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PREFACE

The work accomplished in this project cean be divided into three parts,
The first is en introduction of the problem st hend., The second part consists
of e summery of the librery research covering the vast smount of work now
published in the field of etmospherios end lightning phenomena. The third
part entails e discussion of the results of this reseerch together with
sugzestions that may indicate the spproach for e more extensive investizetion.

A large pert of this peper hass been devoted to the results of the librery
research. Though long and tedious, this part of the work is cne of the
importent espects of the problem. It has been trested es completely as time
end library fecilities have permitted, and is still by no means complete,
However, it is felt thet the fundsmentals of the subject of atmospherics
have been well founded end thet with the informetion contained in this thesis
en intelligent study ean be made of more recent of the published pepers
without the necessity of egein combing all of the previous litersture for the
pest 30 yeers., Experience in this work demonstrated thet it wes impossible
to intelligently read the litersture of the present without et first heving
studied the beckground meteriel covered by the earlier publications.

The possibilities of ultimete success in identifying tornedoes by mesans
of their atmospherics are not unressonsble after study of the theory of
atmospheric disturbsnces. This study hes slso led to idees about me thcds of
measurement which have been sdopted, Although these new methods and equipment
designs have not been put into use at time of the present writing, it is

expected that they will be in service very soon.
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CHAPTER I

IETRODUGCTION

Cne hes only to recd the newspapers during & ternadce senson, of which
the spring of 18492 hes been ty ;10?1, to reslize the zreest denger to humsn
life end property incurred by unsnnounced tornadoes, This weather hezard
cannot be preventad but if s warning gsriod were provided the degree of
emergency could be ellevisted. Some of the newspaper heedlines are: “Stoms
Kill 16 in Arkansas“; *Iwo Dend ns Fierce Vind Storm Sweeps Bleine County

Cities®; 80 ere Injured in Fierce Blow"; “Tornadc Sweeps Across Siatd)

"Tornadoes Hit 28 Towns™. The last article declsres that 184 fanilies were
left honelass snd twanty-five people were killed. These incts sro siven &o
help emphesize the greet need for some type of warning which will allow
comrunities to - grepere f{or the ordesl.

In a recent newspeper column the well-knewn Roger . Babson deplores
the lack of & werming systen feor ternsdoes.t He advoestes a mothod of
deteation supplemented by some type of stenderd weruing system, for example,
a siren alerm of & definite iype thet will be recognized by ell residents.
The method of detection has not yet been perfected.

In the hope of solving the problem of tornado prediction snd deteetion
this reseerch hes been propegeted, Wra. Cerl ¥iller iritieted & study of

possible mathods of tornsdo detection in the sutumn of 1847. After comsidersble

research he decided to concentreie on the study of etmespheric peculiaritles

1 Article in The Deily Cklehoman, (Oklahéma City, Oklzhoma), Jenuary
184S '

™
e
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thet might be associnted with the storm. Bquipnent was gathered end sdapted

s

0 the 3ob ms elesrly outlined in the thesis prepsred by HMr. filler.’
to the Job 1 ly outlined the thesls prepsred by Hr. Miller 2 The
study eof etuospherics is nobl complete end therefore weve-fora studies have
beon siven further pursuit. Thouzh tlrere wmay be ether spprosches to the

1< LJ o J
problem, of tornede identifiestion, this resesrch is restricted tc the ides

L

of tornade stmospheries which mey be distinguisheble fron ordinery thunder

stors: disturbsuces.

The Sehool of Electriel Engineering, the EBngineering Dxperisent Station,

a2

end Dr. ile L. Jones heve been nost cooperstive end shovn grest inferest. in

the project. A trip to the University of Florids caspus end the

& ona

writer was spensored by the Uklshoas 4. &Il Cellege Ing Experiment
Evation. This visit was fesilitabtsed to bri this resesrel erics

up to dete with the most recent dove lcpﬂanﬂv. Theuzh the florida jroup is
interested in stwospherics from the direction finding zod renging sspact,

wany ef cur probloms sre similer te theirs. By conversing with personnel who

P

had been pursuin; stmospheric msesrch for msny years & jrester Insight into

the protlem was zeined. [Further, heving the opportunity tc inspect their

first hand wes inveluable. leny ldess incorporsted in the future
'his resesrch were those ihspired by conference.

The photographic supplies required to obiein dete for this resesrch were
furnished by the ¥axperiment Jtetion., ir. Alexender Wewds of the Exper iment
Stetion, hendled the filwm service end 211 cother technieel services conneasted
with photography.

This peper is orgenized on the plen of presenting pertinent fmobs and

(%

kncwn informes Lion sbout atmespherie slectirieity, thunderstorms, tornedoes,

2 “arl We Hiller, ™A Proposed Hethod of Identifying snd Tracking
Tornadoes,™ (unpublished Hesteor's thesis, Uklshons L. & Colleze, Stillweter,
Cklshoms, 1948).
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lightning, ond astmospherics. This hss been done in the most sstisfestory
menner possible with the limited time evelleble. 1% will becomo apparent
thet the written informetion on simospheric electricity end its stetic is far
from unified gnd conslsts, on the whole, of meny seperete theories znd invest=
izetions. lowever, en sfliort wes mede te present thet material whioh sppeoared
tc be edapisble to stmospherics originstiang in tornadees. The experimentsal
éate gathered during activities of this thesis mey not be very significant,
~but the progross schieved by oblaining s better undersisnding of the problem
sud meking declsions pboulb the methods of ettack is of delinite value. £ study
ef this report should prepare the reeder to go furiher into thé research
descrived above. The asny referenges gre¢ used in the footnotss Lo help locate
orizinal work on & particuler finding. &Some of the refercnges were not re-
viocwed beesuse of Inck of evellebility et the college librery, end others
because of leck of time to mske arrengemenis for them.

ere rapid progress of the resesrch is enticipetsd after the completion
of ir. deske's equipment in Jurne gnd dr. Ihemasdn's eguipnent in August.

These equipments sre discussed in the chepler on messuring methods.
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ATS0SrHERIC BLECTRICITY AUD THE THUNDERHTONG

Thunderstorms sre identified by the thunder ard lightning whiech ere
sssocisted with them. Through the mechanism of the discherge of stnospheric
eleotrieidy, lightning together with the acconpsaying thunder is preduced.

The discherge is depeniont on the phenomenon which Jeneretesz the stmospheric

electricity. If the causes of strong stmospheric electric {iclds een be

cloerly urnderstood, s pertiesl understending of the thunderstorm will be

geined. A study of the mublished wor§ in the reelm of atnospheric slectricity
the purpose of this chepter.

In eomnon with any field of study where the fsebs are diffiouli e
sscertein, it is found that meny theories of etanospheric electrielty exist.

The difficulty of the study is Purther ineressed in that meny of the theories
eannot be tried in the lrboratory. A1l of the ascespled thoaries satisfy some
pert of the phyesical conditions observed with thumrderstorms. This reises the
pessiblility thet perhaps the stnostheric eleetricity assceisted wiith thunder-
clouds is the result ¢f seversl phenomene contributing to the over-all electric
storms Toking this wviewpelnt, the mors proainent current idess will be
presentaed,

Gne cf the mesit populer thecories sdvenced to explein the generstion of
ntmospherie electriecity is due to G. C. Simpson.s Before discussing Simpson's

coneept it will be well to review some of the known fects reletive %o conditions

3 Ge ‘Ce Simpseon snd F. J. Screse, "The Distribution of Hleotricity in
Thunderclouds™, The Proceedings of the Heyal Society of London, CLil«4,
{1937), 309.




thet exist during perioeds in which the westher is feir., It is reported that
the electric fleld in feir westher etacsphere iz towsrd the eerth snd has
s miximun velue of ebout 1 v./em. This field decresses with heights and
becones neglizible al on sltitude of 10 to 20 n.d It will be recelled that
the direction of arn electric field is dofined a&s the direction of the force
on a positive cherge in thaet field. From this it follows that the eerth is
negeative with respeet to the upper stmosphere. This situstion is reversed;
during s thunderstorm the {ield between the ezrth end cloud is in the dirsetion
of the eloud., Although the electric field intensity below the cloud is upwsrd,
the fisld withis the cloud is downward, In other words, the ssrth is positive,
the underside of the cloud is negetive, and the topside of the cloud is
positive. The field strength within the clcud is of the order of 120 v./om.
This velue is sccepted fer bLoth thunderclouds end ordinary elouds, It will
be recelled thet & field strength of 10,000 v./em. is required to stert en
arc discherge in damp sir, Simpson end Wobinson conclude thet since there sre
no lerze arens where the voltege gradient is suflielent Lo esuse & discharge
there must be smell arces of hizh field inteunsities Yo start tho strokel®
The mechenism thet sccomplishes this phenomenon in & reslitively week field
will be discussed lster in this peper efter the theory hss been developed.
Bunphreys deseribed Simpsen's early work in which s methed of
preducing positive and nezative ions by the breaking of distilled water drops

wes developed R

4 g, Frenkel, "Atmospheric Zlectriecity and Lig $tniné » Journal of the
Frenklin Institute, CCVIIL (April, 1547), 287=-307.

5 6. €. aimpson end #. D, Robinson, "Distribution of Electricity in
Thunderclouds™, The Proceedings ef the Hoysl Soclety of London, CLOCVII-A,
(February, 1641), 8228,

6y, g, Humphreys, Physics of the Air, p. 31l4.
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This might be described es the teerin: of spray from dro ps ol wolter by =ir
blests. The experiments denonstreted thet the bresking of wster drops is
sccompenied by the producltiond both positive snd negative ions; and whet is
reelly surprising, it developed thot threz times nsg w 2s
positive lons ere releessd, thus leeving the drops charged positively. The
spray is mede up of the outer layer of Lue reindrop. This outer lasyer of the

-

drop seems te be negetive while the center is positive., It &lso hae been
shown thet electrificetion sc preoduced by & ziver sir blest rapidly increczes
with the tempersture of the rupitureddrops. This latier phenomencn wogld
indiecte that the fmount of lighining sheuld increase with tenmpersture. 4

stron; upwerd current is cne of the outstending festures of o thundsratorm.

=3
FJ'

his current is slwsys evident in the towering turbulent cunulus cloud.

By

The precenee of strong updrefts mey nlso be deduced from the fect thet heil
is often present irn & thundersierm. The formation of heil requires & ccluan
of uprushing air of sufficient veloeity te support end earry the drops of
water into the very low tenpersture reglion where the heilstones are formed.

is reindrops sre cerried up intoc very ecld temperaturss they Torm supsrcocled
£ ¢ M g £

ice crystals, %hen these ice erystels arrive st & point in their traovel

where the rir will no longer support ih gy 4rop Leck te the region of

aoisture. The supercccled eorystonl zicumulates & layer of ice befere its
tempernture rises to just freezing. I¥ it is sgein csuzht in a stromg updrafd

the ice ﬂellai repcets the cycle. RHepetition of this eycle many times fornms
e heilstone or appreciable size. The meximum size of the heil is limited by
the veleoeldty of the updreft; i. ., when the mess of ice is itoo grest to bLe
carried up it fells to the earth. Very large heilstones heve oftern been
observed during viclent thunderstorns, During & tornnde near Scuth heven,

Kanses, the writer exenined o rumber of heilstones which were spproximstely

three inches in diepmeter.



When it is remembered that & strong eir blsst exisis in s thunderstorm,
it is not unressonsble to assume that the storm eren simulates the chersctere
istiecs of an atmospheric electric generator. Stronz sscending sir curronts
tend to rupture the raindrops where ccalescence has crested larze drops of
weter. This\phencmenon will only cocour in regions of intensc wetiter accunulation.
The negative charges relessed nttach themselves to the cloud particles which
pass upwsard with the escending eir currents, end the positively cherged
reindrops are left behind,? Positive cherzes sre comcentrated in regions
resr the base of the cloud where it is possible for the sscending currents
to hold large guenitities of wétar in suspension. The nszative electricity is
distributed en the eloud particle 1n.the'middle end upper porticns of the
clond.

Simpson and Scrsse describe en exploring device which messures the
polarity in the upper atmosphere during the time the spparttus is eerried
aloft by @ belloen.® Ircluded in the sgsembly is equipment which meesurss
the epproximete velue of the intensity of the eleotric field. By meesns of
this doviae, whlch the experimenters termed an salii-electrogreph, meny
measurecents ware taken during the formetien and preogress of thunderstorms.
Prior %o the invention of the elti-elsetrogrsph, Appleton, VWett, end lerd
head prediected thet & positive chargs would exist at the ton of » thunder

cloud and & negative cherge &t the batﬁcm‘Q Eineo these esrlier messurements

7 §. . Simpson snd F. J. Scrase, Op. cit., p. 348.
8 1vig, p. 309,
9 5. V. Appleton, R. 4, Wetson Watt, end J. F. Herd, "On the Nature

of Atmospheries II and 1II%, The Proceedinrgcs of the Roysl Society of
London, CXI (1926), 615, -
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vere teken from the ground it wes not pessible for fppleton, Weit, and Lerd

to deternmine the distribution of cherge In the interior of the thundsreloud.

By the use of the slti-electrogrsph Siwmson snd Sersse mads sn importent
discovery. It wrs found thnt e smell rezion exisied st the base of ihe

thundercloud in which the field intensity was positive and relstively lergo.

<

Extended investizetion of these positi-. spots diselosed that it wes possible

for severel o exist in the seme eloud. These investigotions tended t

Ed (o)

the so-called "bresking-drop” thoory invented by Simpson., BRepions of concene

tretion of voslitive elsciriciity sro found in the lower psris of the cloud;

P -
2

these rozions of poesitive elechrisity ere closely sssocisted with the sctive

b

glens of ihe storm where sscending currernts togsther with heovy rein sre

g
O
o
ot
.Ytj

crominent s fourthermore, these accunulsiions of positive eherge cre found
in the pert of the cloud where the tewmporeture is sbeve the {reczing point.
The "brecking-down® theory accounts for & portien of the negetive
electricity just sbhove the base of the cleud, srd slso for the soncentrations
of positive cherzge et the basé. However, 1t certsinly does not account for
61l of the negative electrieity eccwmulated in the eloud, nor does it sescunt

for the positive electrieity to be found in the ice rezions of the cloud,

It ig evident thet there are physicel processes other ther those groposed by

£
[N
o
3
L]
ot
ot
o
=
s
o)
i
el

vlece during the gepsrstion of positlive end negetive chargea.
A thecry edvanced by Wilsun pertislly sccounts for the existence of
positive electricity st the top of » ¢loud end regative sleslricity st the
bottonm of w cloud.lc In u positive field the upper half of = drop will be
najative enc the lover half positive., As these polarized drops fall through

the ionized sir the negative lous sre stirasclied by the positively cherged

10simpson end Secrese, Ops £it., pe 349,

(=}
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<
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lower hell of the drop, snd es a result the drops secoumulate & negative éherge.
I% is only neturel fc suppese thet the certh's field will cause s downwerd
drift of the ions. Conseguently, it must be postusted thet the drops of water
must fall et o rate thet exceods the dowmwerd drift of the ions; othefwise,
there would be no accumuletion of cherge. It has been demonstrated by seversl
laboratory ezperiments thet drops een accumulete charge in this mamner, The

obgervations of 3impson sund Jersse heve shown quite conclusively thet the

fae

bqumégry between the positive elestricity in the upper pert of the sleud and
the nesetive electricity in the lower pert is im every cese loceted in &

regicn of the cloud where the tempersture is usually below =10 dege Co In

this pert of the eleud raindrops esnnot exist. The presipitetion in the upper
pert ef ¢ oleud is in the form of crystels, either needles or pletes. These
erystals tend to lio horizontelly end to fall slewly in e series of sgrrexirstely
horizontal metions, first in ope éirection end then snother. These erystels
ere olucst perfeetmon-cenductors end therefore do not become electrienlly
polerized. In esse the crystals were conductors, their shape end oriontstion
would not be favorasble to the formation of induced oharges. It must be noted
that the rate of mrll of the erystmls relstive to the surrounding sir is very
"smslle It is, therefore, evident that the theory propoesed by VWilson cennot
gooount for the sepsretion of the cherges found in the upper pari of the
thunéerelonds, It hes been srgued thet the presence of heilstones in the

low Lempersture region would help to explein this diffieulty. However, since
hailstones exict in only & smell pert of the cloud it earnot be assumed thet
they could be effective in trsnsferring charge to rezions remote to their reslm
of existenes.

In order to produce the electricel effects cbserved it is therefore

spperent thet thers are two different physiesl processes teking plece in =
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thunderstorm. One process is confined to the upper parts of the cloud where
the temperature is below the freezing point, and the second process occurs in
the lower pert of the cloud where the tempersture is above the freezing point.
There is resson to believe thet the first process is assccieted with the
presence of ice crystels end the second process with raindrops. The distri-
bution of electricity and eir currents as found by Simpson end Screse by
means of the alti-electrogreph is shown in Fig. 1. That the cherges were
erranged as shown in Fig. 1 wes verified by the later end more complete

work of Simpson and Robi.nson.u Simpson end Robinson attribute the probable
cause of the seperation of positive end negetive electricity in the top ecold
regions of the cloud to ice erystal collisions in the turbulent sir. The
crystals are thought to become nezatively charjed while the surrounding air
becomes positive, As the crystals settle through the air the seperetion of
charge is accomplished. A more comprehensive discussion of charge separation
in the cold regions will be presented near the end of the chapter.

S$ti1l enother hypothesis was developed by Frenkel. 2 In many ways the
Frenkel concept of the phenomenon is similer to thet of Wilson but he has
extended the theory to sccount for the cherge distribution found by Simpson end
his oollenguea.u Frenkel's concept postulates thet & clocud must be regarded
es e disperse system, consisting of small weter drops or ice crystels, which
are slowly falling through the surrounding eir, the latter ecting as the
dispersive medium,

Through the sction of cosmic reys positive and negative ions are pressnt

in the atimosphere, These ions ere responsible for the condw tivity of the

11 6, c. Simpson end G. D. Robinson, Op. cit., pp. 281-329.
12 J. Prenkel, 16c. cit.

13 cf. ente, p. 7.
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air, Near the ground the ions heve a concentrztion of epproximately 1,000

per ¢,2. The ion concentration is much greater at higher altitudes because
more and higher energy cosmic reys exist in this region, Consequently, the
conductivity of the air at heights of 10 to 12 km. is about 30 times grester
then at sea level. The maximum ionizetion is believed to occcur at sn eltitude
of sbout 18 km, In thepresence of positive and negative ions these cloud
perticles teke on & charge of either sign. Frenkel postuleates thet cloud
perticles usually ettraet negative ions more resdily ther those of the opposite
sign. As a result each fog particle tekes on 2 negetive charge.

It hes been esteblished experimentslly thet drops of weter become
negatively cherged in an stmosphere of ionized air, This occurs only in the
cese of small drops. For lerger weter perticles, falling in the form of
raindrops or snowflakes, the situstion becomes compliceted by the polerizetion
resultilng from the pressnce of the eleciric field of the earth, If the
electric field is vertical and downward the top of the drop will be negative
and the bottom positive. As would be expected the negatively cherged hemis~-
phere attracts positive ions and the positively charzed hémisphere atiracts
negative ions., It would seem that the net charge would be zeroc but such is
not the cese. It hes been found by experiment thet the contribution of charge
to the weter drop by the positive ions is grester than that of the negative
ions. From this it cen be assumed that the number of available positive ions
is grester than the number of negetive ions. This car be accounted for if
it is remembered thet the smell weter particles attiract end hold a lasrge number
of the nezative ions. Frenkel states that the ratio of positive ions to
negetive ions is spproximetely l.3.

From the preceing discussion it is evident that the cherge on the large

drops of water will be positive in en electric field wherc meny c¢loud particles
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are dispersed, the positive cherge becoming larger as the strength of the
electric field increases. 1t has been determined that if the raedius of the
drop is equal to or greater then 0.02 em., the drop begins to teke on 2 positive
cherge in en eleetric field of 1 v./om. It is in this way thet the Frenkel
theory eccounts for the fact thet lerge raindrops errive at the esrth's
surface with a positive cherze, while the smeller drops errive with s negastive
charge.

If the negatively charged cloud perticles ere felling through the air
in which they ere partielly suspended, the positive charges will be left
behind. As a result the upper region of the cloud becomes positive and the
lower region negetive. It is the relative motion of the cloud particles with
respect to the eir thet is importent end it mekes no difference whether the
air is moving upwards or the cloud perticles downwards. While the value of
the reletive veloeity is not important, it must be observed that as the value
of the reletive veloocity is decreessed, 2 longer time is required for cherge
seperation., In the foregoing discussion no considerstion hes been given to
the icnic currents which tend to di scherge the established field. It must be
observed thst the necessary conditions for the establishment of en electric
field between the top and bottom of the eloud is that the cherging process
must be grester then the rste of ionic discherge. The rete of ionic discharge
will inoreese as the esteblished field becomes greeter, snd egquilibrium will
be attained when the rates of chaerge and discherge become equal. Frenkel
notes thet his theory verifies the findings of Simpson and Robinson in that
the aversze field strength inside en ordinary cloud is the same s thet found
inside a thundereloud. The velue of the field intensity for both types of
eloud is spproximstely 120 v./om.

It hes been observed that the earth is negetive with respect to the
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atmosphere when no clouds sre present, the field intensity being ebout 1 v./em,
If 2 eloud is represented ms a spherical dipole the directions of the field
intensities between the cloud end eerth will be approximastely simllar to those
shown in Pig. 2. Underneeth the cloud the field is directed upwerd, while

et some distance sway from under the ecloud the field is directed downward.
The downward field is found to exist during feir wecther conditions while the
upwerd field is found during cloudy conditions. The value of these field
strengths are of the crder of 1 v./em. and 100 v./em. respectively. If the
negative charge on the earth is to remain constant the value of the ioniec
currents cherging end discharging the eerth must be equel. Consequently, it
follows that spproximately one one-hundredth of the earth's surface must be
clouded over at any given time. Frenkel states that this conditi m has been
found to exist.

So fer the part pleyed by lightning discherges has not entered into this
discussion. C. T, R, Wilson, the British scientist, believed thet all discharge
current from the earth occurred in the form of lightning discharges. According
to & study made by Wilson there are ebout 2,000 thunderstorms simulteneously
in progress at verious parts of the earth, He estimates thet en average of
100 lightning discharges strike the eerth each second. Each of these discharges
carry some 20 to 30 coulombs of negetive electricity to the surface of the
earth, This will result in e current of about 1500 smperes flowinz irom the
cloud to the ground. Other estimates set this velue at sbout 1700 amperes.

If these estimstes sre to be regarded es representing actual conditions it
would necessarily follow thet practically all of the negstive cherge trensferred
from elcud to ground would necessarily be in the form of lightning discharge.
At this point Frenkel declares thet the estimates made by Wilson end others

are very orude, snd thet other end better calculetions attribute most of the



Fige 2. Spherical cloud and its field.
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current flow to corona discherges and not to lizhtning disohargas.u The
Russisn scientist admits, however, ithest this concept mey require additional
study.

It is now in order to discuss the lightning discharge mechanism described
by Frenkel., Frenkel demonstretes the process by meens of which a discharge
to esrth may be accomplished when & relatively wesk field of 100 v./om, exists
between the cloud and ground. It must be remembered thet the lonizing stress
of eir at normel pressures is around 30,000 v./cm. When needle points are
ettached to the positive and nezative terminals of en electrostatic mechine
the absence of the arc type discharge is to be noted, The extremely high
potential which exists at the end of esch needle point results in the ionizetion
of the layer of air sdjecent to the metallie surfece. The high potential
condition is transferred from the medle point to the adjecent layers of eir
tetween the needle points, end from these layers to the next adjacent layers
ir & contimous process. The progress of this ionizetion process is extremely
repid and there results a continuous thin line of ionized air particles Jeoining
the rnerdle points. It follows that the ionized peth travels like & conductor
with = sharp needle point which ionizes as it moves along the path, Lightning
rods are designed on the basis of this theory. It must be noted thet lightning
strokes to the rod will sometimes ocour. liowever, if the lightning red is
well-grounded, the lightning stroke or ionizing current %o the rod may deplete
the cherge of the cloud to such en extent thet lightning strckes to surrcunding
cbjects mey be evoided.

Once en icnized path hes been esteblished between cloud end ground it is
possible for e lightning stroke to teke place over this path., The initial

peth is formed to sherp objeets.on the ground surface such ss buildings, trees,

14 g, Frenkel, Op. ¢it., p. 303.
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and sherp rocky points. Frenkel elsc attempted tc explain the nature of the
lizhtning strokes which teke plece between clouds. He remerks the coslescence
of drops cf water as they fall from the higher regions of the thundercloud
each drop grows in size by picking up the negetively cherged wster droplets,
and Frenkel assumes that this sccumulation of negetive cherge results in a
high strength negative field in the neighborhood of the water dmp.ls He
further agsumes thet this negstive field becomes sufficiently high to initiate
e glow discherge and the resultent return stroke. If the ecomtentions of
Frenkel were correet it would be necessery to diseard the "breeking-drop"
theory of Simpson, in which cese it would be necesssry to invent some other
mechenism which would explein the existence of the small positively cherged
region known to exist st the base of the cloud. 16
Consideretion must now be given to the growing reindrop as an egent for

initieting the ionized path. It will be recalled that although ell clouds
heve the same averaze internsl field strength, only those at rela‘t.ively

greet sltitudes are sources of visible lightning. Since it has been developed
that felling reindrops within the cloud ere necessery for the formetion of
high field intensities, it follows thet rain should elways accompesny lightning.
However, in some cases the rein mey cvaporate before reeching the sarth,
particulsrly when the clouds ere very high. This scoounts for the rare
condition in which lightning is not mccompenied by rain,

Workmen end Reynolds heve quite recently performed en interesting

w_gf_._ ante, p. 12.

16 Cf, ente, p. 5.
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experiment dealing with weter drops and ice orystnla.n The drops of water
were sprayed on the ice orystals end some of the impinging drops froze to
the orystals. &An electric potentiml wes found to exist between the impinzing
water drops end the ice orystels. In order to obtsin appreciable results

it was necessary to have water which was contaminated by smell traces of
impurities. In feet, the experimenters compiled data for verious concenirstions
of conteminants. The opinion was expressed thst thunderstorm wster wes also
contemineted, though this might be of a very complex nature. It was agreed,
however, that the degree of cmtemination of thunderstorm water should be
further investigated. Potentisl differences of from 70 to 185 v. between the
unfrozen solution end the growing ice erystals were observed. The transfer
of electriecsl charges in the emounts of epproximately 400,000 c.z.s. units
per c.c. of ice frozen was elso observed.

A cumulus cloud which hes chenged inte e thundercloud is seen to consist
of & number of vertical convection cells. According to the ccncept of
Workman end Feynolds these cells castitute the electrical gemerating units,. 18
The theories of Simpson, Wilson, and with reservetions, of Frenkel, all agree
on this item. Workman snd Reynolds conceed that processes other then the
one sdveanced by them also contribute to eloud generation of eleotricity in
the cloud.

If it is essumed that there is & perticular physical process or set of
physical processes involved in the preduction of eleetricity in thunderstorms,

it is slso ressonable to assume that the locstion of these processes may Le

17 g, J. Workmen snd S. E. Reynolds, "Thunderstorm Electricity",
Research and Development Division, New Mexico School of ¥ines, Final Report
'?igug E?rpl ?ennroh, Contrect No. W-36-089 sc~32226 File No. 15842-PH-46-91

SCEL), (1548).

18 1bid, pe 4.



defined somevhet by the terminel points between which the lightning strokes
characteristiesl ly oceur. Thus one considers the cherseteristic pesition of
e dipole which is frequently dissipeted by electric discherges as being »
significent feeture of e& thunderstorm.

An extensive investigation wms cerried out st the eerth's surfece.
Eight generasting voltmeters of the recording type were used to messure the
potential sradient under storm comditions. The results of this work indicated
that lighining strokes have echarge magnitudes of between 10 and 180 coulombs.
Theze strckes trensferred negetive electricity to the ground in elond to
ground discharges. Cloud to ecloud discharges were also observed., It was {ound
thet 2 typicel thunderstorm hes & nezetive charge center mbout 1.5 miles above
the base of the cloud and near to the vertiesl eell. A positive charge center
was found to exist about 0.9 miles above the nezstive cherge center. Both
positive end negetive cherge centers were found to exist sbove the celeulsted
zero isotherm. Cloud tw ground strokes wers found to be mors frequent in the
early stazes of the development of en active thunderstorm. 4s the thundercloud
developed the number of ground strokes decressed while the number of eloud to
eloud strokes incressed.

Workmen snd Reynolds summed up their work with the following conelusions.l?

l. The thunderstorm cell is e vertical or neerly verticel development
involving reletively great height.

2. The cloud base must extend some ¢ stance below the zero isothern.

3. It's top must extend to a sufficient height to allow (initielly,
at least) for the formetion of ice erystals by direet sublimation (=20
deg. to =40 deg. C.)

4. Eleotric charge seperation is a2 phenomena of precipitation and
convection and does not take place until precipitation processes ere well
under WBYy.

5, The temperrture eleveticn in which the charge separetion occurs is

in the lower portion of the cloud, from O deg. Ce to =156 deg. C., &nd more
likely sround =5 deg. to ~10 deg. C.

191b1d, p. 7.



68+ The negetive cherge center constitutes the lower end of s dipole
with the positive charge center sbove the negetive center,

7« In the eerliest stages the positive center eppesrs to bLe realtively
close to the negative center snd ess the storm progresses it moves upward
and, in meny ceses, outwerd from the original position, wherees the
negative center eppeers to be fixed in the preeipitation zone of the
thunderstorm cell and et e fairly definite altitude,

8. The positive center has the appesrnce of ccecupying e diffuse ares
of the cloud, eg if it were blown upwerd by conveotion currents.

9« An important femture of the electrical storm is the fact thet
elthough the negetive charge center sppesrs to be loceted in the precipli-
tation zone of the cloud, it does not, except perheps in lete steges of
the storm, extend downwerd to positions below the cloud base.

10. Precipitetion as it occurs in thunderstorms invelves the ice phase
of weter in the form of hail,

The interesting deseription of the process by which the freezing weter
night generate the etmospheric electricity is glvem by the authors. High up
in the top of the cloud the moisture sublimes to ice orystels. As these
orystels fall in the gravitationel field they eventually arrive in a region
of supercooled rein drops.. As the drops splash egainst the ice, some of the
resulting spray is frozen to the crystels snd the rest are blown upwards by
the ascending eir currents. This results in the formetion of positive water
droplets £nd negetive 1ce orystals. The ice in the meantime may have
settled into & region of higher temperslures where freszing no longer tekes
plece. Impinging reindrops will then only assume a negative cherge from
conteot with the negetive hail. There is no cherge produced unless actual
freezing occurs., This theory sccounis for the existence of & positive charge
at the top of the cloud and & negative charge &t the bottam. ALAgain, however,

po explenation is jiven for the small pesitive regions found by Simpson.
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CHAPTER III

THE THUNDERSTORM

The varicus theories invented to sccount for the separation of the
electrical charges in clouds ezgree on one importsnt charsecteristic, that is,
the existence of & turbulent coclumn of uprushing eir in the inner portion of
the cloud. Practicelly this rising column of eir hos been detected by experi-
ments performed with kites, by eirplene pilots, end by soundinzs teken with
belloons. In order te better understand the ceuse for the rising columns
of sir, Humphreys examines severel possible theories and finally advances a
theory whieh appesrs to be ressonable .20 If, for e reeson to be discussed,

& body of moist air is foroced upwerd, sdiebatic expansion will take place
with consequent cooling. As the air cools the saturation point will be reeched
and dew or fog will begin to forme At this stage of the cooling process the
rate of cooling will be decressed becesuse of the latent heet sbsorbed by the
water as it condenses. The tempersture of the ascending column of air will
be hizher than that of the surrounding air through which it is moving. This
process becomes more and more pronounced as the process continues, and 2s long
as it persists there will be & gain in veloecity. When the density of the
rising air becomes equal to or grester them that of the surrounding eir,
acoelerstion will ceese and the veloeity will begin to decrease., As the
veloclty of the rising column of air incresses the mdsture will be left

behind end the rising eir will begin to cocol at a very rapid raste. There

20 W, Jde Hmph"y" 92:_ cit.. Pe 318.



will be a point on the cclumn at which the tempereture of the rising sir will
equel thet cof the surrounding air. Above this point of equilibrium the rising
sir will become supercooled and will tend to fell back. At the beginning of
the process the inrushing air will come from the bottom of the cloud, but =s
the condensed moisture fells in the form of rein it will cool the air at the
bottom of the cloud sc thet it will no longer possess sn upward velocity. The
supply of air for the rising solumn will then come from the air in the front
part of the cloud &s it moves along., It will be noted that the process is
self-genereting after the initial upsurge of warm moist air. If this initiel
upsurge does not ccour the process will never get underway. For this reasson
many clouds with & bottom layer of werm moist eir do not become cumulus

thunderclouds.
In order to account for the existence of the initiel upsurze of warm
moist air Humphreys considers a number of possibilitics.n

le Strong surfece heating, especially in regions of light winds;

a frequent occurrence. The condition thet the winds be lisht is
essential to it simply becsuse winds, by thoroughly mixing the eir,
prevent the formation of iscleted rising columns, the progenitors of
this perticular type of storm.

2. The overruning of cne leyer of sir by esnother st e temperature
suf'ficiently lower to induce convection. This apperently is the cemuse of
some thunderstorms, especially in the warm sector, or interfrontal region
of & cyclone.

3. The underrunning snd cmsequent uplift of e satureted layer of eir
by e denser lsyer; s frequent occurrence elong; 2 "squall line" or "eold
front™ end therefore the cause of many thunderstorms.

Here the underrunning air lifts both the seturated leyer and the
superincumbent unssturated leyer, mnd thereby forees each to cool
ediabatically. DSut as both lesyers ere lifted equally, while, because
of the lstent heat of condensstion, the saturated layer cools much slower
than the dry, it follows that a sufficient mechaniesl lift of & saturated
layer of sir would establish, between it end the nonsaturated leyer sbove,
8 superadisbatic tempersture gradient, snd, thereby, produce local
convection, ocumulus clouds, and, of'ten, # thunderstorm. Indeed, conden=
sation begun in conditionally umsteble air, that is, air whose lapse rate

21 w, J. Humphreys, Op. oit., p. 322.
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is between the adiebatic lepse retes of dry and satursted sir, respectively,
often so grows &s to produce & larze cumulus cloud and a thunderstorm.
4., The escent of wearm, humid sir up e sloping obsteele~2 mountain or

an intercepting mess of eool eir, such as charscterizes the “warm front".

From the foregoing discussion the conditions thet initiate & thunderstorm
can be determined. An upward movingz column of warm moist air is the first
necessity. This condition is most usuel on & hot humid sfternocon. lost
thunderstorms occur in the summer months beceuse of the higher temperstures
existing during that sessan. Une exception must be noted. In the centrel
portion of the United States thunderstorms are most frequent at night.
Statistics have shown thet wet yeers are warm snddry years relstively colder.
The weather will either be wet and werm, or dry and cool. Therefore, one
would expect more tunderstorms in years of grest rainfall then in years of
little reinfall.

Thunderstorms mey be srouped eoccording toc the conditions which cause

them. These groups sre heat, cyclonic or werm front, snd squell or cold

front thunderstorms. Heat thunderstorms ere due to surfece heating. Cyclonie

or warm front thunderstorms are usually the result of warm air flowing up over

a masg of heavy cold air., The squall or cold front is casused by cold gir over
running warm meist eir. ‘It will be shown later that this cold front is the
condition to most likely form e tornsdo which makes the lstter s special cese
of the thunderstorm. '

1t is .nolr possible to present e more e¢omplete deseription of the actuel
eir currents of a typicel thundereloud, By the methods mentioned in the
preceding discussion the formation of cumulus clouds is initiated. To replace
the rising air, more eir enters the column from ell sides and starts to move
upwards. Normally the entire cloud will be moving along at a velceity com~
pareble to the veloeity of wind at that altitude. If the wind velceity is

apprecisble most of the air supply will be from under the front side of the
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eloud, As previously mentioned there is considerable precipitetion et points
located hizher in the cloud, end es this rein falls towerds the resr of the
eloud it ecols the air by evaporation, conduction, and convection. The
density of the air incresses as 1t cools and fells with en eppreciasble veloeity,
at the seme f.’uaa continuing to move forward with the veloeity of the storm.
As 8 result there exists & column of eir moving upwerds end towards the reer
of the cloud tozether with a column of moving eir., This latter column of
air is now slso traveling forwerd with the velocity of the storm. It might
be assumed thet this mechanism cmstitutes & circulstior of air, but such is
not the cese., The motivation for each column is independent end unique end
there results a simple exchenge of sir between upper and lower levels. A
chenge in the direction of wind occurs. Durin; intervals when a chenge in the
direction of the wind occurs the air movements become very gusty, and not in
any definite direction, OUnce the proeess of thundercloud formetion hes
started, it will continue end becomes self-sustaining for ss lon; & time as
t e storm moves with an appreeciable velocity.

An item of humen end scientific interest is the so-called "Rein Gush",
Everyone, st some time or other, hes noticed thot 2 olap of thunder will seem
to come just sheed of & gush of rein. Beceuse of this sequence it is generally
thought that the lightning stroke initiates the downmpour of rein. From the
forezolng enalysis it develcped thet the opposite is true. If a sudden
downpour of rein occurs in the cloud & grester concentreation of atmospheriec
electricity will be generated end this immediately resvlts in & lightning
dischsrge. When it is remembered thet the rain fells with & relatively small
velocity it becomes evident that the downpour will arrive after the thunder

end lizhtning. Heil is commonly essocisted with thunderstorms. Under proper



conditions the strong updralt will suspend the heilstones in vertical

oscillation until the stones grow to an gpurecisble size,

22 £f, ante, p. €
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CHAPTER IV

THE TORNADO, & TYPE OF THUNDERSTORM

Humphreys defines the tornado ss, "a slightly funnel-shaped, hollow,
eireculer column of upwerd spiraling winds of destructive wvelocity". He
elec states thet "it is the most violent, leest extensive, and the most
sharply defined of all storms".2% The destruction of life snd property which
one cof these storms c¢an perpetuste hes slresdy been menticned. It hes also
been noted that the tornade is s speciel form of thunderstorm.2% Knowledge
of & number of the outstanding cherecteristics of tornedces has been moquired
by experience. -Ctt hes been found that tornedces exist most commonly in the
southerstern end centrsl portions of the United Stetes./ In fect, tornedoes
do not occur to eny epprecieble extent in eny region ocutside of the United
St;tu._) Tornedoes hmn been reported in Southern Austrelie, but these obser-
vations heve been chellenged by meteorologists., It is, therefore, spperent
thet sny tornsdo elarm system thet may be developed will find its greestest
spplicetion in the United States. Oiler frots relative to tornsdoes cen bLest
be presented in en itemized form.2®

Meterological Locetion--- Southesstern section, or, more exaotly, east
of the wind-shift line, of e oyclone, of moderste to decided intensity. -

Kind of Cyclone == The trough or V shsped, the kind productive of
secondery cyclcnes, is very favorable, especially when the V proirusiom

2; '. J. H\nphrayl. Eh °1t.‘ Pe 218-
24 cr. ante, p. 23.

25 w, J. Humphreys, Op. cit., p. 219.
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points socutlwerd or, more particulsry, southwestwerd. However, tornadoes
occur ealso when this protrusion of the isobers is not eonspicucus, if,
indeed, present at all, at the surfeace of the earth.

Other Pressure Distribution == A moderste snticyclone to the rear, that
is, west or northwest (southwest in the scuthern hemisphere) of the cyolone,
appeers tc be an invarisble condition; but even if this pressure distri-
bution is essentiml, as we believe it is, to the genesis of the tornado
there is no proof of it from statisticel evidence slone, since nomally
the extratropical cyclone has en enticyclone to its reer.

Surface Pressure Gradient in Region of Tornado -- Usually moderate to
steep in comparison with the aversage cyclone.

fHorizontal Tempersture Gredient -- Ususlly steep slong a portion of
the border between cyclome and amticyclone.

Previcus ¥Wind -~ lioderste tc fre:h southerly often southwest, in the
northern hemisphere, similarly in the scuthern.

Following Wind -~ Moderste tc fresh northerly, often northwest, in the
northern hemisphere, similerly in the southern.

Following Tempereture =~ Distinetly lower then just before the storm.

Previous Humidity —- Excessive--meking the eir, st its high tempereture,
sultry end oppressive, from hours tc even deys before.

Clouds---Hervy cumulonimbus, from which a fumnel-sheped cloud depends,
(Pumulonimbus clcud is & cumulous from which heavy rain is felling
Sometimes this oumulus is iscolated and very towering, but, when not iso-
leted, often preceded briefly to an hour or longer by memmatocumuli,
(Memmetocumuli clouds sre cumulus clouds in reverse, i.e., low pockets in
the cloud form because of localized downdrafts caused by snow and ice thet
may have drifted in from sn sdjecent cloud.) .

Precipitstion == Rain end usuelly, hail 10 to 30 minutes before; lizght
precipitstion et instent of storm (funnel cloud often clearly seen end
occasionally photogrephed); deluge of rein, m'xed at times with small
heil, shortly after.

Lightning =- Nesrly, or quite, invariebly lightning accompsnies the
tornedeo, but seldom, if et all, occurs in the funnel oloud.

; Sounds -- There elways is a loud rumbling or roaring noise while the
. whirlin;, pendent cloud is in touch with, or even closely spprosches the
~earthe.

Direction of Tornado Winds -~ Spirslly upwerd eround a traveling exis,

' end in the seme sense as the sccompenying eyclone-counterclockwise in the
| morthern hemisphere.

Horizonal Velocity ££ the Wind ig_rornado == Unmeesured, but destructively

| great.

. Vertiesl Veloeity of Wind in Tornsdo -- Also unmessured, but sufficient
| to serry up pleces of lumber and other objects of considerable weizht-sey
! 100 to 200 miles per hour.

| Logeation of Initiel end Sustained Whirl -- Above, probebly close ebove,
| the general oloud base,

t Velocity of Storm Travel -=- Usually 25 to 4C miles per hour,.

| m%_{?uth ~= Anything up to possibly 300 miles, usually 20 to 40

. miles.
Direction of Travel == Roughly, parallel to travel of the center of the

. generel, or cyclonie storm, hence usually northesstward in the northern

| hemisphere, southesstward in the southern.
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Width of Storm == Anything from 40 to 50 feet up to rerely, & mile or
even more, but aversging ercund 1000 feet. Many are only 500 to 600 feet
acrosg snd cthers, es steted, even much less.

Number == Usually several, often in groups, in connection with the same
low=pressure system, and cn the s=me day.

Time of Yeer -- Meinly spring, end eerly to midsummer, but occasionelly
alsc at other seescns,

Time of Day == Usuelly midefterncon, or 3 to & pem.

It should be bormein mind that the sbove observetions are not infallible,
but do contein some element of Yruth and are thus worthy of note. DBeceuse of
the limited eree of operstion end the speed of travel of a tornsdo the diffi-
culties in cbteining eccurete dete ere meny. It wes steted thet the locetion
of the crigin of the whirl tozether with its region of gemsrstion 1s near or
Jjust ebove the cloud base. The mechenism of the tocrnsdo generation must now
be considered. Tornsdo sction is believed to begin with en umstable condition
such as exists in m-tomuli. cloud formstions. Azein, e resction between
eyeclone and anticfmlone elong the wind shift line may zive rise to the swirl,
In the foarmer case, we have the condition of & cold front that passes over a
layer of werm moist air. This ceuses instebility of sufficient megnitude to
ceuse & sudden localized vertical conveetion. If the moisture in this air
condenses, the sction is self-sustainin, end the air may rise to & zreet height
snd be accompenied by lightning end hail, 1If, after conveotion has started,
the aeir drewn into the convection streem from different directions retains e
pert of its original velcelty, a torque is ereated thet will produce & whirl-
ing metion. By the law of the conservation of momentum, it follows that when
the moving air is drewn in toward the center of motion there will result en
incresse in velocity. The product of the moment of inertis end enguler
velocity is a constant, end sinece the moment cf inertis is proportional to the
second power of the redius, it follows thet the anguler velocity will incresse

inversely tc the second power of the radium. Agein, the linear velocity is
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direetly proportionsl to the redius snd there results slso en inecresse in
linear velocity which is inversely pmportiﬁml to the redius., The eir pressure
will decresse as the veloeity of the eir inecresses. Tremendous velocities will
be developed et the center of the swirl, and centripetel force will push still
more air particles upwerd end cutward. As e result a nesrly perfect vacuum
will exist at the center of the whirl, The funnel thus developed is open st
the top and betloms The original air at the center was expelled from the top
end ns the air drewn from below is whirled about until it arrives at the top.
This ection results in the farmation of e pressure cap at the top of the
eentrifuge. This pressure cep not only prevemts air from entering intc the
funnel from the ™ p but it slsc prevents the whirling air inside the funnel
from escaping from the top. 4s & result a pressure is formed in e downward
direection which forces the entire whirling mass towsrds the ground. As more
end more sir is taken in from the bottom, the tornado burrows deeper =snd
deeper until it reaches the earth. There the bottom is senled sgainst the
eerth's surface. Unless the whirl is very violent snd possessed of unusuel
enerzy it will spend itself before it resches the eearth.

The reaction along the wind shift line of & cold front will result in
& torgue ection which mey ceuse wiolent convection currents thet initiate the
whirl thet forms into a tornado. Tornadoes always rotete counterclockwise in
the northern hemisphere and clockwise in the scuthern hemisphere. This may
be sttributed to the faot that air nesrest the equetor necesssrily travels
slower then the air towards the poles. This might account for the difference
in the original velocities required for the formation of a swirl., Small whirl-
winds on the zround are ceused by wind flowing towsrd a convection current, but
whlinh miss the center and consequently may whirl in either direction,

One of the importisnt points develcped in the preceding concerns the very

large convection current whiech trevels upwerds through the center of the



tornado. This convection current is very similer to a vertical chimmney to
be found in the cumulus thundercloud. For this reason the tornado may be
eonsidered as & speciesl type of thunderecloud.

The writer perscnally witnesséd a tornado during the spring of 1935 nesr
South Haven, Kansas.?® The damsge done by the wind and heil at e distence of
three miles from the furnel wes gquite extensive. When the funnel wes ebout
4 miles ewsy it appesred to be & vertical, derk wall ebout one-half mile in
width which extended down to the esrth's surface. The afternoon had been very
warm and belmy enc it was noticed that there wes no wind st the time of the
epproech of the tornsdo. After the storm had passed and it wes sefe to leave
the storm cave, it wes noticed thet the ambient tempereture wes very low and
uncomfertable, This wes something of a contrast to the reletively hish tem=-
persture vhich existed prior t¢ the storm. These personsl observetions are

similer to the deseriptions of tornsdoes cclleeted by Humphreys &s outlined.

26 cr, ante, p. 6.
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CHAPTER V

LIGHTNING AND THE NATURE OF ATMOSPHERICS

Atmospherics may be defined as electromegnsetic disturbsnces produced by
stmospheric conditins.2! In the United Stetes the term "static™ hes come
to be used quite generslly for stmospherics. However, the short term "spherics"
is more cammonly employed by the investigators snd research groups.

Lightning is an electric discharge occcurring in the atmosphere, one
terminal of vhich is & oloud.®® From this definition, which has been accepted
by the Americen Staenderds Associstion, it becomes apperent thet lizhtning
may exist even when there is no visible discherge.

A great desl of work has been done in the field of estmosyherics. Eerly
work was performed with electrometers end string gelvenometers for indiceting
devices. Later the csthode-rey cseilloscope sppeered as an additionel eid
by menns of which progress in the field was accelersted. The cathode-ray tube
end the eassociated electronic eirecuits have undergone much eveclution since
they were first used, and messurements made in 1920 appesr tc be very crude
when compared to recent observations, Messurements teken with the older end
now obsclate eguipment sre very difficult to eveluate. This adds to the
difficulty encountered in meking e survey of a field that is so inherently
controversial. Some of the fundementsl concepts on the subject of etmospheriocs
occur only in the eerly litersture and sre not to be found in text books.

These concepts are used, but not expleined, in the pepers thet followed later.

27 Americen Standerd Definitions of Electricel Terms, p. 206.

28 1pid, p. 95.
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Consequently, in order to read the modern literature, it is necessary to
meke a survey of a portion of the earlier work on the subject. For example,
e series of articles "On the Neture of Atmouspheries™, has appeared in six

different articles in The Proceedings of the Roysl Soeciety of Londen, Series

A, The first srticle was published in 1923 snd the last in 1938. Each
erticle in this series is based on the ccncepts esteblished in the first
erticle. The research thet led to the series of erticles just mentioned
wes sponsored by the Radioc Research Eoard of the De artment of Scientifie
end Industrial Resesrch of Cre:t Britaein. Without specifically referring to
the origirel work to be found in the first three erticles??»0¢pe findings

end observstions sre summed up by the introduction to the fourth article of

the seriesg .31

The modern study of the repid changes of the eerth's electrie field
essociated with lightning fleshes was initisted by C. T, R. Wilson in
1916.92 Wilson mede cbservations on the net chenges of the earth's
field due to the destruction of neer-by thundercloud moments by lightning
fleshes end, since interest was centered solely in the mrgnitude of the
initiel end final velues of the field, & relstively sluggish electrical
indicator (cepillary electrometer) was found most convenient. In obser-
vations of essentielly the seme charecter, Appleton, Wett, and Herd,
using & string eclectrometer es well as & capillery eleotromtgs, made
meesurements at grester distances from the discharge channel. The

29 R, A, Watson Watt end E. V. Appleton, "On the Nature of Atmospherics
1", The Proceedinzs of the Royel Sceiety of London, CIII-A, (#pril, 1923),
84-102,

30 g, v, appleton, R. A. Wetson Watt, end J. F. Herd, “"On the Nature
of Atmospheries II end 111", The Proceedinzs of the Royel Society of London,
CXI-pA, (1926), 615.

31 g. V. Appleton and F. W. Chapmen, "Atmospherics IV", The Proceedings
of the Roysl Society of London, CLVIII-#, (1937),

32 ¢. 7. R. Wilson, ™m.n.", The Proceedings of the Roysl Sceiety of
London, VIIIC-A, (1916), 5864

” E. Ve lpplctan, R. Ao ¥atson ‘.tt‘ end J. F. Hﬂrd. 1000 ﬂit.
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work of Wilson, at distences usually within the reglon of sudible thunder,
had shown thet the net chenges of the eerth's field associated with lizhtning
fleshes were more frequently positive then negetive in sign. On the

other hand, Appleton, Wett, end Herd found the oppesite prepondersnce,

and thus led them to conclude thet a thundereloud is fregquently, if not
always, bipoler and further, that in order to account for the sizgns of

the field changes it must be assumed that e very frequently occurring

type of bipoler thundercloud is one with the pesitive chearge uppermost.
These conclusions were lster confirmed by Schonlend end Craib in
observetions mede in South Africen thurderstorms.

The messurements made by Appleton, Watt, and Herd on disturbances of
the earth's electric field also included observetions on the weve-form
of those naturelly occurring electric waves known to rsdic-engineers as
etmospherics., In this series of observetions the potentiel varistions
developed ecross 2 condenser or resistance included in a damped wireless
antenne were examined visually by meens of a sensitive cathode-ray
oscillogreph. The results of & staticticel enalysis of a lerge number
of individual drawings of wave-forms showed the type of atmospheriec
observed to be a relatively long eperiodic or quasi-periodic electrical
disturbance of duretion 2 to 3 milliseconds (msec) snd intensity 0.l
volt per meter, High-frequency ripples on the mein gross structure of
quasi=frequencies up to 10 kilooycles per second were, however, noted
end the interferent effeets of etmospherices were sttributed to such
high=frequency components rather than to the effect of the reletively
slow mein di sturbance.

Since there is no lack of evidence that we must look to thunderstorms,
up to very considerable distances, as importent sources of etmospheries,
it epperred to us to be of interest to mttempt to link up the observations
of Wilson and others on the electrostatic field changes due to the destruc=-
tion of thundercloud moments with the radiation field changes of atmos-
pherics as studied by Appleton, Watt, and Herd; to study, in fect, the
evolution of the atmospheric wave-~-form from the original disturbance.

Our observations heve thus been confined to those made within ebout
200-300 kme from the discharge chennel.

In repeating observations of the same type es those made by Appleton,
Watt, snd Herd, san attempt hes been made to remove certein wesknesses in
the technigue which have been the subject of eritieism. For exemple, the
visual recording of the earlier series of cbservetions heas been replaced
by photography of the trensient dis turbence es delineated on the cathode-
ray screen. Moreover, by using the combinetion of e Wilson sphere as the
exposed conductor connected to the input cireuit of en elsctrometer triode
as the essential device by means of which the earth's electric field
chenges were recorded, it hes been possible to vary the time constant of
this circuit, end to satisfy ourselves thet it exercised no deciding
factor in the determinetion of the observed trensient. Now it has been
maintained by Lejay that the earlier visuel observation of atmospheriec
wave forms were vitiated by the feet that the eerial system used had a
time constant of the order of 2 x 10~2 seconds, and thst it was this

34 Schonland and Craib, "n.n.", The Proceedings of the Royel Society
of London, CXIV-A, (1927), 229.




instrument quantity which determined the observed durations end not the
atmospheriec which was the csuse of the changes of potentiel in the merial
system, The arguments of Lejay we consider to be invalid for two reesons.
In the first cese he hes confused the influence of a net change of field
with the influence of a rediation field chenge. A net chenge of field
would, it is true, ceuse a disturbance with & duration determined by the
geriasl time constant, but such disturbances were, es steted in the earlier
paper reudily recognizable by their cheracteristic end reslitively long
duration, end were easily distinguished from the shorter atmospheries of
distent origin which took place in sn interval usyally less than one-tenth
of the time constent. Also, secondly, we have, in the present series, not
been limited in our control of the serial time consteant snd by verying it,
have satisfied ourselves that it exercises no recognizeble influence on
the delineation of wave forms of the type and duration noted in earlier
observation.

At the same time, the present series of observstions in which ecethode-
ray photogrephy is employed, shows that the esrlier observations by visual
methods geve s limited end scmewhet insdequete conceptiocn of the high-
frecuency components of etmospherics and that, in the visual series the
observer watching the oscillogreph screen wes lisble to note the relstively
large smooth radiation field snd omit the record the short higher frequency
component which we now find always accompenies it. Our conception of
atmospheric wave-forms, especially ss regerds their interferent properties,
is thus msde much more satisfactory.

In the present series of observations the sttempt hes been to supplement
the rate of chanze of field (i.e., on dE/dt), where ¢t is the time). In
this way the study of the high-frequency components has been very much
facili teted. Also, by confining our sttention in s section of the work
to etmospheries of known thunderstorm orizin it has been possible to
follow the somewhest remerksble sequence of alterations of weve-form with
distance.,

This elteration of wave-form is found to be partly sueh &s might be
expected from the simple lews of electrodynamics, the ratio of the rsdiation
field to the electrostetic field increasing with distance. But there is
also found marked evidence that the propazation of the atmospheric waves
is sub jeot to a dispersive influence which ceuses the hizgh frequency com-
ponents to travel with & higher group veloeity than the low-frequency
components, Quite apert from the guestion of the mture snd origin of
atmospherics, observations on the net chenge of field due to nesr-by
lightning flashes especially if the rapid changes cen be followed, may
be expected to give us informetion concerning the electrical nature of
8 lightning discherge since, et short distasnces, the varietion of the
elesctric field is proportionsl to the wverletien of the thundercloud
moment during the flash.

There are two items in the preceding discussion thet should be clarified
for the reader. The authors refer to the concept of a bipolar cloud the top
of which is positive, end bottom negetive. This fact has been verified by

belloon loundinga.ss The term "cloud moment"™ was defined in an esrlier paper

35 Cf. ente, pe T



as the value of the cloud charge multiplied by twice it's height sbove the
eerth, 36

In the study of stmospherics csreful sttention must be given to methods
of recepticn, Perticulsr attention must be given tc the subject «f sntennsse.
The investigator must know the kind of signal which may be expected, and the
specific conditions which must be met to obtain certain results, Appleton
end Chapmen discuss the antenne and signal voltage errangements that perait
of both ¥ end dE/dt where the symbol E represents eleotric intensity.37
They used = Wilson sphere for the antemns; however, they mi:ht have employed
eny other type of entemne in which the voltege genersted in the sntenna is a
function of the field intensity with respect to time. ZExeminstion of the
eirculiis shown ir Fig. 3 demorstrates that the time constant of the eircuit
iz too smsll to distort the voltage which is gemereted in the antenne, This
voltege eppeers in undistorted form ecross the cepseitly Cye The capacity
Cg is effectively shorted out by the resistence B. The equivalent eircuit
of the assembly is shown in Fige Jb. The elleolive height of the entlenna is
represented by h snd the electric inlensity, & Ifunction of ¢, ls represented
by Eo The product of E and h is eyusl to the generated voltege. The effeot-
ive height, h, is defined as the antemna voltsge divided by the electric
intensitye. I1f s current i is flowing in the clireuit of Fige 3 the following
equation mey be written,

V:ER:CQK%(%_E_JXR

and therefore,

%o

% ct. post, p. 49
37 E. V. Appleton end F. ¥, Chepman, Op. cite, Pe 4o



From these relationships it is seen that the voltsge obteined across the
resister R is proportionsl to the derivetive of the electric intensity with
respect to time. This voltage may be fed directly to the emplifiers. This
type of signel wes found to be very useful feor the study of high frequency
disturbances, Meesurements of the electric intensity ere of major importance
in the field of stmospheries, Consequently, Appleton and Chepmen developed
the eircuit shown in Fiz, 4a. The resistence R is small and therefore the
voltage scross the capacity C; is the ssme as the voltage across Cj at ell
frequencies encountered.

If Kirechhoff's voltege law is epplied to the loop of Fiz. 4b there
results,

hE:élg-I-—Cs -|-€-°- '.'.V'\'%

where @ is the cherge end V is the voltege soross C;. Therefore,

Q= Cs +C,
Eh=V(s+C) +V = V(1 +Cs+C
L C

erd hence

- (C. +CS +C|)
S

From this it follows that the antonna signal across cepacity C; gives a

and

voltaze which is directly proportioral to the field intensity E. In both
ecases the resistence R is mede sufficiently large to critically demp the
antenna. This prevents sny shoek or signal from setling the entenne eircuit
into oscillation,

In the cirouit of Fig. 4 no consideration was _iven to the input resis-
tence of the smplifier. Appletcen and Chapman used an electrometer triode.
This eonsisted of a Pliotron FP-54 menufactured by Generel Electric Company.

The complete sntenna assembly, including the sphere lead-in system, together
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with the electrometer triode was shielded electrostaticelly. The shield
consisted of & metal cese and included a dehydrsting sgent to prevent surface
leakege. This construction made it possible to maintsin the input resistance
of the electrometer triode at approximately 1016 ohms. However, because of
slow varistion of the earth's field it wes necessary toc introduce resistence
of 10 megohms in the grid eircuit of the eleotrometer tube. A disgresmmatic
illustration of the arrangement is shown in Fig. 5.

Early circuits employed a resistance-coupled smplifier in the ocutput
of the FP=54, However, a cepscity coupled amplifier was finally substituted
in crder to improve the stsbility of the system. The modified circuit was
eventually desizned to cover, without distortion, e frequency band from 10
to 10° C.pe8s Due to great advences in smplifier end oscillograph design since
the time of Appleton and Chapmen, no edditional details involving their equip-
ment will be considered in this peper.

The findings of Appleton and Chapmen, together with their discussions
of the evolution of en atmospheric disturbence, ere most valuable and
.‘;ﬂ*:.oreaﬂ:i.ng_;.58 They found that the met change of field usually consists of
either two or three parts, as shown in Fig. 6. In the first part there is a
smooth variation of the field in the direction of the finel net change.
This change usually requires from 1 to 10 msec. to resch completion end is
then followed by & very rspid change of field on which ococur superimposed
ripples. The field may cease to very at this stege, or egain it mey gradually
increase, possibly with ripples to some slightly lsrger final value. A
typicel net change of this type cbserved st a distance of 3 km., is illustrated
in Pig. 6. As hss been mentioned, the third part, (¢) in the disgram is very
frequently either non-existent or nct very large. The magnitude of the chsnge

of field in pert (a) is generelly sbout equal to that in (b). The transition

58 B. V. Appleton end F. W. Chapmen, Op. oit., p. 12,
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from (a) to (b) is very sbrupt., Records obtained using much greater verticel
gein and a faster time sweep showed that part (a) was not a smooth variation.
It conteired a fine structure consisting of pulses separated by about 0.l
maec.sg The record of the atmospheric thunderoloud moment is obtained from

the time verietion as depioted in Fig, € of the ecloud moment. The change in
cloud moment is proportionel to the electriec .tntansity.'w In the case at

hend the net field change is 1000 w/m. At grester distsnces from the discharge
one would expeect less net changes.,4l Typiocal weve forms delineated st the
verious distmces ere shown in Table 1.42 The velues shown in the first
column of Table I are the distences to the channels of discharges. The dis~-
tance to s discharge channel was determined either by » measurement of the
interval between the lightning and the thunder or, in the case of the more
distant storms, from the informetion ziven concerningz storm centers in the
daily westher reports of the Meteorological Office. Values of the electrostatic
field chenge, E;, are to be found in the second column, while estimeted values
of the redistion field, Er, are to be found in the third column. In coclumn
four are drawn pictures of the typical weave-forms at the verious di stances.

In order tc show all the weve-forms es sbout the same height, the vertiecel
gein is incressed as the distance to the field disturbance increasses. This
table clearly indicetes that part (b) of the discharge oontains the mein

component of readiation, At distances of 200 km. or grester the wave-form of

39 Er_. post, pe. 51
40 cr, post, p. 49
41 Loc. cit.

42 Be Vo Apphten end F, ¥, Chapmm, 9& Qit.. Pe 14,
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Fig. 5, Showing disgremmatically the seriel system, smplifier, and recording
cathode-ray oscillogrsph. E, electrometer tubej A, resistance
oapacity coupled tube smplifier; ), cathode~ray oscillograph;

T, to thyrstron camers shutter relay; S, to time calibrating
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Figs 6o The typical variation of thunderelé® dthent during a single
lightning flash, ss determined by the earth's electric field
variation at a short d stence from the discharge,.



41

en atmospherio is determined precticaly entirely by the radiation field com~-
ponent, Throughout the distence renge from 60 km. to 200 km. certain marked
changes of weve form are noticed, First, the total duration of the atmospherie
appears to incresse; second, the wave~form becomes more regular and the higher
frequency ripples less prominent; and third, the number of half-cyeles observe
sble in the atmospheric seems to increase.

For the more distant disturbances having & smooth wave-form, it mey be
noted thet the guasi~half-ecycle increases throuzhout the durstion of the
atnospheriec, At s distiunece of 200 km. ¢ new phenomencn is often observed.
Meny of the radistion weve-forms develop 2 slow-tsil of sbouttiwo rounded
half-cycles. It will be noticed thet this type of wave-form is exactly the
type drewn by Appleton, Wett, and Herd for their series of visuel observa-
tions, 45,44

Close renze meesurements made with the circuit shown in Fig. 3 brought
out in detail the oseillatory fine struecture in psrt (b) and (¢) of the time
discharze curve. Vhen close toc the disturbance these oscillstions were
diffioult to deteet with the eircuit of Fig. 4 because they were masked by the
dominant electrostatic component, The quasi-period of oscillations was found
to very from 0,01 to 0,25 mseec. These periods are equivalent to frequencies
from 4 to 100 ke. The duration of such & train of quasi-oscillations might
be as long es 1.0 msec,

From the foregeing discussio: one may conclude that in its totslity the
lightning discherge is aperiodic, but thet during the periods of both slow

and rapid chenges of moment there exists superimposed minor pulsstions. The

43 B, V. tppleton, R. A, Watson Wstt, end J, F. Herd, loc. cit.

44 ¢, w, Miller, loo. cit.
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pulsations that occur during part (b) of the time discherge curve are the
largest. A discharge of this type corresponds very closely to the electrical
mechanism sug;ested by Simpson who aaid,'ls
Ther- can be 1little doubt thet the resistance of a fully developed
lightning chennel when most highly ionized may well be less than the
eritieal value, and the chammel therefore able to oscillate. The
oscilletions will be superimposed upon the main current but will not
reverse lis direction of flow...The effeoct is somewhet similer to that of
a "singing are” in which the econducting psth through the sir between the
electrodes is mainteined by s unidirectional current while oscillations
which give rise tc the musiceal note are superimposed upon the current
scoording to the frequeney of the eireuit,
Appleton and Chapmen continued their discussion with the observation
that the most freguent type of atmospheric consists of & briefl wave-trsin of
about 8 half-oycles with quasi~-period 0.1 to 0.15 msec., This wave-form is
charecterized by a2 very steep front and hes a sequence of quesi-half-cycles
of ingressing duration., The so-called "slow-teil™ oceurs only in e minority
of cases and reguires scme explenation. The fact that it eppesrs only when
the discharge is more than 200 km. distent would indieste that it is & cherse-
teristic of the transmission medium. Trensmission line theory would cause the
high frequency components to travel faster than the low. Experimenters have
elso found thet long=weve radio radistion travels faster than short-wave lengths.
Another snswer might envolve reflections from the ionlisphere. The three
effeets might account for the phenomena.
It will now be necessery to review pert V of the series of articles under

discussion. 46 Particulsr attention wes siven to the "slow-tsil™ phenomena

es well as to the presentation of the more sccurete deta by the use of more

45 g, Ce 8impson, "n.n.", Journal of the Institution of Electrical
Engineers, LXVII, (1929), 1275, cited by %. V. Appleton end ¥, W. Chepmen,

Op. 0its, pe 17,

46 R, A. Watson Wett, J. F. Herd, end F, E. Lutkin, “Atmospherios V",
Proceedings of the Royal Society of london, CLXLL-A, (1937), 267-291.




precise equipment, Their feeilities were improved for detsil study. A new
instrument wes described which consisted essentially of s roteting drum on
which the {ilm was mounted. If the cathode-rsy spot remeained stationary a
spiral would be trsced on the film.4” This wes brought sabout by e continuous
axial motion eof the drum. Two :tntiol‘ s were copersted simulteneously, one et
either end of a 560 kn. bese line, By msens of direction finders at each
station it was possible to locate the source of the atmosgherics by trengula-
tion48 4 film speed of one-hslf m./sec., wss employed. The antenns st one
stetion consisted of & type T entenne loceted 20 m, above the zround and 500
m. in length. This sntenns fed the resistance-coupled smplifier.4? The other
antenns wes 16 m, high end hed e single-wire top of 65 m. length, ZHarly in
the cbservetions it became obvious that the difference in sntennas had neo
appreciable effeot on the wave forms received.

The resistance-coupled smplifiers were replaced by capecitance coupled
saplifiers in order to improve the stability st high frequencies. It slso
beceme cbvious that there was little need for smplificetion below 100 c.p.s.
The response of the smplifier wes linesr over & band from 10 c.p.s. to
15,000 cepeSe, with & zain of epproximetely 1,000.

Utilizing the new type of drum camers delineation disclosed the multiple
stroke phenonenon. The typiceal multiple stroke atmospheric, when received frem
a distance of 200 tc 4,000 km., was found to consist of a suecession of com=-
parable elementis ssparsted by time intervals of the order of 10 toc 50 msec. one

such series was desoribed which eleven compenents occurred in a time less than 500

47 p, BE. Lutkin, ™A Drum Cemers for Recording Tansient Electrical
Phenomene™, Journal of Seientific Instruments, XIV, (1937), 210-212.

48 R, A. Watscn Watt, J. P, Herd, and L. S. Beinbridge-Bell, Applicstims
of the Cathode-Ray Osecillograph in Radio Research, pp. 101-10S.

49 E, V. Appleton, R. A. Watson Wett, end J. F. Herd, loc. cit.
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msec.; ench component hed its own "slow-form™. It must be remsrked thet in
the literature the terms "slow-form" end "slow-teil"™ are synonymous.

An oscillstory component was present in sll but esbout 1 per cent of
the recorded forms. This component essumed the form of & tresin of some eight
or ten oscillestions of apprecisble amplitude with logarithimic decrement,
The most prominent frequencies within the oscillstory component were of the
order of 5 to 20 ke.p.s., the quesi-periocd of the oscilletions srriving first
being shorter than thst of the oseilletions thet followed. It was found thet
the avereze frequency of these oscillsations durin; the summer wes lower than
during the winter., The “slow-form™ had & first “half-cycle” of between 1.5
end -2,5 mseo, duration for distences of # few hundred km, This time rose to 6
msec, at 4,000 km. After construction of & scetter disgram of the oseillation
intervals plotted in relstion to the distence to the origin of the atnospherie,
it wes discovered thet no correlation could be obteined. Therefore, it wes
decided that this reletionship could not be used for the purpose of renging.
Some idea of the complexities involved may be obtained from one discovery which
resulted from the new errangement of equipment. It was found that no corre-
lation existed in the field stremgth of disturbances originating from the same
erea when thése field strengths were measured st the two receiving stetions
separated by the 560 km, base line, OUscillograms cleerly demonstrzted this
fact. A study of the data led to the conslusion that the ratio of amplitudes
of the oscillatory pertion of the discharge to the non-oscillatory portion
of the atmospheric decresses with distence. Iowever, the oseillatory portion
possesses the grerter amplitude.

At the present time part VI is the most recent of the series of publi-

cations under consideration.® Film speeds up to 20 m./sec, were employed.

80 p, E. Lutkin, "The Nature of Atmospherics VI", The Proceedings of the
Royal Society of London, CLXXI-A, (1939), 285-313. s
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Two series of dets were obtained. The first series consisted of observations
of stmospherics erriving from storms a jreat distance awey, This series wes
prineipally for testing the equipment. The second series consisted of records
from disturbances that occurred close to one of the receivers. 4 method for
recognizing simultsneous observations of the ssme event wss employed end wes
correlated with the direction of esch recorded stmospheric.51 Once azain
dissimiler antennss were used. One entenne consisted of a wire "cage"
supported by a 75 ft. wooden tower. The cother was a 80 ft. high type T
sntenna which was 230 ft. in length. The new equipment was desijned to
measure the field strength end the direction of the initial surge of voltage.
It wes found thet 65 per cent of the wave forms had e positive initisl surge
and 31 per cent negetive surge. The sign of the initial swing could not be
determ ned for 4 per cent of the wave-forms. It is to be understood thet =
positive swing at the input to the amplifier indiocstes e positive field change
sccompanying & discherge of negative electrieity to the ground., By teking
advantage of tha.greﬁt rnkolving power of this equipment it was determined
that the head of the oscillatory train had & frequeney of 10 ke. p. s. The
frequencies at the end of the trein wes 2 ko.p.8. The trein was considered to
end when the smplitude wes one-tenth the peesk value., Wave-forms originating
from over the Atlentic Ocesn were of longer duration than those from over the
land, However, the former waves were of much longer duration than the latter.
It wes also found thet there existed occesional complex sequences consisting
of multiple wave structures grouped so close together that it wes difficult
to obtain sdequate separation, These forms orijinated most frequently from

storms occurring over lend. The "precusor™ of the wave becomes more prominent

51 R, A. Watson Watt, J. F. Herd, snd L. J. Bainbridge-Bell, loe, oit.
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as the origin of the disturbance spprosches the receiving station. The
"precusor” occurrs in the (a) portion of the field change.

It might be remarked that for nearby storms = 10 ft., vertical sntenna was
used in place of the sntenna described previcusly. This chenge resulted in a
much shorter time comstent., In sll ceses it wuos observed thet when the same
stmospheric wes recorded by both stations, the initial chenge in the two
records wes the same. The weve-forms mizht be quite dif fersnt, however, because
of the difference in distance to the storm center.

Lutkin classifies stmospherics into three groups. The group 1 type of
stmospheric originate: in the main discharge which occurs down the chamnel
ionized by the "leader strokes". Lutkin compercs a typiesl zroup 1 wave-form
on the ssme time base with & reproduction of e flesh photogrsph by Schonland,
Malen, and Collens.52 The comperison shows how the light and derk stresks
at comperative intervels of time compare well with cycles of the wave-form.
This is a grest help in the analysis of the mechenism of the discharge. The
radiation field change at distences of & few hundred km. from & flesh will
be proporticnal to tlzl,/tlt2 where ¥ is expressed ss M = 2hQ and represents the
eloud moment dutroyld.“ Agsuming that the bands of illumination indicste
current pulses f lowing in the ssme direction, the curve of moment destruetion
versus time will be similer to Pig., 9, curve (a). Differentisting this curve
gives curve (b) and differentiating again results in ewrve (e¢). Curve (¢)
is similsr to the wave-form of the delineated radiation field.

This is a confirmetion of Simpson's theery that the icnized path of the
stroke will oscillste and zive rise to radistion from s unidirectimmal current
with periodic pulses that shock the long ionized conduetor into oscillation. The

frequency would shift sas the constants of the path varied when changes

52 B, B. J. Schonland, D. J. Malen, end H. Collens, "Prosressive Lizhtning
11", The Proceedinzs of the Royal Society of London, CLII-A, (1935), 595.

53 E Eoﬂt. p.
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occurred in the lengzth of the stroke and the caepasity of the eloud to zround.
Where the initial cloud moment destroyed is positive, it hes been found that
sometimes the ourrent reverses and proceeds to destroy the negative moment.
This is attributed to the exhsustion of the small localized positive cherge
at the base of the cloud followed by & discharge from the neighboring negative
ohnrge.“ The atmospherics of srowp2 ere found to orig‘innte in the leader
stroke which proceeds the first component discherge. This lesder, or "precusor”,
appesrs to ocour in two types. In one type the leader to eerth is followed
immedietely by the ntin-ltroka while in the other the leeder stroke slows
down ss the ground is approached. By the time it reeches the ground the rste
of travel is then so slow that only & smell radiation field results, while
that of the mein discharge is relstively enormous. Often in a group 2 type
of discharge a quiet period of e millisecond will e lapse between the last
visible oscillations of the les@er stroke and the main discharge. In some
oases two or three successive petterns of group 2 have been found preceding
the mein stroke, sug esting seversl attempts of the lesder to remch the eerth
before the chennel is finelly esteblished. Accepting this hypothesis of
origin it must be expo;otod that many ceses will be found in flash photography
in which the leader stroke is unsccompanied by' e succeeding mein stroke. Of
the 226 forms registered only 48 were followed by main strokes. The fregquency
of these non-return strokes aversged about 14 ke.p.s.

The stmospherics in group 3 arc similsr to those in group 2 exeept thet
a longer time intervsl occcurs between pulkes, The reesson for this is not
expleined, It is, however, very interesting to find that the isclated pulses
of this type of flash produce at a disteance only 3 half-cycles instead of the
dempted train of 3 or 4 cycles charscteristic of the oseillatory compeonent

of the first group. The period of these oscillstions was from 50 to 100

54 ¢r. ante, p. 8.
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In order to better understsnd the memner in which the weve foras are
produced it will be necesssry to introduce the hypothesis thet a thundercloud
is discherged by = succession of unidireetional verticel bursts of current.
The electric intensity will be coms icdered mede up of three components, eleo-
trostatic, induotion, snd redistion, For the two cherges shown in Fig. 7, the
potentiel 2t & ziven point, P, is the sum of the potentials due to the indie-
vidusl charges. The potential st & point mey be found by integrating the work
performed on & unit charge when the cherge is esrried from infinity to the
given point. This gives V 2 Q/R. Referring to Fig. 7, the potentisl et

p‘Oint. ?. is
L Cos®
" = —QE—_ " R+L Cosé 24 *co0s*E
2 "E‘- R _i_cose % R % cos
and if L2 is negligible compared with R

V= QL Cos® - mMcosé
R* R*
H is called the moment of the dipecle.

Er= -9V -2 mMcose

SR T
Ee= Y = Msin
o et o

where Fp and Eg are the radiel and tsngential components, respectively, of

the eleotrie intensity. The sbove equetions will now be spplied to s charged
cloud leocsted sbove the surface of the esrth, It is szsumed that the surface
of the eerth is en equipotential, Since & plane nidwey between the cherpes of

a dipole and perpendiculer to & line connecting the charzes, is en equipotential
surface, the electric field sbout e dipole is identiecal with the field of »

oloud charge, This being true, the latter may be analyzed by using an image



charge below the earth's surface., Such an srrangement is shown in Fig. 8.
Using the previous expressions for By and Eg it is seen thet X = 2WQ,

Fp 8 O since 0 ® 50 deg., end By is the only component,

- E:Msn® _2h0 =
EB = E= """R'T—' “RY 'g'
This equation for field intensity in terms of cloud mament holds only if

(2h)2¢<R2, as was specified in the derivation.

It is now sdventegeous to present the equation thai expresces eleetrie
intensity in terms of oloud moment, followirg the work of Lutkinm end Norinder,5®
The relstion :

E=ft +da P+ 4
could be written

E=-2h@ + 3._&_ ‘g"? + g._l%d_"fﬂ.

L A C*Rdt*>

where the quantities involving N ere the retarded values of the cuuponents
of the field intensity cbteired st & time (¢t ~R/e)s Since E is & weotor the
equation implies that veotor addition is in order, Purthemore, i is
designated es the chenge in mament just as I is the change in electric inten~
sitye The first term of the sbove equaiion is the electrostatic component snd
is in » verticsl direction, The second term In induced electric [ield snd the
third term is the rediesiion component, Perhaps the best way lo correlate
this equetior which is in terms of cloud moment, is to compare it with the
field egquotions which mey be found in most stenderd textbooks covering the
subject of antenne redistion, Consider, for exsmple, the equation developed
end written by Skilling,56

Ee =+_JT-'ELEsin g[a'_k.‘_wsw (t-R)+Lsin w(t-.&)t‘_rt%eosw(t-%ﬂ

55 Harold N¥orinder, "Cathode-Rey Uscillogrephic Investigations on Atmos-
pheries”, The Proceedinzs cf tle Institute of Redio Engineers, 10UV, (February,
193&)&23'554.

He He Skilling, Funcementels of Tleotric iaves, pe 168,
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Fig. 7. Depioting & dipole.
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Fige 8. Illustrating the cloud as a dipole.
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This equation is in restionalized M, K.S5. units.

S8ince the lightning pasth, the conductor, is perpendicular to the earth
and since only the vertical compconent of the electric intensity can exist if
the surface of the esrth is to be en equipotentiel, only By is considered.
That the two sets of equations for the fisld ere similar cen be recognized by
noticing the varisble R. It can be remarked thet in case of either the moment
equation or the current equetion, the first term iz & function of the third
power of R, the Secnd term the second power of R, and the third term the first
power of R. Although the equations are written in different units, the com-
perison of the variables is still possible. For s given time and wave length
the only vsrisbles are current, cherge, and distance. If it is recslled that

in an oscilleting electric doublet or in en entenna, the current will be
=T sinwt
and dlfferentiating
di - wT cos wt
dt
end by integrating
ﬁ, =ﬁ:un wt =-_;-LE cos wt

fur the rmore, s ince

ok

there results
@= ﬁdt
If the components of each equation are taken one et a time their qualitetive

equivalence may be demonstrzted es shown in Table II,
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TABLE 11

COMPONENT MOMENT EQUATICON CURRENT EQUATION

electrostatic 2;? :g: 7 =ZR.§F J't 32-%’9_

induction 2hd_g ;E_g_ = 7_h QQ

——

T 4t

2
radistion _Q_Rh %{g Ilw =;gh‘_f.

[T
' -
N
zn\,_
n_!n..
o+ ~

The preceding relationships were demonstreted for the sole purpcse of
correlating the concept of electric intensity established by & chenge in the
charge on the cloud with the more femilier sntenne current equations. For
a complete development of eleetrie intensity in terms of charge reference can
be made to the works of Page and Adans 57 It, therefore, follcws that,

E- s v 3 i T
Lutkin proposes a typical wave form orginating from a discharge which is very
close to the observer. Consequently, the electrostatic component is assumed
to predeminate. Such a condition is shown by curve (a) of Fig. 9. Differ-
entisting once rasulis in curwve (b) end differentisting again zives curve (e).
Curve (a) compares with the (b) and (o) psrt of a discharze discussed
previously 98

The equations derived for dtmospherics can essily be correlated with the
forms observed earlier for vsrious distances from points of dischnrga.sg

The “slow-tail" effect isn't accounted for by the theory. A table can be

57 Leigh Page and N. I. Adams, Principles of Eleetricity, p. 580.

58 op, ante, pe 38.
59 cr. ante, p. 42.
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eonstructed from the computed values of the three components for vsrious
distences. Lutkin constructed such & table from esleculated values and
predicted the wave-form at various desired distances with fair accurscy.
For distances of 10 tec 100 km. he found that ell three components are present
end succeeded in scecounting for many of the peculiar weve-forms in this
category. From his ealeulations, it cen be seen thet only the redistion
component is apprecieble beyond 100 km. Looking agein to the region of 30
to 100 km,., Lutkin admits that the presence of more than one component does
not sccount for the total camplexity of weve-forms cobserved, Australisn
investigetors elaim to have discovered evidence of reflections from the
jonispheric layers et 30 km. which produce a repetition snd elongation of
the observed pltterns.so If this is the oese, a simple explanation for
peak multiplication snd wave complexity will be provided. No evidence wss
found to support the possibility of additional oseillations in the branches
of the mein chemnel, The complex wave-forms beeome evident at distsnces
of 15 kn., and since reflections from scattered low ionized regions esre
possible for this distence, the reflection theory provides the most probable
explanation,

An attempt was made to calculete fidd strength et various distances from
the source. The caloulations were made for a2 storm which was located at a
receiving station 500 km. from the second station et which the check measure-
ments were taken., Good results were obtained. From this deta 1t was possible
to calculste the value of the di scharge current, It was found that the
sverage discharge trensferred a charge of 0,5 coulombs at a current of

30,000 amps. Uccasional discharge values of 3 coulombs st 200,000 smperes

60 T, H, Laby, F, G. Nicholls end A, F, B, Webster, "n.n.", Neture,
Lmaan. GIIIII. (n.d.). 357"838. cited by F. E, htkin. opa Bito' Pe EB .
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were obteined. These velues check closely with current n&smmnts made by
#c, Escheron on strokes to the mest of the Empire Stete Building.

Tabulations of statistical studies for various types of discharges were
mede to show the varistior with respect to time of dey and time of yeer,
A number of conclusiors were drawn,

l. Positive changes were obtained morc frequently during sumaer then
sutumn. It must be remembered thet & positive change destroys & nsgative
cloud moment, or nezstive cloud cherge. This observation sugjests that
sunrer storms of the heat type produce & high percenteze of positive changes,
while storms associeted with meterologicel fronts give rise to sbout equal
numbers of positive snd negative chenges,

2¢ It was found that during the early pert of & summwer day some X per
cent of the recorded discharges indicate the destruction of positive cloud
moments. During the evening practloslly 1l the moments destroyed were
negative, The majority of the discharges belunged to group 1, most of whieh
were discharges to ground theugh some intercloud discharges were present,
About 20 per cent belonged to zroup 2. In some of these no main discharge
was observed to follow the multiple "leader™,

Lutkin exprossed the opinion that his observetims checked those of
Simpson and Serase.5!

An excellent series of paspers has been written on the subject of

"Progressive Lizhining"™ end are published in The Prooeedings of the Royal

Society of London. These publications have developed from research performed

under the direction of The Lightning Research Committee of The South African

Institution of Bleetrical Engineers. The first work was published in 1934,

61 Cf, ante, pe 7e
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It is belioved thetl the first thres erticles of this series eontribute very
little te our study of torrnedeo identifiesntion, end hence they will only
receive passing wention.

In Artiele I Scholend and Collens deseribed eleven flashes of lightning
whichk were photogrephed with e roteting lens type of canere which weas based
upon the design of C. V, Boys. The speed wes sufficiently hish to pemit a
study of the progetion of the dlschar*e.Gg In Article 1T EBehonland and Hslen
end Sollens zive s generel sccount which is bssed on the study of 95 flashes

~recorded with ihe’ﬁsys end oiber comerss. Thess studies relote to the ncde
ef development of the lighitning diséharge¢65 Article 11T of the series deels

with the firne structure of the return lightnins strekes.b5% Analyses of the

brninosity=time re lotiocnshin in the return stroke shows cef nitely that within

~y

the limits of the resolving power of the comers, vwhich is of {the order of
10 microses., the only importent verietions in luminosity are those connected
with the developnent of bLranches,.

Article IV of the "PrDEF?ShIVP Lightning” resesreh series dosls with

£yt

(.”R

va

the discheargze mechanism, & subject which is considered very signifieon® in the
study of tornadco lightning.ss It seems thet in every stroke studied by
Sehonland, the cloud scted &s & cethode during the slow lowering end sudden
destruction of a rezetive cloud charge. Alseo, irn every ocsse it wes cbserved

thet the leader stroke triveled dummward. +% must be mentioned, however,

that other ebservers have ncted en initisl positive cloud chsrges wnleh we

62 B.F.J. Schonlend ané I Collens, "Progressive Lightning 17, The fro-
ceedinzs of the Royal Society of wenden, CVIIL, (L933-1534), 6544

83 BePeds Schonlend, T. J. idalen, ong ., Coliens, "Progressive Lijhtuing
117, loc. cite

64 p, J. Yelsn erd H. Collens, "Progressive Lishtning 1I1%, The Proceedings

‘of the Rovel Society of burdon, CLXII-A, (1837), 175

585 L 2 Hy;
Y B.ded. Schonland, ™Procressive iy

b he Proceedinzs of the
Royel Sceiety of Londen, CLEIV-#, (19 de), 132,
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destroyed by s positive discharge before s negative diacfnrge dissipated the
.r-":znaining nezative charge 86 This is in sccordence with the theory thet the

hesvy rain in the small positive region of the thundercloud mey initiate the
discharge path, which is used by nearby nezstive charges as an esospe to ground.67
The lstter process was not observed by Schaland partielly because his polarity
study did not extend to the subjeet of multiple discharge. Schonland's
observetions of the discharge process zre most essily understood from = study

of Fige 10 which shows the conditions and sequence for this phenomena,

Each of the suecessive strokes or partisl dischsrges which make up a coa-
plete lightning discharge to ground takes place in two stages, the downward
moving l-ader stroke being followed by sn upwerd-moving return stroke. These
processes sre described es the lesder and the return stresmer. ©Such a steamer
is a conducting filament of ionized gas which extends its length by virtue of
ionizing processes ococurring in the strong field ir front of its tip, It is
electrically oharzed throughout its length and because of the potential drop .
slonz its extended length is not at the sme potential as the electrode from
which it started. This drop of potential provides a field which drives a
current $hrough the stem of the stresmer and this current serves to charge
newly formed sections of the stem to the potentisl necessary for further pro-
gresse. The current continues at the tip of the streamer as a convection
current due to the charge situmted there, and beyond the tip as e displacement

ourrent.sal.ight is emitted by the stresmer as a result of excitation processes

86aro1d Norinder, ™n.n.”, Journal of the Frenklin Institute, CCXXV,
(1936), 69, Cited by loc. cite

6731‘. snte, p. 48.

63_5_1:_._ post, p. 62.
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at the tip. Apart from this the luminosity sssocleted with the streemer is
small and it can therefors be inferred thet the field in the stem behind the
tip is insufficient to ceuse excitaetion by electron impact.

The sequence of events detailed in Fig. 10 may be compared with those
shown in Fige 6. The designetions in Fig. 6 were used by Appleton snd Chap-
man to desoribe the evolution of a discshrge when studied with respect to a
field chenzge located a short distance from the discﬁnrgc.sg Fig. 9, parts
(a) and (b), correspond to part (&) of the field change study end Fig, 9
(¢) to the (b) portion of the field change study. As the curr-nt continues
in the stresmer part (¢) of the field change is established.

It is implied in this description of the discharge process that seperate
strokes tap different centers of cherge within the seme thundercloud, This
is illustreted in Fig. 9 perts (d),(e), snd (£).

In the case of the lightning discherge there sre threc types of stresrers;
the dart lesder stresmer which is followed by subsequent strokes in multi-
stroke discharges; the return streamer which follows &ll strokes; and the step
streamer which follows the pilot stresmer. There is & vitsal difference in the
mechenism of the sdvence of the first lesders to the first and to the subsequent
strokes. The dert stresmer imvariably follows the path tiraced out by a previocus
stroke, even to shifting its track laterally if a wind hes blown this path aside.
This and other festures connected with its veloeity under chsnging conditims
indicate that its mechanism is that of a stresmer advancing along & previously
ionized chemnel.

The leader, which precedes the first return stroke 1‘: charecterized by

en advance into air which spperently is eompletely unionized. This involves

69 _c-_t- ante, Pe 38
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e different type of mechanism. It is to be noted that the term "return™ is
used because the mein stresmer advances from the direction toward which the
leader origirally traveled. Associsted with the stepped leader sre two
velocities. The step stresmers advance st more than 109 em./sec., but the
effective velocity of the process as & whole is much lower, most frequently
sbout 1.5 x 107 em./sec. This minimum velocity in the step process is an
important clue to the mechanism involved. It ocen be shown that there is strong
presumptive evidence that the smeller of the twc veloeities is mctually the
veloeity of the preliminary stresmer which precedes the step streamer.,
Schonland considers two possible mechanisms thet might explain the sdvance

of negative pilot streemers into unionized air. The prosess might be & result
of the ionization produced either by electrons situsted in the tip of the
streamer or by photelectrons gemersted in front of the tip. After citing
many scientific works on the subject Schonland concludes that the minimum
velocity of s negetive pilot streamer is 107 em./sec, This value corresponds
to the minimum aversgze veloeity of the stepped leasder, Allibone has pro-
duced some excellent meterial on the lsboratory reproduction of spark
discherges.’0 It is gratifying that Schonland has incorporated the findings
of Allibone with his own ealculations and observations, It was found in the
laboratory that positive pilot sireamers, under minimum field conditions, travel
with much less minimum velocity than the negstive. This strengthens the
previous conclusion that the leader stresmers are negative. From this it cen
be deduced thet a minimum veloeity is associated with & field just strong

enough to give free electrons sufficient veloeity to ionize ths atmosphere,

70 7, B, Allibone end J. M. Meek, "The Development of the Spark Discharge"”,
The Proceedings of the Roysl Society of London, CLXVI-A (1938), 97.
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In order %o show the re lstionship between the veriocus quentities involved,
Schonland introduced the equation
Ves= U'Z Ec@A/ATm

where V, is the eriticel veloeity of ionizetion, E; the eriticel voltsge of
ionization, is the length of the mean free path, and e and m are the charge
and mass of the electron respectively.”}

It ean, therefore, be concluded that e negetive eir stresmer in unienized
sir travels continuously downwards in form of the step stresmer process with
a velocity equal to the effective velocity of the step stesmer. Upon this,
80 for unrecorded pilot steamer, the steps are perlcdicelly superimposed. It
follows thet the step stresmers in common with the dert stresmers of subsequent
strokes trevel slong s previcusly ionized channel provided by the slower
moving pilot stresmer which precedes them. Schonlend, Malan, and Collens
found thet the length of each step, divided by the time between that step end
the previous step slways resulted in the effeotive over-all volocity.'rz
This fect supports the supposition that there is sn invisible pilot stresmer
moving downwerd st & constent velocity. The disgram showm in Fig. 1l illus-
tretes the form of & phytheticel picture that could be taken with = camersa
with & fixed lense and with & ['ilm which moves from left to right if the pilot
stresner were not invisible. The pilot streamer is shown as a dotted line,
snd the succeeding step stremmers as heavy limes, In order tc¢ understand the
re:son for the tortuous neture and branching of the first lesder chmnnel,

it is necessary to remember that in the ma jority of cases the effective or

" B, F. J. Schonland, Op. oit., p. 136.

72 3, F. J. Schonland, D, J. Malan, snd I, Collens, Loc. oit.
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pilot veloeity is less them 1/56 x 107 om./sec., which is not much different
from the criticsl minimum velocity of 107 em./sec. The direction of the leader
will, therefore, be controlled by the structure of the electriec field in the
immediate neighborhood of the pilot stresmer tip, and by the varietions in the
density of locsl spece charge.

In order to better understand the mechanism that emables a stresmer to
advence slong a previcusly ionized treil it will be necessary to exemimeFig,
12. Section AB represents the stem of the stresmer while the shaded portion
BC represents the trdl in front of the tip, of the streamer which was previously
ionized. The sres CD represents the region over which the electric field
exceeds the oriticsl veue necessary for impact ionization by the electrons.,

In the cese of a negstive stresmer, either dert or step, the originel fre=
elsctrons in part BC creste other free elesctrons as they move forward, and
in the case of a positive stresmer sdditionel electrons move towsrd the
streamer tip.

As soon as the area reprounted by BC has been rendered sufficiently
conducting due to the formetion of electron avalsnches, the streesmer will
be effectively axtended to position C, It is thus unnecessary for any
electrons to travel the full distanee BC snd the stresmer velocity V can
considershly exceed the mesn electron drift velocity v. Consideration must
be given to the time necesssry for effective ionization of the region BC.
This is the time required for this region to be effectively interlaced by
a network of small ionization trails, each trail starting from sn initial free
eleotron, If it is sssumed that t is the time necessary for esch initial

free electron to cover the mesn distence from its sterting point to the
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than the velocity at the end of the stroke,

The time elapsed between successive steps in the stepped-lesder process
occupies a remerkebly nerrow renge of values for this type of discharge.
For the many lesders examined 90 per cent followed the preceding stroke
after a time interval cf between 50 and 90 microsec.’? The elapsed time may
be considered as the time necessary for the field sabout the tip to approach
the eriticel value for ionization., There are two theories concerning the
maner in which this growth csn ceeur. According to the first theory the
growth can be accounted for by the inoresse in electron density in the stem
of the pilot streamer. This streamer carries a current which is maintained
by the electron drift in the stem. If, however, the electron density is de-
creesing as a result of the cespture snd recombinetion processes, the current
can only be mairtained by an increese in the fleld strength in the stem.
Ultimately, this field becomes lerge enough to effect the stert of the step~
streemer.

According to the seeond theary the elapsed time is actually the time
required for & positive space charge to build up from the positive ions in the
pilot stem. This includes the time necessary for the positive ions tec gather
in the neighborhood of the tip of the ste-stresmer in order to establish =
strong starting field.

In psssing it may be of interest to note that in all probsbility the
current in pilot stresmers is never grester than 100 emperes, and usually
loss. However, it is estimsted that the currents in the dart stresmers are
around 1,000 to 10,000 emperes and sbout 130,000 smperes for return stresmers.
These values are besed on a charge destruction of 1 eoulomb in 103 o 104
seconds for the dart stresmers and a charge destruction of 1 coulomb in from

50 to 100 microsec, for the return stresmers,

T4 Cf. ante, pe 49.
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region of the molecule which is to be ionized, then it follows that

£ onesd
W

snd the velocity of the stresmer, V, is

where d is equal to the distance BC in Fig. 11, n represents the density of
the free electrons snd vV is the mesn electron drift velocity.

It is, therefore, evident that the streemer velocity depends on the
pre~existing electron density of the treil to be ionized, as well 23 on the
electric field ir front of the tip, which in turn determines the values of
v end d. By sustituting typiocsl veluwe s into the equation just developed
Sohonleand eslculsted the velocity of ® stresmer to be 1.03 x 10° emn./sec.,
which is 16 times as grest as the velocity previously calculated for the
pilot leader a: it mdvences into unionized #ir,7® It is evident, therefore,
that sll stressers which adveance over paths which have been previously
ionized tresvel much faster than the pilot streamer.

It is immedistely apparent that the concentration of free elestrons in
the ionized treil decoresses with time, snd ccnseguently, es the elepsed tims
between siresmers becomes jsrester, the veloeily of the streamer will become
smaller. This conclusion has been verified photogrsphically. It is also

spperent that the velocity st the start of s return stroke is much larger

73 E& .ltB' Pe 60.
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It hes alrsudy been menticned that streamer luminosity is restricted
to the lesding tip end treiling regions, This luminosity depends on the velue
of the current. Leader snd dsrt stresmers sre followed by lighttreils which
are sbout 50 me long, while the trail of light behind & return stresmer is
sbout 500 me in length., In the letter osse, however, it is clserved that
the bese of the chennel falls off eonsiderably before the bright tip of
the stresmer hss advenced half of the distence betwesn ground snd cloud.

This loealizetion cof the main souree of light implies that the light srises
from exeltetion processes in the strong flelds at the tip of the streazer
where atoms and molecules are excited to high emergy levels by electron impact.
Since the tip hes pessed on before the particles cean return tec their normel
states, the emmission of light, snd the continued lusinosity thus produced will
be spresd over e distance D bchind the tip whose length is given by

D2vT
where Vv is the velooity of the stresmer end T the mesn 1ife-time of sn excited
state. The symbol > indicstes the effect of those excited stoms which have
& longer excitetion time then the mesn for the particles in the emitiing
region, Substitution of typicel walues of D and v in the ebove equetion
results in values of T in the vieinity of 5 x 10™® sec. This velue checks
with values of 7 found in the laboratory.’

As the veloeity of the stresmers incresse the brightness of the sireamer
slso increeses. This is tc be expected becsuse the veloecity of the streamer
is » function of the mean drift velocity, ¥V , of the electrons in e region
sheed of the tip, The probebility of excitstion is known to rsie sharply with
the electron velcelity in the neighborhcod of the ionization potential.

It msy slso be noted thet the increamsed luninosity of & very fast streemer

(19307, ¥3.°EoPi0R 10, s bes BiEs, 0a8; dp2 Spyiow of Ypdern Flysics, 11,



implies a high field in front of the tip of the streamer, 2 large value of

v, snd a per centage of ionization which is larger then ususl. This increased
ionization provides the stem of the streamer with the conductivity necesssry
for it to carry the stresmer current without sn excessive fall of potential.
As & result the potentisl st the tip is maintsined at the value necessary for
repid progress.

It is now possible, from svailable photographic evidence, to distinguish
two different types of stepped leader develcpment., The most frequent, which
mey be termed typeoA , to be found when the leader process moves in a fairly
reguler manner to ground and without excessive branching. In such a leeder
the pilot or effective veloecity is not much greater then the criticsl minimum
for progress end ranges from 10! om./sec. to 5 x 10’ om./sec. The field in
front of the pilot is therefore not much greeter than the eriticel breakdown
field. Such lesders are found tc be sssocisted with the type of field-change
record described by Appleton and Chapman as part (&) of an ltnosphoric.Ts

The second, or ﬁ-typo of leader, occurred in about 30 per cent of the
cases exanined by Schonland. This type is, in its initial stages, very much
fester end brighter than the o =-type. All the high effective velceities which
have been observed were found during the first portion of the path for this
type of lesder. This portion is always essocimted with an extensive branching
process at the end.s In e number of ceses the discharge has ended in the air
while still in the branched condition. More usually, however, the process
continues onward to the ground with reduced velooity and ends in steps which
faint and short, Occasionally the extensive brenching and subsequent slower

doenward development is repeated several times. It is natursl to associate

76 cf. ente, Fige 6, p. 40.
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the behavior of the leader process with the existence in the air of eoncentrs-
tions of positive spece cherge formed by the processes of point discharges

first sugzested by Wilson.”! Sueh concentretions would lesd to the formation

of stronger electric fields than ere usval between the cloud charge and the
space cherge, and this would explain the hizher pilot velocities of the streamers
which travel to them. Below such s concentrstion the field would be low snd

the pilot veloeity would be much reduced.

Multiple stroke dischearges were mentioned in conneetion with Fig. 10. It
hes been cbserved that single stroke discherges are the most frequent and that
discherges with more then six strokes are rare. Furthermore, the multiple
stroke discharge is more usually associsted with the extensive and violent
frontel type of thunderstorm than it is with the type which owes its origin
to thermal emveotion.’® Several explanations have been advanced to explain
how multiple strokes are generated, Schonlend's theory, &s previously indi=-
cated, emsists of the emoept that cherge centers employ the same ionized
chennel for their individusl dilahtrgu." After the necesssry estimations
and caleulatiors it was concluded thet the distence between cloud centers
must be sbout 6 kme This sppeers to be excessive until the size of the cloud
is aonsidersd. The dismeter of s single cherged cloud center is estimated at
1 km.

Since the work by Schonland is long and tedious, it will help to repest

77 ¢,7.R. Wilson, "n.n.", Proceedin:s of the Physicsl Society, XXKVII(1925),
324, cited by B. F. J. Sohonland, % clt., Pe 47,

78 §, Norinder, "Some Aspects snd Recent Results of Electro-isgnetic
Effects of Thunderstorms. I end 11V, Journal of the Frenklin Insti tute,
COVIL (August end September, 1947), 203.

79 cf, ante, pe 57.



the summsry prepared by him,80

l. Oseillogrephic observetions indicate that all processes in the
discherge to ground observed in South Africe involve a eloud cathode and
an esrth enode.

2. The first lightning stroke sppesrs to involwve:

(2)s The developmen® of & pilot streamer, a nezntive streamer
proceeding from the cloud into virgin eir.

(b)e The periodical eatching up of this pilot streemer by a much
faster step stresmer, a negstive stresmer advancing alcon; sn icnized path.

(¢)e The distributio: by this lesder process of the greater portion
of the cloud cherge tapped by it upon a branched lesder channel in the
air below the ocloud.

(d)e The psssage of this cherge to ground in the return stroke,
a positive streamer travelling along an ionized and oppositely charged
path,

3« The second and subsegquent strckes involves

(a)e A fast dart streamer, a negetive streemer sdvancing along
an ionized path.
(b)e A return stroke streamer similar to 2d.

4, The mechanisms of the three types of streamers sre investizated,
Setisfactory explanaticn of their behaviour can be derived.

6. Discussions are given of the currents in the veriocus streamer pro-
cesses, of the luminosity mssocisted with their movement, snd the effect
of space charge on lesder develcpment,

6+ Bvidence is given which indicates that the cccurrence of separate
strokes in the discharge is due to the prescnce in the cloud of separate
charge=zeners ting centers.

The last srticle availsble in the series on progressive lightning is part
Ve This erticle mskes & comparison of the photographic snd electrical approaches
to the discharge prmu.al The investigetors used the ssme Boy's camera
arrangement employed for the esrlier observations .82 Electricsl eguipnment
similer to that first described by Appleton and Chapman was added 83 For
nearby storms Schonlend, Hodges, snd Collens used & short 2.4 m. length

verticel antenns which wes 33 om, above the roof of a truck, which was driven

80 Bs Fo. das Sﬂhonllnd, OE- cit., Pe 149,

81 B, J. J. Schonland snd D, F, Hodgzes, "Progressive Lightning V", The
Proceedin s of the Royal Soeiety of london, CLXVI-A, (1938), 56-76.

82 Cf. ante, Pe 57

83 cr, ente, p. 40. Fig. 5.
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to the vicinity of the storms. For storms vwhich were more thsn 20 km. from
the leborstory a long stationery sntenna wes employed,

Records of the field changes produced by seventy-one discharzes to ;round
and 2 much larger pumber of discharges within the cloud, have bteen obtsined
with this equipment. The deta were gathered from more than thirty different
thunderstorms. The grester portion of the psper is concerned with discharges
to ground. Frem both the oscillographic and the photogrsphie informe tion it
wes possible to divide these discherges into two mein classes.®® An exeminetion
of Fig. 13 will recell the description of the ™A™ type of discharge, snd,
likewise, a study of Fig. 14 will revesl the neture of the 'B" type of
discharge. If these figures are compsred with Fige. 6 1t is possible to zein
s better understending of the parts of the discharge ecurve previously desi;nsted
as parts (e), (b), snd (e). MAbout 65 per cent of all dischsrges to jround
zave photogrsphic recards of thcd"typo, and 36 per cent thaﬂ-typa.

A comparison can now be made of the discharge charescteristics when
examinred by the two methods. Some of the comperisons mede were itemized as
follows:

(s) Identificetion of major field chsnges with successive strokes of

the discharge.

(b) Identifieation of the field change with the lesder process.

(¢) The (b) snd (o) field chenges in the case of first strokes..

(d) The (b) end (o) chenges for subsequent strokes.

(e) The polarity of discharge to ground.

Good correlstion for the preceding comparisons were obtained by both

field studies and by flssh photogrsphy, except in case (e) where polarity

84 ¢r, ante, p. 68.
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comparisons were madé, Only one flesh tc ground wis observed which destroyed
a positive olowd moment. It will be recslled thst quite & high percentage of
this type were observed during the ield change studles of Norinder and othsn.as

A lengthy study was made of the electostatic field changes during the
discharze to ground., Although these esleulations end ocbservatiuns sre restricted
to ground strokes, meany of the results will be appliecable to all types of
digehsrges, It is desirsble to express fleld change in terms of charge per
unit length of the streamer, cloud cherge center height, veleoeily of stresmer
travel, and distance from the discherge. To follow this develcpment the
reader should be familier with the charge phencmenon of e cloud.S6 It is
postulated thet a vertieal stresmer of downward unifora velecity v and charge
q per unit length is lowering charge from the cloud to maintein newly formed
sections. Such a lesder streosmer which Lss moved vertieslly downwards from
s cloud center et e height H slove the ground, will heve resched a helght
H = vt after time t, and will carry & cherge qvi upon its stem. The total
electric moment of this charge, together with its imsge is 2qvt(h-vt/2), snd
this mement will produce a vertical field at & point on the grourd at a distance
L which will heve the vslue

E:zc‘vt(H-Vt/z.)/lf (f L>H

The expression Hevt gives the length of the steu, the electrical center of
which is removed from the end s distsnce of vt/2, Since the chsrge qvt was

initially st » helght H, the resulting ciamge of field is given by the

“gzmto. Pe 57,

“E.E_._ snte, Pe 49,
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relation

AE =29vt [H- CH-vt/2)] /3
= %Vtt‘-/l_‘!

If, as hes been supposed both q and v are constant; then there results
for a given distance L, E .Lt:. Thie means that the form taken by the field-
change record of the leader process will be a parabols which is concave up-
wsrds. This parabolic curve is a charscteristic feature of & field chance
end is elearly evidenced in some of the reporduced trsces, end as illustrated
in Fig. 13,

For a straight leader chennel at sn engle O to the vertical a similar
trestment yields,

AE = abu-‘- t*/cos© L3
which is agein a parabolic relationship. Thus it happens that a leader which
begins with a chemmel which is prectically horizontal will produce sn initial
field change which is small compared to that due to its latter and more nearly
vertical chanrel. Discharges from a horizontal chennel are guite often observed
and field changes of a corresponding nature are frequently found.

Since a B4ype leader travels st hizh velceity in its first phase,
cathode=-ray photogrsphs show e very pronounced parabols for this first phase
and then no setivity until the return stroke ocows. In fact, the pause
between the fast leader and return stroke was greater than the time constant,
and the trace dropped to zero, This is shown in Fig. 13,

The effect produced by tortuesity in the channel must be examined in
deteil. In the case to be considered the leader travels vertically for »
time t; and then moves at an smgle © to the vertical for a further time toe

1f q and v are again constant, the field change after a time t; & ty will be
AE= 311' £ o -l-?.'f;lt'l.."t:.' Cos 9)/L3
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In practice ® does not often exceed "/2 radiang, end irn this case

LE=(qurtr” t2agquteitdy 3

SLAE]e t {5 [AE]t}t,

Thus if the stresmer turns sbruptly from the vertiesl to the horizontel
at t1 the rext fleld chenge after this event will follow & strsight line
tangentiel to the parsbola at t; . For a turn of less than172 redians the
field ehenge will be intermediste between the persbola and its tangent at t).

Up to this point of the discussion it has blean essuned that q is unifomm
along the chsnnel. This can be verified by finding the ratio between
AE'/AE:. a8 detemined by using the equations involving s uniform q together
with the messured values recorded on the field change equipment. lLet Q be
the total cherge distributed slong the leader ohmnnel at the moment it resches
the ground, end H/n it's effestive height above the ground. For e streight
channel and uniform charge per unit length, n= 2, It is seen that the total
leader field chmnge is given by

AE =2QH _20H - 28H (-
e g ()

2 QH 5
2 (gt

It must be remembered that these equations were deived with the limitstion

that L>> I,
The leader field change, vhich effectively lowers Q from H to H/n, is
followed by the return, or pert (b) field chenge, which lowers it frem H/n

to ground snd follows the reletion

AE-:. '-'-ZQH
i B



There now results 2
Af,  _ 1QH/¥IL S
2AE  ZgHm-D/MmE M-l

and if n=2, as previously ststec, it follows that

A.%‘-_ = |

AL
Statistica]l deta verified the value of wnity for this ratio. This result in
turn verifies the sssumption of uniform charge distributed along the stem.

It has been found in the esse for @-type leeders that the ratio of Af to AF
is gemerally sbout O.1s This sasller value supposedly results from a space
ocharge which neutrslizes the oharge postubied by Schonland.S7

Schonlmd, Hodges, end Collens olaim that the field will reverse if the
cbserver is sufficiently close to the discherze. Since the preceding eguations
were derived for L I, they do not epply to this cese,

There is slways a possilility thetl some of the charge masy be left behind
on the cloud efter (e) snd (b) portions of the discharge. It must be kept in
mind that the ohsnges in field intensity,AEand4Eyare sssocisted with the
pert (&) snd part (b), respectively. The field chenge due to the rturn stroke
lowers = charge Q to the ground, snd is given by the relation,

AE +pE. =2QH/

If the whole of the final field part (¢) is due to the subsequent passege

to ground of a clarge Q which was left by the return stresmer in the originsl

oenter of cherge in the cloud, this finsel charge is given by
4 Ey=2 Qf H/L3

Therefore
‘=408
- Q AE +AEL
SRR

Q"’Q' 554-451.'!'4!'3

87 cf, snte, peSs.
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The latler is sn equation from which csan be estimated the fractional part of
the original cherge left in the cloud after the leader process has resched
the ground, A distribution curve of experimental observations shows that 30
per cent of the charge most frequently remains behind for first strokes and
50 per cent for subsequent strokes.

So far only the electrostatic field hes been dealt with. Recalling

that T
F o j F +-L 4
E = Es+E;'+Eh.='Lq'+CLt CL d¢t*
where M is the total moment of sll the cloud charges at time t- L/c, there

results . : d"l‘“\ L«._
Ermeflt o E-Liswle

For sll measurements taken L/C wss of the order of 5 x 10~° henries/farsd..
Therefore, unless the rate of mement destruction is tremendous the values are
negligible. As previously concluded the repid step leaders snd return stroke
are most evident and good correletion of photographic dsata was obtained. This
includes the B-typo lesder.

Field changes due to discharges within the cloud heve often been found to
be without the (b) part of the discharge process. The usual field change
obtained from sn internal cloud discharge consists of a simple slow rise to
a final meximum. This rise usually carries superimposed pulsations of the
same kind as those found for the stepped leader process and sccompanied by
the same time intervals between pulsations. This type of discharge was very
similar to thoe ~-type discharges, which is alsoc a spsce discharge. Schonland,
Hodges end Collens c¢laim to have established a difference betwecn c¢loud snd
ground atmespheries. This work should provide e starting peint for classifiecation

studies.,
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There are meny more excellent references on the subject of eatmospheries,
tut only & few can be tresrted here. A scientist who has done work of scclaim
in the last querter century or more is Herold Nerinder of Sweden,8889,90,91
His work verifies meny of the esrly discoveries of the British group reviewed

in the early part of this ehnptar.”

Of perticuler interest is the most recent work of Norinder in which an
enslysie is mede of the lightning stroke in terms of its magnetic field end the
sssociated ourrent,?® The reeson for this sngle of spproach is immediately
obvious when it is disclosed that a shielded loop was used for the antenna.

It was found that intergration of the induced mmterna voltege was necessary
becsuse the induced voltege was proportional to di/dt. Integration was

performed by en RC eircuit incorporsted in the sntenna srrangement. Amperes
law was employed to deduce the relation between the induced antenns voltege

and lightning current.

88 H. Worinder, "On the Nature of Lightning Discharges", Journal of
the Franklin Institute, CCXVIII, (December, 1934), 717.

89 H, Norinder, "Lightning Currents and their Veriations", Joarnal of
the Frenklin Institute, CCXX, (July, 1935), 69.

% H, Norinder, "Cethode-Ray Oscillographic Investigstions on Atmospherios™,
Proceedings of the Institute of Radio Engineers, XXIV, (February, 1936),

1 §, Norinder, "Some Aspects end Recent Results of Eleoctromsgnetie
Effects of Thunderstorms I and II", Journal of the Franklin Insti tute,
CCVIL, (Auzust end September, 1947) "~ 109-130 snd L67-207.

92 gr. ente, p. 32.

93 g, Norinder, Loc., cit., "Some Aspects and Recent Results of Electro~
megnetic Effects of Thunderstorms I and II",



Some noteble work on satmospheries hes been sccomplished in the United
Stastes by Me. Eachron in the high voltege laboratory of the Genersl Ehotriln
Compeny in Pitsfield, ¥ess. For many yesrs messurements were teken on lizhtn-
ing currents. Lately many flash photogrephs have been obtsined from the top
of the Bmpire State Bullding and e number of significant articles heve been
prepured.94!95'95097'%099310()'101 Improved teechniques have been evolved
for obteining high snd low speed records of current changes. -

The current is measured from the drop scross s nonlinear thyrite resistor,.
The equipment is started by the lightning discharge, and a complete record

was obteined by the use of delay network, Complete details on the messuring

94 g, B, ¥c. Eachron snd W. A, Me. Morris, "The Lightning Stroke:
Uechanism of Discherge™, Ceneral Electriec Review, XXXIX, (October, 1936),
487,

95 g, B, Me. Bacheron, "Lightning to Empire State Building", Jdournsl of
the Franklin Institute, CCXXVI1, (February, 1939), 194-217,

8 5.5 Hegenguth, "Lightning Recording Instruments 1", Genersl
Electrie Review, VIIL, (May, 1940), 195-201.

97 J. H, Hagenguth, "Lightning Recording Instruments II", General
Eleotric Review, VIIL, (June, 1940), 248255,

98 J, ¥, Flowers, "Direct Measurement of Lightning Current”, Journal of
the Franklin Institutg CCXXXII, (November, 1941), 425-450,

99 ¢, F, Wagner and F, McCenn, "Lightning Phenomena", Electrical Engin-
eering, LX, (August, September, October, 1941), 374-384, m&.

100 g, B, Me. Eacheron, "lLightning to Empire State Building"”,
Electricsl Engineering, LX, (September, 1941), Trens.

i0lg, p, McCann, "The Messurement of Li tning Currents Direct Strokes",
dmerican Institute of Electrical Engineers, (May, 1944, Transactions.




equipment and its use are given by the euthor, 102, 103 55,0 of the findings

which may be of interest to this project are ;104

l. Osoillograms md/or moving film Boy's camera photosraphs have been
teken of 55 strokes to the Empire Stete Building.

2., Direct current eres, with or without superimposed current pesks,
extending between the cloud end the building continuing es long as 0.4
seconds, have been messured, These are called continuing strokes.

3. Upward lesders from the building which develcped into eontinuing
strokes have been photogrephed end dests as to velocity of propagstion
secured, (upwerd leeder velocities range between 0,17 ft/microsec., mad
2109 ft./microsec. with en sversge of 0.84 ft./microsec,)

4, Currents measured during build-up of upward stepped leaders range
from 50 to 650 amperes,

5. Branching was found te be in the direction of propegetior of
initial leader strokes, -

6« At lesst 50 per cent of the strokes hed a charge of 35 eoulombs or
more with a maximum of 164. These wvalues sre several times ss large as
here tofore belie ved probable.

7« All strokes to the building begen with the cloud negative. 3
strokes ohenged to positive at or neer the end of the stroke. About 3
per cent of the total charge messured wes associated with the positive
pa tion of the strokes.

8¢ Downwsrd stepped leaders to the building were observed in one cuse
only which had & veloeity of 14 ft./microsec. A stroke to & building
200 ft. in height had & downwerd stepped lesder velocity of 5 ft./aicrosec.

9« Leeder: on all discharges after the first were always downwerd
whenever found, whether the initial leader was upward or downward, Such
downwerd leesders hed velocities renging from 1.9 ft./microsec, to 128
fte/microsec, with en aversge of 392 ft./microsec.

10. Return stroke velocities following initisl stepped downwerd lesders
were 340 ft./mierosec. and 150 ft./aicrosec. in the two cases recorded,
while the return stroke velocities following continuous lesders renged
from 98 ft./microsec.

1l. Every stroke, but two, of which Me. Eachron has recorded either
struck the highest point on the Building or outside = cone whose base
redivg st the ground level wes equsl tc the building height.

Of considerable interosﬁ is a very recent study on wave-{orms now being

conducted at the University of Flerids,l0® fThese investigations were carried

102 5, w, Flowers, loec. cit.
103 @, », Yo, Cann, loc. eit.
104 x, B, Me.Eacheron, Op. cit., (1939), p. 212.

105 "pijrection Finding and Ranging on Atmospherics®, Depertment of
Electricsl ineerinz snd Industrial Experiment Ststion, Uifw' rsity of
Florida, nsville, Florids, Final Report to the U. S. Army Signsl Corps

Tngineering Laborstories, contract No. w 28-003-5C-1306, (September 17, 1948),
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out in an sittowpt to estsblish & method for the renging of stmospheries on

the besis of & weve-form chenge that might possibly be & furetion of distance.
The first effors wers bssed on the use of reflections from the jonisphere.

By eszuming that the perisd.of an atmospharic cculd be determined by the time
required for & reflection to return from the icnisphere, it wes considered
poscible thet a relationship might be found thet would permit the determine-
tien of the distence te the sitmcspheric scurcs. OUbservelion of daytime
atmospherics denonstrated that the wave~fora is unaffected by the distence

of propagation: The renzes of the stmospherios investigeted were well over

5
- «

200 ka. The iuvestigetors are now in the proeess of gethering date Irom night
atnospherics. A study‘of the speotrum eonteined in the stnospherie as ¢
funetion of the distence t¢ its origin is also being conducted.

The investigeteors in Florida ceme to the comslusion that einospherie
wave~fonmé sre not modified by long distance propegation. In contrest to
these conclusions is & stabtemernit recenitly made to the controry by VWormell

106 ... 4 +

end Pierce in unglend. inis is pot especially alerming because this

conditicn is typicel of wmost of the literature in the fiesld of etmespherie
studies. “han the enormous complexity of the problem with its settendent

difficulties is reoclized, sueh diverzence of opinions is essily urnderstood.

108 ¢, v, Wornell snd E. T. Pisrce, ”Atmosnhcr]cs » Journsl of the Insti-
tution ol 1ectrlcal Ingineers, VC, Part 111, {Septamher, 1948), E31.
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SHAPTER VI

The present research project has for iis objectlve the continustion of

1:)

Corl diller during the spring of 1048 on

]

S, % JER I [ S - B )
the work thet was stearted

the development of methods =smd eguipment for the detestion snd trecking of

m

tornadons 107 In the btine sllodted Dor his thesds, Vre Hiller wes abhle to

et the projeet well under weye He originated meny of the ideas that nmay

Inter lzad to & successful complstion of the project, snd sueceeded in develop-

ing prelisinsry eguipaent with which s thorough survey of the field could

H'

"
made, The eguipnent thnat wes designed to detect snd smplify the fileld

strength peitorn of en gtmospheriec so that it woald apgesr wndistorted on

the sercen of sn oscilleserone, from vhieh photogreshs could be taken Uy &

1 & o
¥

acving~iln cemeora, The recelver wos ¢ wmodified plece of sircersft equipment

73

opere ted ot 200 kesp.ce The detected wave-fornm

zinal loop enten o

o

wes pickesd up et the ocutput of the internediste freguency saplifier end fed
te the verticcl asplifier of the cscilleoseopes. The camere wes s 10 mm. model
with the moving-{ila adjusted to teke 16 fremes per second. Witk this eguip~
eunt, Yr. diller wes mble to obiein pleiures of the charncteristic wave~foras
of t;e stacesherics that were produced by‘thundsrstorms in the Uklebone eres.
At the same time he esteblished & greliminary routine thet was desizned to

leead to the study of tornado chersoterisbties. ir, uiller relirguished the

107 Cerl W, “iller, "A Proposed liethod of Identifying and Tracking Tore
nadoces,” (ungub11sneu Haster's thesis, Okleheoma A. & ¥, College, Stillweter,
Oklahone, 1048),
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project to the swthor of this thesis in the fall of 1948, In ofraa; to
facilitste the study of any tornedoes that might oeccur in the spring of 1949
it was deelded to make scme chenges in the equipment. Hr, Hiller hed spent
considerable time in his careful redesign of the receiver sircuit and had
succeeded in producing & final design thet fulfilled the rigorocus reguirements
necessary Ior & recelver intOﬁéed Tor thé detection snd faithful reproduction
of stmospheric wave~lorms.

Since the receiver was pdeguate for the proposed project it was deeided
to iwprove on the suxilisry equipnent in order that 1t alght more sdegqustely
perform the bask for which it was intended.

Through the coeperstior of the Ingineering Reosesrch and Deve lopment
Leborateory of the Oklehoma £. sud U, Oollege there wes constructed a2 new
type of hood &nd stend thet would permit more convenient and better phote-
graphy. In order to facilitsbte high quality delinestion of the weve=-forms
a model 250 Dumont Oscilloireph wes purchassed by the School of Tleeiricel
Cngzineering. Whatever turn the resssroh mey teke in the future, this eseillo-
graph will uadoubtedly suffiece, becmuse it is zo well suited for trsmsient
studies. 1% hes meny excellent femtures which lend to it’s walue in research
probleas. A& 5CPll-4 cethicde-ray tube was ordered with the cseillogreph in
order to obtain better photegreshys, and a BCP2-A wes included for visual
use yhere long persistance is g necessity.

As experience was gaired by using the equipment it becene obvious that
better methods for obtaining the deta mould be developed. However, since the
tornedo sesscn wes approgching, 1t wes decided to use the existing eguipnent
for the spring snd sumwer of 1949, snd in the meantime complete the design
of the prc?osed eguipment. The existing eguipment and methods have seversl

drawbscks, of which e few will be mentioned. The moving film cemerae exposes



84

film at the rate of 16 fremes per secoend. Fila is used mush Yoe fast for
economy. Inis eondition assunes an even more serious sspeet when it is
realized thet it is only by chence thet the shutter wiil be open during the
time & troce eppesrs on the cseillogreph sereen. #grin, it is desirstle to

chenge the eouipment uzed irn reéeiving the stmosphorics. The 200 keepess
band is too fer sbove the 10 ke.p.s. band ir which the major part of the
energy of en simospheric exists. The detected weve-form now being feceived 8t
200 kCepess i858 the rectified envelope of the electromagnetiec wave., From the
previcus chapter, it will be rgcalleﬁ that the Yslow-tsil™ wes the smoothed
foram ¢f the bhigh frequency cosszponents.lss

It wes decided thet in order to bebber cetisfly present reguirements s
different systeam of reveiving, delinestiosn, snd recording should be adopted.
The uéa of an enticipatory cirevil wes considered but this ider was discarded
on uheubrounéu thet sueh & systom would brzwu onlr these etmospheries with e
proseribed type of presusor charﬁc er:«iie.lgg After & study of the system
used by the British, it was sdopted after a nusber of modifications had been
decided upon.ilo

It scon Becamé obvious thet the writer would nct have sufficient time to
desgign end builé all of the rew equipment. At this time Mr., Hereld Jeske
beceme interested in the projeet from the equipnent stendpoint. He has egreed
to build the receiving equipmeni, sontrol circuité, and te direet the medifi-~

cation of & 35 mm. camers by the lesesrzh snd Development Laboratery. This

108 ¢r, snte, p. 4Z.

109 5, g, J, Sehonlend end J. . Mlder, YAnticipatory Iriggering Devices
for Lightning and Stetic Investigetions™, Journsl of the Frenklin Institute,
CCXXXI, (Janusry, 1541}, 39-47. :

L0 2, 4, Vatsen Yatt, J. F. Lerd, snd L. H. Bainbddge-Bell, Applicsticons

of the Cathode~Ray Oscillograph in Redio Resesreh, pp. 75-80.
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work is progzrescing very well st the present time and it is expected thet {inal
tests cen Le completed before the end of the gemester. IV isvﬁcw desirable
te Ciseuss the new eQuipment from o functional viewpoint. Seme of the fentures
of the eguipment under cornstructiorn are:

—1¢ Umnidirsetional entenns.

- 2. Freguency soversg e from below 100 c.pe.s. to 200 ke.p.s.

3. Integreting circuit for velues of dB/dt received frow entenna.

4. Triggered single sweep per wave-form. .
S, Cenere shuﬁfef opent &t 81l tizcs.
8+ An stnospheric cscilloprem on svery pleture frame.
-~ Te The tine end dste on every pleture..
By Trigzered besm contreol; ne csthode-rey spot beotween troces.

4§, Ldjusteble threshold trigsering sicmsl.
~10. Conservetiocs of film.

pment thet will eperste unettended in erder to cbicin recorded

semplings over leng storm periods.
~ 12+ #djusteble blocking off tire ir order to regulete time between
senplings.
13« Remote sntenns to eliminating loerl noise,
» 14, Timipg merkers on the oscillogren with the weve-form,
The velue of most of these Pestures is evident. Gome explanation should
be mpde for olbers. In order to determine the existence cf a storm which
is beyond the horizon it will be neeessary to receive etmosgheries from ell
directions. Included in the design of the appsretus nust be & directlion
findirs deviece vhich will indieste the azmuth of the dotected storm. To
scconplish this sn entenne arrepgement very similer to thst used st the

Baiversity of Florids will be eaployed.lll In view of the fact that it is

11l "pirection Finding snd Ranging on Atmospherics”, Ope cite, pe 30.



not certain whet peculiarities in wave~form might be found, it is best to
receive any and all sppreciable signals; this is the purpose of the low
frequency smplifier of & 200 ke.p.s. range thet is included in the specificae-
tions,.

It is of the utmost importisnce to know the exact time and date of every
oseillogrem. The fecilities of the U, S, VWeather Bureeu, while not designed
to furnish immediate reports of tornado sction, are set up to provide sccurate
sccounts of a tornedo which has pessed through a given ares, Therefore,
it becomes necessary for the investigstor to record the stmospherics during
all storms in sccordance with the requirements of the wave-form studies, in
order that the perticular oscillograms teken during the reported time of a
tornedo may be singled out for study. When storm periods exist for a day
or so, it is necessary that samples be teken over the total time. If the
equipment can be designed sc &s to automatically take a sample at determined
intervals, ecnsidersble time sand film will be cunserved. It is necessary that
the antenns be pleced far enough from the recording equipment to eliminate
60 GepeCe. power disturbances. It is understood, of cource, that the station
must be located some distsnce outside the city so that the fields from hesvy
power lines and equipment will not be present, The site for the station will
be determined experiments lly.

It is of interest to mention briefly the system used at the University
of Florida, As mentioned before, the sntenna circuit was similer to that used
in England, except that the impedance from ground to sntenna was meinteined
sbout 1 megohm and the signal wes not integrsted. The oseillogrsph wss
trigzered by & signel of proper strength v stert the cethode-ray besm. The
35 mm. camere provided a 1 in. p.s. film speed. This is negligible compared

to the sweep speed of the oscillograph. A simultanecus "directiocn finding
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trace™ appears on e second CRO tube which is adjacent to the CRO tube which
carries the weve-form. Dy mesns of this arrengement both the wave-form and
its direction sre photogrephed simultsnecusly. The indication of direction
has a 180 deg. mmbiguity due to the nature of the orossed loop antenna diree-
tion finding system. Triangulstion methods sre employed in order to overcome
this difficulty. In fact, three stations are employed in order to acourstely
locste the storm area, Time signals were projected on the flim by a small
neon lemp which wss actuated by the time signels from stetion WiV at Washington,
D, C. Since the film wes moving a dash wes recorded for the one second
intervals, while the five minute time intervels were recorded in ilorse code,
A reproduction of e typiesl record taken st the University of Florids is
included in Fige. 15, The time msrker is s very desirable feature, Mr,

Jeske intends to incorporste this device in the new equipment.

Since the direction indicetion is very necessary for tornado identifi-
cation s‘bud}es, it is very important that this feature be incorporated into
the aquipmﬁt. Mr, Thomas Thomason is at present working on the design and
deve lopment of this psrt of the equipment. This feature will be incorporated
into the equipment provided by ir, Jeske. Mr, Thomason expects to have his
equipment built sand tested by the emnd of July. The design snd construction
of the new equipment should be completed so that it 1!11‘1 be ready to function

by the time the Autumn storms begin to appesr.
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CHAPTER VII

~ ANALYSIS OF RESULTS

Oscillograms sre reproduced in Figs, 16 teo 3%, inclusive. These sre
typical of the atmospherics that were received from Nowember, 1948 to May,
1949, The pearticulear wave-forms shown are from several storms in Wey. In
the discussion of equipment it wes explsined thet & moving film type of
camers wes used, The picture, if sny, wes dependent on the eppeersnce of
& trace at the instent when the shutter wss open, Since atmospherics occur
et rendom, about 75 per cent of the developed fremes were blank. The film
was edited by elippinz out all of the oseillogrems thet were ussble. If
the storm period was very heavy with atmospherics a higher percentege of
desirable oscillogrems were obtsined. The oscillograph sweep period wes 1/240
sec,, or 4,170 microsec. This particular period wes employed becsuse of the
esse of adjusting the sweep when 8 frequency of 60 ¢.p.s. was applied to the
input of the vertical smplifier. An expanded sweep was used for pert of the
pictures. However, this reduced the potability of obteining a piecture and
resulted in more film weste. It wss first thought that sn expanded sweep
would be desirsble, but it developed that the lower persistence of the 5CPll-A
cathode~ray tube was found to be much shorter than thet of the S5LPl cathode-
ray tube used by Miller. The expanded sweep consisted of a 60 C.p.s. fre~
cueney which wes adjusted so thet only a quarter of a eycle appesred on the
soreen. The csmere wes opersted at 16 frames per second for all deta except
that taken on March 26, 1949, At thet time it was opersted at s speed of 32

frames per sec. The only purpose served by the higher speed was that of
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Fig. 16, Fige 17.

o

Fige 18,
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Fig. 24, Fige 25.

Fig. 26. Fige 27.



Fig. 28. Figo 290

Fig. 30. Fig. 3l.

Fig. 32. Fig. 33,
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investization. From the results obteined in this it wes decided thet 16 frames
per second is the most satisfectory. The film used throughout wes 16 mm,
Cin'e-Kodak, Super-XX hizh speed penchromatic safety. By operating with the
oscilleserope ldf*sted to full intensity snd with & camers speed of 16 frsmes
per second, very shearp oonirast resulted.

# 8o fsr no dats hes been recorded st the exset time # tornado hss been
hm_wn to be in progress, lowever, dets hss been obtsined with a short time
of the occurrence of two tornedces. At 3:15 a.n., Herch 26, 1949, s tornade
struck Crowder, Oklshomm; dete wes teken st 12:15 a.m. on the same .dty. At
12:15 a.m., ¥March 30, 1949, a devastating tormado demolished Centon, Oklshonms,
and st 3:15 a.m. of the seme morning did dsmage st Bleackwell, Oklahome; deta
was teken st 9130 p.m. and 10:30 pem. or some three hours before the tornado
struck. Though this data wasn't taken at the exact time of tornedo damage, it
is possible thet the tornede cloud may have been in the process of formation
during the time the records were made, Agsin it must be stiressed tiut with
the present equipment it is not possible to know which, if sny, of the
etmospherics oriéimhd at the tornedo aree, WVhen the equipment now under
congtruction is finished, this difficulty will be almost entirely overcome.

In regard to the wave-forms depicted by the oscillogrsm, it should be
understood that the receiver output is a detected half-enveloped of the 200
kcep+8. stmospheric. The signsl as received consisted of a frequency of
spproximately 200 ke.p.s. This sfignel wus mmplified in the intermediste
stages, end passed on to 'thc detector. The out-put voltage from the receiver
was taken directly from the detector and fed to the verticel amplifier of the
oscillosocope. The pictures have been reproduced in such s way that the sweep
is shown as oper:ting from left to right. This results in a plcture of the

oscillogram that-is exactly the same as the original trsece on the front of the



oscilloscope.

It is the opinion of the writer thst nearly all of the wave-forms are the
detected envelopes of & 200 ke.pes. demped oscillation which may or may not
be modified by other type of interference. In Fig. 16 is shown a typical
example of this type of unmodified envelope. XNote that the rise is quite
sherp end is s function of the build-up time for the oscilletion, The
steepness of rise varies from wave-form to wave-form. The decresse of this
wave-form closely simulates e logerithmic decreement that is characteristic
of a damped oscillation. Previcus indications elsc found this to be the case
for the o -type and B-typo losders. 12 Since the receiver was tuned to 200
keé.pes. it is quite likely that the leeders cuntributed to oseillogrems shown
here 113 iany times the atmospherics were very numercus in spite of the
fact thet no lightning wes visible. There is a possibility that these disturb-
ances consisted of group 2 or group 3 leaders as classified by Lutkin, This
cennot be definitely determined by the present observations, however, because
the directions and distance from the disturbsnce sre unknown.

It is to be expected that the wsve-forms detected in the present research
would have cheracteristies in common with the "slow-form™ reported by
Appleton, Watt, and Herd.!1% The slow-form was reported to have s period of
1.5 to 2.5 msec, in its first guesi-half oycle. When it is recealled that the
time base of the present oscillogrsms is 4.17 msec, it will be seen that the

results sgree remarkably well., It will alsc be noted that the wave-form

112 Cf, snte, p. 64, Figs. 12 and 13.
113 ¢f. ante, p. 48.

114 cr, ante, p. 45.
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shepes obtained by Miller corresponded with the hend-delineated wave-forms
‘obtained by the esrly expsrimenters.

The oscillogreme shown in Fige 17 to 33 inelusive sre typical of weve-
forms found frequently in sgiregate data. These wave-forms are similar to
that shown in Fig. 16 except for various modifying tresnsients which appesr
on the oscillogrsms, The source of these strey oscillations might be treced
: to far distent thunderstorms, or to the reflections of the same disturbences
from the ioisphere. The University of Florida hss conducted some significant
investigetions on refleetions from the ionisphere. These investizstors are
perticularly interested in eliminating the errors thet exist in the direction
finding and ranging of stmospheries. It is considered possible thet at lesst
some of these edditi onsl transients might be attributed to the other twe
field compoments thet were found by Lutkin to producs similsr complexities when
the source of the stmospherics was less than 100 km. urqr.lw

There remsins s possibility that these verious wave-form modifications
are due to some peculiarity of the return stroke. It is not possible at the
present time to decide this metter definitely. Sesrch is still under way for
some peouliarity in the stmospheric discherge that will permit definite iden-
tification of # tornado by its stmospheric wave form. Up to the present time
nothing eonclusive has been found that will establish this identificetion.

On the basis of visual observstion of the lightning discharges of & tornado it
is believed that there is a reasonable possibility that such weve~-form charac-
teristies exist. When these are found it will be possible t¢ track the tornado.

It is in order to include a few statements relative to the status of the

present project, the equipment, smd the objectives to be attained,

115 ¢r, ante, p. 54.
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8o far atmospherics have been received only in the range of the
spectrum around the frequency of 200 ke.p.s. The meximum energy of
en atmospheric is found at about 10 ko.p.s.

New untuned receiving equipment is plsnned which will provide en

oscillogram of the actual atmospheric as received.

The present sntenmna is to be replaced by a cmnidirectional

antenna,

The new equipment will result in s pieture on every frame.

Atmospheric weve-form samples will be selected by the equipment snd

the necessity for classifying great quantities of similar data will

no loenger exist.

The equipment will be sutomatic in operetion snd will greastly incresse

the probsbility of cbtsining wave-forms from a tornado.

A direction will sppesr on the oscillogrem, so that the direction

of the source of s pertioulsr etmospheric may be known.

Many factors discussed in this paper heave a besring on the wave-fomm.

fmong these fectors cen be listed distance, icnispheric reflection,

multiple strokes, and satmospheries which are received simultanecusly.

There are & number of possible sgproaches which should be considered

in the future.

(a). Long spark-discharges about which sir is moving st high velocity
should be investigsted.

(b)e The precusors for the (3 -type discharges which might occur
during & tornedo should be studied by use of high speed film
on s rotating drum.

(¢). Time varietions of multiple strokes in tornadoes should be

investizated.
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(d). The possibility of tracking tornsdoes with Redsr and identifying
them by stmospherics wave-forms should be considered.

(e)s At least two reoceiving stations should be employed in order to
eliminete the 180 degree smbiguity that results when only cne
station is used.

(f). The field station should be established in sn ares some dis-
tence from the city in order to svoid locsl interference. The
Florida station is seversl miles from Geinsville.

(g)s Investigetion should be made of the spplicetion of antennas

when used with untuned circuits for wide band reception.
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