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PR£FACE 

The study of lightning and of its association with electromagnetic 

signals has been actively pursued for many years. .It has become well 

known that the signals generated by the changing charges can be useful, 

such as for investigating radio propagation paths. 

Under the direction of Dr. H. L. Jones• research has been carried 

out ;at Oklahoma State University to develop a methe>d of Q.Sing the 

signals from lightning• called atmo~pherics or sferics • to identify 

and track severe storJDS, especiaJ.ly those. w'tlich contain tornadoes. 

During the early years of his work, Dr, Jones established an 

apparent relationship between the type of lightning present during a 

severe storm and the severity c;,f the storm. 

It was the intentiop of .the work undertaken for this thesis to 

help establish an identification technique which wo1.1ld asi;ociate thE:! 

type of lightning with the waveform of the. :r-ecorde<;i sferic. The 

equipment developed and the anaJ;yses made have in<;iicated the direction 

which must be taken to fulfill the requirE:!ment$. · 

This work was carried out under the direction of• and with much 

assistance from• Dr. H. L. Jones. Mr. J • c. Hamilton and Mr. R. L. 

Caswell, both project engineers and graduate students at Oklahoma State 

Univer$ity, did excellent jobs of designing the Waveform Discriminator 

and the Periscope Camera, respectively. W,i.thout the guidance of 

Dr. Jones and the assistc;mce of Mr. Hamilton and Mr. Caswell, th.is 

iii 



thesi, woul4 not have been possible. 

A special werd of thanks is due Dr, w. ~. H~ghes for his suggestions 

and assistance on the anal1sis of the dJta, Hy thanks also go to 

Dr. H, E. Harrington. Professor P. A. McGoJ.lum• and Professor J. I!;\, 

Hoffman for the!r aid anc;l encouragelllE!nt • and to Mrs. Barb4ra Adams for 

typing the manuscript• 

iv 



TABLE OF CO~TENT$. 

Chapte:r Page 

I, INTRODUCTION • • • • • • • , • • , • • • • • • • • • . • • • • • l 

II• EXAMINATION .Qf PREVIOUS. RESULTS• • • • • • • • • • • • • •. 1 3 

Physical Prqcess • • • • • , •. , • • • , • • • • • • • , 3 
Sf,ric Wavef0rm Stu4ies •• , , ••••••••• • • • a 
L~ghtnini and Severe StQX'~ ••• • • , , •• • • ••• ll 

I:U, PISCUl:,SION OF EQUIPMENT 1 , ,. , • • • • • • , • · • • • • • • • 14 

IV• PRESENTA'UON AND DISCUSSION OF PA+A• , • • • • • • • • • • • 30 

General • • • , • • • • • t • • • • • • • • • • , • , • 30 
Fla,Ji Numb!!r l, • • • , ,. • • , , , • • • , • • • , , , 3l. 
Flash Number 2, • • • , • • • • i • • • • , • • • • • • 34 
Flash N\lmber 3, • • • . • · • , , • • • • • , • , • · • , • , 39 
Fla$h Number lf, • • • • , • , , , • .. • • • • • • •, , • 41 
Flash Numl>er 5, · • • • • • • • ; • • • • • • . • • , • • • 43 
Flc1$hes Numbe~ 6 • 7 • and s. • • • • , ,· •. • • • , • • • 1.1-3 
Fl~qes Number 9 and +O • • • • . • • • • , • • • • • • • 46 
Flash Number 11 • . , , , • , • , • , , • • • • • • • • • 46 
F;J..a,sh Nu"1be,:, l;? • • , , , • • • • • • • • • • • , •. ~ , 52 
Flash Number 13 , •. f • • • • • • • • • • • • • • , 55 
Flash . Nl,\mber l4 , . • • •. • • • • , , • • • , . • • • , • • . • 5 5 
Conc;lusiQrls , • • • • • , • • · • • • • , • • , , • • • , &O 

V. ·CONCLUSIONS, • • • • • • , • ••• , • , • , , • , • • • • , 6l 

VI, RECOMM£ND4TIONS, • • • • • • • • • • • • . . . .. ' • • • 613 

A Sl:X..ECTEI) BJ;~LIOGRAJ>HY. • • • • • • • • • • • • • • • • • • • • 71 



Table 

I., 

LIST or TABLI;S 

Antenn.a Imped,ance Measurement$ • • • • • • • • . , • • • • 

Page 

20 

Ill. Dominant Frequ,eneies of Wavef OrJII$. • • • • • • • , • • • • • 6 ti. 

vi 



LIST OF ILLUSTRATIONS 

Figure Page 

System l3lock Oiagram • • , . ·. ' . . .. . . .. :' . . . . . . •... ·• ... : . . .. 14 

3. 2, J?eriscope-Camex-a SyJ~em, • • •. . • • , • •. , , • • .. , • • • • • 16 

3, 3. Frequency Re$pozu~e of Wavefol!m .f\mplS.fier • • • • • • • • • • 23 

Amplifier P\ilse Response~ • • • • . . .. ~ .. . .. • • •• 2S 

3. 5, Triangular ~lse Response, • · • • • • . • , • • . , · .. • • • • • • •· 26 

a.~. Typical Wavefortn1$, ~ • • •.•• ~ · •••••••• · •• • •• • 27 

4, l, Cloud-to-..Ground Strokes c;md Waveforms. , • • i • • • • • • • 32 

4. 2 * .Cloud•to-Ground Flash. • , • • • • • • • • , • • • • • . • • • 35 

4, 3, Cloud-to-Ground Waveforms. , •• • • , ••••••••• , • 37 

41 4, Cloud.-to-Groupd Wavet<>rms. · • , • , • • • • • 1 • • , • • • ~ 38 

4, 5. Clot,.d•to•Gt'ound Flash. , 1 • • • 1 1 • , • 1 • . • • • • , • • 40 

4, 6 1 · Cloud ... to.-Gro\Dld Flash. • • • • • • • •• • • • • • • • • • • 
Cloud..,.to"'Ground Flash ••• . . . ~ . -. . . .. . , . ' .. . . . • • 

Th~e Cloud-to,-,Ground Flashes• •.• • • • • . ' . . • • • • 

42. 

44 

45 

4, 9, Two Cloud-to,..Ground F;t.ashes. • • • _ • • • .-. , • • • , • • • • 47 

4, 10 • Cloud-to-Ground Flash• , , . • . ~ • • , ·., , • , • , , • • • • t 48 · 

Waveforll)S for Cloud~t~Ground Fla$h 1 • • . •· . . •· . . • • • 49 

4~12. · Waveforms fox- Cloud-to-.Ground Flash. • • • • • • • • • • • • 50 

4.13. Cloud"l"~o-C,J.oud Flash • •• • ' • • • • • • • • • • • • • • • • 53 

1,1..,14, Cloud-to-Cloud Flash • • • .. • • • • • • • • • • • • • • • • 54 

4,15, Cloud-t o ... Ground Flash. • • • • • • • • • ·• • • ' • • • • • • 56 



Page· 

. . . 

4• 16 • Waveforms for C~oud.,.1;0-Gro\1114 Flm;h. • • • • • • • • • • • • 57 

4• l 7 • . Waveforms for. Cloud ... to•GrOl,Uld Flash.- · • • • · • • ·· • • • • • • • • · 58 

Cloud•t°""Cloud Flash. • • • • • • • • • • • • • . ' . . • • 59 

· Fou:rier Spectx,a. • • • • • • • • .• t • • • • • • • • • • 66 

viii 



CHAPTER I 

INTRODUCTION 

One of the most important research projects at t,his University 

during the past fifteen years has been the study of atmospherics and 

their relation to severe stormso 

Although much has been accomplished, as with any project of this 

type 9 each new answer raises mal')y new questions o The over-all purpose 

of the project discussed in this thesis was to begin a thorough 

investigation of some of the particular electromagnetic field changes, 

or sferics, which were a.ssociated with known types of lightning flashes o 

As a first step, it was necessary to obtain an understanding of 

the physical process of the lightning discharge o A literature survey 

led to the realization that a substantial amount has been written on 

the lightning discharge without furnishing a complete picture. Many 

of the details of charge separation, distribution, and recombination 

are still subject to much speculation. In spite of this situation, a 

complete-enough picture was obtained to provide a basis for planning 

the research program. 

The instrumentation for the study was a combination of existing 

equipment and equipment which had to be designed and built. The basic 

existing equipments were a Q~3 sferics detection unit and a 150-kilocycle 

direction-finder unit which have been in operation at the Atmospherics 

Laboratory for some time. The equipment which had to be designed and 
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built eonsisted of two principtlll ~its o _ One was tbe feJPis~ope .. camera 

Qnit · which provi(led the impoJ>tant function of photographing the actual 

lightning flashes in a manner which made it possible to separate the 

indiv.j.dual stx,okes i1' each lightning flash, · /., second piece of basic 

equipment which proved extremely useful was the Waveform Discriminatoro 

This u,nit made it possible to separate the s~gnals of primary interest 

from the many s_ignals that normally obscu;t>e them. A full explanatiot) 

of these eciuipments is given in the third chapter, 

A rec;ording technique was developed whicq provides a photographic 

~cord e>f the lightni.ng stx,okes and a record of sferic waveforms and 

directional-:-indic;:ating pips genexiated by the st:rokeso A time-sign.al 

gene'fator of the crystal-control~ed oscillator type was used to produce 

time signals on the film records to p:t"ovide an apourate method of film 

coordination, Usin~ the system deveioped• the times on the two-film 

systems can be coordinated te> within Pne millisecond in most cases. 

The data presentation and ana:;Lysis of the waveforms in a general 

manner ~ discussed. iri the fourth chapter, while in Chapter V there is 

a discussion of attempts to pe:rfe>~ a spect~m analysis an(}. of tlle 

difficulties which were discovered. 

Toe procedures wh.j.c;:h must be f9llowe<i in order to obtain the dat!ll 

in a fo~ which can be used to arx-iv~ at a complete analysis are 

discussed in the final ch~ptero 

' 
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CHAPTER II 

EXAMINATION OF PREVlOUS RESULTS 

Physical Process 

Li~tlling i1,:1 such a spectacular and impre&Jsive event that it is 

not surprising that it has been tlte object of scientific inte:rest and 

study for many years, Since the time Frankiin proposed the expet'il!lents 

which estal>lished the electrical nature of lightning, the investigations 

have been many and varied. Various workers have tried to determine 

the sources of the chaX'ges involved, the proce1;1ses WQ,ich sepaJ;'ate the 

charges, and the processes of recombination of the charges. Ma.py 

studies have contributed to the information known on eacl'J, of the 

topics I but none· of thfi)m ~s thought to be ;fully q.nq.erstood, Of most 

importiance to this st\ldy has been the 1.$...t;erature on the 4ischarge 

process itself. 

One aspect which has x-eceived a large share of interest has been 

the electromagnetic waves generated by the li~tning stroke and its 

associated charge movements. One approach to the study of the 

electro~agnetic waves, which are commonly called atmospherics or sferics, 

has been to investigate.the relationship of these sferics to the 

break;down-discharge process as recorded photographically, 

Some of the mo$t thorough. photographic studies of lightning were 

started in the early l930's. These studies were carried out in South 



Afri~a by B. F. J. Schon land . and his asspcic;1.tes and we~ reported. in a 

series of papers.1•2 • 3 • 4 • 5 •6 By using a camera designed by c. v1 Boys, 

high ... speed photography w~ utilized. to study lightning from the initial 
. . 

breakdown of the air to the final r,etum stroke• Th,e first of these 

stu.dies w-•s limited to the parts of the process which result in emiss.i,on 

c,f eno1,1gh visible light to expose the film. Ft;lom this start• the·. first 

detailed theories were fol'111Q-lated to describe the compiete i.i..ghtning 

process. 

In the first of the ~-forie.,.mentic.:mett papers, the authors. descril)ed 

the stepped leader and the retum stroke. Theil' phot.ographs were the 

first to show the visible light; emitted from a breakd~ process wl).ich 

progressed from t.he cloud to the ground in a series of· discrete steps. 

Pictuns of twenty lightning flashes were examined t;o determine that the 

. 1 B. F. J. Schonland end l:l. Collens, .. Progressive Lightning,'' Proc. 
!2£.~ $oc. 2£.~• Vol. 143, Series A, Febt1uary, 1934 1 PP• 554,..574. 1 

' . . . 

. 2 B. F. J. Sc:it~onland, D. J. Mjilan~ ~d H. Collens, "Progi,essive 
Lightning, Il, '' . Ppoc::: ,;,f. Ro;y. Soc. of Lon• , Vol, 152, Series A, November, 
193~ 1 PP• 595 ... 625. .I - . . - """""" -

3 D. J. Malan and H1 Collens, "Progressive Lightning, III-~The Fine 
Structure of Re~upn Ligl1:t;11ing Strokes," Proc. ££ !st;. $oc. ~ Lon., Vol. 
162, Series A, September, 1937, PP• 175 .. 203, · . 

4 :e. F. J. Schon land• "Progres~d ve Lightning, IV--The Dis chal'ge 
Mechallism," Proc. ,s!. ~ Soc •.. s!, Lon., Volume ;J..64 1 Se:rie1;i A, January, 
l93B, PP• 132"'!'150. · 

5 B. F~ J. Schonland, D. B. Hodges, and H. Collens, "Progressive 
Liglitning, v-~A Comparison of PhotograpijiC alld Ele~trical Studies of the 
Discharge Process," Proc • .2£.~Soe. £!.~• Vol, 200, Series A, 
October, 19~8, PP• 56-'7'5. . 

6 :S • F • J ~ Schonland, "The Pilot Stre~r in J;,ightning and tll$ Long 
Spark," Ppoc • .2£. Ro:z. Soc; • .2£. Lon., Vol. ~20, SeI1ies A, October, 1953, 
PP• 25·38. · · · · · · 



lengths of tn.e steps were fI'om 25 meters to 112 meters I with a mean 

length of 54 meters. After the stepped leadeX' reaches the_ ground, 

thell'e is '1:l. large suX'ge of current travelin,g from the gro~d up to the 

cloud. The intense luminosi~y generated by the upward current is what 

is visible to the o:rdinary al:n:fe,:iver wllEm he sees lightning. The name 

given to this upward-traveling su~ge was the return stroke. 

In the second paper of the series, the authors went into more 

detail ai the velocities and durations· of the components of the 

lightning flashes. A study of 9 5 lightning flashes composed of 200 

strokes was made to determine that each flash was composed of from one 

to 27 strokes. The strokes of a given flash varied in time separation 

f,:,om O.() milliseconds to 530 millise9onds. tn th.is context a stroke 

is a return stx-oke I and all of the strokes making up a flash follow 

the same path in space, either_ completely or partiallyq 

5 

The stepped le~der was found to occur always befoI'e the first 

stroke of a flasb. The average length of each step was about 50 meters. 
. . . . . . . . 

The pause between steps was on the · order of 100 microseconds, while the 

velocity dete?'lllined for each step was on the order of S x 109 cm./sec. 

Many r;,f the stepped .. leader processes exhibited branching, where the 

pranches either ended in space or went to ground separately f?'om the 

main part~ 

The details of the. retunl stroke were given in the third paper of 

the series. The return strokes were found to differ from each other i-n 

some respects. Usually the first return $troke had :branches corresponding 

to the l;>ranohes of the stepped leader. The following Jteturn strokes of 

a sequenc~ often follow the sam119 path as the fir1;1t return stroke without 

the branches; however, many times they only followed a portion of the 
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original path it 1;he remaindeI' being different. Most often the changed 

path of the return stx,oke was thro_ugh what bad been one of the l):i:,anches 

of the original stroke. 

The luminosity of the return strokes was observed to travel from 

the ground up to the cloud. The individual return st;rokes were found 

to be made up of pulses, or surges, apparently one for each branch of 

the stepped leader. The velocity of the luminous front w~ most often 

about 3.5 x 109 cm./sec. 

Although the first return stroke of a flasll w~ the only one which 

was preceded by a stepped-leader breakdown process, each of tl\e sue .. 

ceeding return strokes of the same flash was preceded by a phenomenon 

called the dart leader. The da;rt leader was very dim, as was the 

stepped leader, but constituted a breakdc;,wn of the pirth in one continuQus 

acrtion rather than in steps. The velocity determined for the dart 

leader was a.Qout 2 x 108 cm./sec 0 

After the initial photographic studies, Schonland supplemented his 

wo,;-k with an investigation of the electrc;>static:: field changes recorded 

at the time of a lightning flash. These studies were discussed in the 

f~ftb paper of the series. The electrostatic field mea$urements gave 

total time durations of the stepped .. leader process of from 240 micro,-

seconds to 3,000 microseconds. Corresponding times m~asu~ed from 

ph9tographs of the flashes were 170_ microse-conds to 1,900 microseconds. _ 

The differences in the results were attributed to the hiding of -- the 

iilitial part of the path by clouds in the lightning photographs, 

An author who surveyed the literature 7 found that the times 

7 J. D, Craggs and J • M. Meek, Electrical Breakdown of Ga5es, 
... - - - . 

(Lqndon, 1953), P• 246. 



reco:rded fQr the current in the return stroke to reach a peak varied 

from l to 19 micX'oseconds t while the. ave;,.age value was ab9ut 6 micro-

seconds. From 7 to 115 micrQSeconds was the range given for the 

cu:rrent to fall to half of the peak value• with the aveX'age time being 

about 2~ microseconds o 

After studying bis original work• Schonland developed a theory in 

which he postulated the existence of a weakly-ionized pilot leader. 8 

It was su_ggested that this pilot leader p:recedes the stepped leader 

7 

and is• in fact• a continuous 9 slower-moving discharge which the stepped 

leader overtakes periodically. 

Whereas the preceding discussion offers an interesting explanation 

of the phot_ographic;: evidence• theN are some .parts of the physical 

processes that remain rather vague and incomplete. One of the more 

recent investigaticms has offered another explanation of the breakdown, 

or stepped.-leader, proce$s,9 This pl!'estrike theory desc;r,ibes the 

initial leader and the fo~m of the ionized region in terms of the 

c;:ritical gradient of the air. Calculations are given which support 

the suggestion that the ionized path to ground is an advancing, pestle~ 

shaped region whose diameteI' can be in the order of 20 meters. . The 

description given does not alter the fact that the process is a stepped 

one, but rather it offers a more easily accepted explanation for the 

process, 

8 B. F. J. Schon land, "The Pilot Streamer in Lightning and the 
Long Spark," ProF~ .2£. Roy1• ~oc. !:!,. ~· Vol. 220, Series A, October, 
1953, PP• i5~3s. · 

9 s. Bo Griscomb, "The PJ;'estrike Theory and Other Effects in the 
Lighting $troke," A,I.EoEo Transactions, Vol. 77, Pt. III, 1958, PP• 
919-933. 



Sferic Waveform Studies 

The sferics • as the elect?1omagnetic waves from lightning are 

called, have l>een observed both usefully and as a nuisance for as long 

as we have had electron;i.c comm~ication systems. These sferics are 

obse:r;,ved on :radio and wix-eless telegraphy systems as noise or static. 

The useful aspects of sferics have been the study of the propagation 

of electromagnetic waves and the location of distant thunderstorms. 10 

Several countries have used networks of direction-.finding antennas 

to locate and ~cord the position of thunderstorms, which may be 

thousands of miles away. Descriptions of these networks can be found 

in the literature. 11 . Basically, most of the systems amplify signals 

received on crossed-loop antennas and apply them to the deflection 

plates of a cathode-ray oscilloscope, 

Propagation of the ve:ey=low ... frequency waves has been st1,1died by 

many wor)cers using sferics, 12 but since this subject is not of direct 

inte:rest in thb thesis• it will not l:>e .-eviewed hex-a. 

At various times different investigators have been concerned 

with studying the spectra of the waveforms of the sferics. Although 

much information has been obtained from these studies• there is much 

that remains to be done in order to complete the analysb. 

16 Harold Norinder, "Long Distance Location of ThunderstOPms," 
Thqnderstorm Electricity P ed, a. Ro Byers (Chicago, 1953), pp. 27(;~ 
32,.7. . . . . 

11 Ibid,, p, 3080 

12 Ko G. Budden, "The Propagation of a Radio Atmospheric," Phil. 
Mag., Vol. 42, 1951 <a>. PP• 1~19. 
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Much of the spectral-analysis work has been confined to relatively 

small sections of the spect:rµm. A p;roject of the National Bureau of 

Standards was directed at obtaining the spectral analysis of sferics 

arriving from distances between 165 kilometers and 620 kilometerso~ 3 

Tq.e portion of the spectI'Um determined was from 1.000 Cop~s. to '+0 1000 

c.p.so Sferic waveforms were recorded using amplifiers having an 

amplitude response which was 3 db down at 1 1000 CopoSo and at 100 

kilocycl,.es per second and having linear-.phase response in the pass 

band. The spectra were calculated at intervals of l kilocycle per 

second using a digital computer programmed. to evaluate the Fourier 

integJ>al 

where 

and 

't' 

F (f) = J G (t) e·j 2,r. ft dt 
0 

G Ct) = O t < 0 -

G Ct) = o t > 't • 

The sferie$ analyzed were assumed to have been generated by cloud ... to• 

9 

ground str'*es if the directional pips, which· were recorde¢l simultaneously, 

did not exhibit any elliptieityo This assumption about el,iiptieity was 

based on the reasoning that a cloud-to-ground stroke will produce a 

l3 Ao Go Jean and Wo Lo Taylor, ''Very-Low•Frequency Radiation 
Spectra of Lightning Discharges.'' Jouro _2!!!!.:.,2!the N.B.So, Vol. 63D, 
No. 2, September-October, 1959, pp. 199-20'+. · · · · 
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vertically•pola;t"ized wave II while a cloud ... to .. cloud stroke will produce 

a wave having a considerable component which is horizontally pol~ized. 

A repoI't: has been pub~ished 14 on s~ recent work which involved 

measurements made at frequencies petween 400 megacycles per second and 

1,000 megacycles per secondo This invest.igatipn was made using a 

n,rr~band-pass I lo 5 megacycles• receiver tuned at various frequencies 

in the band of intex,est o The frequencies discussed were 420 and 850 

megacycles per second, with similar results obtained at both frequencies. 

The authors found that the signals received appeared to be generated 

most often by the stepped leaders and daI't leaders. In some cases 

they received signals which were apparently_ generated by the return 

strokes I but these were usually found to occur from 60 to 100 micro-

seconds after the staI't of the return strokeo ElectI'ostatic field 

measu:rements were used to determine the times of the various components 

of the strokes, thus providing the basis for decidi~g the generating 

process of the h_igh"'frequency sferico 

A related study has been made using the spectra of sferics as a 

means of determining propagation- attenuation characteristics as a 

function of distance. l5 • 16 Data taken at recording stations as far as 

14 Mo Brook and Kitagawa, "Radiation from Lightning Discharges in 
the F~quency Range 400 to 1 1000 Mc/S ," Jouro 2£. Ge5?Pho Res., Volo 69, 
No. 12 • June 15 • 1964 • pp. 2431-2434. · · · -

15 William t. Taylor and L0 Jerome L~ge, "Some Characteristics 
of VLF Propagation Using Atmospheric Waveforms•" Recent Advances in 
AtmospheI'ic Electricit~, ed 0 Lo G. S1IQ.th (PeI'gamon fiI'ess 1 1958) • pp~ 
609-617.. . 

16 William L. Taylor, "Daytime Attenuation Rates in the Very .. Low- . 
frequency l3and Using Atm0$pherics ," Jour. ,2! ~ £!. ~ _N ....... B.., .... s...,o • Vol. 64D, 
No. 4, July-August, 1960, PP• 349.3550 · 
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6 9500 kilometers and as close as 1.200 kilometers were analyzed by using 

a Fourier integral. The spectra from 1.000 to 75,000 cycles per second 

were compared to determine the attenuation characteristics of the 

atmosphere. 

Lightning and Severe Storms 

lnvestigations carried out at Oklahoma State University have 

been directed toward determining the association of l.ightning and severe 

thunderstorms, especially those that develop tornadoes. Early in his 

work, 17 Jones found a strong increase in lightning activity in the 

storm cells containing tornado funnels. From cathode-ray oscilloscope 

presentations, it was noted that there were strong increases in the 

number of sferic waveforms containing higher than normal frequencies. 

Some wavefo:rm analyses of these sferics indicated the value of the 

high-frequency content was in the neighborhood of 150 kilocycles per 

second. 18 

Based on the results of these· early studies, the decision was made 

to design and build equipment which was especially sensitive to the 

higher frequencies.19,20 

17 H. L. Jones and P. N. Hess, "Identification of Tornadoes by 
Observation of Wavefox-rn Atmospherics.'' Proc • .£!. I .R.E., Vol. 40, No. 9, 
September, 1952, PP• 1049-1052. · 

l8 Joe Pat Lindsay• "An Analysis of the Sferic Waveform" (unpub. 
Master's Thesis 9 Oklahoma State University, 1954). 

19 H. B. Ferguson 9 "Tornado Tracking by High-Frequency Sferics" 
(unpub. Ph.D. dissertation, Oklahoma State University, 1956). 

zo Ruben D. Kelly, "Development of Electronic Equipment for Tornado 
Detection and Tracking" (unpub. Ph.D. dissertation, Oklahoma State 
University, 1957). 
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One of these systems which proved to be of partioular value was 

the HeF,D,F, or High-Frequency Direction Finder. This eq~ipment 

followed the basic design, used fo1:1 many years, of applying the signals 

from crossed-loop antennas to the deflection plates of a cathode-ray 

oscilloscope, The new featu:re was the us«;1 of narrow-band amplifiers, 

tuned to 150 kilocycles per second, in the circuits. Usi~g this new 

direction finder, studies were conducted to determine the possi.l;>ility 

· of a correlation between the severity of the thunderstorm and the 

rapidity of repetition of the high ... freq-gency sferics. 

Such a correlation was strongly indicated during the time of the 

disastrous tornado which heavily dam.aged Blackwell, Oklahoma, and 

Udall, Kansas. 21 During and before this storm, Jones was operating 

the equipment discussed above. It was verified that there was a 

significant increase in the activity of the H.F .D.F o during the time 

· the funnel was known to be in existence. At the same time it was · 

observed that there was a dec:rease in the activity of a standard 

direction finder tuned at the lower frequency of 10 kilocycles per 

second. 

The results of the above experiments led to the problem of finding 

the sol,lrce of the high-frequency sfe:riics and, if they are generated by 

a particu~a:ri type of lightning, associating that type with the severe 

thunderstorms. 

21 H. L. Jones, "The Identification of Lightning Discbarges by 
Sferic Characteristics , " Recent Advances !!!. Atmospheric Electricity• 
ed. L. G. Smith (Pergamon Press, 1958), pp. 543-556. · 



It has been postulated22 that there exists a process 9 unique to 

the Ve'f!'J heavy thunderstorms and tprnadoes, whicb produces the par-

ticular type of lightning which generates a preponderance of the high"" 

freql.!,ency components. This process has been named the "Tornado Pulse 

Generator" by Jones, as su.ggested informally by R. Holzer of the 

University of California at Los Angeles. 

13 

22 Ho Lo Jones and Ro Lo Calkins, "The Tprnado Pulse Gene:riator as 
the Criteria for the Definition of the Severe Storm," Proc. of the Third .. ..,.. ...... 
Conference .s, Severe Storms, University of Illinois, November, 1963. 



CHAPTER III 

DISCUSSION OF EQUIPMENT 

This section includes a description of the over-all equipment 

system, the component subsystems• and an analysis of the waveform-

recording subsysternq 

The general purpose of the equipment used was to provide a means 

of simultaneously recordi~g both the waveforms for sferics generated 

by nearby lightning strokes and. the photographs of these strokes. An 

obvious problem was to include suitable timin~ indica"l:ions on the 

recording films to permit proper coordination between the two recording 

carnera:so 

An over-all block diagram of the system is shown in Figure 3.1~ 

Whip 
Antenna Cathode 

Follow r Amplifielt 
Delay __:._I 
Line 

i.......c.~;...;;;.----1 

Photo-
. multiplier 

Circuit 

{s Camera 

Trigger 
-CiJ;>~ui t 

. Timing 
Circuit 

Figure 3.l. System Block Diagram 
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A very convenient piece of equipment was developed by a co-worker 

for accomplishing the photographic requirement of thb pr·oject. 1 The 

principal component is an adapted surplus guns_ight ·periscope. The 

periscope was mounted through the roof of the Atmospherics ~aboratory 

at Oklahoma State University. By using a special lens, a system of 

mirrors, and a beam-splitting prism, the camera was made to see both 

15 

the view 9f the sky through the periscope and the data panel. The data 

panel is used to record azimuth, elevation, and time information• The 

azimuth and elevation of the center of the field of view is recorded 

by using selsyns to drive indicating dials. Timing is recorded by 

using a combination of flashing neon bulbs and a digital clock. The 

neon bulbs indicate the whole , tenth, and hundredth seconds. The clock 

face is illuminated every six seconds by a flash bulb, as are the 

azimuth and elevation dials. 

A picture of the periscope camera is shown in Figure 3.2. The 

field of view of the periscope ;s about 40°. A bull's-eye-type reticule 

is illuminated by the lightning stroke being phot9graphed and is 

necessary in determining the exact time of the stroJce. 

Closely associated with the periscope camera is the device used · 

to selectively trigger the waveform circuit. When a storm front is in 

the vicinity of the laboratory, there are often many active storm 

cells, ea ell· of which is the source of many lightning flashes. During 

any moderate-to-strong storm, the rapidity of lightning flashes from 

all directions is usually enough to provide so many waveforms that it 

1 R. L. Caswell, "Development of a High-Speed Lightning Camera" 
(unpub. Master's Thesis, Oklahoma State University, 1963). 
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Figure 3.2 . Periscope-Camera System 



is impossible to distinguish one from anothero At least this is the 

case when the sferic amplitµde alone is used to trigger the waveform 
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circuit, To eliminate· this unfortunate situation 9 a system was designed 

and built to trigger the waveform circuit with a pulse derived from the 

light of the l_ightning st;r;ooke. This system was des.igned and built by 

another co-worker on the project 4 4 

The Waveform Discriminator, as the equipment mentioned in the 
. . 

preceding par_agrapb is ca,lled, ~ses the l.ight emitted from the lightning 

stroke to generate a voltage pulse in a photomultiplier-tube circu.it o 

The resulting pulse i$ used to tri_gger tbe wave;form circ:ui t, thus dis

playing only the wavefor~ which result when _the particular stroke 

occurs. Obvious'l,y some delaf line is needed ln the waveform circuitry, 

since the light and the electromagnetic waves travel at much the same 

speed and since it takes a: ~inite amount; .of time to generate the voltage 

pulse from the light eneI'gy. The long q.elay, 250 mic,:,oseconds, also 

provides the opportunity to recqrd some of the waveform which might be 

generated before the luminosity is great enough to operate the pulse-

t;rigger circuit. 

The field of view of the. photomultiplier tube was designed to be 

essentially the same as that of the periscope camera, In order to 

have the same area visi~le to both systems, the photomultiplier tul;,e 

was mounted on a brac~et attacllei;l to the periscope. 

The discriminator accomplishes the purpose for which it was 

2 J. c. Hamilton, "An Ini,trument for Detecting Sferics from Visible 
Lightning Discharges" (unpub. Master's Thesis, Oklahoma State 
University, 1962). · 
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designed satisfactori,ly. One improvement that would be useful• however, 

is · a system which would allow recording of even more of the waveforms 

generatedbefore -the br~ght retu:rn stroke occurs. The waveforms now 

recorded using thiis · system are limited to 250 microseconds of the signal 

from the stepped-leader process and 250 microseconds of the signal from 

the retum stl'Oke. These 250 microseconds may represent a small 

fraction of t}le total time of the stepped-leader px,ocess. 

To be able to asceX'tabl the spectrum of the electromagnetic field 

at the antenna. it is necessa:ry to know the amplitude and pliase response 

of the total waveform system, from the antenna to the output of the 

final amplifier. If this system response is known~ it should be possil>le 

to determine the input. spectrum fro~ the output waveform. 

An analysis of the whip antenna used in this project has been 

carried out. The antennp is twelve. feet high and is mounted above a 

good ground plane• which b made of a square of chicken wire about 40 

feet on a side with ground rods in the corners and at.the center. 

The first step in the analysis was to determine the terminal 

radiation rfsbtance of the antenna. Since the antenna is located 

over a good ground plane 9 it was copsidered in tl;le same manner as a 

center-fed dipole in free space• with the t.otal length of the dipole 

being 7~~2 meters. 

The method used to find the radiation resistance of an elemental 

dipole is discussed in standard textbooks. 3 The usual procedure is 

to assume a current dist?'U,ution, calculate the E and H fieldi;;, and use 

3 RobeX't Plaisey and Robert E. Collin, Princ.j.ples and Applications 
::!. Electromasretic .Fields (McGraw-Hill 9 New Yorlc', 1961)9 pp~ 39~-1396. 



them to compute the Poynting vector.· This vector gives the direction 

and amplitude of the power,,.flow den:;;ity. Integrati?g over a sphere 

containing the dipole. gives the average power radiated, The radiation 

resistance is the equivalent resistance which would dissipate the same 
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power with the. given current. In the case of a short dipole, L < A/20, 

whe·re L is the length Qf one side of the dipole an.d A is the wavelength, 

it has been shown that the current distribution to be assumed is ~ 

triang1,1lar distribution wi,th maximum in the center and zero at each 

end of the dipole. Using this as$umption leads to a formula for the 

radiation resistance 

. R, 2 
Rr· = 197 .s ( ;... ) 
. . A • (3.l) 

where R. is the total length of 1;:he dipole• 4 Application of the above 

formula led to the following values for the whip antenna used and the 

frequencies indicated: 

f'REQUE~CY (C.P,S,l Rx, (OHMS) 

102 l,18 X 10""9 

103 l.18 x 10.-1 

104 1.1e x 10"'5 

105 l,18 x 10- 3 

106 l.lB x 10- 1 

Since the largest of thes.e values is only 0-llB ohms, it is apparent 

that• for the frequencies of interest, the ?'adiation resistance is an 

4 R. G, Brown• Re Ae Sharpe, and W • Lo Hughes, Lines, Waves, and 
.. , ........... 

Antennas (New York• 1961), PP• 210...;212. 



insi~ificant part of the aptenna i1J1Pedance, F\lrther diso1,1ssion will 

bear out this cpnclusion. 

The next step was to determine the terminal impedance of the 

antenna. This was done experimentally• then checked theoretically. 

The measurements all indicated a capacitive impedance, The following 

table lists the results of measurements made with three sets of 

equipment. The Group A measurements were made using a GR 1330-A 

Bridge Oscillator• a GR 1606..:,A R-F Bridge• and a BC 348 .. H Receiver. 

The Group B measurements were made using the same oscillator and 

bridge• but with a GR 1212-A N~ll Detector instead of the receiver. 
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The Group C measurements were made using a H.P. 200 AB Audio Oscillator, 

a GR 1603-A Z-Y BX'i_dge 1 and a H.P. 400-D v.T.V,M. This last set of 

measurements covered the lower frequencies• 

TABLE I 

ANTENNA IMPEDANCE MEASUREMENTS 

CAPACITY (µµf) 
FREQUENCY .A B c 

··-"'"""' -
l MC 60,7 

900 KC ·60, 7 
800 KC . so. 7 
700 ·KC 61 
600 l<C 61 
500 KC . 62 • 4 61.4 
400 KC 62.4 61.4 
300 KC 62,4 61,4 
200 KC 62,4 61.5 
100 KC 63,6 

30 KC 65.3 
·29 KC 66,9 
10 KC 65,3 

5 KC 56. 7 ... 53, 7 
2 KC 79,6 .. 92,3 
;I. KC 66,9 

500 C 60,5 
200 C 79,6 



A separate measurement was ma~e to determine the capacitance of 

the lead wires• without the ant~nna. The measured value of this 

capacitance was 9.5 µµf·. 

A mathematical determination of the capacitance was accomplished 

using a published equation. 5 The equation chosen was developed to 

give the capacitance of a vertical wire above a_ ground plane and is 

given as 
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7.36 m 
C = --"-"".!2!'1"m'""· -- 1,.1µf • (3.2) 

l_oglO T,. k 

where m is the length of the vertical wire• in feet; d is the diameter 

of the wire, in feet; and k is a constant which is dependent upon the 

ratio of the height of the bottom of the antenna, h' • to the length of 

the antenna. Calculations made using Equation 3.2 for the antenna with 

the constants, m = 12 feet, d = 1/49 foot, h' = l foot• pnd k = O. 356, 

gave a capacitance of 42. 7 1,.1µf. .A similar calculation letting 

o' = 1/4 foot resulted.in a·capacitanee of 43,71,.11,.1f, The second 

calculation was made because the physical configuration of the antenna 

made it very difficult to determine the actual height of the base of 

the antenna. Obviously, it makes very little difference in the 

calculated value of capacitance. 

Since the data from measurement~ made between 100 KC and l MC we:r~ 

the most consistent and since the data from the lower-frequency 

5 Frederick W • Grover, "Methods • Formulas , and Tables for the 
Calculations of Antenna Capacity," £:._ ~ :aureau !:!... Staildards Scientific 
Paper, Vol. 22, No. 568, 1927-1928. · ·· · 



measurements show indications of agreement• it seems reasonable to 

assume the impedance of the antenna is represented by a capacitor of 

about 50 µµfo This figure was obtained by suptracting the meter lead 

capacitance from the total measured capacitance• then rounding off for 

convenience. 

Realizing that neither the calculated values nor the measured 

values are highly accurate • it appears there is good agreement between . . . 

the two. 
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Using the above value of capacitance, the basic impedance function 

is given by substituting into . 

(3.3) 

At a frequency of 100 c.p.s. z100 = -j 32 megonms • while at a frequency 

of ], M.C. Z = •j s.200 ohms. In either case the reactive impedance is 

many o:rders of magnitude larger than the calculated radiation resistance. 

The amplitude response of the antenna cathode follower was 

measured and found to be very flat from 1,000 cycles to l megacycle. 

The low-frequency response dropped off _with a 6 db/octave slope with 

the 3 db point at 160 cycles per second. 

The amplitude response of the waveform amplifier was measured and 

is shown in Figure 3. 3 • The 3 db points are at 700 cycles and 230 

kilocycles• with a very sharp cut-off rate, about 24 db/octave, at the 

high end. The amplifier included a 250-microsecond delay line which 

was used when recording all of the waveforms shown in this thesis. 

In order to further test the response of the waveform amplifiel:', 

both rectangular- and triangular-test pulses were fed into the amplifier; 

and the resulting output pulses recorded. 
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Figure 3o4 shows the output of the waveform amplifier when a 

rectangular pulse was applied at the input~ The picture in the upper, 

left comer is of the input pulse as seen on a Tektronix 502 oscillo-

scope. The time scale is 2 microseconds per division. This sweep 

time is much faster than that used on the oscilloscope displaying the 

output waveform, It can be seen that the 10-microsecond pulse is 

reasonably rectangular with a :r,ise time and a fall time in the neighbo:r,

hood of 1/4 microsecond. The other three photographs show the output 

with various gain settings of the amplifier and using a 500-mic:r,osecond 

sweep. The last two photographs show indications of very high ... f:r,equency 

noise• well above the frequencies present on 1:he sferic wavefol"Ul$. 

If the waveforms shown are compared with the sferic waveforms in 

Figure 3.6 • it will be noticed that the enlargements are essentially 

the same• showing the high frequencies of the sferics to be signifi'cantly . . . . 

less than those shown on these test pulses. The 250-microsecond 

delay line accounts for the pulse appeari.ng in 1;he middle of the 

trace. 

Figure s. 5 is a reproduction of the filmed results of triangula:r, 

pulses applied to the amplifier. The input pulses we;re taken from the 

sweep circuit of a Tektronix 535 osicilloscope. The input pulse of the 

first series shown at the top of the figure had a rise time of 10 

microseconds and a fall time of B microseconds. The input pulse of 

the secon4 series had a rise ti~e of 1 microsecond and a fall time of 

6 microseconds. Again, the amplifier gain was varied to get the various 

amplitudes shown. The input pulses are not shown in this figu~e. 

Figuz,e 3.6 shows a typical group of sferic waveforms chosen to 

point out the fact that many contain the high frequencies, a:r,ound 150 
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Series Number 1 . 10 µ Sec . Rise Time; 8 µ Sec . Fall Time 

Series Number 2 . 1 µ Sec . Rise Time; 6 µ Sec . Fall Time 

Figure 3 . 5. Triangular Pulse Response 
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Approximate Time is 2239:26 

Figure 3.6. Typical Waveforms 



kilocycles• and others do not o The two pictures are continuous with 

time advancing from right to left 9 while the waveform sweep is from 

left to right o Close observation shows numex,ous wavefox,ms with large 

amplitude pulses but no apparent high frequency o The total time 

covered is on the order of 3/10 second, while the approximate absolute 

time is indicated on the figureo 

In order to establish the relationship of the waveforms and the 

photographs of lightning, an accurate timing system had to be usedo 

Such a system was available on the waveform-recording equipment, which 

was originally Ai?' Force Q-3 sferic~detection equipment. The source 
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of the 100-KC standard time signal was a crystal-controlled local oscil

lator which has provJ,si,ons for synchronizad,on with the WWV time signal. 

This 100-KC signal is divided to obtain the pulses which mark the 

seconds and the fractions of seconds and to obtain the 100-cycle signal 

which drives the digital clocks. Since timi.ng systems for both cameras 

are derived from the same source, they indicate the i,iame times; 

provided, of course, the clocks are set the same originally. 

On the camera recording the waveforms, the time is recorded by a 

stroboscopic light exposu:rie of the digital clock every six seconds and 

by the deflection of an extra beam in the cathode-ray tube every second. 

Interpolation is used to determine the time to the nearest millisecond 

with very good resultso As was mentioned earlier, whole, tenths, and 

hundx,edths of seconds are recorded on the periscope-camera film. 

As for recording .the data, both parts of the system are recorded 

on 35 mm tri-x panchromatic film by cameras using open shutters o On 

the periscope camera the duration of each stroke is short enough to 

prevent blurring, except on certain occasions as discussed in the 4ata 
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analysis o For the waveform recording the total sweep time of the waveform 

is 500 microseconds• which_ gives negl_igible distortion by the film 

· movement of 200 inches per minuteo The periscope camera was operated 

at a film speed of 600 inches per minute to provide better separation 

of the component strokes of each flash. 



CHAPTER IV 

PRESENTATION AND DISCUSSION OF DATA 

General 

As mentioned previously, all of the data taken in this study 

were recorded on 35 mm film. Most of the data analysis is done by 

viewing the film in microfilm viewers; but, of course, photographic 

enlargements had to be made fo~ this presentation. It should be 

recognized that some of the detail observable on the viewers is lost 

in the enlargement process. 

In most of the following figures, four significant types of data 

are shown: the lightning photographs, the sferic waveforms, the 

10-kilocycle directional indicator, and the 150-kilocycle directional 

indicator. 

All of the data presented here were obtained during the night of 

August 6, 1964. This storm lasted for several hours and had enough 

concentrated lightning activity to provide several very good examples. 

In order to help provide the reader with an indication of the time scale 

on the figures which follow, the time of the first lightning stroke of 

each flash will be given in hours, minutes, seconds, and fractions of 

a second to three decimal places, using a 24-hour time reference. For 

example, if a particular stroke occurred at 5.351 seconds after 10:15 

P~M·, the time indiccition would be written 2215 :as. 351. · Successive 

30 
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strokes will be indicated aily by the seconds and fractions thereof. 

It should be recalled that the data are recorded using open-shutter 

cameras• but the lightning pho~ographs show the separate strokes of 

each flash if the time between successive strokes is sufficient for the 

film motion to separate them. In most cases separations of l millisecond 

or more are distinguishable. 

Flash Number l 

In Figure 4.1 there are four distinct strokes of one cloud-to

grotmd flash shown in part A. It is apparent that the four strokes 

are over the same path because of th.e exact similarity of their shapes. 

It is even more apparent when the viewer is used; and the reticule• or 

bull's-eye. shows beside each stroke. The film motion is such that 

time increases from right to le~. as it does on all of the succeeding 

figures, Rather dimly visible about three-eighths of an inch below 

the top of the photograph is a row of white spots about one-half an 

inch apart. These spots are the 0.010 second time marks. One of the 

interesting features of this sequence is the even spacing between 

strokes. The first two are separated by 26 milliseconds 1 the second 

and third by 25 milliseconds• and the last two by 23 milliseconds. 

Part B of Figure 4.1 shows the four sferic waveforms associated 

with the four strokes and the 10-kilocycle directional indicators. The 

film movement is slow enough so that the film can be considered stopped 

during each individual 500-microsecond waveform sweep. The waveform 

signal is superimposed upon a staircase voltage which provides the 

offset to help reduce overlap of the sferics. Here also the time moves 

from right to left, although the sweep of the individual waveforms is 
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C 150-KC Directional Indicator 

Figure 4.1. Cloud-to-Ground Strokes and Waveforms 
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from left to righto Thus, the first waveform occurs farthest to the 

right and lowest. The second waveform is the closest to the top of the 

picture and then, of course, come the third and fourth waveforms. 

Before discussing these sferic waveforms in more detail, a comment 

should be inserted concerning the directional indicators, The signal 

which is used to generate each of the directional indicators occurs 

fast enough to produce either a line, or at worst an ellipse, on the 

film at the position where the correspaiding waveform begins. It will 

be noticed that the first waveform is associated with a single 10-KC 

directional indicator, whereas the corresponding 150-KC directional 

indicator was preceded by many more, apparently from the same direction. 

Each of the other three waveforms is associated with a relatively 

isolated directional indicator. This activity shown by the 150-KC 

directional trace is taken as evidence to support the theory that a 

large share of the higher-frequency content is. generated by the step

leader process. 

Fortunately, the waveform discriminator was in use during the time 

of this sequence of strokes, thus eliminating extraneous waveforms, All 

four waveforms have an ample quantity of the higher frequencies, that 

is, in the neighborhood of 150 kilocycles per second, A close measure

ment on the film viewer of the first 250-microsecond portion of the 

waveforms indicated that if the peaks and valleys of the waveforms were 

considered as those of a sinusoidal wave, the frequency would be about 

160 kilocycles per second for the first, third, and fourth waveforms 

and closer to 200 kilocycles per second for the second waveform. On each 

of these waveforms the 160 kilocycles per second is evident for the dura

tion of the sweep, superimposed on the lower-frequency, large pulses. 
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Part C of F.igure 4. l is a reproduction of the 150-KC directional 

indicator. The angle of this directional indicator appears to be 

slightly different than that of the 10-KC directional indicator. Two 

factors contributed to this disagreement; one is that the crossed-loop 

antennas are individually adjustable and the other is that little 

effort was spent in maintenance on the directional-indicator amplifiers. 

Consequently, the antennas may have been at somewhat different angles, 

and the amplifiers obviously were not working as good as they could 

have been. The directional pips of the 150-KC indicator are not as 

distinct as those of the 10-KC indicator, primarily because of receiver 

adjustments. 

The usefulness of the 250-microsecond delay line in the waveform 

circuit is apparent on these waveform pictures. The first waveform 

shows the presence of considerable activity during the 250 microseconds 

before the large pulses associated with the luminescence causing the 

triggering. The high-frequency activity on this portion of the wave

form adds further support to the theory that the stepped-leader process 

generates the higher frequencies. 

Flash Number 2 

Figure 4. 2 shows the periscope-camera pictures of a 14-stroke, 

cloud-to-ground lightning flash. In this figure time advances from 

right to left ~d from top to bottom. Several of the strokes were so 

dim that they are almost indistinguishable in the print, even though 

they were visible on the film viewer. Between the second and third 

strokes, the long time delay of o.281 seconds is indicated by the break 

in the printed film strip. The ninth stroke is essentially 
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indistinguishable, while the eleventh stroke is apparently a combination 

of several strokes in very rapid succession. The twelfth and thirteenth 

strokes are very close together, being separated in time by only two 

milliseconds. As before, the strokes all follow the same path in space. 

The waveforms and directional-indication traces of this sequence 

of strokes are shown in Figures 4. 3 and 4. 4. Again, time advances from 

righ~ to left, and the waveform sweep is from left to right. The first 

waveform has a large amount of h.igh-frequency content, whereas the 

second one has very little. The third waveform contains considerable 

high frequency with a good share of it appearing during the first 250 

microseconds of. the sweep. The only large pulse in this waveform occurs 

at the end of the sweep. The fourth waveform contains only high 

frequencies. The fifth and sixth waveforms are very interesting 

because of their remarkable similarity. They appear to be almost 

duplicates of each other. Waveform number seven has a medium-sized 

pulse at the beginning and a large pulse at the end with only high 

frequency in between. Number eight contains ver<J little high frequency, 

and number nine consists of only a ver<J small pulse. This ninth wave

form corresponds to the stroke which was so dim it did not show on the 

print. The eleventh waveform is of particular interest, because it 

displays two distinct pulses which could Ver<J well correspond to two 

of the multiple strokes showing on the photograph of the eleventh 

stroke. 

There is something wrong with the thirteenth waveform; that is, 

it comes at the wrong time. The thirteenth stroke is only two milli

seconds after the twelfth stroke, but the thirteenth waveform starts 

13 milliseconds after the twel~h one. 
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Flash Number 3 

Figure 4. 5 illustrates a four-stroke sequence which differs from 

the previous ones in that the paths are not identical, except for the 

second and third strokes. For ease in description, identifying letters 

have been included on the picture. Similar parts of the first, third, 

and fourth strokes have been marked with the same letter. The only 

part of the path of the second and third strokes that is the same as 

the path of the first stroke is the center portion. The fourth stroke 

has the top and middle of its path the same as the first stroke and 

the lower portion the same as that of the second and third strokes. 

Although the lightning strokes are of interest, the primary 

purpose of this study is to examine the waveforms. In this example 

the waveforms have very good time correlation with the strokes. As 

evidenced by the activity indicated by the 150-KC direction indicator, 

there was a lot of interference; and once again the usefulness of the 

waveform discriminator is obvious. The waveforms for this sequence 

all contain a considerable amount of high frequency. Measured as a 

sinusoidal wave, the predominant frequency would be about 160 kilocycles 

per second. There is actually a fairly large amount of mixing of the 

third and fourth waveforms. 

Obviously it is necessary to record more of the waveform with some 

metqod of obtaining greater resolution in order to make use of spectral

analysis techniques for these waveforms. It is the opinion of the 

author that these analysis techniques are necessary in order to establish 

any definite statistical relationships between the waveforms and the 

strokes. One technique which has been suggested is to obtain the 
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spectra of many waveforms using a Fourier series representation, then 

average these spectra, at the same time finding the standard deviation• 

and study the aver.age, looking for significant frequency components. 

The data obtained from the waveforms recorded in this study have proved 

insufficient for a complete $tudy of this type. 

Flash Number 4 

Figure 4,6 is another example of a multiple-stroke, cloud-to

ground lightning flash. This example has three strokes with the time 

of 0.130 seconds between the second and third strokes indicated by a 

break in the print. 

One of the interesting features of this figure is the extra 

waveform which is present. The waveform associated with the second 

stroke is the first of the two waveforms which appear at nearly the 

same time. If the 10-KC directional indicator is examined, it will be 

noticed that there are two indicating pips at nearly the same angle 

and time. It is believed that the stroke responsible for the extra 

waveform was just out of range of the periscope camera but close enough 

to trigger the photomultiplier system. 

The high-frequency component in the waveforms of Figure 4.6 appears 

to be very nearly 200 kilocycles per second, measured as before. The 

third waveform exhibits nothing but the high frequency, much of it 

present in the early part of the waveform which indicates it was 

present before the circuit was triggered. 

Both the 10-KC and the 150-KC directional indicators show evidence 

of much activity from several directions. If the waveform discriminator 

had not been in use, the waveform section of the film would have been a 
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mad juml>le with very few of the waveforms distinguishable. An example 

of such an occurrence will be shown later. 

Flash Number 5 

In Figure 4.7 there is shown another cloud-to-ground sequence of 

strokes in which the paths are not completely the same. In this case 

the first stroke differs from the following three only in the bottom 

portion. 
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The waveforms shown in Figure 4.7 have several interesting feature~. 

The second and third waveforms have rather large amplitudes and 

apparently contain primarily high-frequency components with much of 

the signal occurring during the first 250 microseconds of the sweep. 

The second waveform is badly mixed with an unaccounted for waveform, 

In the fourth waveform the high-frequency component is of very small 

amplitude, and the main feature of the whole waveform is the single 

pulse, The corresponding lightning stroke photograph is very dim. 

Flashes Number 6, 7, and 8 

Figure 4,8 shows three separate strokes which occurred within a 

0.384-second interval, yet are over separate paths and apparently 

unrelated. The 150-KC directional indicator shows that this was a 

time of great activity of the storm cells. The indicating pips are 

many in number and from many directions . 

All three of .the waveforms in Figure 4. 8 show the presence of high

frequency ~omponents, with the .first having the least. The seccnd 

waveform has at least four distinct pulses which may come from separate 

current surges in the pictured stroke but which may also come from 
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almost simultaneous strokes in other directions. This possibility is 

always present and is one of the reasons a statistical analysis should 

be made. 

Flashes Number 9 and 10 
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The photographs in Figure 4.9 show two more cloud-to-ground flashes. 

Each of these consisted of one single stroke. The first waveform has a 

high~frequency component of very low amplitude during the 250-microsecond 

postion which represents the signal before triggering• while the last 

half of the waveform has a considerable high-frequency content. The 

second waveform appears to exhibit quite a bit of the high frequency 

for the whole sweep. 

Flash Number 11 

Next 1 there is another example of a multiple• cloud-to-ground 

lightning flash. This example 9 where the periscope-camera picture is 

shown in Figure 4.10. consists of ten strokes following the same path. 

Again, a long time between the ninth and tenth strokes is indicated by 

a break in the print. 

Waveforms and directional-indicating signals for this ·sequence 

are shown in the next two figures . The first five waveforms appear on 

Figure 4.11 and the last five on Figure 4.12 . It is immediately obvious 

that something has changed from previous examples. There are many 

extra waveforms present on these figures. The reason for the extra 

waveforms is that a different triggering system was used during the 

po~ion of the storm recorded here. Whereas the previous examples 

demonstrated the use of the waveform discriminator. this example shows 
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a reasonably successful attempt to use the 150-KC directional signal 

amplitude to trigger the waveform circuit. Essentially the waveform 

was triggered anytime a signal contained a reasonable amount of energy 

in the 150-kilocycle-per-second range. At this particular period the 

storm was low enough in activity so the waveforms are not impossibly 

mixed. 
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Waveform number one of this series is of very low amplitude and 

appears to contain only high~frequency components. Waveform number two 

is similar to many of the preceding examples t because it contains a 

mixture of high-frequency energy and pulses with durations equivalent 

to the period of about 20-kilocycle-per~second sinusoids. The third 

waveform is similar to the second, with a smaller amplitude during the 

first one-third of the sweep. The fourth and fifth waveforms are very 

similar in appearance, with both containing a prepondeI'ance of high 

frequency. Waveform number six is completely different than the others. 

It contains several small, sharp pulses and essentially nothing else. 

The seventh waveform contains a very-large-amplitude pulse as well as 

a more significant indication of the high frequency. The three pulses 

in the eighth waveform could come from surges in the associated stroke, 

but again this is speculation. The ninth waveform is very ~uiet before 

the small pulse that was responsible for triggering it. Waveform 

number ten has several unusual features. In the first place it has very 

low amplitude except for three small pulses and one large pulse. There 

is no evidence of the high-frequency oscillatory waveform. The second 

unusual feature is that the pulses move downward, or negative, first. 

A majority of the pulses on other waveforms are just opposite in this 

respect. Since the photographs of the ninth and tenth strokes are very 



dim• this example could be used as evi~ence to support the association 

of higher luminosity with the presenqe of high-frequency components o 

Once again it should be pointed out that the strokes are more evident 

when the film is observed on the film viewer than they are the prints. 

Flash Number 12 
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The only good example of a cloud-to-cloud lightning flash is shown 

in Figu,;,es 4, 13 and 4.14. This flash consists of six st:r:"okes of various 

intensities. The first stroke is the b:r:"ightest and the only one which 

shows any branching. All of the other strokes follow the same path as 

the main part of the first stroke. 

Once again the waveforms are distinguishable, even though they 

were triggered by the 150-KC directional-signal amplitude. There is 

so~ mixing of waveforms but, in genet'al, not enough to obscu,;,e those 

of interest. 

It is interesting to note that the first waveform• corresponding 

to the bright, branched stroke• is of low amplitude and high frequency. 

None of the waveforms of this sequence contain any of the large

arnplitude, low-frequency pulses that were so often observed in the 

waveforms associated with the cloud-to-ground strokes, Only mo,;,e 

research will establish a possible significance to this observation. 

Although waveform number two is somewhat difficult to distinguish, it 

is possible to determine that it also is prirnari ly of high frequency. 

Waveform number three also exhibits a high-frequency appearance, with 

some indication of low-amplitude, low-frequency components. The fourth 

waveform, which is present on both figures, has what might be tet'med a 

comb appearance; that is, it looks as if it is a sequence of pulses 
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sticking up from a base line. The fifth waveform consists mostly of 

three smali pulses on a quiet trace. Several factors contribute to a 

suspicion that the sixth waveform may actually come from a source other 

than the photographed strQke. For one thing th~ waveform is ve't"J 

similar to the two extraneous waveforms immediately preceding it. 

Another source of suspicion is the 150-KC directional indicator which 

shows directional pips from several directions almost simultaneously 

and at the time of the questionable waveform. If an analysis we·r-e to 

be made• it would seem desirable to cast out the data from this waveform 

because of its uncertainty. 

Flash Number 13 

Figure 4.15 is a rather striking example of a nine-stroke, cloud

to-ground flash. The first stroke is ve't"j br.ight and contains many 

branches. Figures 4,16 and 4.17 are the waveform pictures associated 

with the strokes of the flash. The principal usefulness of these 

figures is to demonstrate the desirability of using the waveform 

discriminator. The waveforms are practically hopelessly mixed~ 

Flash Number 14 

Figure 4.18 shows the second example of a cloud-to~cloud lightning 

flash that was obtained during the storm which produced the data shown 

in this thesis. In this case also the waveforms are badly mixed, but 

they can be seen clearly enough to make some general observations. The 

first and second waveforms apparently consist only of high-frequency 

components and a few narrow pulses. The third waveform, however, appears 

to consist primarily of one large pulse with a fairly long duration. 
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Conclusions 

~n comparing the waveforms which have been presented, it is not 

evident that there are any significant characteristics which may be 

used to identify the type of stroke which generated the waveform. This 

is not meant to imply that such identifying characteristics may not 

exist but rather to point up their subtlety. It appears very like~y 

that a thorough statistical study using spectral analysis may uncover 

the desired result. 

One of the interesting features of the waveforms shown is the 

frequent presence of the component in the neighborhood of 150 kilocycles 

per second. It seems very possible tha1: much of this high frequency 

is. generated during the breakdown, or stepped~leader, process~ This 

possibility is supported by the presence of so much of the high

frequency oscillation during the 250 microseconds preceding the 

triggering luminosity. 



CHAPTER V 

CONCLUSIONS 

Although atmospherics have been known and studied for many years• 

it is the conclusion of th19 autho.r that much useful information remains 

to be found and utilizedo The U$e of the atmospheric to identify the 

type of l.ightning stroke from which it was. generated is only the first 

step toward several possible goals. Of primat'Y interest to this 

inve~tigator h the possible identification and location of severe 

thunderstorms from the sferic::s generated the?1ein. The next l_cgic::al 

step would be to use the sferics accurately as a measure of the 

intensity of the storm• to the extent that tornadoes could be identified, 

tracked, and forecast o 

As a first. step toward the over-all goal, it was the purpose of 

this study to start a project which would lead to the identification of 

various types of lightning strokes by means of the sferics generated. 

In OX'der to accomplish this step 9 it is• of co'1t'se, necessa:ry to record 

some sferics generated by ligqtning strokes with some means of 

identifying the type of stroke and of assuring that the correct sferic 

is recorded. 

The equipment needed was gathered or built and placed in operation. 

Tnis equipment included the periscope camera for recording the lightning 

strokes photogl'aphically, the waveform and directional ... indica~ing 

equipment, and the timing system for ~e in accurate correlation of 
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the various systems. 

Success was obtained in isolating some waveforms associated with 

two types of lightning strokes, cloud-to-ground strokes and cloud-to

cloud strokes. Unfortunately 9 only one example of the latter was clearly 

recorded. Future study may also indicate an important difference 

between lightning flashes consisting of single strokes and those 

consisting of multiple strokes. 

General observation of those waveforms recorded lead to the 

conclusion that much of the higher frequency ( 100-200 kilocycles) is 

generated by the stepped-leader process of the lightning stroke. Since 

the high-frequency signal was present in the delay line before the 

waveform system was triggered, it must have been generated by the part 

of the lightning process p;r,eceding the highly luminous return stroke. 

This, then, indicates generation by the breakdown process. 

The generation of the frequencies in the 100- t:o 200 ... ki}qcy.c;le . ..,.per ... 

second range is of particular interest to those interested in severe 

thunderstorm investigations. Since studies previously indicated a 

correlation between signals received on a direction finder tuned to 

150 kilocycles per second and the severity of the thunderstorm, the 

source of the signals could be of great importance. 

Dr. H. L. Jones' studies, which were mentioned in Chapter II, 

indicated, for a storm generating a tornado, not only an increase in 

the number of directional pips per second on the 150-kilocycle-per~ 

second direction finder II but a simultaneous decrease in the signals 

on the 10-kilocycle direction finder. Visual observations takep at 

the time of the recordings used indicated a preponderance of intra

cloud, or cloud-to-cloud, lightning and very little cloud-to-ground 
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lightning. 

· The indications of this study are that the_ generation of the 

higher frequencies is associated with the breakdown p1:1ocess of the 

lightning flasho The conclusion may be made that the energy radiated 

from cloud-to-cloud lightning flashes is primarily that generated 

during the breakdown process. Since the cloud-to-cloud strokes I'adiate 

considerably less eneX"gy at the lower-frequency range, that is, around 

10 kilocycles per second. it may be inferred that these strokes do not 

have the same type of return stroke that characte1:1izes the cloud-to

ground strokes o 

. Although the cloud-to-ground strokes also radiate energy in the 100-

to 200-lcilocycle-pe~second region• the lil:rge amount of lower .. frequency 

content could be used to indicate the actual type of strokes X"esponsible 

for th• signals o 

A study of 52 waveforms that contained this high-frequency compOQent 

during the first 250 microseconds of the waveform revealed the results 

tabulated in Table II. It should be clearly understood that the 

frequencies indicated are thQSe of a sinusoidal wave with the same 

number of cycles per second as the recorded waveform had pulses or 

undulations. In oiher words, it is realized that the recorded wave

forms are really continuous in the frequency domain and not; just unique 

frequencies. 

It has become obvious that a more thorough analysis of the wave~ 

forms is required to discover .the necessary identifying characteristics, 

In order to accomplish the desired analysis, a more sophisticated 

recording system is also required. It is apparent that a longer ti.me 

record should be taken of each sferic, and it should be taken so that 
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a more detailed analysis can be rna.deo These are conflicting requirements 

if the recording system now in use is to be utilized. The first 

requires a longer time sweep• and the second requires a shorter time 

sweep. An alternate system will be discussed in the following chapter. 

TABLE II 

DOMINANT FREQUENCIES OF WAVEFORMS 

Frequency Range 
Kilocycles Per Second 

100-120 

120-140 

140-l.60 

160-180 

180-200 

Number of Waveforms 
With 'J;'his Apparent 

Primary Frequency 

6 

l 

26 

4 

15 

Assuming waveform recording providing sufficient resolution and 

record length, it would appear advisable to use a Fourier analysis to 

obtain the spectrum of the individual sferic waveforms, then average 

the spectra of th~e from the same types of strokes in order to reduce 

the effects of noise in the system. This average, as well as the 

standard deviation, could very possil>lY. give the type of identifying 

characteristics desiredo The system noise, of course, includes random 

errors in amplitude measurements made on the sferic waveforms. 

Following the eKample of Samulon,1 an attempt was made to determine 

1 Ho. Ao Samulon, "Spectrum Analysis of Transient Response Curves," 
Proco .2£.~ IoRoE•, Volo 39 9 Noo 29 February, 1951 9 PP• 175-l86a 
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the spectrum of one of the output waveforms. He demonstrated the use 

of a series of (sin x)/x functions to approximate the time function, 

thus resulting in a Fourier spectX"Um expressed as a summation which 

lends itself to digital computer cornputationo A program was written 

and used to calculate the spectrum of one of the typical sferic wave-

fo;rmso Samulon pointed out that the sampling period had to be equal to 

or less than l/2 fc where no frequencies higher than fc are passed by 

the system. Using f 0 = 250 kilocycles per second, this specifies a 

sampling period of 2 microseconds for this case. Unfortunately 9 the 

record.ipg of the waveforms on 35 mm film results in such a small 

picture that enlargements large enough to use for amplitude measurements 

are too blurred to permit the resolution needed for giving a detailed 

picture between 150-200 kilocycles per second. This deficiency became 

clearly evident when the same waveform was analyzed twice with dis-

similar results. Two sets of amplitude measurements were taken from 

the given waveform• using different time increments for the two sets. 

For one set the 500-microsecond waveform was measured at 252 points. 

while for the other set it was measured at 343 points. The spectra 

from these measurements are shown in Figure 5.1. 

A discussion by Blackman2 indicates that this disagreement should 

be expected because of the methods and measurements used. Based on his 

derivations, the frequency-spectrum resolution which can be obtained 

from a single waveform in this case is about 27 kilocycles per second. 

It is explained that to achieve the 2 ,000-cycle ... per-second resolution 

2 R0 B. Blackman and J. W. Tukey, The Measurement of Power Spectra 
(New York, 1958), pp. 56..;57. 
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attempted, approximately 20 waveforms of the type r~corded should be 

used for analysis. This information suggests that waveforms from at 

least twenty apparently similar strokes should be analy~ed to determine 

the average spectrum characteristics. Of course, this procedure would 

present the problem of choosing the similar waveforms. 

One additional difficulty was encountered in the attempted analysis. 

Using an IBM 1410 computer, the time required for the computation of 

the spectrum of one waveform was 0.81 hours. It would npt take very 

many waveforms until the computing time required was considerable, 

especially if all of the spectra were averaged and analyzed on a 

statistical basis. 



CHAPTER VI 

RECOMMENDA'l' IONS 

The work done for this tqesis has established the firm conclusion 

that a more sophisticated system is required for complete fulfillment 

of the project's objectives o A system has been s_uggested 1 that would 

provide a means for satisfacto:dly accomplishing this task. A partial 

description of the proposed system follows~ 

In order to completely describe the electromagnetic field changes 

caused by a lightning stroke 1 it is suggested that two recording 

systems be used. One system would receive signals from an antenna 

sensitive to the vertically~polarized components of the field, while 

the other system would get its signals from an antenna sensitive to 

the horizontally-polarized components of the field. 

It would appea~ advisable to record the signals in a manner which 

would provide a maximum of information about the frequency distribution 0 

If possible, it would be desirc;d>le to have the frequency response of 

the recording system flat over the range from DoCo to several mega-

cycles per second. This very wide range. as well as the ~nalyzing 

requirements, has suggested the feasibility of using a magnetic-tape 

1 "A Proposal for Wide-Band Recording and Analysis· of Horizontally
and Vertically-Polarized Electromagnetic Fields Caused by Near Electrical 
St.orms ," Unpublished Research Proposal by the School of Electrical 
Engineering, Oklahoma State University, 1964. 
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system to record the sferic data. 

The most feasible system appears to be one which would divid,e the 

required l;,andwidth into many :;;maller bandwidths by an appropriate RF 

mixin$ and filtering system. Each narrower bandwidth would then be 

recorded on a separate magnetic track and subsequently analyzed 

separately o As an example of this procedure, consider the recording 

of the frequencies between 500 kilocycles per second and l megacycle 

per second. It is possible to use direct-reco~ding techniques to 

record frequencies up to o.s megacycles per second. The problem, then, 

is to convert the desired band of frequencies to the band from O to 

o.s megacycles per second. 

The first step is to mix the signal with the output of a 9,5-

megacycle-per-second sinusoid from a crystal-controlled oscillator. 

The mixed product is passed through an active filter whose band pass 

is from 10.0 to 10.s megacycles per second. The output of the filter 

would then contain the information which was originally contained in 

the o.s- to 1.0-rnegacycle-per~second portion of the input signal, When 

the output of this filter is mixed with the output of a crystal

controlled oscillator whose frequency is 10 megacycles per second and 

then passed through a low-pass filter whose pass band is from Oto 0,5 

megacycles, the desired result is accomplished. The informatic;m in the 

frequency band of interest. that is, o.s to 1.0 megacyc.l,es per second, 

has been converted to a frequency band between O and o.s megacycles per 

second, which can be recorded on a channel of a magnetic tape. 

By using appropriate oscillators, each o.s-megacycle frequency 

band could likewise be converted to the same 0- to O. 5-megacycle-per

second band. 
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Because the frequencies below several hundred cycles per second 

would not be recorded with a faithful amplitude response, the bandwidth 

of the filtel;'s used in the conversion would have to be made somewhat 

wider than stated in the example_. In order to record the frequencies 

in the signal which are .in the o- to 10 .. kilocycle-per-second range, it 

is proposed to use a frequency~modulati911 system to record them on a 

separate channel of the tape. 

To analyze the signals after they have been recorded on the tape, 
I 

it is proposed that the tape speed be slowed down by a factor of 611,. 

By doing this, the highest frequency of the output would be roughly 

7 1 800 cycles pe:1:1 second. Equipment capable of computing at this rate 

is available. 

By taking advantage of the .speed l:'eduction, analog equipment can 

be used to perfol'm the various analyses which might be beneficial, such 

as Fourier spectral analyses, autocorrelation function analyses, and 

power spectral density analyses. A necessary piece of equipment for 

some of this analysis would be a magnetic-tape delay line, which would 

be a loop of tape with adjustable delay between the rec~l'd head and 

the reproduce head. Such equipment is available commercially. 

The output data fl;'om the analyzing equipment could be ;c'ecorded on 

strip-chart recorders, thus providing the visual information needed by 

those interpreting the data. 

Until a thorough study has been made using equipment such as that 

just described, the association of sferic waveforms with particular types 

of lightning will remain a matter of conjecture. Once a conclusive 

association has been established, a useful and fast method of severe .. 

stol'm identification 9 location, and even prediction may be produced 0 
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