent is expended in ionizing the gas in the column carrying 

the stroke. The rest is expended as heat via friction in the movement of 

ions through the gas. During the 50-minute life of a very active thunder

storm cell, 2.6 x 106 kilowatt-hours of electrical energy are generaged 

and are dissipated by some 200 flashes delivering 20 coulombs each. The 

expenditure of this amount of energy in the restricted channel will raise 

the temperature to something like 20,000° Kelvin in a millisecond. The 

heat energy thus stored in the conducting column manifests itself visually 

by a brilliant luminosity during and after the stroke and exists for about 

0.2 second. 

The acoustic manifestation of this process, namely, thunder, may be 

explp.ined by means of the adiabatic expansion of the gases around the 

channel. The subsequent rarefication of gas in the channel causes sur

rounding atmospheric pressure to recompress the gases within. The original 

heat energy thus results in transverse oscillations, which are audible 

over a wide area. The low frequency and duration of the oscillations are 

due to the large axial dimension of the column. It might be added here 

that this phenomenon was not sa,tisf actorily explained until quite recently, 

when a.tomic explosions made an accoustic study of the above· phenomena 

possible. 
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The Initiation of the Lightning Stroke 

As mentioned previously, the central negatively charged region is 

probab]y the major contributing factor in the electr~cal breakdown between 

the cell and the ground. Reference to Figure 2.4, however, shows that the 

negative region of the cell is partially shielded from the ground by the 

region of positive charge at the base of the cell. If there is sufficiently 

intense turbulence in the cell so as to bring the low-Jying region of posi

tive charge nearer the negatively chargedregion, a very strong electric 

field then exists between the two, of the order of 10,000 volts/cm. The 

surface-tension of raindrops in this region is overcome by e·lectric polar

ization, and the droplet is stretched out into an elongated shape with 

fine tips at either end, the upper positive]y charged, and the lower neg

atively. Both tips break into a fine spray, the positive tip forming a 

corona discharge in addition. The negative tip yields no corona discharge, 

but the fine droplets emanating from it yield a positive corona·by sec

ondary induction at their upper ends. Thus positive ions and positive]y

charge mist move up into the negative region of the cloud and leave behind 

heavy droplets that are negative]y charged. The existence of corona dis

charges in the strong field causes one of them to develop a very strong 

localized stress. This stress, progressing up toward the negative cell, 

leads to a spark discharge, or lightning stroke, between the region of ·. 

positive charge and the base of the negative portion of ·the cell. Because 

of the above dipole formation and subsequent corona discharge an electrical 

breakdown can occur in a field of 10,000 volts/cm, whereas the breakdown 

field in dry air is 30,000 volts/cm. 

In the intra-cloud spark discharge a considerable amount of negative 

charge is transferred from the negative region to the nether positive 
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region. The shielding of the negative portion of the cloud from the 

ground is thus greatly reduced, and the electric field at the cloud base 

is greatly increased. The way is now clear for the advance of the neg-

ative electron streamer, which is the pilot leader, to advance toward the 

ground. What follows has already been discussed in some detail. 
,/ ' 

When the return stroke has drained sufficiently large quantities of 

negative charge from the lower portion of the cell, the potential gradient 

diminishes, and positive-ion carriers decay, and the heavy current of the 

return stroke diminishes. The top of the return-stroke channel is posi-

tively charged, however, and the field between this and the remaining 

negatively charged column of the cell again becomes high enough for a new 

leader to begin. This leader, having a partially conductive channel to 

follow, does not branch outward but proceeds to the ground by a rather 

direct path. This secondary leader is generally called the dart leader. 

When nearly to the ground,,it is met by the return stroke, and another 

portion of the negatively charged portion of the cell is drained off. 

This process repeats until the cell is completely discharged. The return 

strokes have a time separation of approximately 30 milliseconds. During 

the life of a thunderstorm cell there will be several rechargings of the 

cloud at intervals of from 1 to 10 minutes. Each recharging leads to the 

succession of strokes described:above. 



CHAPTER III 

. THUNDERSTORM MEASUREMENTS 

Introductory 

For many years there has been much speculation as to the precedence 

of precipitation over electrification in thunderstorm cells. In recent 

years radar techniques have facilitated many experiments that seem to 

throw some light on this question. 

This chapter will be devoted to a brief discussion ,of a series of 

experiments reported on by Moore, Vonnegut, and Botka (1958), which lead 

to some very interesting conclusions. Because the mechanism of electri

fication of thunderstorms has already been discussed, some of the material 

in this chapter will at first appear to be redundant; but some of the con

clusions seem to point up the fact that little or no information may be 

determined about electrical activity within a thunderstorm cell from meas

urements made without the cell. As will be shown later, however, e.lectric 

field measurements made sufficient]y near ,a cell should provide some in

formation as to electrical activity within. 

To return to the subject of the present chapter, much can be learned 

about the techniques employed in making measurements, upon which the in

formation presented in Chapter II is based. 

The Mount Withington Eiperiments 

In the ·exper~ents described below, a number of measurements were made, 

25 



26 

i.e., potential gradient below, within and above the thunderstorm cell, 

by means of instruments on aircraft, captive and manned balloons, and ob

servations of precipitation within and below the cell by means of radar. 

Simultaneous observations of these as functions of time were made, so as 

to facilitate co-ordination of data and subsequent conclusions. 

These data were taken above and on Mount Withington, New Mexico, in 

August, 1957, where during the summer, cloud~formations resulting in thun

derstorms occur almost daily. 

It has long been assumed that th~ fall of precipitation in thunder

storm cells is responsible for their electrification. Measurements made 

during the subject experiment, however, indicate that potential gradients 

of 10 or 20 volts/cm, vertical, have been measured prior to any precip-, 

itation observed by radar echo . 

.An experiment earlier than the subject one involved the measurement 

of field intensity at the same location, along with observation of precip

itation by r.adar echo. The results were that, as the cell formed, there 

was a reversal of fair-weather electric field, which then increased ex

ponentially with time until the first lightning stroke occurred. Radar 

observatio~s made during the above process indicated that precipita~ion 

preceded the field variations mentioned above. From this it was concluded 

that precipitation is a necessary but not sufficient condition for thunder

storm electrification. 

It will be carefully noted that the above conclusions were· drawn 

relative to a time-study of the potential gradient on~ ground beneath 

the thunderstorm cell. A closer study of the data in this early experi

ment, together with measurements made by others, indicates bases for strong_ 

arguments leading to the above conclusion. It has been found, for instance, 



that just prior to the lightning stroke in a cloud the electric field 

therein is bf the order of 1500 volts/cm. At the ground the electric 

field at the same time was of the order of 30 volts/cm. A graphical 
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study of measurements made as functions of time indicates that the. elec.t:ric 

field within the cloud must have been of the order of 50 volts/cm. at the 

time of the first radar echo, which is assumed to be the time of initial 

precipita~ion. In the light of this argument, the experiment described 

here was planned expressly for the prupose of determining whether organ

ized precipitation or electrification occurred first in a cloud. 

Vertical components of potential gradient were measured by means of 

radiosondes suspended in the cloud by means of captive balloons. Distinc

tively different types of apparatus were used for the measurements. These 

were in substantial agreement; therefore the results were logically assumed 

to be fairly reliable. 

In addition to the above, a P-38 aircraft was used to carry instru

ments to measure the electric field above the cloud and to obtain time

lapse motion pictures of the cloud-tops as well as to record temperature 

and humidity. Also, the aircraft was flown through the cloud for purposes 

of repeated observations of the nature and extent of precipitation thereino 

The results were as follows: 

(a) On no occasion was reversal of the electric field observed on 

the mountain beneath the cloud before the first radar echo. 

This was in complete agreement with earlier experiments. 

(b) The potential-gradient measurements within the active cloud and 

directly~ it show that appreciable electrification develops 

in apparently organized fashion before rather than after the 

first radar echo. 
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Space-Charge and Air-Conductivity Measurements 

Measurement of space-charge density at the sUlllilli.t of the mountain 

was made by means of a Faraday Cage. Before and during the initial de

velopment of the clouds the air had a space-charge of several hundred 

relative units per c~bic centimeter, positive. It might well be men-

tioned here· that the fair-weather conductivity of the air at the mountain 

summit is always much greater than at sea level. The time constant for a 

charged body at this location is approximately 200 eeconds. 

Two measurements indicate the general picture of the.electrostatic 

situation prior to the thunderstorm: 

(a) Radiosondes supported on captive balloons within the cloud~ 

its base show fair-weather potential gradients as much as 10 -~·. 
volts/cm up to 30 minutes before radar. detection of precipitation. 

(b.) Measurements made above the top of the growing cloud show that 

· the potential gradient there has usually decreased or has re

versed from the fair-weather value some time before the radar 

detection of precipitation. This suggests the fact that posi-

tive charge is being accumulated in the growing cloud. 

This last conclusion may be clarified by a discussion of the fair-

weather potential gradient in the atmosphere. 

The earth car~ies a negative charge at its surface, as mentioned in 
0 

Chapter I, relative to the atmosphere about it, which indicates an elec-

tric intensity vector perpendicular to and into its surface, in accordance 

with classical convention. Thus, since potential gradient is the negative 

of electl:'ic inten~ity; the fair-weather potential gradient at the earth's 

surface ,is a vector normal to the surface and upward. Whether near the 

earth's surface, or at a given altitude, the fair-weather potential gradient 
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in the atmosphere is an upward-directed vector, though of smaller magnitude 

than at the surface. 

Now, if a positively charged body were.introduced into the atmosphere 

between a high-altitude observer and the earth, the potenti~l gradient 

observed would be made of two components, the upward component caused by 

the negative charge on the earth and a downward component caused by the 

positively charged body, such as a cloud. If the cloud assumes ari in

creasingly positive charge, the observed potential gradient would approach 

zero and begin to increase in the reverse of the fair-weather direction. 

This reasoning, together with the observation that the potential gradient 

above the growing cloud decreases or reverses some time before precip-

' itation occurs, indicates that the positive charge is accumulating in the 

cloud prior to precipitation. Further, since the potential gradient 
····";,. 

within the lower portion of the cloud remains near the fair-weather value 

during the above period, the positive charge that is accumulating in the 

cloud apparently is confined to its upper portions, whereas the lower 

portions contain the negative charge. 

Further observations seem to indicate a strong correlation between 

cloud electrification and convection within the cloud. Relative convection 

,velocities were obtained by measurement of tension of the lines holding 

the radiosonde-supporting balloons within the cloud. 

The build-up of negative-charge concentration within the base.of the 

cloud was accompanied by rapid increase of the height of the cloud top 

and simultaneous increase in tension of the balloon-restraining line. 

The logical conclusion is that increase of the positive charge in the 

upper region of the cloud, with simultaneous increase of negative charge 

in its lower portions, is always .coincide~t with strong updrafts. It will 
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be noted here that the above observations are in complete accord with the 

updraft and charge-separation theory as described in Chapter IL 

Another important observation made in the above experiments indicates 

that large electrical activity within the cloud is virtually undetectable 

from without. At a distance of about four miles no variation of electric 

field was observed in a thunderstorm until the first lightning stroke 

occurred. It appears that information obtained in earlier experiments 

in which conclusions were drawn from observations made external to the 

thunderstorm would be unreliable. Reference to Figure 2.4 makes the last 

statement readily understood. It will be noted that the low-lying positively

charged region at the base of the cell will very likely produce a potential 

gradient at the ground below and about the cell of the same sign as the 

fair-weather value. Of course, if the negatively-charged column in the 

cell is large enough, the potential gradient on the ground below and about 

the cell will be the reverse of the fair-weather value. At a reasonable 

distance from the cell, however, the fair-weather potential gradient at the 

surface has been practically undisturbed by the presence of the thunder

storm cell. 

We return at this point to further observations made in the course 

of the subject experiment. Two radiosondes were suspended about 800 feet 

apart vertically from the same captive balloon. The upper one maintained 

a height of about 15,000 feet, mean sea level; the lower radiosonde was 

about 1200 feet above the cloud base. For a typical observed thunderstorm 

the time sequences were as follows: 

The lower radiosone invariably reported a reversed potential gradient 

first, usually soon after increasing tension was observed in the line 

mooring the supporting balloon. If convection continued, the electric 
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field at the ground next reversed from the fair-weather polarity. frhis 

indicates a predominance of negative charge overhead with respect to the 

earth.7 The upper radiosonde usually reported a potential gradient of the 

same sign, but greater than the fair-weather polarity until the first 

lightning stroke occurred. Measurement of space-charge in the air at the 

summit level was observed to change from positive to negative when the po

tential gradient reversal indicated a net negative charge overhead. This 

appeared to mark the onset of cloud electrification. When this reversed 

potential gradient at the summit increased to about 10 volts/cm., corona 

discharges were observed at several points on the mountain, and very high 

positive space-charge densities were observed. 

The above observations suggest that convection in the cloud brings 

about an accumulation in its extreme l9wer portion. The continuation of 

this convection eventually results in the reversal of -the potential gra

dient between the cloud and the ground, the negative potential gradient 

reaching high values. This high potential gradient seems, by virtue of 

observed corona discharges, to bring about the high positive space-charge 

densities observed at this time. 

The above sequences were observed repeatedly. 

One instance, in which both radar and electrical observations were 

made and in which the cycle was repeated, is worthy of note: 

The top of a cloud began to rise rapidly, , and nega.tive-charge accu

mulations began at its baseo About two minutes later the radar showed 

signs of precipitation in the upper portion of the cell, but the radio

sonde showed fair-weather polarity. Strong convections accompanied the 

above process. Precipitation observed by radar seemed to spread, the up

draft ceased, electrification vanished, and in about five minutes heavy 
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rain fell to the ground. In about 15 minutes the rainfall decreased, a 

new updraft appeared, and the entire sequence was repeated. This appears 

to be a case in which a cell is de-electrified without electrical discharge. 

The case is of no interest in this study. 

·lJ.re.asurements were also made to determine the amount of charge, if any, 

that was carried to the earth by rain. These were made on days when the 

summit of the mountain projected into the clouds. Current measurements 

indicated that the current magnitude during rainfall was about the same 

as fair-weather air-earth current, i.e., about 2 x 10-14 amperes per square 
/ 

centimeter, which is not sufficient to classify rainfall as a mechanism 

that contributes to the sustaining of the electric field of the air-earth 

condenser. Furthermore, the charge being carried by the rain was opposite 

to the potential gradient at the mountain top, and the magnitude increased 

abruptly when the potential gradient there increased beyond 10 volts per 

centimeter, of either polarity. This suggests that the rain was charged 

upon approaching the mountaintop surface, by collecting ions caused by 

corona discharge at the surface. It may be concluded from the above, that 

the charge carried by rainfall to the earth is entirely negligible. 

One significant conclusiop seems obvious in the face of the above: 

Precipitation is not the cause of cloud electrification. Electrification 

accompanies updrafts, and this updraft continues until the first stroke 

occurs. At some time during the aboveprqcess the first signs of precip-

itation are observed by radar. After some precipitation, with subsequent 

rainfall, the cloud becomes electrically neutral, and the process is re-

peated. Of course, if the potential gradient becomes high enough within 

a cloud or between a cloud and the ground, the resulting breakdown mani-

fests itself as a lightning stroke. It seems highly likely that electri-



33 

fication in the cloud may result in coalescence that, upon repetition, will 

lead to the fall of rain or some other hydrometeor. 

In conclusion, some rather important consequences borne out by the 

above experiments are listed: 

1. No conclusions can be drawn as to the electrical activity within 

a cloud from external measurements. 

2. Rainfall does not bring about electrification within a cloud. 

3. Cloud electrification is invariably accompanied by strong updrafts 

in the cloud. Vertical growth of the cloud, accumulation of posi

tive charge in the upper region, accumulation of negative charge 

in the lower region are all incidental to the updraft. 

4. The cloud electrification in (3) above was also accompanied by 

a reversed potential gradient at the ground Lmountain summi.17'. 

When the reversed potential gradient reached 10 volts/cm., corona 

discharges were observed at a number of places~ It will be re

called that fair-weather potential gradient indicates the normal 

negative-charge distribution at the ground.· The reversed gradient 

indicates that the negative charge is now above /J.n cloud bas~?. 

It should be noted that the theories of Chapter II agree very closely 

with the experimental findings as outlined in the present chapter. It may 

be well to mention that the theories of Chapter II were developed in the 

early nineteen-fifties, whereas the experiments described above were con

ducted in 1957. The two were quite remote in both time and location; hence 

we may assure ourselves that the presently accepted theories are accurate 

to a considerable degree. 

We are now in a position ,to attempt to apply some of these theories 

in an effort to learn more about the giant thunderstorm, or tornado. There 
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appears to be very little known about the tornado, except its awesome 

capabilities. In the next chapter we will gather some of the salient 

properties of this phenomenon, and t,he rest of this dissertation will be 

devoted to a chronicle of all information that can be gathered in the 

attempt to find the rela.tionship between the common thunderstorm and the 

tornado. 



CHAPTER IV 

THE TORNADO 

Introduction 

Our attention will now be directed to what is believed to be the 

result of an overgrown thunderstorm, the giant thunderstorm, or tornado. 

There is rela.tively little in the way of published material of a 

technical nature about the tornado. Much has been compiled from eye

witnesses of these. An excellent c0llection of these reports, as well 

as much data of a statistical nature, is contained in Flora's book (1953). 

This book is highly reco:rmnended·for th$ non-technical reader. 

The reports mentioned above, because of their many consistencies, 

lead us to the conclusion that the thunderstorm and the tornado have some 

properties in corrrrnon. Although technical data are scarce, some of it, as 

described in a later chapter, leads us to further generalizations as to the 

formation and behavior .of the tornado. This chapter will be devoted to a 

descriptive and technical discussion, and some novel theories will be de

scribed in an effort to obtain a better understanding of the nature of 

the tornado. 

Properties of the Tornado 

The destructive properties of the tornado are regretfully known to 

many. Fortunately, most to~nadoes are never seen, since few descend to 

the ground, where they perform their d~struction. Although many have seen 
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photographs of a tornado and some have witnessed the real thing, a most 

excellent photograph of a very large and destructive tornado is reproduced 

a.s Figure 4.1. The visible portion of the tornado is its funnel, at the 

base of which maximum destruction occurs, and the cloud base, or lower 

region of the cell, which contains the mechanism, whose action will be 

described short]y. 

Although the on]y portion of the tornado between the cloud base and 

the earth that is visible is the funnel, winds of very high velocities 

exist a mile or more around it. The powerful suction of the funnel draws 

air along the earth towards it; this accounts for considerable damage done 

when tornadoes pass a mile or more away from a given point. 

In addition to almost total destruction where the funnel passes, there 

is considerable damage done where structures literal]y explode, because of 

the difference in pressure between the inside and the outside. As the 
' 

tornado passes by, the atmospheric pressure drop because of the suction 

of the funnel is very large, with the obvious result. Brick structures 

re]ying on the walls to support the roof are particular]¥ dangerous. 

After a tornado has passed, reports invariab]y indicate a burned smell 

in the atmosphere. Frequently, grass shows evidence of scorching, and 

holes several inches in diameter and several feet deep are traceable, with 

little doubt because of tornadic action. 

Observers also report tongues of St. Elmo's Fire several feet high 

along the ground in the path of the funnel. Flora gives reports from 

observers lucky enough to have actually looked up into a: tornado funnel 

and survived. It appears that almost invariably the column of gases in 

the funnel is highly lumin~scent, as in a gaseous conducting tube. Fliers 

report a very extensive sea of fire above the lower level of clouds near 



Figure 4 .1. The first known photo made of a tornado on 
May 12, 1896, five miles north of 
Oklahoma City, 0. T. 

(.Courtesy of the Cunningham Collection) 
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the furmel. As to the size of tornadic cells as compared with those of 

the common thunderstorm, Vonnegut and Moore (1958) report that the altitude 

of the cloud 0top is 20 km and above for the former, as compared with about 

10 km for the latter. 

Considerations of Energy 

The power, or energy expended per unit time, for a. tornado is enormous. 

One immediately wonders: Where does the energy come from? What physical 

process or processes start a tornado? What makes some of them descend to 

the ground and wreak destruction'? Many of these questions have gone un

answered for many years and have occupied the minds of brilliant workers 

in the field of atmospheric electricity. The writer will attempt to con

struct a set of theories and devices which mey a.id in further understanding 

the tornado; the strength of these theories of course rests upon the validity 

of those presented in previous chapters. 

In view of all the observed facts related to the behavior of the 

tornado, the writer is compelled to believe that a very strong electrical 

activity invariably accompanies it, especially during the destructive 

phase of its life. There appears to be little doubt as to the origin of 

the energy stored in the tornadic cell. Thermodynamic conditions of the 

atmosphere.near the earth, if of the proper relation, may bring about up

drafts leading to the formation of a thunderstorm cell. This cell may 

remain in a static condition for some time before any electrodynamic action 

takes place. Now, if one considers the Principle of Similitude, familiar 

to the student of electric fields and electrostatic geometries, he knows 

that, if all quantities and dimensions of a given electrostatic situation 

increase in the same ratio, the properties and field configurations are 
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unchanged. Thus a thunderstorm cell may increase several times in size 

and charge magnitude, and the electric fields within it will remaan un

changed, although an observer from outside is well aware of these changes. 

The energies involved, of course, vary as the square of the charge magnitudes; 

hence enlarged thunderstorm cells may contain many times more energy than 

the ordinary-sized ones. These remarks accompany the postulation that a 

tornadic cell originates in the same manner as ordinary thunderstorms, 

except that some condition allows them to grow much larger and thus store 

up huge quantities of electrical energy. The source of this energy is, of 

course, the sun. 

A consideration of some of the figures quoted in Chapter II on the 

energy expended in a lightning stroke convinces one of its enormity. If 

one considers the great size of the tornadic cell, he realizes that, if the 

stored electrical energy is converted to mechanical energy of air-mass move

ment in a relatively short time, enormous power is developed. AI'fyone wit

nessing the after-effects of a tornado is fully convinced of the fact behind 

this statement. 

The task at hand is to attempt an explanation of the energy trans

duction process. A slight digression will be made to bring forth the mental 

picture of a typical steam plant for the generation of electric power. 

Picture the energy input: trainloads of coal or oil, or a very large 

high-pressure gas line, carrying potential chemical energy to the plant. 

Picture also the huge boilers, many of them comparable in size to a sixteen

story building, whose task it is to convert the fuel's chemical energy into 

heat energy. Picture als9 this energy being fed into a turbine, minute in 

size compared to the boilers, whose task is to convert the heat energy into 

mechanical energy. Next, picture the electric generator, still smaller 
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than the ~urbine, whose task is to convert the mechanical energy developed 

by the turbine into electrical energy. Finally, this electrical energy 

is carried away by the relatively puny wires of a transmission line. The 

whole system may be termed a sort of thermo-electric transducer of energy. 

Further, the conversion to electrical energy enables energy to be expended 

or carried away at a very high time rat~ and in a relatively small volume 

of space. One recalls that practically all the destructive action is con

fined to the path of the end of the funnel. 

This whole digression is for the purpose of illustrating the fact 

that large quantities of energy may be expended at a rapid rate only by 

electrical means. It need hardly be mentioned, of course, that nuclear 

processes be excluded from this discussion. To add one more statement in 

an effort to clarify the above, one may mentally compare the sizes of a 

steam engine and an electric motor of modern design for a given amount of 

mechanical power output. 

In the light of the above discussion, it is the writer's firm belief 

that the energy stored in a tornadic cell is expended by electrical action. 

In a common thunderstorm the energy is expended in ionizing a discharge 

path and in the subsequent heating of the surrounding air column. In a 

tornado large quantities of energy are converted to mechanical energy of 

air motion. In this study" an attempt will be made to explain how this may 

happen. 

Among students of this problem there is considerable difference of 

opinion as to the true nature of the tornado, i.e., whether it is a mani

festation of purely thermodynamic or partly thermodynamic and partly elec

trical processes. 

· Gunn's (1956) article and later correspondence relative to it by 
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Vonnegut and Moore (1957) offer excellent examples of argwnents in connection 

with the statements made in the last paragraph. 

An Approach to Tornado Analysis 

In Chapter II Schonland' s oscillograms of the radiated electric field 

were reproduced in a time relationship with a sketch of a lightning stroke 

made from a Boys' camera photograph. From the accompa.IlYing deductions much 

is learned as to what is going on electrically. Now, in Chapter III one 

of the conclusions reached was that no 'reliab1e information as to ele

ctrostatic action within a cell can be obtained from measurements made 

from without. This is true for some distance from the cell, but, as will 

be shown in the next chapter, much may be learned about internal action 

within the cell if measurements are made sufficiently near a point,.~irectly 

beneath the cell. 

Since one obviously cannot make measurements on a tornado, he may ap

proach the problem by a consideration pf the fields about a tornado, par

ticularly those near it. In the next chapter will be outlined those prin

ciples of electrostatics and electromagnetic radiation that may·aid us in 

further development of the theory of thunderstorms and tornadoes. 

It will be borne in mind that meteorological theory will be minimized; 

the writer postulates that after the formative stage tornadic action is 

purely electrical; further meteorological processes are carried ·on by ele

ctrical means. 

Sferics 

Although a more detailed discussion will be given later, it is nec

essary to discuss briefly the electromagnetic radiation from electrical 
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disturbances in the atmosphere. Those due to electrical storms are commonly 

known as sferics. For many years workers in the field of atmospheric elec-

tricity have been able to localize electrical storms by the use of radio 

direction-finders. It has long been known that the radiation from a light

ning stroke has a high energy-content at 10 kilocycles; carefully-designed 

direction-finders operating at this frequency have been most useful in the 

study of electrical storms as to intensity, locality, and frequency of 

occurrence. 

More recently, however, it has been foundl that tornadoes possess a 

radiation characteristic such that a high energy is radiated at a fre-

quency of 150 kilocycles. It should be pointed out, however, that sferic 

radiation at this frequency is not restricted to tornadoes; cloud-to-cloud 

discharges, for example, radiate prominent]Jr at this frequency. The re-

ference given describes in some detail the work of Dr. Herbert L. Jones 

and associates at Oklahoma State University, who have perfected highly 

successful methods of tornado tracking by direction-finders in the 150-

kilocycle portion of the spectrum. 

This group dis covered two distinguishing properties of sferics ra-

diated from tornadoes: (a) strong radiation at 150 kilocycles, and (b) 

this radiation is in pulses recurring at the rate of about 30 per second 

and higher. This latter property has led the writer to the concept of 

another mechanism that may explain tornadic action. 

A Possible Mechanism of Tornadic Action 

As has been mentioned previously, a cloud-to-cloud discharge has 

lH. L. Jones, Report in Proceedings of the Second Conference on 
Atmospheric Electricity, New Hampshire, 1958, Recent Advancements in 
Atmospheric Electricity (New York, 1958), pp. 543-556. 
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been many times observed to radiate energy at 150 kilocycles. This is, 

of course, pulsed, but the recurrence rate is low. The distinguishing 

feature of tornadic sferics is a sustained train of 150-kilocycle pulses 

at the recurrence rate of JO or more per second. This obviously suggests 

that a tornado may be a repetitive phenomenon; more explicitly, that a 

rapid succession of electrical discharges are involved. This idea has 

prompted the writer to organize a theory of tornadic action based on 

oscillator theory. An oscillating electric circuit, for example, consists 

of a device which is capable of storing energy of one type, such as a coil 

storing magnetic energy, and another device capable of storing energy of 

another type, such as a condenser storing electric energy. If these are 

connected so that energy may be transferred from one to the other by means 

of the flow of electric current, this electric current may be said to be 

oscillating. A similar phenomenon is possible in mechanical systems, such 

a.s the vertical motion of a mass suspended by a spring, an inertial wheel 

oscillating about an axis, as in a watch or clock, and countless others. 

It is also well known that if energy is continually supplied to an oscil

lating system, and the physical properties of the system meet certain re

quirements, tha.t the oscillations may build up in amplitude to the extent 

that the system will run away, resulting in its self-destruction. 

The writer will attempt to show here a possible means by which a 

tornado may be described as an electromagnetic oscillator. 

Figure 4.2 is a schematic diagram of a thunderstorm cell in which a 

discharge is taking place within it. We assume here that the discharge 

consists in the flow of negative charge and proceeds from the negative 

column to the positive layer,' below. The conventional current is upward, 

and the magnetic flux lines are clockwise, LJ:ooking upward from the 
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Figure 4.2. An electromagnetic model of the tornado oscillator. 
The. crossed and dotted circles repre·sent the sense 
of magnetic flux lin~s, and the loops show the 
orientation of electric lines of force when the 
discharge current is decreasing. 
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grounij. When the discharge current is increasing or decreasing, lines 

of electric force ·s\J.rround these magnetic flux lines. Clearly, when the 

discharge current is decreasing, the lines of electric force near the 

center of the discharge pathare such as to force positive charges up

ward. Now, since the discharge follows a heavily ionized path, the de-
-· 

creasing di~charge current brings about an updraft of these positive ions 

creating a partial vacuum near the base of the cell. This results in the 

drawing upward of air near the base of the cell, which may recharge the 

cell by the charge-separation process described in Chapter II. We note 

here that the electrostatic energy is converted to magnetic energy by 

virtue of the discharge. This magnetic energy is converted to electrical 

energy, part of which is converted to mechanical energy of vertically-

upward air motion. If the above process takes place where there is plenty 

of cool, moist air below the cell, the above charging and discharging 

process may become repetitive at a rapid rate, with updrafts below the 

cell becoming increasingly stronger. If the suction near the base is 

strong enough and the air below sufficiently cool, moist, and dense, the 

cell may pull itself down to the ground where the suction may have de-

structive effects at the earth's surface. 

The writer is well aware that the above is a simple explanatfon of 

a doubtlessly high]y complex phenomenon when one considers the many factors 

involved such as terrain, temperature, humidity; and so on; but it is a 

high]y plausible one in the light of energy transduction considerations 

made earlier in the chapter. Further, the above explanation may be seen 
. I 

to agree with all 'of the associated phenomena that have been qbserved in-

connection with tornadoes. 

One further question may be raised: How are the funnel and twisting 
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effects accounted for? It is highly likely that these are merely incident 

to tornadic action. As shown in lzy"drodynamics, a localized flow within 

a homogeneous fluid results in the familiar whirlpool; the resulting con

striction of the updrai't will cause an increased density or concentration 

of debris, thus resulting in the visible funnel. 

The above is meant to be a departure from other theories that put 

tornadic action on a purely meteorological basis and exclude all notions 

of an electrical theory. It is hoped that furthe·r. investigation will bear 

fruit in supporting the above electromagnetic theory of the tornado. Work 

in connection with the remainder of this investigation will be directed to 

this end. 

~1: ·. . 



CHAPTER V 

SOME FIELD CONSIDERATIONS 

Introductory 

Up to this point an attempt has been made to organize a coherent 

sequence of theories that agree a little more than reasonably well. The 

rather dry descriptive material is necessary if one is to have a logical 

foundation upon which he may build further theories. The reader must 

certainly agree that the usual trend in progress is to use ideas and the

ories borrowed from earlier workers and either to disprove them or put 

them to use in the advancement of new applications or further development. 

The object of this chapter is to use these previously developed ideas 

and to apply mathematical methods that will perhaps lead to a better under

standing of the electrical nature of thunderstorms. 

The Electrostatic Dipole 

It will be assumed here that the reader is somewhat familiar with 

electrostatics. Anyway, he may refer to any of the many texts published 

in recent years, whose clarity brings this subject within easy reach of 

anyone rea.sonably well trained in mathematics at the undergraduate level. 

The potential at the point Pin Figure 5.1 is easily shown to bel 

1J. A. Stratton, Electromagnetic Theory (New York, 1941), p. 175. 
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(5.1) 

Now, recalling that the electric intensity is the negative space 

derivative of the potential gradient, one may write, using spherical 

coordinates, 

Er= 
(}/cos& 

27T€r.3 
.) (5.2) 

One notes here that, if he is interested in the component of elec-

tric intensity in a plane normal to and bisecting the axis of the dipole, 

he sees that the r-component vanishes, and the component normal to this 

plane, Ee, becomes 

(5.3) 
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Now, applying the image method, one may pass a conducting plane where 

the hypothetical plane considered above is, and the negative Q may be re-

moved without disturbing the field above the plane. 

Thus if one has a charge Q above a conducting surface such as the 

earth, he .may 6ompute the normal component of electric intensity at the 

earth's surface by the expression just obtained. Note that r is the dis-

tance measured from a point on the earth directly below the charge. Note 

also that, if the charge Q above the earth is negative, then the electric 

intensity is upward. 

Recall now the theory of the air-earth condenser as described briefly 

in Chapter I. In fair weather condition the electric intensity at the 

surface of the earth is vertically downward. In Chapter II it was pointed 

out that in a thunderstorm cell there is a large negatively charged region 

near the center of the cell, with' a small positively charged region near 

the base. Far above, the rapidly rising top of the cell contains a posi-
-

tively charged region. The experiments described in Chapter III verify 

this. One may, then, postulate with reasonable accuracy that the electric 

field caused by the thunderstorm cell ,Lbefore it reaches the active sta~ 

is due mainly to the negatively charged core of the cell. 

One is n0w in a position to describe the behavior of the electric 

field below a thundercloud as it is being formed. First, the electric 

field has the fair-weather or negative value. The opposite field caused 

by the formation of the cell soon brings this to zero. Further increase 

in the magnitude of _the negative core results in the electric field at 
'.: ,. 

the earth becoming reversed. It appears certain, then, that no lightning 

strokes will occur until after the field at the surface is large and is 

the reverse of the fair-we~ther value. 
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As to the behavior of the electric field at points away from beneath 

the thundercloud, one recalls that the field caused by the cell is in

versely proportional to the cube of the distance. It may be expected, 

then, that the fair-weather value of the field will vary slightly, if at 

all, unless one is fairly near a point below the cell. It would appear, 

then, that electric-field measurements, unless made very near a point 

beneath the cloud, can reveal little or nothing in the way of knowledge 

as to the electrical processes within the cell. It will be recalled that 

this is one of the conclusions reached experimentally as described in 

Chapter III . 

Quasi-static Fields 

If a charged body lies in the atmosphere, it will soon discharge 

because of the conductivity, as described in Chapter I. The situation 

is analogous to a capacitor discharging through its'own leakage resist

ance. Here one speaks of time constant as that time required for the con

denser to lose 63 percent of its charge. For charged bodies in the atmos

phere the term relaxation time is used. This time varies considerably 

with altitude, being longest at the earth's surface. 

One now defines the quasi-static state as that in which changes take 

place very slowly in comparison with the relaxation time. One may state 

more simply that the ql,lasi-static field is that governed by the laws of 

electrostatics. This will become clearer when one studies the fields caused 

by the non-quasi-static state, i.e., for more rapidly-changing dipoles. 

The Non-quasi-static State; Induction and Radiation Fields 

One may easily see the relation between a current element or current 
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dipole and .the static dipole of Figiu.re 5.1 by noting that, if' some of the 

charge Q: can combine with -Q, them tlhe dipole strength Ql is reduced by 

the amt>unt of the displaced charge. \lhits displaced charge, of course, 

represents an electt'ic current. It follows, then, that the current dipole 

is equal to the time rate of change of the dipole moment: 

(5.4) 

where lI, or more appropriately Idl, is called the current dipole. 

In the thunderstorm, quasi-static fields exist around the cell during 

the buildup, but at the time of the intra-cloud and cloud-to-ground dis

charges there are time-varying magnetic fields caused by the time-varying 

current. 

I~ is clear that the variation of current with time for a lightning 

discharge would be a very complicated one, but for the purposes of this 

discussion one recalls that an arbitrary function of time may be converted 

to a function of'. frequency by the Fourier-Integral Transformation: 

I(w} = _t_" r"'"I(t)e-jfUtdt 
21f .J _..., 

There is, of course, an inverse transformation, but for purposes of this 

discussion the mere fact that such a transformation is possible suffices. 

This means that for a given I(t), one may think of a continuous spectrum 

of sinusoidally-varying currents acting simultaneously and producing the 

same field as the original time-varying current of arbitrary shape. These 

remarks go a long way toward simplifying this discussion, for one may 

reason in terms of a simple current dipole of the form· I 0 sin a) t dl, and 

then the overall phenomenon is made up of the contributions of all of the 
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current-dipoles obtained from equation 5.5. 

One now considers the magnetic field about a short current dipole, 

as illustrated in Figure 5.2 below: 
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Figure 5.2. Current-carrying element or current dipole. 

It is not the object of this discussion to develop electromagnetic 

relations, so that on]y a brief outline will be given here. For the 

details the reader may consult the references given. 

It has already been shown that a current-dipole may be expressed as 

the time derivative of an electric dipole. If this time derivative is a 

constant, of course, there is a steady current, which sets up a steady 

magnetic field about the dipole. If the current changes, however, the 

.effect of the ch8Ilge is not immediate]y m8Ilif est at a distance r from the 

wire, but the effect is delayed by 8Il amount r/c where c is the velocity 

of propagation, shown by Maxwell to be equal to the velocity of light in 

free space. 

For the field away from the dipole, then, instead of using the current 

I = I 0 sincut, one uses the retarded current LIJ = I 0 sinwft - r/:2.7, 



which may also be written ["r_7 = I 0 exp j/it)t-piJ, recalling that 

p:uJ/c. 
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Referring to Figure 5.2 above, one is interested in obtaining a gen

eral expression for E0 , i.e., the electric fieid normal to the radius 

vector drawn from the center of the dipole to the point P. Further, since 

one is interested only in this electric field at the surface of the earth, 

he may take the angle e as 90°. 

Since one knows the relationship between the current and the electric 

dipole, he can easily obtain the scalar potential V -at any desired point. 

Further, he may set up the retarded vector potential Al at this point, 

after which he employs the relation 

E = ;;)A 
- 'il// -at 

(,5.6) 

which is the·,general expression for the electric field in terms of the 

scalar and vector potentials. 

The steps2 fr~m here to the final result are rather cum.bersome,- but 
., 

the details are straightforward. The interested reader, unfamiliar with 

these steps, should consult the indicated reference. 

The result is the general expression 

(5.7) 

for the electric field at the earth I s surface [e = 90:!}. 

The three terms of this equation are highly significant and may· be 

1J. D. Kraus, Electromagnetics (New York, 1953), pp. 195, 486. 

2Ibid., pp. 492-499. 
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written thus: 

Iaiexpj(rot -;8r) I 

~1T6o C . .r2 
+5-.9) 

~& .. - (5-dO-). 

.Equation 5.10 is recognized as .Equation 5o2, which is that of the 

quasi-static electric field, i.e., the field for the case when w = O • 

.Equation 5.9 is~ expression recognizable as the familiar .Amperes' 

Rule for the current dipole. As r increases, this member of the general 

expression for E0 diminishes· less rapidly than the quasi-static member. 

Also, this member has an amplitude which is independent of frequency. This 

is the familiar induction field, the energy of which is alternately prop-

agated away from and back to the current dipole but the average energy of · 

which is zero. This is analogous to reactive power in alternating-current 

circuit in the steady state • 

.Equation 5.8 is the term which commmids grea~ interest if one is 

concerned with radiated energy. 'If one calculates the energy in a. thin 

sphereical shell of radius r abo~t the dipole, he finds it to be inde-

pendent of r, which means that energy is radiated outward, never to re

turn. He notes further that this member, being inversely proportional to 

the first power of r, is the greatest of the three for a given distance. 

He sees further that its.magnitude is directly proportional to the angular 

frequency l,/). These are the important properties of this member, which 
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we call the radiation field and to which we shall frequently refer as we 

progress in this investigation. 

It must be borne in mind that these three equations are for a short 

current element--the total field for a given current configuration is 

the sum of the fields at a given point because of each current element 

considered. As is well known to workers in the fields of antennas, if 

the distribution of current in an antenna is known, the field at a point 

is the integral of the fields because of an infinite number of very short 

current dipoles. ThisJ of course, applies for a single frequency under 

consideration, 

One still has another sum idea involved: As was shown above, the 

current as a function of time was converted into an infinite number of 

sinusoidal currents, each of different magnitude and frequency. 

For each frequency component, then, there is an electric field ra

diated that is the overall result of the time-varying current for that 
. ' - ------

frequency. Now, at that point~ there is an electric field that is equal 

to the sum of the electric fields of all of the many frequency components 

that existed in the original time-varying current. 

Just as one used the Fourier-Integral transformation to convert a 

current from a time-function to a frequency function, he may perform the 

inverse operation of transforming the frequenc;x: components of the electric 

field at a given point into an electric field which is-a function of time. 

One may now compare the electric fields at two distinct points on 

the earthHs surface for a given source, Le., for a given lightning dis

charge~ for example, The shape of the wave form of the electric field 

is determined by the magnitude and distribution of its frequency components. 

We have shown above that the radiation component is directly proportional. 
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to frequency and inversely proportional to distance. Thus, at two distinct 

points one may expect each frequency component to be different because of 

the inverse-distance ~elationship. Then, the waveform for a constant dis

tance from the source will not change but~ change with distance. 

This radiation from atmospheric electrical phenomena is given the 

name sferics, an abbreviation for the expression atmospheric disturbances. 

These have, for many years, commanded the attention of workers in this 

field. Since it is generally known that ground waves encounter small 

attenuation in the process of propagation when the frequency is low, the 

lower-frequency components of spherics are detectable at great distances. 

Furthermore, since the radiation from a lightning stroke is propagated in 

all directions, one may expect considerable sky-wave propagation -at some 

of the higher-frequency components. Of course, the sky-wave spheric and 

the ground-wave spheric will_not arrive at the observer's location at the 

-same time, a fact further complic_ating the process of ana]y&is or df finding 

a common-denominator of these sferics which will aid in det'ermining their 

direction and possibly the distance of their point of origin. 

These last considerations actually lie outside the domain of this 

writing, since the objective is to study the near-fields of tornadoes and 

thunderstorms and to try to learn more of their electrical origin and 

behavior. 



CHAPI'ER VI 

MEASUREMENT OF THE QUASI-STATIC ELECTRIC FIELD 

Introductory 

In the foregoing chapters, the writer has attempted to stress the 

importance of knowing the behavior of the quasi-static electric fields 

about thunderstorms, if one seeks to find out about the electrical be

havior of the cells themselves. In this chapter, methods of electric

field measurement will be considered in detail. 

This problem of measurement has many solutions, i.e., many methodsl 

have been used to measure atmospheric electric fields. For our purpose 

we need to know magnitude, polarity, and variations that require from 

about O .1 second to 10 seconds or more to take place. We find from the 

literature that there is no single instrument yet designed that is capable 

of indicating both extremely slow, and fairly rapid! variations. Thus, a 

decision was made to employ two instruments; one for slowly-varying fields, 

and one for rapidly varying fields, and whose ranges overlapped. In this 

way it is expected that complete information as to the variation of the 

atmospheric electric field due to a given thunderstorm cell could be re

corded and studied. For the sake of continuity, a brief digression on 

electrostatic principles will be made so that the operation of the equip

ment described herein will be most readily understood. 

1J. A. Chalmers, Atmospheric Electricity (New York, 1957), pp. 81-127. 
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Electrostatic Induction 

In Figure 6.1 (a) below, a uniform electric field above a conducting 

plane, such as the earth's surface, is depicted. In Figure 6.1 (b), a 

conducting sphere is introduced, and the new configuration of the electric 

field in its neighborhood is sketched. 

Figure 6 , 1 ( a) Figure 6.1 (b) 

In the case of Figure 6.1 (b), the sphere is said to have a charge 

induced upon it by the electric field. If one knows the capacitance of 

the sphere relative to the earth, the electric intensity of the ambient 

field, and the height of the center of the sphere above the ground plane, 

the potential to which the sphere has been charged may be easily calcu

lated. If one were to connect the sphere to ground, then we would have a 

completely different electrostatic situation, and a different charge on 

the sphere. The changed charge is brought about by the flow of charge 

in the conductor connecting the sphere to the ground. If the sphere were 
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moved up and down, its potential would change; this situation would be 

permitted by the flow of a varying electric current in the conductor be

tween the sphere and the ground. On the other hand, if the grounded sphere 

did not move, but the ambient electric field were to vary, the potential 

of the sphere would vary; this would again be permitted by the flow of an 

electric current between the sphere and the ground via the grounding 

conductor. 

The above principle will be employed in both instruments described 

below, i.e., the electric fl uxmeter and the electric probe. 

The Electric Fluxmeter 

The design and construction of this instrument, while for the most 

part novel, employs some of the features of onel developed some years ago. 

The heart of this instrument is a rotating probe as illustrated in 

Figure 6.2. The probe is a length of straight conductor attached to an 

insulated hub, which is driven by a motor: 

Figure 6.2 

1Ross Gunn, U. S. Patent No. 1919215, I~.sued June 25, 1933. 
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The two spokes of the probe rotate alternately in and out of the space 

between two parallel metal plates that are grounded, so that there is 

zero electric field in between. A.s a spoke emerges from this field, it 

is uncharged, and its charge is increasing as it approaches a vertical 

attitude. As it continues to rotate, its charge decreases as it again 

approaches the zero field region between the plates. If a vertical elec

tric field exists above the plates, then, and if the probe and hub are 

connected to the ground, then two cycles of an alternating current per 

revolution of the hub will flow through the grounding conduc.tor, since 

each spoke is active in generating one cycle per revolution. Now if a 

resistance is inserted in the grounding lead, there will be an alternating 

voltage developed across it whose amplitude will be proportional to the 

strength of the ambient electric field. This voltage, of course, will be 

very small so that amplification is necessary if we are to use meters or 

indicators of reasonable sensitivities. 

If the output voltage of the probe is amplified sufficiently, it may 

then be rectified and filtered, and the resulting voltage will be directly 

proportional to the ambient electric field, if the amplifier is assumed 

to be linear. 

It is necessary, however, that we know the polarity of the electric 

field as well as its magnitude. The scheme described above obviously 

cannot produce both answers. It may be noted, however, that if the elec

tric field should be reversed, the alternating output of the probe will 

be shifted 180 degrees in phase. Thus, if we have a reference voltage of 

the same frequency as the probe output voltage and independent of the 

electric field, the two may be fed into a synchronous rectifier circuit, 

whose output will be a direct voltage whose polarity depends upon that 
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of the ambient electric field. The above, in essence, is a brief description 

of the electric fluxmeter, which will be described here in considerable 

detail. 

The complete circuit is shown in Figure 6.3. The rotating probe and 

hub assembly are on the same shaft as the induction generator and drive 

motor. The induction generator, whose function is to provide the reference 

voltage mentioned earlier, will be discussed in detail in a later paragraph. 

The probe is grounded through the R1C1 combination, whose time con

stant is 0.1 second, so that the input to Vi may follow fairly rapid vari-

ations of the probe output without distortion. The tube v1 and its asso

ciated components constitute a conventional cathode-follower circuit. This 

was intended to preclude any overdriving as would be encountered in a con-

ventional voltage amplifier. S~nce the fluxrneter must of necessity be 

operated outdoors, while the recording equipment must be indoors, the me-

chanical parts plus the cathode-follower circuit are contained in a 

weatherproof box. The output of the cathode-follower is fed via C2 to a 

coaxial cable which leads to the input of the rest of the circuit which 

is located in a nearby shelter convenient to the operator·and recording 

apparatus. 

The switch s1 across the input to v2 simulates a zero field condition 

for purposes of initial adjustment of the recording apparatus. 

The output of the interconnecting coaxial cable is connected directly 

across the attenuator network consisting of R3, R4, and R5. The output 

of the attenuator is fed to the grid of the high-gain pentode v2, which 

in turn, drives the grid of the power amplifier v3• In the v2 stage, two 

feedback paths are used: one is the unbypassed cathode resistor, and the 

other is an adjustable regenerative feedback loop consisting of R7 and c3• 
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This provides for an adjustable phase shift so that the oµtput of the 

amplifier is exactly" in phase or 180 degrees out of phase with the refer-

ence voltage of the induction generator. 

The drive motor turns at about 1500 r.p.m., so that the amplifier is 

required to amplify a 50·- cycle signal.· This accounts for the rather 

large by-pass capacitors used in the ·circuit. This also requires that 

the power amplifier output transformer be of good quality, i.e., have a 

good low-frequency response to give good results. Such a transformer 

having a center-tapped secondary is rather difficult to find. In this 

circuit, with the tubes used, a Western Electric type 150 A output trans-

former was used with excellent results • 

. The synchronous rectifier circuit consists of the secondaries of T1 

and T2, the diodes D1 and D2, and the potentiometer Rs• The center point 

of Rs is to adjust for possible mismatch of the diodes. 

The operation of this circuit is as· follows: If the ambient elec

tric field is zero, the output of T2 is zero, and the reference voltage 

alone is applied to the center-tap of the secondary and the assumed mid-

point of R8. Equal currents will flow in the opposite directions in the 

two halves of Rs, and the voltage between the ground and the output ·se

lector switch input terminal is zero. 

Now, if the ambient elec.tric field is not zero, there will be a 

voltage across the T2 secondary which will result in a larger voltage 

applied to D1 than to n2• The result will be a direct voltage at the in

put to the selector switch. If the ambient electric field should reverse, 

the opposite of the above statement will be true, with the result that 

the polarity of the direct voltage at the selector switch will likewise 

be reversed. The filter for the output consists of R9 and C4. R9 is 
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adjusted for minimum ripple output and minimum time constant, so that as 

rapid a variation of the electric field as possible may be recorded. 

In the design of the fluxmeter, the generator of the reference voltage 

presented a difficult problem. It necessarily had to be of the four-pole 

type since the frequency must be the same as that of the amplifier output. 

It appears that no such generator is available on the market, so one had 

to be designed and built. 

Figure 6.4 is an actual size working drawing from which this generator 

was built. It is essentially of the variable reluctance type. AC-shaped 

core was cut from finch soft iron flat stock and 1000 turns of No. 26 

cotton-covered wire wound on it. To obtain the necessary two volt output, 

an inexpensive universal output audio transformer was used. A battery 

capable of delivering 4 volts at its terminals when. connected in series 

with the magnetizing coil and the low impedance winding of the transformer 

f:"T1_7 was employed. 4t the operating speed the output voltage had poor 

waveform, but initially loading the high impedance side of T1 with a 

1000 ohm resistor restricted harmonic voltages to the high reactance of 

the transformer winding, with the result that a good sinusoidal waveform 

existed across the 1000 ohm resistor. If the airgap is kept small, the 

output of this generator is about two volts crest. 

The drawings of Figures 6.4 and 6.5 and the photographs of Figures 

6 .. 6 and 6. 7 give complete details of the construction of the fluxmeter. 

A few noteworthy features, however, may be pointed out here: 

Referring to Figure 6.4, note the rain-baffle D. This is a brass 

washer soldered to the hub and enclosed in a hat-shaped housing. If 

water enters the space between the .hub and its clearance, it strikes the 

rotating baffle, which throws the water against the sides of the baffle 
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housing by centrifugal action. The water then drains off into the space 

between the shields via a small hole drilled through the inner shield 

into the lower portion of the baffle housing. Because of this feature 

the fluxmeter may operate outside in a driving rain without interruption 

of recording. 

with the tubes used, 6.3 volts at .45 amperes are required for the 

filaments, and JOO volts at 15 milliamperes for the B supply. As pre

viously mentioned, 4 volts at the terminal of the generator circuit are 

required for the necessary output. 

The polarity indication of the fluxmeter may be reversed by changing 

the polarity of the magnetic circuit supp]y battery or by changing the 

position of the armature of the induction generator by 90 degrees. In 

fair weather we know that the potential gradient is positive. The above 

factors must be established so that the fluxmeter gives an established 

positive reading during fair weather. 

Operating Procedure 

The output of the fluxmeter is recorded in this setup on one channel 

of a Brush Mark II Recorder. The following procedure is suggested for 

placing these instruments into operation when construction is completed: 

1. Start motor, close battery switch. Place output switch on 

amplifier in .AMMETER position and adjust R8 for zero deflection 

of microammeter. This step is done either with amplifier turned 

off or with s1 in shorted position. 

2. When Brush Recorder ha.swarmed up for 15 minutes, place s1 

in shorted position, output selector in RECORD position and 

adjust PEN BIAS for zero deflection. 
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J. The amplifier power supply is now turned on, s1 placed in· open 

position., and the electric field is now being recorded. If de

sired, the strength of the electric field may be determined from 

the calibration curves of Figure 6.8, due attention being paid 

to the position of the amplifier input attenuator. 

Fluxmeter Calibration 

The fluxmeter calibration curves of Figure 6.8 were obtained by 

placing the probe unit in a simulated uniform electric field. This uni

form electric field was simulated by use of a parallel plate condenser 

consisting of two bronze screen plates 4 feet square and ~5 inches apart. 

The fluxmeter was placed so that the probe and hub were at the center of 

the plates, with the fluxmeter ground securely grounded to the lower plate. 

The electric field between the plates in volts per meter is thus equal to 

3.8 times the difference of potential between the plates. Figure 6.9 

shows the calibration setup for the fluxmeter. 

It will be noted that contrary to expectation, the calibration curves 

are riot quite linear. It is not known at this writing whether this non

linearity is due to the fluxmeter amplifier or that of the Brush amplifier. 

This situation is not se~ious, since the calibration curves were carefully 

executed. Also, magnitudes are of small consequence as compared to po

larity and variations of the ambient field. 

The Electric Probe 

The electric fluxmeter described in the preceding ·s~ctions is capable 

of measuring and recording field variations of the order of about one

half second, and of.slowly-varying as well as constant or non-varying 
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fields. This is much too sluggish, however, if one wishes to observe the 

field changes about a thunderstorm cell that is being discharged by light

ning strokes. For this reason, we seek an electrostatic antenna which is 

capable of recording these rather rapid variations, yet so designed that 

the electric component of spheric radiations will have negligible effect 

on the output of the device. 

To begin, some of the electrostatic principles discussed at the 

beginning of this chapter will be recalled. If a metallic body is im

mersed in a uniform electric field above a conducting plane, and if the 

body is connected to the plane fgroun.27 by a conductor, then the bod;y 

will be charged to a potential determined by the capacitance of the body 

relative to the ground and the strength of the ambient electric field. 

If this electric field should vary, the potential of the bod;y charged by 

the field will vary resulting in a flow of current through the grounding 

conductor. 

Suppose that the charged bod;y is grounded via an impedance z1, the 

voltage across which is to vary with time in exactly the same manner as 

does the electric field. As is well known in alternating current circuit 

theory, if a sinusoidal voltage is applied to two impedances Zi and z2 in 

series, the voltage across the two impedances will always be of the same 

ratio, regardless of frequency, if these two impedances have phase angles 

of the same magnitude and sign. Now, the electric field which we desire 

to observe will be nonsinusoidal and aperiodic, but the Fourier-Integral 

transform of this field variation contains sinusoidal spectra, each of 

which will be divided between z1 and z2 in the same ratio if they meet 

the conditions specified above. This is the same as saying that the 

voltage across z1 will be a true timewise reproduction of the varying 
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ambient electric fieldo 

To solve our problem we must learn the equivalent circuit of our 

electric probe, which we will call z2, then choose z1 so that the required 

conditions are met. This probe will, of course, have a capacitance to 

ground. If it becomes charged, it will discharge to the ground because 

of air conductivity, thus the equivalent circuit of the probe is a capac-

itan~e C2 in parallel with a resistance R2 • The electric field is the 

generator charging the capacitance; these three elements may be represented 

as in Figure 6.ll(a), the Thevenin Equivalent of which is Figure 6oll(b). 

It is now apparent that if the probe is connected to ground via an 

R1c1 parallel combination, and if R1 and R2 have the same retio as the 

reactances of C1 and c2 respectively, then the required condition is met 

if R1c1 = R2c2, i.e., the voltage across z1 will vary in exactly the same 

manner as the Thevenin Generator of Figure 6.9(b). Further, if pR2C2 is 

large compared to unity, the Thevenin Generator reduces to E, which means 

that the true variation of the electric field is produced across the im-

pedance z1 . The whole equivalent circuit is given by Figure 6.ll(c). 

It is now clear that a probe must be chosen such that its capacitance 

may be easily calculated; further, a good estimate must be made of the 

resistance of the air between the probe and the ground. 

A copper sphere 12 inches in diameter was chosen and placed at a 

height of 1..5 meters above the ground. The capacitance was calculated1 

to be 17.6 micromicrofarads. The air resistance to the ground has been 

estimated2 to be ~f the order of 5 megamegohms. Thus the time constant 

1N. I. Adams and L. Page, Principles of Electricity (3rd ed., 
New York, 1958), pp. 87-89. . 

2J. C. Johnson, Physical Meteorology (:11.I.T., 19.54), p. 294. 
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of the ~c2 combination is about 88 seconds. 

The output of the probe circuit is connected directly to the input 

of one channel of the Brush Recorder, the amplifier of which has a DC 

input impedance of 5 megohms. This input resistance is R1 of the probe 

circuit. Thus c1 must have a value of 17.6 microfarads so that z1 will 

also have a time constant of 88 seconds. 

From the above it is clear that we have an attenuation of one million 

so that the probe will not be a sensitive qevice. This is not a deterrent, 

however, since we are interested in the fields of nearby thunderstorm cells, 

which will be very strong. 

A photograph of the electric probe is shown in Figure 6.10. 

The output of the electric flu.xmeter and that of the electric probe 

is re corded on the same paper strip of the Brush Recorder so that if 

variations are too slow for one device they will be shown by the other 

and vice versa. 

The next chapter will contain recordings from the above system, and 

analyses and discussions appertaining thereto will be given. 



CHAPTER VII 

MEASUREMENTS AND OBSERVATIONS 

bn April 27 recordings were begun for a long line squall starting 

10 miles southeast of Stillwater and extending southward for about ninety 

miles. The field strength was at all times negative and did not vary 

greatly except that strong gusts of wind caused rather sharp increases 

of field strength in the negative direction. A tracing of the recording 

for a typical interva.l is reproduced as Figure 7 .1. 

Since only fluxmeter recordings are reproduced in the first several 

illustrations, only the appropriate half of the Brush recording strip is 

reproduced. Both halves of the strip will be reproduced in later cases 

where recordings of both the electric probe and fluxmeter are of interest. 

No lightning strokes were observed during the time that the line 

squall was in the area. Incidentally, the skies were clear except for 

the line squall area. 

On the Brush Recorder reproductions, the heavy line along the middle 

of the strip represents zero field in:tensity, and near each tracing is 

the letter A, B, or C, indicating the appropriate attenuator setting. 

Unless otherwi·se indicated, one centimeter of length along the strip 

represents 10 seconds of time. 

Figures 7 .2 and 7 .3 show flu.xmeter recordings for a line squall about 

12 miles away in which lightning strokes were observed. It will be noted 

that the field is strongly negative; the fluxmeter attenuator is set on 
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C, and the recorder deflection is almost full-scale. In Figure 7.2 

three strokes are shown. The negative field is presumably due to the ·· 

dipole of the large negative column in a cell, and a stroke /!Jr series 

of strokes in rapid successio.ri7 discharges the negative column part.ially. 

In between these the cell recharges, and the process repeats. This type 

of stroke will be called a positive one, since this is apparently the 

most common. At any rate, large negative columns in thunderstorm ,cells 

seem to account for most cloud-to-ground strokes. 

Figure 7.3 is a recording of the same activity a few minutes after 

the recording of Figure 7.2. Static heard over the laboratory radio 

indicates strokes at the small dips shown in this recording. No visible 

strokes were observed. If these are strokes, they are evidently intra

cloud, since they apparently recharge the cell, or act so as to increase 

the negative dipole strength. For this reason, these will be called 

negative strokes. 

Figure 7 .4 is a flu.xmeter recording for a clear day, only partly 

cloudy. This is definitely a fair-weather condition, since the field is 

positive·with a strength of between land 10 recorder scale divisions. 

It may be noted that even on a clear day strong gusts of wind will cause 

an indication of a negative field, ·or at least a sharp decrease of the 

positive field. This is very likely due to a change of atmospheric charge 

density near the surface by air mass movement. 

An interesting set of recordings of the electrical activity in a 

squall line were made in which the fair-weather intensity slowly reached 

zero and started to become negative as the squall approached Stillwater. 

The flu:xmeter reading reached a high value after which several positive 

strokes were recorded and several small negative strokes shortly thereafter, 
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during which time the electric field went through zero, and positive 

strokes were recorded while the field was positive! Also, very shortly 

afterward, a large negative stroke was recorded, a.lso while the field was 

strongly positive. This would appear to be confusing at the outset; how

ever, if one is aware of the fact that there were no doubt several cells 

in action at the same time and that in all probabil:ity there were both 

intra-cloud and cloud-to-ground strokes in progress alternately and/or 

simultaneously, these processes are not confusing. The recording for the 

instance described above is reproduced in Figure 7.5. 

One consistency has been noted about the behavior of the electric 

fie.ld as a line-squall approaches. When the squall is still some distance 

away; say 60 to 90 miles, the flu.xmeter indicates fair-weather polarity 

and magnitude. The magnitude gradually decreases and goes through zero as 

the squall approaches, becoming more and more negative until the deflection 

is 15-20 scale divisions with the C position of the amplifier attenuator 

in use. Under these conditions, strokes as previously mentioned are noted. 

In the recorder reproductions thus far given, no results from the 

electric probe are shown. As has been already pointed out, the attenuation 

of the probe is about 120 db, so tha.t no worthwhile information will be 

given unless the strokes take place very near the laboratory. 

It may be well to note here that one may feel the illusion of incon

sistency with theory of some of the above observations, but if one recalls 

that while one tends to think of a cell's activity almost entirely in terms 

of the negative column within, one must not fail to reca.11 that there is 

a considerable collection of positive charge near the cell base, which may 

be large enough to cause a fair-weather electrical condition at the ground 

while a fairly large cell may pass overhead. Intra-cloud strokes, however, 
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usually reduce this lower positive charge to such a value that the cell 

behaves as though its only charge is the large negative coiumn in&ide. 

On May 3 about 8:30 p.m., a squall line was observed on the. radap 

about 90 miles west of Stillwater. The electric fluxmeter indicated nor

mal fair-weather electric field. The field gradually diminished and went 

through .zero at 9:05. At this time the radar range was about 85 miles. 

The electric field continued to increase in the negative direction; then 

began to decrease, rever~dng again at 9: 15 p .m. After a slight increase 

in the positive direcfion,·the field reversed again 3 minutes later, re

maining negative for about 10 minutes. At 9:3$1 the field slowly· reversed 

again.at which time the radar indicated a range of 75 miles. These slow 

reversals .. repeated a:t intervals of about 15 min:~tes. At 10: 04 radar showed 

that the line squall had broken up into.3 parts. At this t:i..me the field 

was positive, indicating 8 scale divisions with atten?ator on A. ,The field 

varied slowly, remaining positive, finally settling down to a normal fair

weather value'\ at about 10:20~ Meanwhile, radar echoes from the line squall 

had completely vanished. No e.vidence of lightning strokes was ob.served.· 

·This curious behavior was observed on another occasion. The electr1c 

field reversed · slowly several times never reaching a very high value·. 

After about six reversals the field settled to fair-weather value. Radar 

simultaneously indicated complete dispersal of the line squall." It may 

well be that the a:i:>ove will provide a method of determining whether a 

··given line squall will develop into ~ active thunderstorm or not. We 

already know that for an·approaching line squall if the field intensity 

continues to increase in the negative direction, lightning strokes will 

soon be observed. 

For another thunderstorm during which fluxmeter · recordings were made, 
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an unus~a:r situation arose, a sample of which is. reproduced in Figure 7 .6. 

During the course of the st.t?rm,. the electric fie:Ld rose to a high value 

in the positive direction at which time St. Ehn.o's fire was observed at 

the top of a neatw whip antenna. A receiver tuned to the lower end of 

the broadcast band was being monitored during this period. A sustained 

static was heard during the period of the St. Elmo's fire. Suddenzy a 

loud crash of static was heard followed by cl loud whistle which died down 

slowly. The electric fluxm.eter indicated a very strong negative stroke. 

The high field was evidentzy diminished by either a cloud-to-cloud or an 

intra-cloud discharge. 

Figurf>..s 7.1 through 7.6 are samples of typical recordings made with 

the fluxmeter during the first several weeks of operation. Since little 

or no information was obtained from electric probe recordings because of 

its low sensitivity, the upper halves of the Brush-Recorder tape were 

omitted in these figures. It will be noted that none of the. thunderstorms 

recorded were overhead,. nor, in fa.ct, nearer the laboratory than several 

miles. 

In subsequent illustrations recordings of both the electric probe and 

the electric fluxmeter will be reproduced and their results discussed. 

On the evening of May 17 a thunderstorm approached Stillwater which 

indicated considerable activity. Since the night was a dark one, all 

strokes could be clearly seen and their type associated with field changes 

as recorded by the fluxmeter and electric probe. Figure 7. 7 shows a speci-

men of recording of both instruments. Heretofore, strokes have been clas

sified as positive and negative. Upon this occasion it was learned that 

a positive stroke is a cloud-to-ground type and a negative stroke is either 

an intra'-'c1oud or cloud-to-cloud type. These observations were verified 
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Figure 7. 7. Rapid eucceesions of varied strokes at a distance of 10-12 miles. 

Figure 7, 8. Two large intra-cloud strokes , 
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Figure 7 ,9, Two large cloud-to-ground strokes at the right, 

Figure 7 ,10, An intra-cloud et.fake, Excellent contrast of probe and fluxmeter cspabilitiea, 
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many times, and there appears to be an absolute certainty that the instru= 

ments can identify these strokes as they occur. It will be noted j.n 

Figure 7.7 that at the time of recording there were frequent strokes of 

both types. In the lower channel, a sudden increase of field intensity 

indicates a positive stroke and vice versa. The input to the recorder 

from the electric probe is such that corresponding events are symmetrical 

about the center line of the Brush tape. Most of these recordings were 

made when the thunderstorm was some distance away--about 10 miles, ac

cording to the laboratory radar. 

Figure 7.8 is a tracing of the recording of two large intra-cloud 

strokes. Special care was taken in tracing these from the original re

cording. At the left is shown a heavy intra-cloud stroke, immediately 

followed by two small cloud-to-cloud strokes. It has been noted that 

cloud-to=cloud strokes have a smaller effect on the surface electric field 

than cloud-to-ground or intra-cloud strokes. The electrostatic significance 

will be discussed later in connection with recordings of a later thunder= 

storm. Returning to Figure 7 .8, the Figures .01 and .02 represent the am

plifier sensitivity for the electric probe channel. These give volts per 

scale division. A scale change is indicated at the middle of the recording. 

As in the lower half 9 the middle line represents zero. At the right of 

the recording is shown another intra-cloud stroke. A close examination 

of the electric-probe channel shows that_ actually ~here were two of the 

strokes almost simultaneously. This is a good illustration of the fact 

that the electric probe indicates rapid variations of the field, ~ ~ 

its steaq.y-state indications~ meaningless. On the other hand, the elec

tric flu.:xmeter, while it clearly cannot indicate ve-ry rapid field changes, 

shows the net effect upon the ambient electric field of the various 
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types of lightning str'okes. Again this will be discussed further in a 

later paragraph. 

The reader is reminded that the tape speed is such.that 1 cm. length 
. . 

corresponds to 10 seconds. While the Brush Mark II Recorder is capable 

of paper tape speeds up to 12~5 cm. per second, these speeds will be re.:. 

served for large strokes with the hope that for a given flash the indi

vidual strokes may be observed. Since only small periods of time can be 

reproduced on these pages, a :minimum of higll-speed recordings will be 

given. 

In the case of the May 17 thunderstorm, the pell dissipatec;l as it 

passed overhead with the result that no near cloud-to-ground strokes were 

recorded. The good results from the other types of strokes that were ob-

served directly above the laboratory, however, ma.de the above recording 

and' observations worthwhile. 

In Figures 7~7 and 7.,8 the deflections for the electric probe and 

electric fluxmeter were opposite with respect to the middle of the paper 

tape_··. It was deeme1 advisable to reverse the galvanometer connections on 

the probe channel sq that the deflections on both channels would be in the 

same direction. Interpretation of results appears to be much more t_an-
. . .. ' ' ' 

gible £or this type of presentation so that this situation will be main-

tained for all subsequent recordings. 

On May 23, recordings were made for a rather unusual situation. A 

line squall formed southeast of Stil~water and remaine·d almost stationary 

for· a period of about six hours. Radar records show that the squ.all first 

consisted of a number of small isolated formations, which later converged 

then a.gain broke ·up into smaller formations, converged again then slowly 
. . 

broke up again, finally vanishing completely as far as radar observations 
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indicated. 

During the early stages the portion of the line squall which was very 

near Stillwater indicated all three types of discharges. The electric 

flu.xmeter indicated that the average field was moderately negative. 

A tracing of recordings for an early period as described above is 

reproduced in Figure. 7 .9. This offers an excellent illustration of the 

capabilities of the two instruments in recording the behavior of the elec

tric field. Since the deflections for a given event are in the same di

rection, it is much easier to observe the effects of the rapidly varying 

fields of the strokes upon the average value of the field at the earth's 

surface. For instance, near the right side of Figure 7 .9 are seen two 

rather large cloud-to-ground strokes. These clearly make the field at the 

ground less negative, but this field gradually returns to the value prior 

to the stroke. Recalling the discussions in Chapter II, this would indi

cate partial discharge of the negative column by the cloud-to'.""ground stroke 

with subsequent recharging of the negative column. 

Shortly after the period of activity as indicated in Figure 7.9, 

radar showed partial dispersal of the line squall. Electrical activity 

almost completely ceased, according to the electric probe channel and the 

average field as indicated by the fluxmeter channel decreased to a very 

small value, i.ee, fair-weather magnitude and polarity. 

About 45 minutes after the dispersal, the·line squall began to re

consolidate with indications of increased electrical activity in the form 

of intra-cloud strokes of increasing magnitude. The average value of the 

field was moderately negative and these strokes increased the average 

negative value slightly. This behavior of the field at the ground may 

again be justified in the light of the discussions of Chapter IL The 



normal picture of a thunderstorm cell is a large central negatively-charged 

column with a layer of positive charge below, which tends to partially 

mask the electric field of the central column at the earth I s surface. An 

intra-cloud stroke will partially neutralize this lower positive charged 

volumn with the result that the electric field at the surface will be in

creased. This phenomenon has been repeatedly observed electrically and 

visually. Figure 7.10 illustrates two typical intra-cloud strokes at a 

distance of approximately five miles. 

On the morning of May 22, a roll cloud formation was observed ap

proaching the Stillwater area at a rapid rate. This is a low-zying, thin 

cloud with a peculiar rolled front, very dark and undetectable on radar. 

There was no electrical activity whatever indicated,.except that the flux

meter indicated a slowly reversing field as the cloud front passed over

head. Before and after the electric field was of fair-weather polarity 

and magnitude. It is evident that these clouds carry negative charge 

but of fairly low density. Because of the absence of radar echoes, there 

is little or no precipitation within the cloud; its low altitude would 

make this fact apparent at the outset.· 

Figure 7.11 shows two brush-recorder strips, which.show the variation 

of the field as the cloud passed overhead. The top strip is for the ear

lier portion of the period, and the bottom strip is a continuation of the 

top, This illustrates the superiority of the fluxmeter for indication. of 

slow field variations, since the electric probe showed no variation what-

. ever during the entire period. The time scale is 10 seconds per centimeter. 

On May 26 the Stillwater area was heavily clouded and moderate rain 

was falling. Recordings were begun at about 10:30 a.m. after several 

lightning strokes had been observed. 
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Figure 7.llo Recording of the electric field as a· 11Roll 1 Cloud" passed 
over th~_laboratory. The top strip is the earlier. 
Time 'scale is 10 seconds per centimeter. Note that 
the electric probe showed no variations whatever during 
the run. 
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Figure 7ol2 shows excerpts from the recorder during several instances 

of the thunderstorm. The first strip at the top represents a recording 

after several cloud-to-cloud strokes had been observed, the last of which 

is shown at the left of the strip. Right after this stroke the electric 

field reversed rather slowly as shown. A few seconds later the field re

versed again slowly; and when it reached a maximum, corona-discharge static 

was heard over the radio. A heavy cloud-to-cloud stroke, which was fol

lowed by a loud clap of thunder, occurred. These events are shown in the 

second strip from the top in Figure 7.12. 

In the third strip a cloud-to-ground stroke is. immediatezy followed 

by a cloud-to-cloud stroke. A few seconds later the field slowly decreases 

and reverses, requiring about 70 seconds for the complete reversal to 

take place. 

In the ·fourth strip of Figure 7.J2 a cloud-to-cloud stroke is fol

lowed by a cloud-to-ground stroke about 15 seconds later. Shortly there

after, the field again reverses slowly, after which there are two cloud

to-cloud strokes in very rapid succession. The probe shows these clearly, 

whereas the fluxmeter appears to indicate a single stroke. 

Figure 7.12 is a continuation of Figure 7.11. In the first strip a 

slow field reversal is followed by two cloud-to-cloud strokes. In the 

second strip two very large cloud-to-cloud-strokes that were followed by 

thunderclaps are shown. In the third strip a large cloud:..to-ground stroke 

is followed by a slow field reversal. 

Activity similar to the above continued for several minutes. It 

appears to be more and more evident that the slow field reversals herald 

a·dispersal and dying out of•a thunderstorm whether the cell is nearby 

or some distance away. 
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The writer made several attempts to obtain probe recordings of strokes 

with the Brush Recorder tape moving at its highest speed, but w:ithout 

success. Such a recording for a stroke like those in the third strip of 

Figure 7.12 should sh~~the multiplicity of strokes that actually exist 
. ' ·. ·~ I :·, 

in what is normally termed a single stroke. 

High-Speed Recordings of a Severe Thunderstorm 

On June 11 an opportunity was finally had to exploit the full ca-

pabilities of th? equipment developed and described herein. 

A line squall was observed on the laboratory radar at a distance of 

30 miles, the cen-;tral and nearest portion bearing about 070°. The fluxmeter 

shpwed al~ types of strokes faintly; and, of course, the probe gave no 

indications because of its low sensitivity. Observations were begun at 

about 9:00 p.m. 

Observations were continued until about 9: 30 p~m., at which time the · 

fluxmeter recording was indicating definitely the types of strokes that 

were occurring. The top strip of Figure 7.14 is a tracing of both channels 

at 9:30 p.m. 

At 10:05 p.m. the range of the nearest point of the line squall was 

14 miles. ~he fliixrneter ch~el showed more 'pronounced field variations, 

and the pr~be channel was beginning to indicate very slight variations. 

A. tracing of the recording is the second strip of Figure 7 .14. It will 
-

be noted that the mean value of the electric field is progressing toward 

the negative direction. 

One unusual property of this storm was noted: Whereas the elevation 

of the radar antenna is about zero for optimum echo pattern for all pre

viously observed line squalls, the radar antenna elevation was about 4° 
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for this one, indicating that the precipitation within the cells involved 

was considerably higher in altitude than usual. 

At 10 :42 p.m. electrical activity increased to the point where several 

scale changes had to be made on both channels. The third strip of Figure 

7.14 is a tracing of the recording at this time. The squall line was over 

the station and rain had begun to fall. 

Immediately after the time of the third strip of Figure 7 .14, the 

speed of the recorder was advanced to 125 m.m./sec., so that 1 m.m. cor-

responds to 8 milliseconds of time. On the first strip of Figure 7.15 

the probe indicates three cloud-to-ground strokes, while the flu.xmeter shows 

the resultant effect on the average electric field. Note that the first 

two strokes are about 80 milliseconds apart, while the third follows the 

second by about 120 milliseconds. These strokes partially discharge the 
. ' 

cell so that the average electric field at the surface becomes less neg-

ative. The very sudden variations of the field as indicated by the probe 

are the sudden changes due to the strokes themselves. The comparatively 

slow return of the field toward the negative between strokes indicates 

that the cell becomes partially recharged in these intervals. The flux-

meter, of course, has too low a response to indicate these rapid variations. 

The reader will again note the highly informative value of using both in-

struments simultaneously. It will be noted that at the beginning and end 

of each cloud-to-ground stroke there is a small reverse pip. This is 

doubtlessly due to the induction field set up by the stroke. Incidentally, 

all strokes as recorded herein took place within a mile of the laboratory. 

In the second strip of Figure 7.15, two milder cloud-to-ground strokes 

are shown. Since the field is increasing positively between strokes, there 

is apparently no recharging. It might be pointed out here that the action 
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of a single cell is assumed for a given group of strokes. The action of 

several cells simultaneously may yield results that are too difficult to 

interpret at this stage of this anaJ.wsis. 

In the third strip of Figure 7,15 an instartce is shown in which a 

series of three /:or mor!i/ cloud-to-ground strokes brings ab:>ut complete 

reversal of the mean electric field. Again it should be pointed out that 

this is due to the action of more than one cell. It may also be remarked 

that these three strokes niay have discharged a particular cell almost com

pletely. This would account Tor the complete field reversal, in cont,rast 

with the case where a series of strokes only partialzy discharge the cell, 

leaving a net negative field at the surface. 

In Figure 7 .16 is shown a · series of about 10 strokes. It will be 

noted that each stroke makes the field less negative, the entire series 

finally resulting in a rather strongly positive field. When the strokes 

ceasej the field slowly returns to the negative value as the particular 

cell recharges, possibly along with others. 

Heretofore, field changes by cloud-to-ground strokes have been shown. 

In the second strip of Figure 7,16 are shown two intra-cloud strokes. 

These, according to the theories of Chapter II, diminish the positive 

charge layers below the negative columns of the cells,·· thus increasing 

the negative field at the ground. The essential difference between cloud= 

to-cloud or intra-cloud strokes and cloud-to-ground strokes will be noted. 

The former dip toward the negative and occur more slowly than the latter., 

In the third strip of Figure 7.16 are shown about eight cloud-to-ground 

strokes down the same channel. At this stage the electric field was so 

high that 3 · since the attenuator of the fluxmeter amplifier was in position 

C, the Brush amplifier gain had to be reduced by a factor of five to keep 
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the pen within the range of the strip. The electric field, using the 

calibration curves, is approximately eight kilovolts per meter·:, which is 

the highest yet recorded in this investig~tion. 

The recordings in Figures 14, 1.5 and 16 are, needless to say, the 

barest of samplings of the nine hundred feet of paper tape recording ob

tain.ed during the subject thunderstormo Many hundreds of strokes were 

recorded, al'i consistent with samples discussed. 

Since further discussion would in the main be a repetition of the 

foregoing, it was decided to conclude this dissertation at this point, 

realizing that herein lies only the foundation of further work that can 

be carried on in this field. 

Since field intensity study is a new phase of research here at 

Oklahoma State University, the writer feels that.the equipment developed, 

plus the' agreement with theory of the results obtained from this equip

ment provides adequate facility when incorporated with other equipment 

at the Tornado Laboratory to, carry on extensive investigations, which will 

doubtlessly yield fruitful results in the field of thunderstorm electricity. 



CH,APl'ER VIII 

SUMMARY AND CONCLUSIONS 

Chapter I was devoted to a brief discussion of atmospheric elec-

tricity directed to an electrostatic explanation of the fair-weather 

electric field at the earth's surface. Since this study is directed to-

ward the simplification of the general thunderstorm problem, the above 

discussion was deemed necessary. 

Chapter II is devoted to a discussion of thunderstorm cells and 

lightning discharges. The most reasonable theory of charge-separation in 

these cells is.adopted and their effect upon the electric field at the 

earth's surface is discussed. The lightning discharge is discussed in 
. . 

some detail along with an outline of Schonland's theory of alpha- and 

beta..:type stepped leaders. The· effect of these discharges on the earth's 

mean electric field is also discussed. 

' Chapter III is a brief description of the Mt. Withington experiments 

conducted by Vonnegut and Moore. These experiments, with the aid of 

radar and radios.ondes, provide a verification of many of the theories 
... 

discussed in Chapters I and II. In the main, the first three chapters 

integrate a wide range of electrostatic theories with highly plausible 

verifications. The integration of this material is claimed by the writer 

as a minor contribution in this field. 

Chapter IV is devoted to a brief description of tornadoes. Energy 

considerations from a philosophic viewpoint are set down .in. an effort to 

101 
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convince the reader that a tornado is an electrical machine, in that the 

stored energy in a tornadic cell is converted to mechanical energy of air 

motion by an electromechanical energy-transduction process. Proceeding 

on the assumption that the tornadic cell is electrostatically similar to 

a common thunderstorm cell, the writer's concept of the tornado as an 

electromagnetic oscillator is described and the energy-conversion process 

in terms of basic electromagnetic laws is included. This theory, which 

is original with the writer, agrees with many of the electrical actions 

of tornadoes as reported by observers. The writer claims this as another 

minor contribution to the field in the sense that it adds to the list of 

proposals of mechanisms of tornadic action. 

Chapter Vis an outline of the theory of quasi-static, radiation, 

and induction fields about thunderstorm cells in terms of quasi-static 

and time_;varying dipoles, While lightning strokes account for the latter 

two types of fields, the cells themselves account for the quasi-static 

field; this idea led the writer to the concept·tb,at the electric behavior 

of the cells may be described in terms of the electric field at the 

ground nearby. Also, since lightning strokes discharge these cells in 

steps, the quasi-static fields about the cells will be altered by these 

strokes. 

Chapter VI describes equipment developed by the writer for the de

tection of slowly- and rapidly-varying quasi-static electric fields. This 

required two independent devices, since no device has been developed as 

· yet which can detect both types of field variations. While the electric 

fluxmeter is not original with the writer, his simple and dependable de

sign is deemed notewortby. The electric probe design is original with 

the writer, and its capability of producing an output voltage which is a 
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close copy of tl).e varying electric field is· considered by the writer as 

a contribution to the field.· Recording of the outputs of both devices 

time -synchronousJy is deemed an. important and original contribution to the 

field of atmospheric electricity measurement, since this recording is in 

entire agreement with the theories as outlined in the first three chapters 

of this dissertation. 

Chapter VII is a series of reproductions of recordings made with the 

above equipment at the Tornado Laboratory, accompanied by an explanation 

of each, showing their agreement with theory. 

It is unfortunate that the 1959 thunderstorm season yielded a mini-

mum of opportunity to use this equipment, since only one extensive elec-

trical storm passed over the Stillwater ar·ea, and no tornadoes passed 

sufficiently near to be detected. However, enough data was collected to 

convince the writer of the capability of the equipment and to enable him 

to foresee the possibility of much that may be accomplished in future 

seasons. 

Figure 7.16, for example., shows clearly_multiple cloud-to-~ound and 

intra-cloud strokes. In a recent paper, :or:. H. L. Jonesl of the Tornado 

Laboratory includes several of his photographs of lightning strokes, il-

lustrating approximately the same time intervals between strokes. The 

time-correlation of fluxm.eter and probe recordings with photographic 

and/or visual observation will doubtlessly lead to many further contribu

tions from the Tornado Laboratory •. Since these recordings clearly in

dicate lightning strokes both as to ·type and magnitude., it is entire]y 

11. G. Smith, Recent Advances_.!!! Atmospheric Electricity, Proceedings 
of the Second Conference on Atmospheric Electricity.held in Portsmouth, 
N. H., May 20-23, 1958., (New York, 1958) PP• 543-556. 
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possible that differentiation between strokes preceded by alpha- and beta

type stepped leaders may be accomplished. Further, time-correlation be

tween these recordings and film recordings of sferic waveforms may yield 

much information in propagation studies. 

Suggestions for Further Researches 

In summation, the writer hopes that the initiation of field intensity 

studies at the Tornado Laboratory, combined.with the other research fa

cilities there, will lead to fruitful avenues of further researches. 

For example, if the electric field of a nearby tornado could be re

corded, much hitherto unknown knowledge as to its electric activity would 

be revealed. 

Further, correlation of sferic waveforms, visual and/ or photographic 

observations, and qausi-static field intensity recordings will doubtlessly 

lead to a much more elegant understanding of atmospheric electric 

phenomena. 

Conclusion 

The writer finds excellent agreement between theory and observation 

'of the results of the equipment developed during the course of this study. 

While, like most investigations, this one is far from complete, much 

progress has been made which, it is hoped, will pave the W.!l.Y for further 

progress in this most fascinating field of atmospheric electricity. 
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