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SUHMMARY,
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1 The theaia whieh fﬁliews is dﬁvide& inta %wa s&btioas; ‘
. eaﬁﬁ of which denls with a separate yrablem, o ,

whe first seetxon.ia caﬁe@rnaﬁ with an aﬁaouns af the
eon&tr&atien af & aatheas Ray Bscillﬁgraph @ireetian ?inder |
- oen the 1ineg develape& by the Ba@ip Researeh Statian at
szoagh, ang its applimatian at Bapetown to the aetezmanation
of the aiwectinn ot arrival of atm@aphériaa aver a par&aé |
tawamds the end of 1936, The r&sul%a‘ef this ;nveabigaﬁian
| ghow thatvagﬁ'af the thunderstorms r&yartéé by,thafmesaé?a*]»,
logical report network were eorrectly located in bearing,
' whiie»ﬁsf'af the b&ariﬁgs recorded by the ihstrument.ag
coming frem reg&aaa #overed by the métésralegiaal ne%waﬁk N
‘ware définately’asacéaated<w1th thunﬁeratcrms, Bearinga wgre |
. obtained frmm,naurtea oVer the Atlaﬁtia ‘and -Indian oeeans,,‘
&nd their apuxeemvshawnnﬁo be relaze& tﬁ_ncean aepraaaxaas.
It 1o pointed out that the iuvestigation was of a prelim-
inary ﬁatura, aﬂ& that, in the nearﬂfutnre; it is §r@yeaéd
to earry the iuvastigatian further by the estahliahmﬁnt of
two atat;ane, at whieh sross beaxings on auﬁh aeureea will
be abtaiagd.

The sé&snﬁ aéctian ia aennernea with the a@piiﬁatiﬂn
of the Oathode an aniilagwa@h to the inraa%igatian of the'}
nhaugés‘iﬂ the eleetrical fiaiﬁ,wﬁiﬁhlécanx'in;tﬁeyﬁéighbpnr-
"hoed of a lightning flash, and the e&rrelaiian’pf the ogeill.
ograph resords of suth changés with Boys' camers photographs
of a.near iigh%ning flash. o ‘ |

An aecbnnt is firat given Of the woﬁk af grevimus invee~ 
: tigatara En this fiei&, ana it is shown that th@ @rﬁbl&ma
assocliated with a tnundarstomm reacivg themselves into three
classes, whith deal with (a}:the genétatian of the cloud
éhafge’:{b) the mechanism of a.lightning~fla§hA‘(@) the



investigation of the field changes due te the flash at a
distance from the sourse. The methods employed and the re-
sults obtained by previous investigaters are discussed,
particularly the methods in whieh use has been made of the
Cathode Ray Oseillegraph, and the results of the analysis
of the Boys' samera photographs by Sehonland, Malan and
Collens,

The present investigation had a twe-feld object. 1In
the first place it was intended to obtain oscillograph rec-
ords of the field changes due to a lightning flash in the
proximity of the flash, te carry out an analysis of these
records, and to compare and correlate the results with those
from the analysis of the Boys' camera photographs. In the
second place it was hopad te obtain a direct correlation of
the two types of reeord by obtaining a Boys' camera record
and an escillegraph resord from the same flash,

The oscillograph unit was constructed along lines sug-
gosted by the staff of the Radio Research Station, Slough,
and was similar to that employed by Appleton, Watson Watt
and Herd for the delineation of the wave form of atmospherics
with certain modifications. The whole outfit was mounted in
a moter lorry, and the field work was carried out during the‘
surmer thunderstorm season of 1935-1936 at the Vitwatersrand.
Detalils are given of the apparatus and layout, and also of
the methods empleoyed in the field when the unit was in

operation.

SUMMARY OF REESULTS OF IRVESTIGATION,

In the present investigation the main consideration has
been given to the records from ground flashes, since the
Boys' eamera regords deal msainly with these. The photographs
have shown that a ground flash is composite, consisting of

one or more ssparate strokes, separated by variable time



result in the appearance of radiation ripple on the record
of the leadey process. 'Thé'@éaalﬁa of %hé'meaaa:émenta of
the frequenay of thé 1&&&&3 ripple faaﬁd on the reeerﬂs aTe
 tabulated, and‘these measu%ements are ahawn 4o be in gatis~
faetory agréemen% wzth the time intervals assosiated with
the leader gteps. |

The magnitudss bf the field enangea to . be exgae%é& fram*-
& lightning flash are sensiéereé thearetxeally, ‘and the bears
ing af any tortuosity in the leaaer ahaﬁnal on ﬁhe form of |
the os¢illograph record discussed. It 18 shawn‘tnat aAr;~ =
versal distance should exist, within waich it may be expected
that the oacillagraph uill register a revarsaa field ehange.

The magnitudés of the displagements on the ngeil}agrayh
trace assceiated with each of the threavatggesAot » lightning
stroke are shown to be detormined by the magnitude of the
charge involved in ﬁﬁﬁh précﬁss,’ It is theééfﬁ§e @ﬁgsib1éf
from the measurement of ﬁﬁéﬁé éispla&é&énts en the records,
t0 abtain résuits indicating the relatianshiﬁ existing batween*
these cherges, UThe eon&luaians drawn frmm these results are
that the firet stage éx iea&er @r@cesa in a fiwsh stroke
results in the iawmzﬁng of ﬁhe greater gcriion {about ?0/)
“of the eloud charge imvelved in thateamgia%e,gﬁzgke,va&d‘ita
dfstribution along the leadey channel snd brauehes in such
 manner thet the effective height of this charge is reduced
to aﬁgxexiﬁsﬁély oneehalf its former vé&u&. in the ¢ase of
a subsequant s%rame & smaller p:ﬁportaan of ﬁhe ﬁ@taa charge
involved in tue straﬁé is lowered by ﬁhe leader gr@eesaw

Resultﬂ o far aammarise& have been derived frnm.eaﬂsiau
erations of the main ox ngmmai ty@e of eseallegraph recora
appeaxing.cn the films. An mentioned previocusly, recdords of
first otrokes have been c&aeaifﬁeégiﬁ:va?iﬁaa*géaapg, and
conciderstion is given certain,typéé of recé&é‘whigh differ
from the normal, It is shown that these may be due, in certain
tases,; to flashes in vhich the first siroke has a leader vels

voity at a certain stage in its &evelapment Very much below



the aﬁamage, aﬁd in ather gasas to %ha paaeiblé exietence of
adr disuharg&a. , , ‘
The relationship which should exiat bﬂﬁﬁé&n the distance

~ of the flash from ﬁhﬁ,ﬂﬁ%iliﬁgta@h wait apd.mhe.ngtuwerap&
‘magnitude of‘%he resultant ﬁseiliegﬁa@h regord due to the .
fiaéh is diaﬁuaéeai,AEa'the present ianStigatgau.eaﬁiaamiénﬁ
of the distanoces in@aivéﬁ‘w@ra nade by the eﬁgéxrérwﬁuxiﬁg;Q;
the sourse of the figld work, bﬁtuﬁ@z@.aataﬁa@;y'éaiylapyxﬁxﬁ
imate. The results of measurements from the revordss and
their relatiomship to the rveported distances of the varfous
flashes, are tatulated, and it is shown that the results appear
to 1adiaate ahnﬁrmally law values for the field changes regies
tered by the ascillagr&ph<f¢x iiashes neay tha un&t. ,

A discussion follows of tﬁe radiation asseeiatea with
ﬂﬁhﬁé@%éﬁt strokes in a flash. Iﬁ is ah@mn that the records
exnibit indicgtions of changea(seeurringvan thé cloud jmmedia«
tely after a stroke has occurred, and the possible nature of
these changes ié<ais@nss§@;: It ie shown that there is a pro-
gressively inereasing time imterval for these changes from
stroke to stroke. , | |

Gertain ethe? aﬁpeets of thﬁ reﬁuiﬁs abtaineé‘fram»tha )
examinati@n of the eeaﬁllegraph records are b?iefly diae&saed‘
It is shown that the : £ilns exhibit yagsible evidence of jomo=
spherie reflection. In sddition the geﬁ@ra& naﬁﬁxa ﬂtuxhg‘“'!;e
ogoiliograph vecords from distant flashﬁa and from cloud flashes
ave indigated, although 4t is paintea out thet th@se Ri& oute
sgide ﬁne sgope of the yresant investigaﬁisa. , :

in ﬁon&lwsmoﬁ\amne aaeaunﬁ ia given of & ﬁireet asrraiatnan<
between the oseillograph retord and ﬁhe Boys? camera ﬁh&t&gﬁagh
of the same flash, | |



INTRODUCTICN.

The author has been, for a number of years,a member
of the staff of the department of Physlcs of the Natal
University College, and is stationed at Howard College,
Durban, He obtained the degree of M.Sc, iIn Physics at
the University of Capetown in 1926, and at that time
became associated for the first time with the Directer,
Dr. B. F. J. Schonland, under whom the work, the subject
of this thesis, has been undertaken. Subsequently the
assoclation was renewed, when the author was appointed a
member of the Lightning Investigation Committee of the
S. A. Institute of Electrical Engineers, of which Committee
the Director is chairman.

As a member of this Committee the author had
~constructed, in the workshops of Howard College, & Boys®
camera, of the same pattern as those used& by the other
members of the committee, and had attempted to €@ollaborate
with them in the Boys' camera photographic work. Being
anxious to pursue this type of work further, he made
arrangements to obtain leave of absence from his college
duties to devote his whole time to this work for a definite
period, and, at the commencement of 1935, was enrolled as
a Ph. D, student at the University of Capetown.

At the time he entered the Physics Department at
Capetown Dr. Schonland had just returned from an extended
vigit to Burope and the United States of America. During
that visit he had had an opportunity.of meeting and
consulting most of the foremost workers in the field of
Atmospheric Electricity. In particular he had spent a



certain period with those at, and associated with, the
Radio Hesearch station at Slough. As a consequence of
this visit, Dr. Schonland suggested that a fruitful line
of investigation would be to employ the Cathode Kay
Oscillograph in an examination of the nature of the
changes occurring in the electrical fleld at any point,
due to a lightning discharge, and, if it were possible,
to correlate these changes with the photographic records
of such discharges obtained by using the Boys! camera.

The investigation, as suggested, if carried out
successfufffg%ﬁegﬁlfil a twofold object. In the first
place it would be both interesting and fruitful in itself,
affording a promise of information which would both confirm
and amplify the information already obtained from the Boys!
camera work on the nature of a lightning discharge. In the
second place it would provide a training in technique which,
in the future, could be applied to a number of other problems.
A8 a consequence of this Investigation 1t ﬁaa hoped that the
authory on his return to Durban, would be trained and fitted
to carry out further investigations in this and allied
problems. This was important, as it was realised that, for
many problems associated with the nature of atmospherics,
the collaboration of two or more investigators working at

different points was essential.

PRELIMINERY PERIOD
A preliminary period was spent in acquiring the

necessary technique in the use of the oscillograph itself.
Using as a gulde the publication "The Cathode Ray Oscillograpl
in Radio Research® by Watson Vatt, Herd and Bainbridge Bell,
time wae spent in construeting various types of time-base,

and applying them to the oscillograph, on systems of time~base
locking, and allied experiments with the instrument.



As a firsﬁ'appliaation,iit was decided to applys in

' South Africa, ihélmeﬁhéas developed by Watson Watt and his
co-workers at the Hadic Research Station at Slough for the
‘determination of the éirection of seurces of &tmospherics,'
' using the Cathode Ray Osclllagraph Finﬁef»r This was
iritended to be merely a prelimimaxy investigation of the
mefh&d, but it was héped'ﬁhat it would serve a twofold

‘ ?pﬁréose;' In the first place, entailing a8 it did the |
construction and s 7 various gtages of amplification
and the matching of these stages both for gain and phase,
it would previéé very useful experiénce in ﬁhis directions
"Further, it waula enable experamental werk 10 be carried |
eut in Capetown, where the almost total absence of thunﬂer
- storms within a‘aﬂible' or photographic distence made the
:'main problem of iavéétigatiﬁn«alﬁost.impassiblew In the

- gecond place it was hoped that a preliminary inveatigation

“of this nature would indicate the advisability, or otherwise,
'_af carrying out»a,fuller{inveaﬁigatien:at»aflater date.
 ghould this preliminary work prové successful, it was
‘intended, at a later date, to establish two stations at
different poiats,VWhiéh-wsﬁld'ﬁhen collaborate, and, by
rtaking erasa»bearings oh some particular gource, locate ite
exaet position,

’ '‘The neécessary aerial coila, amplifiers and aacxllatar
" were construeted at the University of Capetown during the
*vearly portion of ﬁhaayear, and the apparatus was exhibited'
. and demonstrated at the Annual Meeting of the S.A.Association
for the Advancement of Sciente held at Paarl, Cape Province
during any,-gssa, A deseéription of the apparatus waef |
given in the form of a paper read before Seetion A of the
Assocdation. o
| ( APPENDIX A )
Subsequently, the Qireeticn*?inder apparatus wag assembled



"in a room on the top flobr of the Physics block at the

‘ vﬁiversity of Capetawn, and, &uring aeptember and October

| 1935, a series of determiuations was made with it af the |
hearings fronm Capetewn of the chief sources of atmospherics.‘
Bead1nga were taken on &ifferent days, anﬂ at alfferent |
perioas af the day, and the reaults were pletted, and
subaequently corralatea with the pesitions of repcrte& )

' thnnderstonms. These 1atter were ebtazned £rom the

' meteorolcgical maps far the correapanding peried of the
investigatmon, ﬁhieh were kindly supplied by. the Chief
,ﬂ@tecrsiogists ef the Unlon of South Africa and of Southern

: Rhcaasiaa A paper, embodying ﬁhe results of this preli&inary
investigation, was read befare the quai Society of South |
ﬁfrzca in October, 1935.

{APPENDIX B). .

It is nigcessary tc emphaaize the preliminary nature of
this investigation and report. It is fully realised that |
many aspects af the prablam;might, with profit, have received |
fuller and.mcre careful eonsideration« It must be remembere&
hawever, that a 1im1ted period of time was available,  {
many detaila were einher neglecte& or aealt with in as simple
and short a manner as possible.A ?his explains why no attempt:
was made to inatal facilities to aétermine%he sense of the
airection of arr1Va1 af ‘the signals.‘ Fnrther it is realized
that the method adopted for the determination of the input
fiel& strength cauld be greatly improve&. Had this been
intenﬁeé as a cemplete invesﬁigation, these and certain
other aspects would have received fuller eonsi&era%ian.

' However, with the agproach of ﬁhe thunderaterm season in |
the Transvaal, where it was 1ntendeﬁ to carry‘aug the flélﬁ\
Wwork in the investigation of the field changes in the
neighbourhood of a 1igh£ning stroke, it waaAgsseatial'ta
curtail the work with the Direction Finder, and to concentrate
on the ccﬁstrhciiénAahd testing of the apparatus necessary
for this éegonﬁ undertaking.



- The results of the investigation with the Cathode Ray
,Qscillagméh ﬁirectiaﬁ Finder clearly indicate that the
method had succeeded in locating, with a satisfactory degree
| of Qcéuracy, the .béarﬁ;ng's' of thunderstorms as sources of

atmospherics in Southern Africa. Moreover, the method seemed

0 pmiride a means. for ;laéart’ing' the positions of sources

é«xiéﬁﬁg in loealities inaccessible to the observers attached
to the Met;eafélagieal Departments. In partienlar, its

application to the detection and location of sources over
the ogeasns bqazéﬂing the sub-¢ontinent appeared to mark it as
an important adjunet to the present methods employed in
ébtammg mteormiogﬁaal éat;a for weather forecasting:
Further, fi:hé rapidity of d4ts working, and me elimination
of delay in obtaining information by its use, indicated
4ts value in the field of aviation.

‘ ‘As a result of this pmliminar‘y work with the Direction
Finciez*gv it is intended, in the ?tear future, to establish

| 't.wt;' gtations in Bouth Africa, the one in Durban, the other
in J@hameéburg, at which Cathode Ray- Uscillograph

| Direction Finders wil;’i..‘ be erecteds The station at Durban
will be erected at Howard College, and that at Johannesburg
at the Bernard Price Institute of Geophysics. Certain of
the necessary pieces of apparatus for this purpose have
alrsady been constructed, and at these stations it is
intended to employ such imprmremén’ts és' Mcoék aerials,

- sense.direction finders and photographic recording of
results. From these two gtations it wim« be pt;as‘sible,‘

by symhrmmisatiaﬁ of the readings y o ébt@iﬁ ‘ eﬁéss»
bearings on any particular source, and thus determine

its exact location. Whéﬁ established and fully equipped,
these two stations shpuici make it‘possiblé to carry out

a i‘u‘ll iwestigation of the whole problem of the .
possibilities and limitations of the Cathode Ray



Oscillograph Direction Finder, Moreover, these
stations wlll also provide a means for investigating
the nature of the field changes at a point due to a
distent lightning flash, and its attendant problems.
If the position of the source be located with a
certain degree of accuracy by the Direction Finder,
the nature of the field changes can be correlated
with the dilstance away of the flash, and any factors
- depending on this distance investigated.



PART II.

JHE USE OF THE CATHODE RAY OSCILLOGRAPH IN THE
INVESTIGATION OF THE ELECTRICAL FIELD IN THE
NEIGHBOURHOOD OF A LIGHTNING FLASH,

‘ﬂﬁ‘fn‘“h‘»ﬁﬁﬁbﬁﬁﬂh&qﬁﬁ&ﬁ*

REVIEW OF PREVIOUS WORK.

Befére aealing with the methods employed and the
results obtained in the inveatigatiéna forming the subject
of this section of the thesis, it is a&?isable briefly to
review the methods and results of previous workérs in
| this field,

The first impértant etep tawaréa the solution of the
problem of the naturg_afklightning was made ab@ut the
middle of the iath eéntnry; This waa the establiahment
of the close rela%ienahip whieh exists between a iightning
flash and a 3park discharge. vIt was Benéamin Franklin who
first concelived the idea of a "lightning rea". and, in the
hands of balibard. the firat electrical sparks were obtained

from such a rod in 1752, Latar@ with his well known kite
'expériment,'?rénklin'was able to establish conclusively the
 electrical nature of lightning., It is interesting to note
in passing that Franklin, as the result of a nﬁmbérvaf
éXperimenta, sﬁated “that the clouds of thunder-gust are
m@at commonly in a negative state of electricity, but |
vsametimas 1nva positive state”, and" for the most part, in
thunderstrokes; it is the earth that strikes into the
§1¢@d3t,and not the clouds that strike into the earth®,



From that time the whole subject of atmospheric
electricity has attracted a mumber of different
investigators, under whose labours the suﬁ total of our
knowledge of the subject has gradually advanced., It is
unnecessary to trace in detail all this work., As may de
expeocted, it has developed along different lines,
investigations being carried out which deal with different
aspects of the subject. They may in general be divided
into three classes, as far as the lightning flash is
concerned, although, as may be expected, they are not
independent of each other.

One class deals with the explanation of the mechanism
of the generation of the electrical charge in the ocloud.
The second deals with the mechanism of the lightning flash
itself, the process in which occurs the rapid discharge or
dissipation of the chargeicn the c¢loud. The third class
deals with the changes which occur in the electrical field
at pointe away from the cloud due both to the acoumulation
of charge on the cloud and to its discharge by the lightning
flash, Although the present thesis in.concerned with the
lest of these aspecti, it i8s necessary to inolude in this
review the other two, since one cannot be divorced from the

others.

THE GENERATION OF THE CHARGE ON A THUNDERCLOUD.

liore than one theory has been advanced to explain the
generation of a charge on a thundercloud. Bearing in mind
the necessity for some source of energy to exist in order
to generate these charges, it may be noted that all the
theories agree in ascribing this source to the Kinetic
energy possessed by the air and other particles within and
composing the cloud., It is in the explanation of the

manner in which the movement of these particles brings about



the tharged nature of the thundercloud that the varimus
theories differ. | | S
Two facts about the atmosphare; even 1n fine waathar,
are well knawn* In the firat plaee there exist charged
partieles or isna, bath poa;tive aﬁﬁ negative, of vanying
size and mobility‘l These may be free electrone, or a gae
molecule from,whieh an eleeﬁren haa heen eaeﬂted; Qr a &nst
or watar partiale ta which aae of theae haa beeame attached;
In the sscend place there exists a vettical potential
,gradiaut in the atmoaphere abeve the earth, sueh that the
earth is’ negative with respeet to the atmasphere above. -
The particlea éomposing a ¢10ud vary ansiéerably in
magnitude, from the free electrsn to the 1argest drop or
hailstoné. Wlthin the sload ‘there is in general &
mQVement of partiolea in oppusite directions. the amaller
moving upwarda ta the top of the cloud, and the larger draps
'falling under the gravitatienal faree with different A ‘
VQlaeities &egending an their magnituaea.A It is agreed thaﬁ
these particléa acqaire eharges. and theif m@vements in |
:oppasite dzreetionscauae a separatien of eharges of agpasite_{
- sign, so that the claud acquirae the charges of appoalte
sign en the tep and at the bettem, giving te it a aa§ale
nature. , ‘ o e e
| Variéus praﬁesses may be respaaaible fer the ehargea
aeaditien of the moving partiéles‘ Aa haa been.mentiﬂned,
previously, theré is aiways in existenca ions of varying
mobilities. These ians may aet a8 neu@iei for tha o
’canaensation af vapaur to ferm ﬂrcgg, whxeh would then be
ehargea. Again there may oceur the aeleetive 0apture of
sueh ions by dropa after ‘their farmation. Furthery it has
been ahown experimenﬁaliy ‘that water arops, on collision,
‘tenﬁ t0 beeeme poait1Vely chargeﬁ. and eansegueatly givector

the atmosphere around them a cerresgen&ing negative aharge‘



Thérpaf%icléég whatever‘their nature, ¢tomposing the é;gu@ ‘
have th&s different ways in which they may acquire charges.
Twa important theories have been advaneed to explain |
"tne aaparatian of bhe charges of opgoaite signs to the
(&mfferent parté of the thunderstorm cloud, giving to it its
F'CaiyﬁiéAn&fﬂTéij The one theory is due to G. C. Simﬁsan, ‘the
<1cther to c, ?aR.Wilsen.v Theae ﬁhecries both explain the
R seﬁaration of the charges of epp@alte sign, but the
: m@chanism in tae two theories is entirely different, and in.
1 eerta&n‘impartant respects they‘iaad te oypsaite cancluaionan
| ?he explanation advaneéﬂ by Bimpsan is that, in the
7>c10ad; the wind enters the cloud from below, and passes
‘ ~upward inta thé eloua. with ﬁeereaeing'veiccity. 0a<the
othexr hand rain &raps fally grawing in size as they fall,
framhthe upper portiaga of the«clagdw~ He' found that, in an
ascéa&ing stre&m~ef’ai§, there is a eritiaalvveléeity { 8
metrgs / seecond) thrdﬁgh mhichtéré@slcannet fall., Hence
._WHen %hé'draﬁsvréaéh:the point in the cloud wheré ‘the wind
vel@city and turbuience is such that they cannat pass
| thraugn that region, they beaame unstable and break upy the
smaller aropa being positively charged and the rising‘air’
acquiring a carrespcnding negati?e éharge.: in’this ﬁay the
lower 9artion of the cloud a&quirea a gasiﬁive charge, and
| the upper- partinn a eérrasponding negative charge. e
The explanatian advanced by Wilson, on the other hand.
is hgsgd_on the'behaviour of a drop falling znAgn.elea;r;ca;
field such as is known to éxigt in the atmosphere. The rate
of fall ththe'dfép will depend on its size, and he suggéatsv
%haf the lafgé drops will aéﬁuire a ﬁéé&tive’ehargé. while
'the minute &rople%e will have a positive eharge. if a draﬁ
 be cansidered falling ‘through the normal potential gradient
~ of the atmpsphere. itvwill acquire a dipele structure due
‘to this field, such that the ‘mwer ‘front of the drop will
be the positive pole, The lower portion will ﬁhua attract



to itself any nega%ive'iOﬁs it may meet, éad repel positive
ions,  Since the ions present in the cloud will be “large
ions" of slow mobility, the velocity of the drops will be
such as to preclude the upper or negative ?Glé‘Gf‘thé drép
from attractiag to itseif the positive ians, and tne‘grpya
falling to the lower portion of the cloud ﬁﬁli acquire a
net negative oharge; ~In this way the lower portion of the
',élaud aéquireé a~neg&tivé ehargé, and the upper portion a
earrenpanaing positive charge. ' -

These two theariesg both of which provide an exylanatinn
of the gengratian of the chargé on the thundarel@u&,.na?e ,
"fhia,ene important difference. The process suggested by
:‘;Simpson leads to a ¢loud §f negative pelarity,thé negative»
| §91®'h@ing on the upper portion of the ¢loud, while the
pfaeess éuggested by Wilson leads to a élaud of positive
Ap@larity@-:As'willvbéfaeénvlaﬁer, elouds of both positive
aﬁd‘négative paiarity’ha#e been observed; sa‘that it ié‘ ‘
| probable that botn ﬁypeé of ?rgeeas;§1ay a part in the
generation of the cloud charge.

>

m mcmzsza OF_A_ Lmﬁmma F&g‘t&ﬁ. |
It has already been mentioned that Franklin establxsheﬁ

- the ¢lose relatzonshgp between the eleatrip spark andﬂthg‘
lightning flash, it;is wellAkn¢wn that, before a spark can
be/méae‘to‘pésa between the poles of an inﬁuétian cail,'a‘
oritical potential ( 307000 volts / centimetre at ordinary
atmospheri¢ pressure ) is necessary, Hence for a lightning

"straké’to‘péss between cloud and ground, @r'anyitwe points .

in tﬁe atmosphere, the potential maét reaeh some critical

value. This value will depend on the ¢conditions existiﬁg

at the time, but it is estimated to be at least 10,000 volts

" per aentimatre,undér the most favourable ¢ondi tions, Thus

the process for the generahién of the eharge'ia the ¢loud

- . - -
fd.t provesu



must yréeeeﬂ until suah a ﬁrztléal value is readheﬁ.v.

if the éleud be of negative palarity; as suggeated hy
‘Simpson, the develepment of the flaah wauld proceea aleng
the follawing lines. The atm@sghere between cloud ana ground
isg knewn to centain eleétrene; and, the lawer yertion af the
eloud being poaitively nharged, it would attraet these o
elecﬁrana.‘ Under the high fisld they wgulé/tith a velecity
suffiéiént to ionise by cellision; an& thus f@rm an electroa
avalanche. The slawar m@ving positive ians wnula be ieft
behinﬁ. and wauld thua faxm a projeeting tangue or extensien
of the cloud towards the earth. This would in turn gagae_a
further electron évalanéhe, and thus the tongue would extend
‘furthei and further towaras the earth. As the preeeaa
necessitates secondary collisions; it wouié axplain the high |
temgeratures develepeﬁ in the chaﬁnel.

If the elouﬁ be of positive polarity, as auggested by
Wilson, the lewer‘yartigavof the cloud would be negatively
¢harged. Vhen the critical potential was rgaehed; electrons
wauld‘praéeed from the eloud, ieniéing‘a cen&&cﬁingApaﬁhf
from eloud to earﬂh. | _

~ The results of absewationa on the branching of elactric
 sparks between the terminals of an induction coil 3e§med to
lend support to the theary of the negative polarity of
thunderclouds. It is an observed fact that;‘in,auph‘an}‘_
electric epark. branﬁhiﬁg always takés place away from the |
positive pole, and; sinte lightning is always obgserved to
branch ﬂownwards towards the earth and away from the lewer
portion of the thundercloud, Simpson coneluded that th;s fact
eenstitutéd'a:strong ?ieée of evidence in favour afﬁhisAtheéry
The experiments éf Sehahiand and Allibone, however, have
sh@mn that; if thefpeaitive pole be such as to contain a
‘number of yaints'(‘a state well represented in the case of
the earth ) it is pasaiﬁle‘to obtain hranchipg~in an electric
spark towards the goaitive,bolé.‘

The applic¢ation of photographic methods to the problem



of ine me¢hanism of a lightning stroke has provided a large

ameuntlbf addi tional information on the process of i%s

&eﬁelopmemt@ The early work of Walter was earri@a\outfwith;

a eaﬁeraumgviug under the action of a falling weight, and he

applied i% beth ta the eleeﬁric spark and to the lightning

flash, Lﬂtar & great &eal cf wurk bas ‘been done in south

. &frica by Sahanland, cﬂllena end Malan, using a Boys' camera.

Ag o result of their work and that of Walter mentioned above,
the pieture of the photogzaphiéally visible stages in the

| &evel@pment of the ézscharge is yraetiﬁally éampleta.

Briefly, this work has shown that a lightning flash is
multiple in nature, consisting‘of a Vering numher of separate
Btrokea, separated by definita time 1ntarvals of varyxng
magni tude, Before the first stroke of the flash a faintly
luminous leader proceeds in a series of ateps from ¢loud to
earth, with a slight pause after sach step. The funection of
this leaaeé is %o fonise a conducting path between cloud and
‘ground, and 1% is in this stepped leader process that the
branches originate. Immediately the path is completed, the
main‘stzéke discharge takes place, This is recorded an'thé
photographs as an intense luminosity which develops from the
ground upwards to ths clou& and along the branches. The
intensity in the main atrake is not constant, btut falls off es
the streke develgya upwards, the variation ia;intensity.baing
associated with thé‘b?anches; After thé £irat«stréke is
’ eémpletea there is & pasuse, and then follow the subsequent
gﬁrokeafat varying 1ntérvalei Each of théﬁe consists of a
leader, differing from that of the first strokein that it is
not stepped but contimious, and very much more xapiﬁ; caiig&
a dart 13&&81. féllaweébe an intense reﬁura stroke. Afhes%

" follow the path of the first stroke, but withdut the branching
"Should the interval between two strokes be sufficmently long
for the con&ucting channel to cael, th@n the stepped leader
prﬁseas wh;eh preeeeds the firast stroke may again;function over

| part or all of the §ath‘



Tne phate.graﬁhie records obtained by the use of waﬁplsrst*w
aamera have provided quantitative resulis of the time intervals
of the various stages in the process of a lightning flash, andx'
frequent reference will ‘be made to them later in the disgassian
of the results obtazned in the in?eatigatzan of the changes
© in the field in the neighbourhood of a lightning flash ap
recorded on the Cathode Ray Oscillograph.

PIELD CHANGES _IN THE NEIGHBOURHOOD OF A THUNDERSTORM.
| k', A method which may be used to detérmina<the~ele¢§ri¢a;
.fieléfaﬁﬁany peint, and the thanges which &ay oa&ur‘ia‘thati
field, vas initiated by C.T.R.Wilson in 1916, and applied by
him to the investigation of the field changes in the |
neighbourhood of a thundgrstﬁum. The method is of particular |
~'intere$t.in being the ﬁﬁarting point of the.medarn study of
this problem, The;method employs a'condaetnr, initially ét'i
- zero potential when shieldeﬁ'from'the field at the point under
consideration., On exposure to the field, it will acquire an
induced charge due to the field, end its potential will alter,
and a measurement of tﬁiaiehange will provide a means of
meaguring the field. This may be done by réadjuéting the
potentialfaf the conductor to zero by a variation of the
capacity of a compenaating condenser in the electrometer |
- ¢ircuits By the use of a capillary eslectrometer of a apecial
tyge, ihis campenaation ﬁay be made automatic, aud at the same
timeg relativaly rapia, and the movements of the electrometer
uaed to dete:mine field changea. The method has been applied,
| first‘bysWilsen and later by othérss to thg invegtigation of
the rapid field changes occurring in the neighbourhood of &
thunderstorm éueftbflightaing flaaheé;’ﬁﬁy adopting a phete~vv
graphic method of recording the movements in the electrometexr’
Permanent records of these changes have béen a%tainea; The
‘method was first applied to canditiaﬁﬁ in South Africa by
Schonland and €raib;»amdvlate? by HQ&iiﬂa&; and, as a result

of their wérk, certain important facts have been established



It has been eiéariy established that the very large
maaari%y of the storms investigated were f;nm!plégds
of positive polarity, and further, the experimental
data obtained in the investigatiﬁns have provided
quantitati?é resuits from which it isvpossible'te
determine theimagnitude of eertain of the electrieal
guantities involved 1n thnnderstoxms and lightning

. discharges.

Verious other methods have been employed to study
the changes taking place in the field at any point due to
a 1ightﬁing diacharge, all of whlah falleW'in principle
the lines indieated abave. They use an expoaed conductor
‘@r aerial, which is connected, through some 3ensi§ive_
recording instrument, such as a siring galvanometer or
»6$ciilograph, to earihy Fleld changes in the neighbourhood
| of the conductor or aerial induce charges on the conductors
and the insﬁrmmenﬁ provides a means of recording the
resulting currents in the system due to the fiel& changes
taking place in the spac¢e in which the Gen&u&ter’is ‘
gituated. The valué of records thus obtaineé éepends. to
a large extent, upon the preperties of the receréxng _
instrument; and itc method of reapanaevto the rapid changes
in the electrical field. In this comnection it may be
observed that the ¢apillary ele¢trometer, used in the
ariginal in?estigations‘pre#iouély,mentianed, hed only
sufficient sensitivity to record the total field change
due to a complete lightning flash, and thus provided little
information of the stages in the development of the flash
~itself, Thus the further methods, which have been
'dévelsped laiem, have all been in a direction towards
increasing the éensitivity of the recording instﬁﬁmenﬁs
used, anﬁ'partiﬁular;y their rapidity of response to rapid
changes in the field, Tor this reagon the Cathode Ray



Oseillograph cammen&a 1tsé1f as an iﬁeal recor&iﬂg
instrument. Unlike othar instrumen%a with‘meﬁhaniaal ‘
“maving parts, the aathode ray, evan in the gagmfoeuﬁsing.
type of tube haa a negligible inertia, and gives a rapia :
respanae to changes of petential of ralatively high 7
frequency on its warking‘glateﬁg In tﬁe gasﬁfocasaing
type of tube the limit is set by the focussing positive
~yioas; and im in the neighbaﬁrhoa& of 1@6 cycles per secaﬁd;
since its inception, and applicatian to this Qroblem, a
- big advance has taken plaee in our know&edge of fiel&
vchangea, not anly in> %he neighbourhood of a 1¢ghtniag _
flash, but at relatively large diatancea framvit, in the
inveatigatian of the foxm af atmospheriaﬁ. Thus the wells
known wark of Appleten, Wataonwwatt and Herd en the natura
- of Atmaspherics, and af H, Herinaer on the nature af
| ligh%ning dischargea, uses as a recarﬁiﬁg 1nstrmment the
Cathode Ray Oscillograph, | o

A5 an exampie af work in which mecﬁaﬁicalkréeérding
instruments were emplayed, referenee might be m&de to the
.wcrk ef H, ¥oto in ?ekyo in 1929, Thie waa inten&ed as an
inVestigatiaﬁ of “hlectrical aaeillatiana in the aﬁmoﬁphere“
in this work an antenn& was atretched abﬁve the 1aberatgry,
and then cannected throagh & Dufeur éaeillag*&ph to earthe
’& spot of 11ght, after reflection from the Vihrator ef the
oscillagraph, wag arranged ta fail on a cinematograph
:fiim driven at a c@nstant epeed, and ﬁhus a record waa N
Vab%ained;af the field ahanggs at tue aerial. The»periad

of the vibrator is given as 1/160th second.



A great deal af work on the nature of lightning disehargea
has been carried out by H, Hbrinder at the University of praala
using as a reearﬁing inatrument a high velo¢ity Cathode Ray
Oscillograph of special design, the beam of which impinges -
‘directly on a yhatagiaph&é»piateg,gna thﬁa'§r¢#3d33 a\permanagt
record-(ef any fluctuations in the gathvpf the beam., To avoid
fegging, the beam.iﬁ initially 6ef1eetaa in such a wamner as to
be sereened from the plate, and the aerial impuiae is used as -«
a relay %6 trip the screening device, and permit the ghetngraphic
,raeorﬂiﬂg &ﬁviée,té'xgnetian@ Te obtain a tw§é¢§mensiona;k
",_reédrd a§ iield»changes, the usual device is em@leyéﬁ; thé"
a@rialximpﬁ§ses.beiﬁg employed to‘activaté;éne set nff&éfleating
plates of the oscillograph, and a time base applied to the
other set. | | | | | o

The manner in which théffiéld,changea,ih'thé neighbourhood
of the aerial are related to the‘ehapgeé in potential at the
Aascillagraphjplaxa may be seen fram.thévdiagram~éfrahe ﬁirﬁait

N

A | ] 4 I Oscillograph
L L =/

¢ is the effective capacity of the systenm.

he employed.

~h 1s the effestive height of the aerial

.~ E is the potential gradient in volts / metre,

R, is the damping resistance. |
iz 18 the rgsﬁg%ﬁﬂ&éaﬁraaﬁ which voltage changes are measured,

Q 4ie the eharga induced on the aeriam systen.



If 1 Dbe the cﬁrrent through R, and By ,
o 4. E +,_Q/C -,=4‘:(,R\+Q’-)'
- _ ti.@ . 2 +(2 ]
,C. = L-. c_-* (R *) '

ow (2= 22 e T AV

Fow L= 7 g¢ and (= Ry » s0 that_ /4t Ra ok .
CAE | L1 4@ (R os;]

Therefore e A ar al ‘) al |

R+ Ra . d_y..] »
R a1

1]
s~1-
n
~
v

)

One disadvantagé of this method is that,as may be seen
fiom the above analysis, the record obtained cn the photographic
piate'is\oﬁe which shows the variation of aE/&ﬁ~,with time, |
and it is thus neceesary to-integra#e if it be ﬁegired to know
the'variatiaﬁ-of the actual.fielé (£) with time, Further; as

has already been painte&'éuﬁ; the Boys' camera resulis indicate
that a 1ighthing‘flaﬁh'is aicampleﬁ‘phenémenan. léstiﬁg a8 |
relatively long interval of time; With the limitations of the
sige bf:the plate employed infthe-investigat&on,‘aﬁrelaiiveiy
slow time base must be used if a complete stfoke,recer&'ia to
‘be included in one sweep of -the time base, with.canseguént1lﬁaa-
of iéseiutionu If the yerioﬁ of the time Eaﬁe,ﬁe Bhor%enady
gxeater'resolﬁtienkean‘be*obtain%d, but anbseduent ppxtiens-gf
the rée6rd'then‘ﬁeﬁpmeasnperimgosedlmnvohe_andther; and, &8 a
‘conaequénee,fihterpretayion;of the record becomes'difficultc
This objection ia’cammén to ali §ystama of reéarding‘whe:e,a
time base is emplayed.with\a’fixed pléteg and can énly be'
‘ébﬁiate& by the uae‘éf a mﬁving film; ﬁoweveri with. transient
pheﬁoméﬁa; the latter method must entail a certain amount of
wastage, and the cost is often prohibitive., It is possibie,_by
mognting the film on a drum revolving at cdnstant.apee&, with
a regular iateral»displaeement; to. utilise the lattér_methad,

and at the same time to reduée‘wastage to a ﬁinimum‘



The method employed by Appleton, VWatson Vatt and Herd was
designed to delineate the wave form of atmospherics, As it is
the method, with certain modifications, which has been adoptied
in the investigation forming the subject of this portion of the
thesis, it will be considered in some detail.

Briefly the method consists of the examination, by means of
e Cathode Ray Oscillograph, of the variation in the pofential
developed across a resistance or a condenser inocluded in a
damped aerial circuit, whose time constant is so small that it
may be neglected in comparison with the duration of the atmos~
pheric, Vhen the variation across the resistance is considered
the method provides a means for the measurement of the rate of
change of the field (dE/dt), as in Norinder's method, whereas,
when the variation across the condenser is considered, a direct
measure of the field (E) can be obtained.

The relationship between the changes in the earth's field
in the neighbourhood of the aerial and the variation in the
potential applied to the working plates of the oscillograph in

the two caBes may be seen from the following diagrams,
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Co is the effective ca@acity of the aerial ayétem
h 1is the effective height of the aerial.

E 1is the field change to be determined.

¢ 1s the charge on the aserial.

Then, since the potential of the aerisl does not depart semnsibl

from its zero value,
e + %Y, =0
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1t Va be the patehtial at the aerial before the change;

\10 + QO/CO = 0. o B ‘Arg;.s?...(l)

- Suppose the change fasults iﬁ:a aeparqtion”of charge, %0

that C acquires a charge Q.

- Then, since the potentials of C, ‘énd' C are stil identical,

Qo - R = Q/C _
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In the above analysis it has been agsumed that, ﬁhepéver

"eﬁanges eceur&ﬁd in the field in the neighbourhood of the
aerial, they have been transient changes, which have left the

aerial system in its initial:ataie'afier“tﬁs paaéage of the

_atmospheric, It is quite péaﬁibie;;héﬁévgr, and, in the

neighbourhood of a thunderstorm, almost certain, that a

- permanent change in the field will ocour; if the atmasphexia

 be dué to a lightning discharge, considering the circuit in

Cage (2) above, the result of a pezmanentvfiéld change

would be .that the induced charge on the.ae?ial would be
different,befaré and after the disturbance. To obviate this
aifficultyg it is necessary to pfovide gome leakage path
for such a charge to escape; and this may be done by the

inclusion of a resistance, Ry, ac¢ross the condenser C.



It is cleéar that the time eénstant, C Byy of this
arrangement must be made éuffieiently 1arg¢ ao'that it‘
greatly exceeds the ﬁime'of auratiah of the field change
due to tﬁe diéturbanca, and thus Bi must‘have a very high
value, Wheh‘such a permanent field change does take place,
the oscillograph record will show an expomential trace of

long duration, determined by .the time constant of the

: a.‘z‘rangément;

~Futthem, since ﬁhe ,relationship between the field.ehangei
Es and the pcten%ial applied to the warking plates af the

««««««

oa@illegraph, Vv, :
is given Yy k[c-f Co]

1t is alear that, for any given field chaageﬁ the magnituae' |
of C will aetermine the magnitude of V. Hence, by a.suitable
adjustment of the value of ¢, field changes of considerable
diffé:énces in magnitude nayvbe made to give traces on the
- oscillograph of comparable size. |

Before the potential, V, is applied to the working plates
of the oscillograph, it is usually necessary for it to pass
through ene'ar more stages of amplification., 1In this
conriection it is important to notice that, when the
oseillograph 'is comneeted across A B, it forms a resistance
S < parallel with Ry; across the candenaer c, and thus n‘
effectzvely decreases the time constant, which; as we have
already seen;,musche maintained‘at a high value. A high
- valuefor‘thé”impeaance between grid and filament of the first
valve in the amplifier ig- thus éasentxal‘ F&rﬁher,‘it‘is |
essential that at no time ahaﬂlé there be a flow of grid
‘.\eurrent in this first valve,’ Any~such filow will give to the
upper plate of the cenaenser C a charge, and, as we have already
seen; any.sueh chaxge-wili appear to indicate a pezmanent
change in: the eartiisfield. For this reason it is ﬁe&easarﬁ‘to'w
use a ?power valve" in the first stage of the amplifier.



_Arrangements were made by Appleton, Watson Watt and

ﬂerd'whe:eby'the response of the;ée@illagrapn‘ag impulses
of the known cegstantqueu;d be tested, Agscqnagnsgr of
known capacity was qhafge@ and diaﬁharggﬁ«thrqugp‘a_kagwh
‘:egistapﬁe_and‘in&u@&ansgfvand;.by_a suitable adjustment
'af‘?axues,,vaf;egsvtyyes ef impu1sa? frpm,phe aperiodie to
the'aambed aséillation-ef high freéueﬁqy, could be obtained.
: By means’ of a eoupling resistanee in the aerial eircuit, any
such im;ulse coukd be 1ntraduced int@ ‘the aarial cireuit,
| and the oscillograph raeard compareﬁ with the values
1ealpu1ateq fgem the constants, |
In carrying out their investigations on the nature of
| atmospherics, ﬁp@letong‘Wétson Watt and Herd applied the
~impulse from the aerial system taAcne;set_éf,ﬁbrk;na,plates'
of the oscillograph, and a linear time base to the other,
and examined the ressui;tam:j escillograph _tré% vigsually. The
 linea:'ti$e basehtheyfannd,mnsé satisfactory wae the
¥"ti¢king grid®, the linear éqréke'being obtained by the
disﬁhargévqf a condenser through aAsatu:aiéﬁ diode, and the
almestfinstantaneous return stroke by the charging of the
condenser by an. oscillating valve,. L |

.., JsE. Cairns, using substantislly the game method a8 that 5
Just described, ecarried outy, in 1927, an invesmgation..mtc g
. the wave form of atmnsﬁherics at Watheroo, Western Australia.
'In a 1etter to "Nature®s. in 1933. FoW. Ghapman, workxng
in eallabctation with Professor Appletony deseribes a :
, photographic mathad of recnrﬁing the aseillograph trace, The
<as¢illegraph fluorescent screen hag a long afterglow, and the
camera shutter is tgﬂppeé‘by a thyratron aﬁtuatea by & amall A
fragfiéﬁ of the initial voltage due to the field'ghanéeg‘ in -
this way .records may be obtained of transient phenomena without

“wastage of photographic material,



SUMﬁAﬁY oF CQKGLUSEQNB DRAVE, FROM PBEVIOUS WUEK OE

. ELECTRICAL  FIBLD CHAHQES. |

: The erﬁginal Wiisan;metho& for the investigatien af thexx
fielé changes in the. neighbeurhood of a thunderetorm was firet
‘applied to Sauth,African thunderetonma by Schonlan& and Craibx
As has alraaﬁy %aen.mentioned, the methed prevides infenmatian
'»of the renultant field due ta a complete lightning flash, and.
thus; in th& main, beaiaes quantitative data on the magnitudes
involved, aetemmines the polarity of the eleud itself. The
result of their work furnished eanclua&vavevi&anaevofrﬁhe;
fact tnat5thunderélaaas‘aﬁafpfédéminaﬁ£1y3of'pesitive polarity.
,schanmana, &g the reauzt of iavestigations an some fifﬁy )
ato&ms, was able to ahaw that mare than %97 ef the abserved
changes dae’ tc greunﬂ flashes gave resultg in&icating
,pesitive pclarity in the cloud. o

Subsequently Halliday, using, the same metnod in o
Johannesbung, ahﬁalaed reaulta in&icatiﬁg an even higher ‘
perceniage, He was ‘also able to obtain a ¢orre&at&on of the o
fie&& change due $0 a flaah with a phategraphic record of the
fiash itself in &ertain cases. His photegraghs showed that,

in certain eases, the flashes were “deuble“ 1n that a dis~
charge to earth from a ¢loud ana a discharge within the cloud
itself occurred almost simultaneauslyg The maéarity of his '
eorrelateé records which seemed to inﬁicate aegative polarlty
in the eloud wﬂrc of this type; when the criterian of palarity
was based on the ground flash alcne. Thia reault is net
inconsistant with the attual positive yolarity ef the elnud. -
vﬁhéuld the field change due to the diecharge within the aloud
‘predominate at the recer&ing point. ;

As was previoualy indicated, the wnrk ef &ppletan,,wataon
| Watt and Kera was intended primarily as a study cf Atmospherias
‘ and their.methsd wag designed to provide a deliﬁeation of their
wave farm. - The work was ¢arried out under the pragramme of

'.the Radio Research Board, ahd ‘¢overed a period of a year or



| ? more during 19221923, During this peziﬁdrower eight thousand
individual records were obtained, some in Englané, athera in
the tropic¢s at Helwan, near Gaire, an& at Kharteumc The ,f‘
oacillagﬁaph traces wefe examined viauallya and records kept
of their characteristics. N,gta;isti¢g;‘ang;ysis,ei the
‘records showed that théy could be classified i$:twa méin
groups, deﬁ&gnated Apériaﬁie”aﬁa Quasigeriadié. These twv
main Clagses were furthér subdivided to ahGW‘thé sxgn of the .

- field change associated with the atmospherée, whether or not
a sami&perwanent thange ef field had a%eurréd, the rounded

or. peakeéAnature of the. ossillograph trae&, the relative o
duration of the grawth and deeay periads in the aperindia
: type aﬁd the sequenee nf epgoeite Peaks in the quasiperiodica
The analysis showed that the ap&rioaic were three timea as
. numerous as the q&asipericdio, and that pra&ﬁmlnantly poaitive
‘k&isénatges were one and a half timea as nwmarouﬁ as negative,
The fielﬁ sﬁrengths @f the atmospheries and nheir peri@ds ,
of duratiun wers also exgmined.sﬁatiaticaglyi ana~the,reﬁulﬁs
of aﬁsh\exa&inaﬁign_gummarisea; - This saﬁmazy‘Shb%évtnat the
. mean aperia@ic_atmespheriaﬁaa a_pe&k‘fiél&;stféﬁgth=af‘7?i {
. millivolts/metre,and gr&uratiaa-eﬁ~2245V&icr§~ééédn&ag and the
 mean quesiperiodie gtmes@hgrie hed a peak field strength of
156 millivélté/ﬁ&tre;xaﬁd5a éur&tioﬁ}af'ﬁléé @ieé@aﬁecékdér;«
It.wae also abserved that, heﬁi&eﬁ thé hain‘fieid dﬁahges
compasing the atmnspheria, ‘there was aftén preaent a fine
-atructure or "ripple®. This ripple had an am@litude which
reachea about 304 of the iandamental ampli%ude.bfrthe ok
atmosphetiey_énﬁ:the'xiﬁgie mps% frequeﬁtiy oceurring had a
fréquaney of about 100 m;araaseaandsf
Included in the abservatioas were deteﬁminatioﬁs of ﬁhe
net field@hanges of the earth's electrical field due to
|  thuﬁerat9mmsi>abta1ﬁea by tha.usé of the ﬁ&thﬁdé ?$§  vk_
oseillograph, and also by ﬁgsiﬁg a capillary electrometer and

8 siring electrometer. From the results of these determinations



it Waﬁ‘féuﬁd %hat thé~p%epan&e?anﬁe of pesifive or~negative\
field changes dspended on the distance. af the staxm from the
Areeor&ing apparatus, ' A theoretical diacusaion ef theae (
reaults showed éhat, with %hunaerat@nms up to aansiderable a
&istaﬁées the most freqaént type of eleud was ane of positﬁve«
palamity. Thas the @anclasiana arrived at fram tne wenk ef
VSthnlané and Eallaéay previeusly ﬁ:sausaea agread with tha
-;resulta from this investigation. | , L
Thﬁ 9articu1ar form whiéh ‘the atmespheric wave femm trace

might be expected to assnme was also dzseuaaeﬁ frem a '

' theoretical point of view. Using the fun&amenta& equatians

of Clark &axwell for the transmiasion cf Eleﬁtrinal impulses
through ‘space, it can e shewn that ﬁhe expressian for the
field at any point due to a 11gﬁtning diaﬁharge at,a.@istgnge,
r from the point is | - | | |
o v o aMm L. 4™

. ... A, AL diM +
E Y M+ eyt de v db

Stnce the three terms, known as tﬁe e19¢t:0a§ati§;Jinﬁa@t&@ﬁi:
and raaiétian?ﬁérmé ﬁes?éetively; aépehd to a different degree
upon r, the na%are ef the cstillograph trace Will differ with
diatanue. Thus, for smali vaiues of r, the elactrostatie
term i8 the nmpertaat oney while at. great distanees the!
ra&iation fie&a yredam:natéa. eemparisan between the .
theoretical wave form and that aetualxy récarﬁed 1eaéa to . the

"conelusién that one mus% 1sak to thunderstezms up to -
- eonaidEraa&e aistances, as important saurces of typical
atmaapherics. Furtaer; from the actual records obtained.‘it
may be cancludea that lightning is nut in genexal freely
V oscillatary, ‘since sueh reeords are either aperio&ic or
quaeiperiodicas SR | N .

Tae ﬁézk/ﬁorih&ér deals mgih;y.withAthé,in%egpigtatian

of the osaiilegraphyrecoraé to gxpiéih5th§;m@cbaniam of the.
lightning dipcharge, In a ﬁaperguhliéhed4in’1§$4khe used a



time sweep of 10¢ micro-seconds, and also one of 10-20
miara~segonds@.'From the records he then obtained he R
concluded that é lightning dischaige,obse:?ed as a distant
flash, consisted of several partial impulses, following one
aﬁethery;with‘différent time intervals between thgm, '?he s
timg¢ interval between’canseeutive partial discharges he gives
as lying between the limits of 200 micro-seconds and SQOO

- micro~seconds, while the most f&equent total &urationfof‘a
partial impulse is from 200 micro-geconds down te ﬁQ'miéro~
geconds, A comparison of these figures with those of ‘
_A@pleton; Watson Watt analﬁeré. given above seem to in&icate'
that his partial impulse must be associated with the fine
_struéture or ripple previously discussed. In 5 later
publication the results are given of an anglysis of field
,'changes dme3to:atmoapheri¢a@ These he finds are of two
types; "clicks".and “grﬁnﬂgra",'namea used to distinguish

'  their effects in a radio receiving set. The oscillograph
reccrds show that the ¢licks are distinct fr0m thé types
obtained directly fiom‘lightniﬁé discharges,'~The ¢clicks

are single disturbances of duration of the order of 100
ﬁicra~seconda§-ﬁhereaa lightning flaéhes.were-foﬁﬁd to
consigt of repeated disehargea of this type., He attributes
'the elicks to very short electrical discharges witﬁin
adjacent parts of a thunderstorm, a phenomenon ndtfuaualiy'
detectable visually, The grinders, on the other hénd‘s 'have
a duration comparable with.that of a lightning flaah, and
he concludes that ﬁhey are due to distant lightning flashes,
Their wave f@rm_différs from that OEtainéd for near lightning
flashes, and the theoretival consideration of the variation
of wave'fcrmfwiih distanc® is considered, on similar lines
to those of A@@leton,’watspn Watt ahd Her& previouély
mentioned, He boncludes from this analysis that atmosphérics

could be derived from 1ightning'discharges of known forms.



Appléton aad'ehapmanvhave recently'puhlishedvg.fgxthér
paper on “The Eaturé of Atmospherics”s Inythis_they_?éﬁ??ih
certain modifications introduced into the‘épparatns_fqrmerly
usged by Appleton;, Vatson Watt @nd Herd, in an attempt to
- remove certain weaknesses in the technique af thevfommer
- work., v ' _ ’ | _ _

Thé exposad‘@onauﬁtmr they used bonsistéqvef 3.W315°9 :
sphere, the down lead frem.whiﬁh was carefully serbgned, and
an electrometer triocde was used as a connecting link between
serial system and amplifier. The amplifier itself was
 resﬁﬁtaﬂce¢eapaeity coupled, and the excursions of the
oscillograph spot were recorded phoﬁographieally by the
afterglow method to which previous reference haa'beep:made;

The résuitélthey obtained show in the first place that
there was a tendency for diach&rges‘to‘océur‘in’groups, 80
that these results again confirm the deductions from the
Boys' camera records of the composite nature of a lightning
flash. The employment of a faster time base indicated that
the dsecay of the moment of a thundercioud ogéuré in stages.
The first stage iavrelétively glow, (0,01 segond)_ana;
during its pragress,’the;mgment of the cloud is reduced by
30 « 50,%.V'The second stage is very rapid (40 « 80 miero~
seconds), and practically the whole of the remainder of the
moment is then destroyed. These stages are identified with
the leader and return stroke processes shown in thevBoyai
- camers ph@togra@hﬁi A certain«fine structure is feund‘an‘
theirééoféé of the‘firét stage which is jdentified with the
branching and discontinuwous nature of the firét leader as
shown in the Boys' camera photographs.

Finally, eonsideratian'ie.given to the change in the
form of the ostillograph trace with increasing distance of
“the flash; such change being due to the relative variations
in the magnitudes of the electrostatic and radiation fields
with distance, .



METHOD OF PROCEEDUEE AND DESCRIPTION OF APPARATUS.

As has been previously inﬁicated;_the object of the
'preseat investigation was o examine,vby thé{geéhéf‘the
g%‘héﬁevﬁay‘QSCillagraph;-tha;ﬁhangéa in the eleotrical . '
_'fieldvin the neighbourhood of a thundersﬁemm_&ueAtO;ailight~
- ning ﬁisoharge; and, if possible, to correlate such changes
with the Boye' camera photographs of the lightning‘fiash; |
Owing %o the frequency @ffthuﬁderétdrms on the Witwatersrand,
'and‘the;sueeeﬁs that had been achieved by the prgff¢amera
operators there, it was decided to carry out the field. work
in Johamneahurg;duriﬁgvt&ekSBmmer season of 1935936, _fhe;y~'
method used wasvsubstaﬂtially that of Appléton,_watsgnwwatt.
agé Herd, except that it was decided to take phmtagéaphic
récaréé bf the oéeillagraph"ﬁréee, using for this purpose
va revalving drum ¢amera, . The ap;aratus was of the form
devalaped by the Raélo Reaearch Board at Slough,.

. It;was fortunate ;hat,the iﬂveatigati@ns,éearria& out -
by tne'iightniﬁg Imveaiigatiﬁn @ammittee‘af’the S.A.Institute
of Elecﬁriéai Engineers, on the éQVeloﬁment of a 1igh£ning-
flash, using the Boys' camera, had preceded the present
investigation, as the experience gained thereby was found .-
to be of a considetahle benefiﬁ, ?hid experience hadfﬁlearlj
shown, @mongst o ther things, that success with the camera
@nrk‘depende& on the a@ératmr possessing the maximum of
| mobi&ity; and it wag eawly~realiaed‘tagt, in, the present
investigation, mobility was even more essential, In South - -
Africa, owing to the rapid changes in temperature that acéur;

it is found that thunderstorms develop, often with very little

- if any, warning, in‘a,vafy short time, and travel over the

country at a speed of 2030 miles per hour. The direction

'iu'whigh.they travel depends on the ground econtours beneath



the stormvand ‘other faeters, such as tﬁe prevailing wznda
in their vicinity, and afteﬁ cannat be faretel&. In the
photographic work zt had been faund necegsaty to keep a
careful lookout for storms, with the aamera outfzt ready
loaded in a m@tarcar, 80 that it eaul& he ragidly |
transported in any required direetian te some suitable
ﬂpasitian at which tha storm might be interce@tea in ita
6urse, and the necesaany exposures maées) Even‘unéer
these econditions 4t was found that journgya were often
| fruztlass, and the 9ercentage of succeasfal ghatcgrapha‘
}Was small. in this canneation,mentian mast be mmde of
‘.tha valuable assigtance renderea by My, ﬁ. celiens, His
unigque. knowle&ge of the behaviour of thun&arﬁtazma in the
vicinity of Johannesburg, and hisvexperignca;wiﬁh.tpgr E
Boyw‘,camera, were af‘;ﬁgatimabieVValué.inviﬁgypresen%;"
investigation, N | S .
Profiting by thiq‘gxperienee, it was &eeidad_ts #ake
‘the.éxﬁerimentai autfit ithhe present inveatigatienkaé ”
mehile as peaa;ble. by mounting it camplete in some vehﬁcle.
'”he problem was a formidable ane, for, where the B@ys*
camera operators had feuhd it yasaible to use an crﬁinary
‘~matorear, since its purp@ﬁe wag gureiy one ef tranaport
to a suitable gite for photagraphy, it waa now necessary
. to. transport the osailiograﬁh, camera and ail the anxéliaxy
apparatus. In a&ditx@n the autfﬁt had ts he self~cemtaineﬁ,
end sll sourcem of supply nf power for %he OScillogrth,
‘amplifier unit and drive for the reearding camera had %o
‘be anclude&. 1hese had to be 80 arranged tnat. immediate;y
~on arrival at the required location, the autfit could be
put into cammiesian. In short, the prnblem resolveé ieaelf
,into that of designing a yortable, selfucontained

,laboratony and dark-room on wheels. Fortunately The



Vieﬁoria Falls and Transvaal ?awer Company were kind enough
to plaee at our disposal a Reo “peed Wagon, whiehvhad

- formerly been useéd by the linesmaa of the compeny when
executing repairs on their péwer linea, and thia wag found
to be satisfactory for the @urpaaéa - |

8ince it had been decided to use 9hatagraphie reearding
af‘the oscillograph trace; it was first ne¢ensary to render
the body of the lorry light<proof, so t‘h’at records could be
made of both day and might storms. To sccomplish this all
openings and windcws in the b&dy wer§~¢lo§a& withfeevers
of cardboard and American cloth, A double ﬁﬁrtain'ef black
material was hung frcm the roof down to the floor in front
of the double doors at the rear of the 1@r:y £iving access
to the imterier. VWith the doors eiQSed, the inﬁerier thus
becane a 1ignt-tight room aome 8 feet long, 5 feet wide. and
5 feet high. . | R
| Inside ﬁhe‘boﬁy'weié fitte& two tables, s%ﬁetchiug the
full width of the lorry, the one flush with the front of the
iorry;'iﬁe other éeparatéa from it hy 5baut 3 feet.- This
'allowed sufficient space for ene obgerver, if necessary, o
: take ay a pasitiea in @om*ert betwaen the two tables, while,
'a seeonﬁ observer could be stationed behind the rear table,
The front table carried the oscillographtand the amplifier
units, and the rear table carried the camera outfit, the
motor for the camera drive, the conirol panel for the
‘~aa&iilagraph, and all ﬁwitghea contreliling the motor and
amplifier, All these units were m@unted,en.syahgy rubber
and kepﬁainvpositicﬁ by battens, This was,ﬁané te prevent
 any demwage during trengit, and to obviate vibration from
the mntorAaffebting dther pertiéné of the sﬁtfit¢
The aéaéieratiﬁgtvalﬁagé for the os¢lllograph wasV

obtained from a bank of High Teas@on'%attéries;'anﬁ*these 2

‘were mounted on a box which formed part of the original



fittings of the lorry and ran its length at one side under
the tables, These batteries were so arranged that, by a
series of switches, the voltage applied to the oscillograph
could be varied from 500 voits, for visual observation, to
2,000 volts for photographic recording. Under the front
table, on the floor of the lorry, were fixed several large
capacity 1@&& celis., These provided the power for the
camera motor and for heating the filaments of the amplifier
\valves. The anode voltage for these wvalves was obtained
from High Tension batteries whioh were also situated under
the front table, Projecting through the floox of the lorry,
under the front table, was an earth wire, attached direetly
to the chassis of the lorry, and this provided a common
point to which the various earth connections in the outfit
could be made, ‘ ‘

Stretched above the roof of ihe lorry was the aerial,
This consisted of a length of copper wire, 8 feet in length,
standing 13 inches above the roof of the lorry, and carried
by thin metal supports ai each end, These supports were
rigldly attached to the roof but were fully insulated from
it by sulphur ring insulators., Mounted on these supports
were thin metal cowls, so that the insulation received
complete protectioa from rain., The front support proéected
through the insulator into the body of the lorry, and frpm
it a short lead ran directly to the input termiral of the
amplifier unit, which, as is shown later, embodied in its
design the damping resistance and condenser of the aerial-
earth circuit,

The internal arrangements in the lorry were such that
it was possible for a single operator, by taking up his
station behind the rear table, to control each unit of the
complete outfit, and so, if necessary, to make a complete

record single handed. As a general rule it was found




the gpot on the flu@resaeﬁtlacreen atharizantal’&efieéﬁia@@ K
- Flexible leads from the terminals on the ‘tube holder led. to. -
terminals on the back of the panmel, to enable all conmections
to ﬁhe,ageiliegraph,to‘b@ﬁmade§to these terminals. The
ébcnite panel wes mnuntédiin the osci11ograph‘ba#;‘m&ﬁe-af
wood covered with sheet metal, so that, ﬁﬁan m@ﬁnﬁﬁd;~tﬁe$»;
oscillograph tube waskﬁampletely shielded&‘_ﬁhg front of the
_box had a circular opening, exposing the fluorescent sereen,
and thus enabling‘phﬁﬁagraphs'of the excursions of the spot
to be taken, Mounted in the box were fixed condensers, from
which leads led to terﬁinalw,aﬁ,thé panel. In this\way:any -
EJMLF, under investigation could be applied either directly ,‘
to the working plates .or through these caa&en@erﬂ»«‘ﬁhé»'
neceaéary lesks from warking'ylate to g&n;ltérprééiﬁdé'
aécumuiati@n éf‘eharge on ﬁhe working plate, were also.

ine¢luded in the general assembly.

THE _CAMERA _

M _IT5 MOTOR.

The camera used to reae%& the oaaillégraph fluetuations
 was adapted from an Gttway drum, mThis ia 8 vylindriaal drum -
 10cms, in width and 1 metre in circumference with a horizontal
 exis mounted in bearings, Below the drum shaft was a second . -
& éhaft, on which was cut a thread of unifarm piteh, A train'-u
of gear vheeié and clutch weré 80 arfange&'thaﬁ‘“with}the.4/\
élutéh engagéé,’it was pﬁsaiﬁlé'fogi?e'io.thé drnm; in addition
to its axiai rotation, a*uniform norizontal traverse of about
0.6 millimetrea per re?élutiun. The drum was rigidly
mountedin a largg cuhxeal bam, with a removable 1id,8uch that,
with the 1id in giéce. th@,whele box‘Was 1ight-tight,
Projecting fram,one'aide“cf‘the b@x‘wge the driving shafﬁ of
the dxum,,and ffam the opposite side, the clutch: handla‘ ‘The
 latter was so constructed that it could be used to reset the

drum to its zerc positiom after it had completed its traverse.



The camera lens was maanted in a rigid metal support -

attache& to the metal frame ¢arrying the drum shaft hearings
50 that its pasitﬂan relative to the drum face remainéd
_congtan%, and protraded fromfth@ front of the camera bax. _
The_lens:géed was a syaed‘Anésiig@at Cine Eﬁaw‘ef'ﬁdcalelength'
2 inches (£/1.5) supplied Tay Jsi.Dallmeyer Ltd, London, |
The éamera itsel? was~m§&ﬁtad at such a distance from .
‘  the‘?xu¢3aséeﬁt.sereen of - the as@ii&&gragh that the image was
reduced about 10 dlameters. = The film_uaeﬂ‘iﬁ the camera was
supplied by Messrs, Kodalk, itd@, dirgct £rcm,th§ir faotory
in U.8.4., ond the emhleion vas that used by them for sound
rﬁ@@?éing.° The fi&ms mere ﬁugplieﬁ by the manufacturers ceut
'xﬁ au;ﬁaole 1engtha Juﬁb to fit the Camera érum with a shart
overlap. ”he greeéss of 1gaaiﬁg ths film in the camera was
Yery ﬁzm@le. The 0¢mera toy was removed, the film wound
evenly and tightly c@uﬁé tne drum, sn& the two en&s. wﬁth the
ﬁligkt‘ﬂvﬁila§g £a§tauea to the drum by means of a spring
¢lip, Bpare filus Weée'aarriaé iﬁ»apeciai light tighg
L eylindsts iﬁ!tke‘larry; aad the whole process of remé&ing a
vliuaedsfilm snd relaa&ing couldrbé!p@rfcrméﬁ in a few seconds.
‘ rFrdm the abéva @ésefiption it is clear that, with a
staaioﬁary @asillegraph spot, & complete traverse of the
. camera ﬁrum would produce a film record censiatang of a
contimuous spiral trace of piteh 0.6 millimetres, and such
o a tracé'waala~c@mglete1v‘fag the film, @é ovéreame %his
észa¢ulty, and b@mring in min& that it was only necessary
.te recerd aef&ee%iens of the asamllograph Bpot, a.maak wag
. mounted in front of the oscillograph screen. The mask
| .cavared the whole of the fluorescent screen, excaét for a
| narrow horizontal slit spproximately 6 millimetres in width
 at the height of %he~bsciliagraph spot. Across this slit,
immeéiateiy in front of the undeflected épét,'a narrow band
wﬁa/glacea, Just suffieieﬁt,to‘mask the spot when in'thi§k~
position, In thia'way the undeflected spot and all‘diffasaa



light from the screen were screened frem’the‘eame;a lens,y .
and the film record was one of the oseiilqgrg@h»&efleétiéns
alone, " | | ::. i o |
To drive the camera drum it was neﬁesaary ta:ﬁaa\a
diw&ct aurreﬁt motor which could be driven freﬁ lea&‘Ek
batteries in the lorry, vhile at ihe‘game timema;ﬁiaiping
’feonstant apeed under laad. Fortunately %hé 1aad'iméaséd
en the motor by the camera drum vag amail, and thas aid not
_ prove difficalt. A reduction gear vas included to ubtain
a &rum speed of one revolutien per aec@nd* The maximum
- writing speed ef the film employed was feaad 10 be about

10°.

centﬁnatraa per. ﬁecandg and, with the redactzon af tan
diameters from gcreen imege to film image previously

’ mentiﬁnad, experience ghémédkﬁhathhis &rum.ayeeé gag_abeut
the maximum permissible to obtain a satisfactory recoxﬁ ef
the fine structure of the oscillograph trace, This ﬁétﬁr
was connected to ita batteries‘thraugh twe swi%ahés, one
outside and the,otheﬁ‘insidg the camera ., The foxmef"was
used to start the motor, while the latter was 80 é?range&
that, when the drum re@ched the'end"of‘its traverse, it

- broke the motor circuit, an& thus prevented any damage

to the camera due ta aver Tun.

THE M@mkm UNIZ.

The amplifier unit emplayed in this investigatien is
shown_diagraMmatxcally in Figure /., and Tollows the lines
of that described by A§§1eﬁbn,vwa£$9n Wat&&né Herd and
shown in Figure 353pagé 62&, ofrtﬁeir éublicatiéa;,£g which
referénce has been made. As previeusay‘méntioned; the
| demptng Tesistance in the aerial circuit and the
“potentiometer” condenser were included in the amplifier
unit. The high resigtance across this condenser had a

value of 10 megohms. The capacity of the lorry aerial was



measured éxyérimentailjp and found tc be 0,000025 miﬁtpff
farads. It has been shown prévieuéiy'th@t, if Co béxihé

capacity of the aerial and € that included in the aerial .
cireuit, the reiatiunsﬁip'bétweeﬁ the fiéld ehangés,in’the
neighbourhccd of the aerial (B) and the change in voltage

~across C {V) is given by _
- Vv C+Co]‘
L-_— S Co

From the low value of Co'for‘ﬁhellprry aerisl, in the case
of distant storma it %aé»foﬁnd-nenessafy tb‘increage ﬁhe
aexial‘napacity‘in'order o obﬁ@in measnrabie fﬁcérdéVén

the esciilograph._ This Waafdonefby‘intfoduaingaén éxtensién
from the merial on the iorey to an upright erected in the
ground éome distance from the lorry. w&th'this.éxtension‘ '
in pﬁéitiaﬁ the aeriel capacity was méaéufgd%ahd faund,to

be G,000123 micro farad, For nearer storms, if the fisld « .
‘change was sufficiéﬁtiy-large to deflect the spot uff'thav
sercen the value of Vleéai&_be redueed'and"brcgght ﬁif@in
measurable limits by increasing C, As indicaﬁed-in:the
wiring diagram, awitching arrangements wéra»iﬁtrn@uced'te
‘enable records to e made either of E:dr‘dfvdﬁ/dtr al though,
ip the present inveﬂtigation; results were confined to a
detemination of X, .

The amﬁlifier:itéélf consisted of three atages; w
resistance eapagiﬁy cdﬁpling"being employed between the
gtages, The first'staéelﬁénsiated of a power #alve,n,s.ﬁ.'
te'aﬁviate any pasaibiiity'of grid current and A resultani“
charge on the plate of C, Since this gruvided small |
amplificatior, the second agagé’c@ﬁtaihed & va;Vé of high
amylifiaatimn‘f&ctaf, T+82 548, }The third stage ceniaiﬁed
an L.B.5 valve; to provide f0r ihe large voltage changes
applied to the dsciliograph_plates, A peténtiometric’input
to the grid of the second valve provide& ano ther means of

regulating the gain in the amplifier,



Before the amylifiér wag incorporated in the general
cireuit, it was sﬁhmitte&;te‘a series of tests to
determine whether its inclusion would introduce serious .
distortion ¢f the impulse between gerial and Qséiilagr@ph.~
This was done by fsiléwiﬁg the method éuaiined by Appletcn,
ﬂatmen Wait and Herdg and men%ioned prevﬁonsly, where
iwpnls@s of kuown canstants are applied through the
amplifier to the o&&iliagrayh, ond the trace thus obtained
compared with the values calculated from the egnstanﬁs;

In this way it was found tfhat the amplifier introduted
ne serious disﬁontﬁon of any kind over the range in input
vwlts for which 44t waw later used.

A determination of the amyiifiaatian factor ef the
gmplzfaer has also heeﬁ made under working eonditions
éaﬁ'when mounted in thafiarry, The value is found tc be
260, ‘This detemﬁim&ﬁzﬁn was very-kindxy‘cgrriéa out
by kr. L, Katz. | | |
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GENERAL OQUILINE OF THE INVESTIGATION.

When the present investigation was first suggested, it
was intended to have a twofold object. In the first place..
it was hoped that; with the oscillograph gﬁﬁfﬁt,in the field
.iﬁ‘the:wiﬁwaterarénd area during the summer stenm\séagpn,,it
ﬁauld‘b& possible to obtain a number sf’eabillagraph\recarés
of the fiéld ahaﬁgea in the'ueighbﬁurhaﬁ& af‘a lightning
flash, and; by visua1 observation of the uature of the flash,
clagsify theae generally as due to grﬁunﬁ flashes or cloud
flashes, Thesescould then be examined in the light of the
~ photographic records of lightning fiaahes whiﬁh had
: grevioaaly been obtained by the use af the Boys' camera.

The analysis of the Boys' camera recqrda had been carried
'outfby séhbnlana, Gallén$~an& ¥alan, aﬁd that,analysis
yroviaea a general pieture of the sequence of events over

a complete grauad flash. The xelatianship between thia
general picture and the general pxcture derived from the
oscillograph records of field changes due to ground flashes
would then provide sdditional information on the mechanism
of théf&iseharge. In the second plaee it was hoped that it
might be possible to abtaﬁn, simnltaneausly, an escillograph
recoﬁd of the field changes due to a gronnd‘flash}apd’a Boys!
: aamera'record of the seme flash, and thus to correlate
directly the two meﬁho&a of inveatigatien;‘ The value of
“such & gcrrelatioh %a obvious, E&ﬁm it eaald_he seen the
'direét‘rélatianéhip between the phatograynically viaible
sequénnévnf events énd the field changes, and it would‘

’ inﬁicate clearly the 1ﬁmitat10na of eanhﬂmethed,sf analyais.
In practice the firat af these obﬁeets did not yrove
_very diffieult, once the outfit had been assembled in the
lorry. During 1985~36 seagon the number of auitahle atunme

was below the average of greviaus seasons; but in spite of



this haadicap. ‘& number of recorda ‘were obtained, both
during daylight and at night. at varying distances from the
1ightn$ng discharge. A report @nkﬁh$?€,¥e§9?§§,f?#@§*§§eA”
subject of this section of the thesis. ihe;§éaond“gﬁﬂ§§§,
ﬁhe~&iréet'éémrelgtiﬁn,ﬁf;Baysf-camera and Q§¢;}1ae§?§hﬁt -
réﬁérda,:gruved-very diffieult, This was @b_pqxaxpe¢§g§q>”}
fer@mot'cn;y were the igherent difficqlt;e§»pf“abta;ngngpg
30?3‘“3&@9?& pieture present; bﬁ% in,a&ditiﬁﬁ itihg@w§§ bé
abtaine&~du?iﬁg the r&n'ef‘the oscillograph filﬁ an& at |
night.A “The lorry outfit, by reason of its bull, waa of 1 (
necessity not aa mobile as the canera outfit, and in addit&on
where the camera. cuuld be kept traﬁnea on a storm cloud
until a flesh took ylaae, the oscillograph was 11mited ta

the time. taken by a drum traverse, Im fact, du:iqg the
whole period of the investifation, such correlation was only
obtained on one occasion, when simulteneous recoxds of

three flashes were obtained..

f N

,__OF GROUND FLASH FROM BOYS' CAMERA. RECGDS

Before considéring the oscillograph records oﬁtainad in
the present investigation it is necessary to outline the
. a8 obtained from the Beys’ Camera Reeerda. This is given by
 Schonland, Malan and Collens as follows:- e
: @Eaﬁh lightning flash to ground conaiete& of a aeries of
“separate strokes ranging in number from 1 to 27. The time
of separation was ?ery‘variabie;*é¥én_in,ﬁhe‘samg se;%@S,‘
and values cf~0.0@66 se¢¢#d;§9 0.55 séghﬁﬁAhave‘§e§n found.

‘The first stroke of each Be:ies,&ifféra from the others
in tWD'¥99PE§tﬁ; which make it easy toriden$ifyél It %s' |
usually much move intense than the succeeding strokes and
i always‘mﬁch more heavily branched. . t :
‘1~Egeh stroke is ¢emggsi€e, and naﬁs;sta of a leader .

portidn«tra?elling from tloud to ground and a main return



pnrtieh.maving fastéy’and more brightly iﬁ the reverse
directinn. The leader to the first stroke conaists of a
series of streamars maving aawnwarés 1n a step»by»stap
 manne:;‘and is hence raferred to as ﬂste§ped#. The
lengih'gf aaﬁh‘aten iéyabcut 50 metresy an&'afﬁer
céﬁgieting a step the tip of the sﬁmeamér apﬁéara to
‘pause for a tzme of the erder of 100 miero«seconé&,
whereu;on the sﬁreamer axtends stilx further, the new
step being much brighter than the rest of the streamer,

. ﬁhé pr@iific branéniug of the main part aftthe first
gtroke. of a aeries arises selely fram downward branﬁhing
of the stepped 1eaaer Whiﬁh precedes it. The ¢ourse
f@llowed by the eteps deaides the path which is follﬁwed
‘generally by all the stxakea making up the flash aﬁd the
zig—zag«nazure of the ehanﬂel atises fram zhanges in ﬁhe
directian a&apte& by suecessive steps. The 1eadera to the
subaequent strokes of the series are in general of the
dartlike character grevieusly deseribea. ’Théy follow the
path blazed by ﬁhe first leader, but usually de not branch.
When branches are fermed by either first or successive
leaaers thay are subsequently more brilliantly illuminated
during the return strmke‘ | | |

Qecasianally, hawever, when there has been an unuaaally
1@ﬁginterval bef@re the.eceurenee of a "suhssqugn;“ stroke,
the lower end of éné wsual dart leader &eeemés'stepped,like
the iééder to a firgt stroke. This type 6? leéder ig
termed "daﬁtﬁstabped“. | |

_The second, upward moving, return portion of each
stroke follows éﬁrgat&y upon the arrival of the‘legder'
pé@t~at the grﬁuﬁd.k In;the course ofkits jauiﬁe& the'
- return part branches autwards and downwards along the

'fcrks blazed by the 1eaderi The very bright luminosity

of the return streke has its longeat duratisn wme greateaa

intensity at the graun& and often shows a marked decrease



in intensity at suceessive branches frém the bottom upwards,
The firaﬁ4leadervpaa@ésé involves the faﬂaa%ién‘gf'a
aanduetiﬁg‘éhannel‘azoag which flowa'eleétéie charge from
the cloud fegién‘tapped; Its progress is sléW'éa@péred o
| wﬁth thet of the other and later provesses involved in the
“diséﬁafge, and it,alwﬁys.oocura'in & stepuﬁiaa mannerﬁviin
the course of its downward movement the leader branches |
’adt%ar&s into regians”ghére & looal concentration of space-
éﬁér§é maywba @féaaméﬁ;.,;“@fhe,a@vanning,;eader with its
branches eohsti%utes an actusl downward movement of part of
thelélaud»charge,‘wﬁigh‘is distributed over the whole

conducting system, and in particular over the branches, at

‘:ﬁhe,mémgﬁt the leader hits the ground. I

- the air. When this chxrged system is placed in good

” aondﬁnting eanmaiiqn_with ihe éarth, a rapid flaw'af‘eharge
takes place, on'a scale and at such a rate as is exhihited
ﬁ&iﬁﬁéfmain return stage of the stroke, The frequently |
observed concentration of the energy of the return stroke
upeﬁ the lawef'twomthiras~uf the eha@nel and its branches
a8 well as its'&éereaﬁe"in‘velan;ty ag it passes the

* branches offers evidence that the leader process often
1awers’inta the1air‘the‘g£ééter part of the cloud ¢harge
tapped, An exactly similar effect is observed in
subsequent strékéa; the downward moving leader again
charges up the channel, and the reﬁurﬂ strake intensity and
. duration indicate by the mamner in which ‘they. fall off with
height above the ground that the leader process has drained
ihé cloud region it taps of most of the available éhargé”~

_ Fram the quotatﬁan frem Sehon&an&, Malan and Collens
_in thé last aectien we may deduce the type of oseillograph



resarﬁ thaﬁ.might be expecte& fram.the general pieture of
the fiel& ehangea acc@mpanying each stage in the pracess
af the 13ghtning ﬁischarge. As they point out, tné first
staga nr 1ea¢er grqaess affectivelyllewers tpe greaﬁe?3
pérﬁiﬁninf the*aiauﬁ*gﬁargebfrem the ecloud region %?pped
iﬁ§§ the'air; Thié will result in a decrease in ﬁhe- \
mamﬁnt @f the‘élbaé'éhargé. The duration of this changé
depends on the time of &uratian‘af the leaﬁer,grvcess; and
ig much 1anger for first than far'subseguent'strakesa The
'sééon& at&ge,‘ér main return stroke, consists of the rapid
fiaw ef this charge from the air to earth, and a further
rapiﬁ decrease in mament. |

There gtill remains the residual charge in. the cloud
éégiun tappeﬂ by the flash; and it is raason&ble to suppose
{ that the main teturn atr@ke does not ﬂease immedzatély it
reaches the cleu& hase, but proceeds a ¢ertain distance
‘further into the cloud, draining this space of its charge.
Thia/yrecéss may wéiy well oecur without being recorded on
%he ﬁe§s' éaﬁara”ﬁhatagraphs, except aa,a Qenﬁinuatien'et
feiurﬁ é%rokéAluminéaity, Such a process would result in-
a still further decresse in moment,

Thus the changes in.mament would take place in three
stages:- o

{a) Leader change of d&ratﬁon &ependiug on the tyge of
leadey, ‘

3(b) ¥ain Streke ahange,'very ragia.f

(c) Residual charge ehange, of iﬁdeter&inate duration,
: but véry probably slower than (b). .

48 has Dbeen mentienaa prevxausly; the equationa for the
prupagaticn of an Eleetro-magnetic distuwhanaa in apace
| give the follnwing relation between the change of moment (i)
' in the ¢cloud an& the anrresponding field change (B)se

. : 2_
E-‘-.,.‘_‘..-Mﬁ-_'--.‘_\_ﬂ 4./...."_..___““"‘__
¥ e ar e

where M is the moment at .a time {t ~ r/c) seconds.



The three terms on the right hand side of the eguation were:
called the Eliec‘trastatié (Eg), Induction (Ef) and ..«
_-gé,éiatien. (E;) terms respectively. It was pointed out that
. tn‘e’ééla%i?e values ef‘@héiae ‘three terms depended on the ..
,vé.me;-qf £y t}ie distance from ‘the 'sburrce at which the field.
Aﬁ};ange ‘iés measi::e«é. Mr:,sm}\.l values of r 'the,;me;&*‘tmstmie‘
term ia the most impa&;a,nt, whereas for large values of r .
the;Badiatiéh term pré&eminates. in' general however we Bee
| .‘313 is proportional to M |
: By is praperticnal to dm/dr
:‘tﬁr is proportﬁaﬁa& to @ m/ﬁ"b |
It is now posgible to obtain a graphieal repreaent-
ation of the changes to be expectea in Es,, Ej and Er with
‘time during the three stages in a complete lightning
si‘:;r'oke previously iﬁ&iaaéed.
This will be as followsis |

*




The actuai aacillograph reaord to be exyected may be :
,ehtained by combining theae three; the relatiVQ Vaiues of .
g B and E, éependzng on the value of r. Fer a near ‘_

fiash, in which EQ pred@minatea, the record éhoula take

gsome such fomm as fcllaws°»_

P

On the other hand, fbrja'diétaﬁt flagh, in which Ep
pred minates; the record should take some such form as

followdsw

.. , &
The above analysis is bbvi&ugzgfgnly a first approximation,
and will be considered in greater detail ;aﬁér; Ho aliow-
ance has been made for the high resistance leak across the
plates of the condenser in the aerialgcigaaiﬁg'so that the
final walue of E«iaéieates the net field change éue;tQQﬁhé
flash, Purther, no allowance has been made for any abxqpt
changes in the moment during any of the stages, mueh*aslthe
stepped nature of the leader process in %hﬁrfir9t~atrakasqf
a series, Any such changés will appear 4n the oscillograph
record as a fine gtructure orﬂrippie supérimpase& 6h the
géﬁera&.farm-gi?an above, The effect~a£'th@‘leak.reaisﬁanaa
will be to auperimpese on the general curve an axyonentxal,
deaay curve; so that the final position of ﬁha oseillcgraph
spot will again be at mero.



GENERAL CHARACTER OB _THE OSCILLOGRAPH _RECORDS.

' It has been painted aut,prev1aualy that, whenever the  w»
ascillograyh was in operation in the neighbouﬁhao& of an active
thunderﬁtorm, an extérnal abserver was; if péaaiblé, emplayéﬁ
to enable a record to be made af the visual nature of the
fiash, This enabled the eseiliagzaph records to be arranged
in two general etlasses aavheiﬁg due eithér to gtounﬁ flashes
or to cloud flashes. An examination of the records themselves
~ shows that eaah,elaas_is'éietinet in type, differing in many
iessentiai features fréﬁ each other. After 5‘11tt13 expewieﬁaé'
it was possible to diffarenfﬁate~b§tween records of ground
flashes and cloud flashes from an axamznation of thé recor& B
alone, without reference to the report of the vi&ual observer.
This prcyaé to be very useful where the services of an ebaerver
- were nat‘a#ailable, or where a record was obtained, as some-
times occurred, when the flash 1tself had escaped the nqtisei
of the observer. In all cases, however, visual correlation
was sdught; and, wheré no such correlation was available, the
recorﬂ was classified as “probable ground flash" or prebable
' cl@ud flash“ from its general form,

The Boys! camera Tecords deal almoat exélusively with

~ grotnd flashes, and for this reason, in the pregsent investigation
attention has been directed particularly to the oacillograph |
resords abtainéd from such flashes. A number é: records of
cloud flashes were obtained; iﬁ.f@@t. a8 mWAY bé exgeésad,oﬁaqy
were &8 numarous as‘grannd‘fléahee; in spite efvthé faat'ﬁhat
the oscillograph was seldom put into operation except to obtain
- records from a cloud active in ground flashes. Some typieal
records of ﬁloud\flaahes;wﬁll be'giveﬁ later, and their general
form indieated. It must be remembarﬁ&;'hewever; that the

- primary object of the in?éstigétion,wae to obtain a comparisen
between oseillograph and Boys' camers records, and for such a

-~ comparison aiaud»flashes wera'nhaﬁitable;‘ |

vaéling only with iécbf&s'of ground flashes, the oscillo-



 graph records show that each ground flash consisted of a
series of separate strokes, ranging.in nnmber‘from 1 tp42¢§

The following is typieal of the type of oscillograph record

obtained for a complete flash to ground,

The time of separation, measured from the field change

~ Que to the return gtroke {QR in the diagram in the previous

o section) was found to be very variable, the amalles% valae

found being 0.012 seeond and the largeat 0,569 seoen&, neglect-
. ing single stroke rlasheea ,

The fénm of the eseillégr&ph trace for a compieta sttoke in
any flash:waa found to agree generally with that predicted in
the prevaoﬁs section from the Boys' camera analysis. In general
the three stages éf field‘@hange due to the leader, main stroke
‘and residual eharge'w&re ¢learly indicated, and this ehabied a
statistical analysis of their various characteristics to be made.

'Certain'symbala have been adOQtéd to deaignate the various
quantities obtained from the records for this atatistical
analysis, and these are elearxy indioated iﬁ the following
diagram, typical of a common form for first strokes.

Ton
[

iov
i

o P—>¢ 9..)}: St

The field changes assotiated ﬁitﬁ the three éhanges aré given by
43, 4y and dj, and the duration of those changes by tl, ty and tz.

‘It nust be remembered that“the-wseillograph,trace is not confined
to one term in the equation for E, but the resultant of the

‘Electrostati¢, Induction and Radiation terms, hence allowance must
be made for this in the analysis,



RESOLVING POWER OF OSCILIOGRAPH, v

Before proceeding to a discussion of the results obtained
from the analysis, it will be advisable to indicate the
resolving power of the apparatus in time, As stated
previously, it was found that, in order to obtain clear
records, the maximum writing speed of the film was a little .
more then 1 drum revolution per second., Assuming a speed for
the drum of 80 revs, per minute, with its circumference of 1
metre, each centimetre length of film corresponds in time to
0.0075 second. Film measurements could be made with an
accuracy of 0,1 millimetre, which gives a resolving power in
time of 75 micro-seconds., A comparison of this figure with
the corresponding value in the Boys' camera analysis, where the
resolving power in time was 0.6 micro~-seconds, indicates the
limiting value of the type of oscillograph used in the
investigation. It is fully realised that, for an analysis as
detailed as that obtained from the Boys' camera records, it
is necessary to employ a cathode ray oscillograph of the type
employed by Norinder, The resolving power of the gas filled
type of opoillograph used in the present investigation,
however, is sufficient for the analysis of the general fileld
changes which occur,

LULBER OF GSTROXKES IN A FLASH AND INTEKVAL
BETWEEN STROKES.

The total number of records available for analysis in the
present investigation where the records showed a definite
ground flash or a "prodbable ground flash®, was 65. A certain
number of these were from distant flashes, in which the Ep
term predominated, and hence the analysis of these presented
difficulties when an analysis of the Eg changes alone were
being considered. However, all records can be utilised for

the present portion of the analysis, since all indicate the



the total duration of the complete flasa, the number of

strokes in each flagh, and the time intervals between strokes,

TABLZE I.

RDISTRIBUTION CF STrOKES  IN  LUMBER PEx  FLASH.

Humber of strokes CASES rECURDED 3Y
per flash Oscillograph Boys' camera
1 11 52
2 8 5
S 12 4
4 7 5
b 7 a
6 3 o
7 3 1
8 4 5
g 5 1
10 3 1
11 1 -
i2 1 -
15 - 1
15 - 1
20 1 -
29 - 1

Table I shows the distribution of the number of strokes
per flash from the oecillograph, compared with the results
from the 3Boys' camera analysis., The latter table is taken
from the paper by Schonland, lialan and Collens, Progressive
iightning II." It will be noticed that the oscillograph records

show a larger proportion of multiple stroke flashes than do



the Boys' éamera réce:as, There are two possible ﬁxplgpaﬁigna
for‘this fatt, ‘Ih tﬁe firét‘plaae it may be ﬁkat‘t&é‘nature

~ and sige of the thunderclouds dealt with in thekaﬁe _ |
investigation tended to provide a greater‘pihgcriian of .
miltiple flashes. On the other hand it may be that, on the
‘aeciilagragﬂvrecoraﬁg theré has_heen a.tgndengy to’cqne;ﬁgr

two flaghes with a small time intérﬁallheﬁ?één them as one

and the same fiash§ ,Thié'is ﬁuite‘gcsBibie;vwhen it 131' 
remembered that the aegiiiogréph‘zéééﬁds all field changes
due to discharges anywhere in its neﬁghbéutﬁe@d; Thus, as ié
invariably the case oﬁ tﬁe Witwatersrand, if thére be tw@ or
more thunderéﬁormafagtivé in the same neighbourhgad aﬁ‘the

‘same time, thé«oSOimaagﬁaph récor&s the‘rié;& cﬁanges from all
the storms as the~fiaahes*eccar. whereaa’thé qus* camera only
&eﬁéxés thg.f1a3h~£ram'tﬁe eloud on which tﬁe'camera is trained.
In addition the one cerréxgted reearﬁ previaﬁsiy mentioned
provides evidence of a further possible gxﬁianaticn. The

Boys' camera record in this case indicates tha't the cloud

on wﬁiéhiﬁhé camera wag trained gave several different
flashes él@ngAdifféren% paths during the time the camera

plate was exposed,



TABLE 1II,

TIME INTERVALS BETWEEN STROKRS.

INTERVALS RANGING BEIWEEN

NUMBER HECORDED BY

Oscillegraph Boys' camera
r:;
0.001 sec., and 0,002 sec 1 1
0.002 * * 0,005 * 2 6
0,005 " " o.01 * 6 9
.01 * " 0,03 " 55 28
Q0,03 " " 0,05 % 84 22
0,05 2 *® 0,07 " 48 11
0,07 " " 0,09 " 19 15
0,09 * * 0,11 * 8 4
0,11 * * 0,15 " 12 6
0.156 * ® 0,23 ¢ 3 1
0,23 " 0,32 ¢ 2 3
0.32 # * 0.42 " 5 1
0.42 " " 0,53 * - 2

Table II shows the distribution of the time intervals

between strokes as recorded on the oscillegraph, compared

with the Boys' camera results, taken from the same paper.

The agreement 1s excellent, and the oscillograph records

show that the time intervals between the separate strokes

of a series varied from 0,0019 second to 0,413 second

with a most frequent value for this interval of 0,033

second,



IABLR IIL

DISTRIBUTION OF TIME OF TOTAL DURATION OF MULTIPLE FI

| DURATION RAWGING BETWEEN | . NUMBER RECORDED.
6 and 0.1 see .- . | . a2
ve.l set, and. 0,2 seo. )  ,3 T - 3
0.2 * % 03 ¢ | 10
0u8 " % 0, v | v
NP T L Y- I B o
o8 " voe n | s

AT@ﬁie'IIi shows the. distributian of the total time sccupiéd
by & eam@leté flach, when the flash is multiple in that it
contains mere than bne strake.' There is no similar table
Af@r comparison in the gublicati@n of SGhonland; ¥alan and
0911ens, citeﬁ ab&ve; ‘but MeBachron and McMorris, in an
article pablishea in the General Electrie Review of QOctober,
19038, in Whiﬁhtthey_ﬁisﬁnsggthe results of some Boys' camera
- investigations carried out by the writers in #@agiea;ﬁinclu&e
infofmatian on the~%é£al duratisa“of mal tiple flaahes.;wg
cam@arissn between the reaults shown in ?ablé 111, ;~,
expressed. in the farm adopted hy YeEachron and Méﬁbrris, 3
and the results givea hy these writers in their publieation,
is shown in Figure. 3



RELATIONSHIP BETWEEN TINE INTERVAL AND INTENSITY,

In their @ubrfaaﬁion cited“abeva Schanlaﬁd“,ﬁalau

and Coliens’ emamzﬁed the relaﬁ;on beﬁwéen the inteneity
of & m?oke and the tima intarml beafcré 11‘.9 a«ccur;eneea .
They were able to shuw; ftmm'the\seys‘ eaméra records,
that thsse atrekes whieh"have an\intansity greater than
the firﬁi strake in t&e fl@ah were ‘those in general whieh
r eeaurred after a leager ;ntekvé& af waitiﬁg than the kh
average. An examinatian bf the\pacillograph reearéa has
been made hearing on zhzs p&int‘ \The relatiansh&p betwe@n

the inter?al hefore a straﬁe andsﬁhe total field ehange

due to the ﬁtmke or to any gartmulamamge in the atwke '

'has been examined; but sa f&r ne}aﬁmrelatioa has been,

Wh N

'uhtainede The intensity gf ‘the - 9gr~.«

Aot

nmg'depend on tﬁe
eﬁt&me accugi&d in the retuﬁn atroke& ﬁ@t the regﬁlving
power of the catheﬁe rayihﬁcxxlagxaﬁh aygaratus An time,
‘a8 has alrea&y ‘been paimteﬁ an&s iswnoxzsuﬁxzczene for

this to be examineﬁ.f'

4



 An éﬁaminatian‘af the firat strokea‘in tﬁé oséillﬁgraph :
records obtained of the 65 granné flaahea inﬂi¢&tﬁé ﬁh&t thasa
could be ¢lassified into aewtainryypaa. These tyyes aiffereé
fr&m oneé another inVseveréi impartant reapects, and the first
‘ Btr&ka af a fiash often énabled that flash to be élaaaifie&** The

- Boys' bemera photographs had establigheﬁ the fact that the firvet

stroke in aﬁy flash differeﬁ frmm auﬁsequéﬂt strokes in ﬁhat its
| 1eader praeeas was much slower, and at the same tima st&pped, and’
this wasg éanfimmed by the oaaiil&graph records, The oscillegraph .
records, howsver, also indicated that these first strokes differ
ed amangat th@méalV&a. not only in the ﬁagniﬁu&es“sf‘the various
stagéa comyasiﬁg the record, but in the genera; form 1t aaaumad¢
- As might be exyeated, in the cage af neay flashes. the moat
- common type of first stiroke occurring conformed to the general
.'pictﬁre ;révi@uszy*derived frﬁm}ﬁhe t@ésteﬁia&l pnnginefﬁtgon'éf
| the Boys' aamera gictuxe. Simiiariy the geﬁaié& type~or7recard,
 from & distant stn&m confcxme& to the general picture ﬁerive&
for it. In the gemeral analysis af first strokes, six tyyes or
J ¢lasses have been adapted. ‘énd Figure 2 1n&$¢atea ‘the general
femm of the record for eaah clasa. _
The distribution of th@ge six types over the €5 recards is
shown in Table IV, | |

Type o 29

Iype .P 13 - Near Flashes
V»Tyyﬁ <( 2

fl?ype 3) 5

Type D | 13 \ . Distant Flashes

Type D« 5 :




WITH TYPE % FIRST STROKES

PR

Ji $in@é %he Type d‘is the most eommon type af first stroke
 Aa&eurriﬁg in “the majarity of eaeea, 1t must ‘De ccnsi&ered "

| a8 th@ newmal %ype of oaciilograph reeard far a firat streke
?'fram & flaeh aeeurring near the recerding instrum@nt. jgg_.~

| analysis of the eaczllegra@h recewda ef all first etrakes of
"this type shsalﬂ therafere yrcvide & means of eerrélatiag

kthe aseillégraph reaaras with the general pictura of the

| first streke as der&veﬁ frmm the Bays' camera photcgraphs.‘

Referenﬁe w:ll be made later to the other types of first
atroka; and their esciliagraphArecéras aaalysed.. An attémyt

wﬂ;l be made to ez:plain their divergenee fram the main o<

| types ’ , S '

ﬁae diagram of t.he frype o first st;rak:e m Figare 2 has

“hééﬂ utilised t@ indieate the various quantities for which

m&eaurements‘have been ebtaineﬁ from the oscillograph |
reéardé. The results frow these measurements have been used

in a statﬁat&e&l analygis af the various quantitias.

o éhe laa&érlpéﬁééseQiﬁ.é fitétlé%réké is aiafegpé& f
 process, aﬁthenﬁé its effective velocity iaAeaaaiaérahly
l1ess than the actual veloeity of the streamer producing
each step. The. time ﬁl will represent the total time

| aceupiéd by the 1eader procens.

It will be remembered that, in the actual photographic
'Ffacéss of recording the fluetuatiens of %he osoillegraph

~ spot; a mask was introduee& in front of the éscillograph |
sereen to avaiﬂ*fogging ﬁne film, Any defliection of the
spot waﬁ1d mean‘that the spot must be deflected beyond the
mask before its trace was registered on the fiim. An



ex:aminatiaﬂ of the £ilms shows that *bhé width of thia blank
area on the film due to the magk was on the avera.ge O, 2 Mol
Kemei whet meaauwmmta are made zm the ;—Eilms.. ib is neceaen
ary to make allawa:ace fa: thﬁ.a mask effesﬁ, s,na this is é:me
by the addition of 0.1 m.m. to aﬁ,y meaaurement made fmm the
zelro ba.se litxe. , o .
Th.e nask ei*fw% will affect the Values Df tl, in the.t ‘the:
a@tual 1ength measuréa on the film of the resor&ad leader trace
' wim be too short. a mz‘reatian may be intra@useé base& fm
the fallwing cansmemtian% | o |
I 0 may e assumed as an approximation that me slw leader _
,wﬂ.u gi*vé & pam’bnlio tmce on the fnm - "‘he validity of this
aasum;gman is canaiae'rea B.ater. .
Hente u may be aasumeﬁ that d = x.tg » and that d is

measareﬁ m 9.1 m.m

dy+1 =
y ;,
tn' - ’g = l
Es ! P
t‘)g ' - ———M—.—..__ . e"

Jawr= |
i U—

&pylying this aerreeticn to the measured valuea ef tl |
cbtameﬁ from the filma, we obtain the diatribution eurve for

'tl eahmm 1n Figu:re 4.



ALYS1S OF  t; _TIMES. - ( f 4) )

The va&uee mf tl range mm 8.86 x lo seemd _
te 38‘ 3'? :x :';.O setzmé wi%.h a most ;:rabable value of
a‘boat 18 x 10 saeond. -

| Thaa a&a&ysis @f the Bﬁya‘ eamem has shem thé
| efi‘ectwe 'vemei t;ies of stepped ieadevs. *I‘he mearz
- vaiue is given ag 558 x 10 cms/aes“ a.lthaugh it is
| g;sim:ed out tha,t ab@ut ha},f the *mlueﬁ lmte& iie
beween 1.0 anﬁ 340 x m" ems/aec. The xnoat pmbabia
leﬂgt& af time i‘er ﬁ‘ae atepye& lea&er to tr&#ers&
1 mlemetre of aix* M g:wen as 7 X 10 | sean the
mnge beiﬁg fmm w ﬁt 10” t»a U 8 x 10 é‘eé@ﬁd. ‘M‘
we asaume the @fi‘ectiw &eight of a tloud to be
K Kmametres, these figurés would give a most pm’@a’hle |
 valuefor tluf 21 x 3.‘(9 I sem, with a range from
30 x 10 "} to 2.4 % 1077 et | - |

The agreement between the two sets af recaz‘da is
saffic&en%ly olfzse, if it be remem‘bered that bath
investﬁ;;gatiﬁns are &ealing with a; eamparatimly ama.ll
number 92‘ flashes, and that the va.lue éf tl will
aegend on the lengm af the flash



The ariginai analysis of‘thé aaeiliagray&‘recerds .

showed 65 flashes classified as ground flashes. if from
these be éxciuaeé all reeords ef distant flashea. whers
the 1eaﬁer process time is difficult to determine from
the rééﬁ?ds, and all flashes consisting of a single stroke,
it is found that tkeﬁtotal numbar'af pubsequent strokes
available for analysis is 207,
The examinaticn of the oscillograph raeards of these
' aubaaquent strokes, as far as leader recards are cenoerﬁedg
'indioatea that on ?3 of them the leader is not recorded,
whereae, on the rémaining recards. ‘the leader times are
distrivuted as indicated in Table V, ‘
In eonsﬁ&ering the results reaar&eﬁ in this table
|  eertain fantars mnst bﬁ berne in minﬂ. In the first place,
| as haa yravieusly been pointed out, there ia the possibility
~that two or«mareif&ashes;pwith a short time interval between
, them;39993ib13{rrp§¢diff&;en% thunderﬁiouday have been
| ‘claﬁéifiﬁd together as a single flash. it might be thought
that the stepped. nature of first sﬁruke leadara would pre-
elude thig passibility; but the low reaalving power of the
ose;llcgggphvmight‘:gaui% in the rapy@e,gpt being recorded.
In a&ﬁi@ip@ 1t mist be remembered thgtvt&etéeya'<eaméra
thtngraﬁhs haje shown that certain of the dart leaders;
4éapeciaily on'lené lea&ersjané with a long interval pre»k
,cading the stroke, become Btepyed tawaraa their ends, so
 that the presence of ripple indications on the latter
pg:tipn of a leader trace wouidAngt necessarily indicate
'that»itywas\a first stroke leader. This might very well

‘afford one explanation of certain of the long leader times



for subsequent strokes appearing in the table.

~In the second place it will be rememberea that the _
effect af‘%hé.mask-over.tha aaﬁillogragh Bneeen.rgan;te in
the first portion éf‘tﬁé leader trace makingrpo recefg‘on
the film, If the field change at the aerial associated -
with the -uaaer process be small, and it is usually smaller
in éubﬁeﬁuém strokes than in first Strak*ea‘,, it may fail to

. be recorded on the film, Ehia’maﬁ*very well Affard one

axplanation of the 73 records whiah contain no leader tmce.
~ In a&ditian it may ‘be pointed out that Table V inemd.es
the results from all the records examined. -S;am Qf these
are by no m’eané good r'eeﬁr&s photographically, and,'many of
the abnormal vames appearing in the f;able may be attributed
to poor ‘reeér&s; They have ’bée‘n included in the tablev for
the sake of campleteness, but in &rawing conelnsicne from .

the ta‘ble they may be largel;y diacwntedi o



TABLE ¥,

DISTRIBUTION OF LEADER TIMES (tl) FOR SUBSEQUENT STROKES.

Duration in 10'4 5€C. ' Number of Strokes.
No Leader Recorded | 73
From 0 to 2.6 15
" 2,5 ¢ 6 20
" 8 * 7.5 i1
" 7.5 ® l(; 9
" 10 15 6
" 15 * 20 7
W 20 @ 25 4
" 2B " 30 4
* 30 * 35 4
" 35 " 40 2
" 40 * 45 6
o 45 " B0 b
b 50 " 60 7
" 60 " 70 5
o 70 " 80 2
" 80 " 90 4
" 80 * 100 7
o 100 * 120 8
" 120 * 150 b
" 150 " 180 S
Greater then 180 2




RESULTS OF ANALYSIS OF t, IIMES FOR SUBSEQUENT STROKES.

From the results recorded in Table V it may be seen
that the duration of the leader process £n~subsequent o
atrokes, where such & progess is re@arded on the eseillo~ ‘
graph fixm, cevers a Tange from 1 x 10 ,seg, to 240 x 10™4
sec., with a mean value of 2? x 10™% see., and a,maﬁt
grnbable value in the neighbourhﬁaﬁ of b x,la Séﬁi

sehonlan&, malan and Collens; in their analysis of the ‘
Boys' camera records, give a table shuwing the distribution
of darteleader veloeities, Thisg table shaws these velea« ,
ities to range from 1x 108 amq/aee. te 23 x 108 «mq/aecf.
with 4 mean velogity of 6.5 x 108 cma/see. an& e most A
prsbable value af 2 x 103 ﬁma/bee. Assuming a track 1angth
¢f 3cKilometres (Probably an .und;ereatimate of the actual
length of the average ?%th) thesge figqreq ﬁauld give, gg”

~ the duration of the leader to & subsequent stroke, a range

from 1.3 x 107¢ sec, to ao”x,10“4«se¢. with a mean duration
of 5.45 x 1@“4‘se¢;; and & most probable duration of
15 x 10*¢ gee.

?he fact that the ¢orrelation between thé escillcgraph

.reaulté and the Boys'! camera results is mnot as striking as -

in the ¢ase of first stroke leaders has already been in some
measure explained, and was to be expected, The results

are éf,the:ear?act order, a@é ¢1ea§1y indicate that the

leader process to a subseguent stroke is of much shorter

duration than that to a first stroke., A comparison between

. Table V and Figure 4 mekes this clear.



 TIMES OF THE RETURN STROKE PROCESS (tg)

. The return stroke is associated with the destruction
. of the charge lowered in: the leader process, and takes
place immediately a aonduatiag path to eartﬁ is established.

 In camparisan with the- leaéer process in Tirst strokes,

vit ig very rapié, and thﬁs bringa ty veny nearly within the
| order of the reaolving pover in time of the aseillograph
records, This, as haa‘been nctedvpreviously, is about 75
‘mierusaecandé. Where it has been possihle; the value of
>t2 on the aacillograph reaarda has been detenminedg aud the
dmfribﬁtien curve for tg for type &« first strokes is shown

in Figure 5.

1



BESULTS OF ANALYSIS OF t5 TIMES

- The values of tp range fram 66 miaranseconds te ,
| 487 micromsecenas, witﬁ a mast prahable value ef 165
Jmiera~eecenda,_k { o ', o
., The anaiysis ef the Bmya' ¢amera recorda shﬁws tha
veimcities in the main return gtrokesn with 2 range ef
, Variatian ef fram 8 0 to 14 4 x 109 ama/ae¢. witn a.mgst -
| frequent value of 3 6 x 109 cms/aec. Aasuming; far the
- purposes ﬁf compariaan, a retﬁrn strake ef length 3 |
, Knlametres, these figures wuuld give a»maat probahle value
‘fer t, of 86 mier&-secan&s, with a range of ?ariatian cf
,from 21 m1cra~aeeanﬁs to 15@:mi¢ro~se¢anéea

| Altheugh the agreement in the values of tp from the
two metheds is not very elaae; it is of the sorreet arﬁer.
and, bearing in mind the resclving power of the tyge of
’ascillagragh employe&; moTe cannot be expected. InAadditian
it is interesting té”no@e'théz the«esciilagrAph records
indicate hignerfvalueé.fé& 'tg than those obtained from the
" Boys' camere. théﬁB@gsﬁ{camera;‘hawevér,,nnly records
the main wtreke-in~thé'ai?ihgneath‘thexaleud, and ihe regord.
ceases imﬁméia%ely thefelau@’is reaahéd,‘ There is no
_ reason to suppose, haweVer, that the main return stroke . ¢
does not penetrate intm the cleud, an& any ‘guch pénetratieng
while it will not be reﬁarded‘Qn,the camexa,phntograph.Aﬁillx
affect the awciliagrayh racord, Tnas_it:is natural to expect
tnat the value of tp from the oscillograph record will in
.general be higner than that deduced from the Bays' camera

receré¢



THEGRETIC&; GOFSKBEB&“IO& OF 7THE IEADER PROCESS,

- As é first,apgroximati@n~the downward moving leader may be
eansidéred as,moving from cloud to earthfig a vertical line
with'@oneﬁant'velaéity v cms/see. Suéh a précess will charge

a length of chamnel of radius Ry the channel énding in a tip

of radius 1, - | L
o , 2R » - ). 2+

At any moment the whole channel will not be at uniform

psﬁantiély sinee therevmaat be & fall of potential along its
length,, Heuae the charge yer unit length is not constanty but
decreases s the distance from the clsud increasesn, 'The-essenw
tial eon&ition for the leader to advance is that the critical
breakdawn field must be maintained in front of the tip. Eence
Vthe raﬁius of the tip must be suck as to provide this critical
field. The-ghamnei radius, on. the other hand, will increase
unt11 it-reaehes such a value that the field at the sides of
the eh&nﬁeﬁ is‘lesé than this ozitical breakdown fielﬁv As a
first approximetion, however, we may assume an average charge
per;uﬁitAlength on the channel of Qs with a charge § on the
tipe. - | o
- The ean&ucﬁxen durreﬁt from the cieu& flowing along the o
channel wilx %hen be qv , since the ehannel inereases in length
by vtamsw,each'aeeaudn. The canveotion‘eazrent,aarried,by the
éhaxge Q eﬁ~£he.tip may be obtained by considering the charge
. @ carried on a length r: of %he-tiyf: This pasées ényzglane
perpendi@ular to the éhaﬁéel directicﬁ~in‘a time ©¢/v sec.
Hence ‘the convection aarrent will be Qv/r.

uquating the conduatxan and coﬁ#ection currents we have 1 ad

Qm/r = 4qv  or: . Q qra

Now tﬁe ra&ius of the tipy r , must lie between 0,1 om.
and 1C ema.{vhenﬁe Q and gq ave of the same crder, Since

the total léngth‘ef the channel is in ganeral‘af the order of



,ieﬁwgms.; the charge on the ti?,: Q , 48 gegligible;inwaomgar-
| iseﬁ‘withfthe total charge on the chamnel, Eenéé‘any effect .
which the cnarge Q may have on the electrzc fiel& daxzng the
leader praeass may be disregarded.
Suppose the effective helght of the cloud be By .

At a timé ¢ &ftax the start of the leader process the chaaﬁé1
wili be carryiﬁg a total chargeA évt at a mean height above
" the ground af (hy = $vt).
The mement of this leader charge is 2qvt (hy =« %?t)
The field pwadueed'at & point on the gréund a distance. L
- fromm the point vertzeaily under the leader will be

2qvt (hl - $vt)
(12« (ny = 4v0)*]%

ise, vt (hl ,*'; %?i-) o X
~ r if L is very much greater than
e ‘ : ‘ ¥ hlfo .
?he charge gvt was originally at a height hl above the
_grou&ag and then yroduaeé a field at thza point |
2qvthy
12

if L is very much gr&ater than Ry

Henee the field change after a time t due to the leader
process will be |

2qvi.ivt avet® (pasitiva if g
—_— = — be negative) .
o L° ‘
4 = —°

1T we assume &sva’firaﬁ ayp?éximatiaﬁ that; for a pagtiqular
leader, g, ¥ and I are constant, &) = ¥t2, Thus the form
takenkby‘the cseillograph record of such e leader process wﬁ;l
be a parabolic curve concave upwards. For first leaders v must
;be takén as the sffective ?eloezty of the downward movement, and
 for suhsequent leaders it will ‘be the actual velocity of the dart
The eaeillegraph records show the trace of the laader field chang

on the filma following this parabolit curve in ecertain cases.



Ev

THE _LEADER PROCESS 1IN ..FIRST STROKES.

The Boys! cemera records have shown that the leader
process in the first stroke of & flaah ie executed discon~
tinuously, at intervals of from 96 micro-seconds to 16 micro-
seconds., The actual value of v while a step is in progress
is very high, about 6 x 10° cms/sec., 8o that the change in
moment due to the step takes place in a very short interval

of time, Between consecutive stops in the leader process

there is a peause,

| | |

Tho changes in the Electrostatic field (Eg) due to the
leader procces mey be represented graphically as in Figure A,

With rapid changes of this type taking place in Eg , they
will involve consequent changes in Ey and E,, and these may

be represented graphically as in Figures B and C respectively,



The relative am;litaées of Ej end Ex will depend
on the aiétaace of the ascillbgraph from the flash., From
the general equaiian for the field Qhange , i

E = \"\ . OU"‘ IR Vol P

| it 13 eléar that the ratia of the soale of. axd;nat@s of B

oY dt g ¢ET Y Ar™

tﬁ a xﬁll innresae 1inear13 with distance, and that a£ ¢ ta
A will inuraase as the square of the axgta§¢e., Figuremsn
g&ves a yoasahle cemhinaﬁion of Byy Ef ané Er~
| : Ewnm the ahw&e eanniﬁeraﬁians it may ha painte& out .
that the ascﬁl&bgragh tr&te of a first leader will be au@h
that ‘the raﬁﬁatiea ripple is 1£kely to he small or ahseﬂt on
‘near flashes, and large on distant flashes, Rirther, with
& near flash By may be expected to expsed E, in effect, and
thus th@cméaﬁer’ri@yié ﬁ&na&ﬁ ﬁhﬁﬁ‘ﬁﬁlsﬁa wather'than'wavas.
The low xesoiviag @ewer of the oseillograph employed in
the present investigation yreéiudes & full exwminatiaﬁ of all
the geints involved in ﬁh@ field Ghanggs due to the gtepped
leader process. It iﬂ~§¢83ib&3§ however, on & good photographic
record of a firaérieéﬂer; to deﬁeﬂt‘th&’greaanée of rippls
on the leader traae. and to eaieulate the frequency of ﬁhé
ripple. in the next aeetion the results from such an-
examination are indicated. For this purpose there have beea
1nciudéa in the examimation all records available of both
Tygecx and Type firat strﬁkea on which,mea&uremsats on the
| rﬁpylé eeuid be maﬁe. o '



MEABUREMENTS ON__ FIRST LEADER RIPPLE,

Sui ta-| Length Number |Average |Ripple Amplitude as
bility|/of film of kipple |compared with total
for |on which|Ripples|Frequ- |electrostatic field
FLASH | TYPE|Kipple| ripples |Counted|ency change due to flash.
measu-| were
rement| counted
0.1 n.m, x 109 iean Peak,
J.2 I B.D. 17 10 6.8 - -
Je3 « p. 30 21 8.1 - -
J.5 /3 BePo 21 13 7.1 - -
R,1 o p g 18 14 7.7 0,105 0.368
R.2 X g, 30 34 11.3 0.157 | 0.684
X,1 ol 8.D. 21 17 10.8 0.138 | 0,482
X, 3 p f. 38 32 12,2 0.026 | 0,123
Y.l A f. S0 256 11.1 0.034 | 0,171
Z.,2 Y g 48 40 11.1 0.067 | 0,199
2,3 ol 8.D. 14 11 10,5 0.05 0.1
A.L.2 /5 8.D, 15 11 9.8 - -
A.P.1 /5 g 35 31 11.8 3.6 12,6
A.Q.l A 8. 39 30 10.2 0.147 | 0,363
A.Q.2 /3 g 24 22 12,2 0.121 | 0.525
AQe3) f, 59 . 42 9.5 0.038 | 0,165
A.R.2| o Pe 21 16 10.1 0.094 | 0.25
A.R.4| « P. 49 36 9.8 0.086 | 0,22
A.8.2 /5 Pe 22 16 9.1 0.16 1,69




Tahle VI gives the resulis of measurcments maaa on . ..
the aseillégranﬁ reéafds of first'ﬁt?okés whi¢h shnw leader.
ripple with sufficient aiatinctnees to allew af:measurements
heing maﬁe‘ | | | ‘ " S 'uf' }_ ,f

The symbele in Golumn 3 hawe the fallaﬁﬁng meanangﬂz-

s;p; pcar raeord with some partians anly having a
: suspicion of ripple. .

‘p.  poor.
£, fair.
&« "‘gacﬁg : . : . S

| If will bé noticed that Columns 4 and 5 have been
compiled when*ﬁorxing at the limit of thé“feaoiviég'pawer,
and hénee the reaults san only e relied an ta farnieh an
mrde? ef magnitude. ‘ | ‘ 5 é

Certain 0f the: reaaréa ara alasaified as gaaﬁ, and, if

~these alane be conaiderad, they ‘give a meaa value fer the
ripple frequemcy of 11.3 x 10% ' Tnis result fixes the
awerage time interval %etween aueeeasﬁve ateps in the leader
process at 88,5 micro-ssconde. If the results from the
poorer films be included, they tend to decrease the average
ripplé’féeéueaéy, and hence to increase tﬁéfaverggé‘itme
interval between succesaive steps. As has ‘been mentioned
above, the ogéillograghg'wheﬂ‘réﬁeréing tﬁéﬁé fiélﬁféhanges

" due to ‘the leader steps, is working at the limit of its

writing speed on the fiim, hencé the tendenéy will be for
the fifm,ra&owd'toAfail to regéré‘eertadnfef the "steps”,
especially if the amplitude be large. Thus the number of
ripples counted in s given length of film track will always
tend to be less than the,aetual number cr,auadea-fielé
changes oceu:ring>ove§ that interval of time, and‘grpgress-
ively less the poorér the film record. It is therefore
safe to assume that tha-abeVe‘figure-@f 88.5 miero~geconds
for the average time interal between suceessive first iaader

steps is too high; and ﬁheamegﬁnrementa shown in Table VI



}are in satinfaetcty agreement with the'valuee foua& fnr
the time intervala between the ends of auacasaive~atépa
in the steppedzleaﬁer praeesa a8 derived from measnrements
ma&e an the Bays* eamera phatagraﬁha. Thus fer a gartict’
ﬁlar&y eiear phctograph af &8 stepped leadur (Elash 8)
Sahonlandg M@Aaﬁ and cﬂllena give the Values of these
‘1ntervals as vmmying fram 96 miero~seconds to 16 misros.
'ﬁecands, with,a.mma&‘valne of 52 micro-secanda.-‘
, It is natnral to investigate the qﬁestien of the
 eccurrenee of this 1eader ripple on every first stroke
{record;' From the th&ary of leader prapagation thma shnula
be the case. The films have veen closely examined in ﬁhis
respeet, and on %he mmaorﬁty of the reeerds of firs% strake
leaders the riﬁple ean be discerned, In certain cases iﬁ
is a mera aisesntinnity in the film traee, ﬁut, when the
limits of resolution of the present method are couaiaered;
| it is safe te aﬂsume that guch ripple daes exist on all

laa&ers ta first atrokes,

4



NGES ASSOCIATED WITH TORTUOSITY OF IEADER
 CHAWNEL.. |

It ig ‘necessary to eomsxaﬁr the effect on the tmaée gra-
duced on the oscxllsgrayh recara by the 1ea&er process of any
Asadﬁ&n change in the direetien of.the dowawsrd moving leader,, -
an‘examinaz;en of the @hotagxaphic Tesords of lightn¢pg flashes
" indicates that the path followed by a flash is not the straight
yertical line between ciﬁua and‘$arth that/mas assumed as a
fﬁxst aﬁér@kimation when the case af'the~i§ader to a'fi#at
- éﬁ%é&e}waé gonsidardd, In yractice the ianiséd path whieh the
”lea&ér proaess eatanlishes is usually a tertuous yath in sgace,.

N In the first place the vase of a straight channely but |
inelined at an angle & to the vertical, may be éaneidered.
A8 beforey % constan%,%ra@k vel@ezty, LA will.ﬂe aasumed; .

with a chaunel ¢hay ge q §er unzt leﬁgth¢

'After*a time ﬁ~ the ahannel will carry a aharge q?ﬁ at an
effaetive height 1y « }vt.Cos @
Hence tﬁe chamg@ af moment in. the time t . will be

p.ﬂos é.

aqvtﬂal - Eqvt.(hl - évﬁ.caa @) ieey qvgt

And the field caange at a point aueh that x is vewy much
greater than hl will be given Ly
4v2¢°,Cos &

3

d}.‘:

mhia exyreaainn, Whick h@lda as &ong as o is conatanﬁ,
hag one imgartmn% ayyliaaiion.- Suppose tha%, at the start of
the leadeér praaess, the channei be hnriscntal.
."Tﬁehf | Caa & = 0 - and él 0. '
Henece zf the leader to any fiash start witn a long horizontal

portion, this wili have no effect on the oscillograph, and,
a8 fer as the oscillograph record is concerned, the leader

will only appear 0 commence at the time that the actual leader
‘has coﬁ@leté& theihdrizaﬁtal portion of its path and begins its
vertical path, Thus for a leader of this type the leader time

51



:(ai)_éé'indi%at@d by €he ogeillograph reaprﬁ.ﬁiil be
aherﬁe£ thag %ﬁé’aéﬁual\aaratiantof ﬁh@'i@ader‘Qytaigga;
from measurements of a Boys' camera repord of the flash, -

| An examinatimn of a ﬁumber of yh@%agra@hin reaorﬁa ef
vlightuing<flashes indicates that thie eanﬁitian, a channel
with & horizontal tag,»ia sufficiently frequent to make
ﬁhé,aﬁarage time of duration of the leader process obtained
from an éﬁ&lﬁa&a of the oscillograph records eppreciably -
~less than tﬁe“samé'éﬁantity obtained from an analysis of the
Béyﬁ’ canera retords. In ﬁhisrtanﬁee%ién it ia'iatéreatiﬁg
to remember tha rasaltg ohtaine& £from the analysis of the :
133&@@ pProcess %imes ef subsequent strokes obtained from the
oseillegxaph recorﬁa, Ehese indi¢ated that the times thus
obtained were in general less than those obtained by
Schonland, ﬁaiaﬁ"aﬁé Gollens from the Boys' camera records.

In the next plaee the ¢ase may be considered where the
.1eaﬂer thannel develops vertieally for a. time t , and then
‘ travela in k! diwecsion inﬁlined at an angle € to the vertieal
‘fer a4time %1. |
| mﬂking tha sams assumgtzana as before as to track
Velecity and ehannel ¢harge, after a time (t + %3 ) the

ghargé an the ehann&l will be
" qv% at an effeative height (hi - %vt} |

plus qrey at an effective height (hl “ vt - -&Vt 668 G)

Hende the cha,nge of mamem in a time (¢t + tlj will be
2qv(t +*tl)h1 - [?qvt{hl - $vt) + zqvgl(hl - ¥t - évtlcea eil

1.6, av(42 + 2t.%, + td.cos 0).

| Aﬂd«ﬁhe,fieié ¢haagé at a point sueh that I is very muahﬁ'
greater than hl w;ll be |

va{% + 2.ty + tl‘f:oza 0)
18

4 =

——————————




Thﬁs the cﬁange o 1ﬁ‘the direction of the leader éhéhnelk
only afféets the. iast term in the expreasian for dl.
| If ﬁl be smail in comparisﬁn with t s then, even if the
'turn be harizontal, 8o that Cos © 1a 8erd, thia will make.
no grac%ical diﬁferenae to d; as 1eng as 1t does uot last
for an a&greoiablé time, S
" Suppose, hcwever, that tl ie équal to t, and at the
same time the turn be‘hariﬁeutaly go that dos o is zero,
flfhen the field change in time 2t with ne herizantal turn

équt
“Aﬁ& %he fieia ahange in time 2% with the heriasntal turn |
. aqvgtg
4y ==

R X

o 4 4
Henve Lo

dy S

Sinﬁe; hawﬁvﬁrgAthé shaﬁge»aue to tne horizontal turn
only oceurs after a time t , the gesitisn will be
The field change in the time 1 %o at with no harizental ﬁuxn

will be 2qv2t2 Vgt 5qv~t2
| 18 T T3 o 1.8
Thé fiela ‘change in the timé t th 2t with the herizontal turn
willve sqv2t3, @?t? agr2t?
| _ | - =

le,: Al
This gives the ratio for the time t to 2%
4 ¢ d; A4S 32,

Now it has %Een shawn previeualy that, for a leader ’

, travalliug along a'vartieai track, the graph of 4y with time
wag a parabola, ‘The tase aust ﬁonsiderea becomes clear fram'
‘the following figure.



‘ Tha'eaife férvéi.bétween t and 24 has a aaaataﬁt al&pe
whaaa value depends on the tim& during whieh ﬁhe hor;zantal
path exists, Thus if the vertical channel nakes the
horiz@ntal turn at the time t. the aseillagra@h traoa at
the péint A will follcw the é%raight line 53, whereas, with
no turn in the leader ehannel, the aaéiilograph traﬁe will
follow the paraboli¢ curve AC, It is elear from the figure
that the change of direction in the chamnel will give no
ahr&gt ghange of éiﬂpé at»the,point As In the oseillograph
traceb‘ Shﬁuid any su@ﬂvabrupt change in the slope of the
euivé have aeéurréd;vit~is.clear that«iﬁ would have given:
risé tﬁ'?adiaﬁiah effects which might well be comparable with
that associated ﬁithvfhe's%éﬁs in theffixgt stroke leader .
pracessi Hence itiig clear that in sﬁbaeéuenﬁ strokes, where
the Boys' camera fe&arda’Shcw—that the 1eader ?:oness is a -
wa@iﬁ éantinuaﬁs éart'piécess along the ahamnela evéa»i£ the
ahannel be a tsrtuaue one, as is gﬁnera&ly the case, tﬁe
oacillograph trace may be expected to show no raaiaticn
'ripgle. . | . z |

The Baya‘ camera reear&s &Q in&ncate that; 1n ﬁertain
cases of 8 1ong lea&er to a subseguent stroke, the leader
_’becamea stéyged near %he end‘cf-its gath, hut the pause in
such cases lasts fer 5 « 10 micr¢~seeonds, and the cansequent

ripple structure is taa fine to be recorded with the low
reaolving power of th@ present type of osﬂillggra@h‘ o



IEEQRY OF YHE  CATHODE RAY OSCILLOGRAPH RECORD
- OF FIELD _CHANGES.

| gefaxe aenaideriﬁg the :ésalts af the ana&ysia of tha -
,magnitades of the fiﬁld ¢hanges frow the @seillagraph records
.iﬁ.iﬁgneeaaea&y to. sonsider the matter theorsticallys QpeA
general form of the a3ci11egraph record to be expected from
_,é'iightﬁiag,flash to groung has grg@ﬁaualyzheenvéeneiée&@@;
.%éaeé,én %he.seﬁuenﬁenbf eventis in.the discharge process as
revenled by the Boys! camera recordss The question will
now be. eonﬁxderaﬂ in greater detaily | |

Sugpose that a aluu& carries & charge Qi at a height

hi above the ground, ﬁaé that the field changes are being
recorded at a point an t&e groun@ at a distance L from

t&e point on the ground veritiocslly under the cloud,

N
r

The moment of the cloud charge will be ¥y = 2q3h;

A o b . o 2Py
And the field at the point will be By 2 erm——

“wne l¢ader stage means the lowering of & c¢ertain

* povtion of the cloud charge, ql1g‘anﬁ aiatrikﬁtingiit

along the channel andAb%aneheé of the strtke. The nature

'and 1ﬁﬁgﬁh of the branches will determine this dis%riﬁution,
and the effective ‘height to which thia charge is 1awereﬁ.

| We may first estimate this height as being in the neighbours

hood of +¢hy and in geaaral a8 lying between éhl and §hy

Suppase that the lea&er ataga results in the lowering cf a

charge 9z to an effective height $hy; above the ground,



leaving a charge 45 in the cloud at a height h; above

N

The moment at the end 'ef'thé,leé,éier stage Will be

ma the field at the pumt under eonsideration at the end of
thiﬁ stage u:ill ba

- 2@2111 + _‘ | agfl

—

DIE‘:TANT MEES,.
Suppose that Lz 10 K,ilometrea, while hl is 3 Kiiemetrea,

whwh may be talken as an average he;ght fax' a cloud, Then
we ma.y zzegleet h1 in comparisan with 2, and we ‘have

' - o = *2.3* .
Consequently the aha_aga of field due te thé 1eader wa&ess
will be L

9 = By - B
1y (243 - 295 - q5)
U
= _L5

VERY__CLOSE mmmasb | | | |
 Suppose that h > L, s0 that Lg may be negleo‘sed in
eompaﬁaan with }12




We then have

2q 2q 8q
. —2 and B, = —2 + —9—
2 2 =72 u2

1 1 1

-

Consequently the change of field due to the leader process

will be
4 = B - 5 2qy - 2qy - 8qp _ Sa;
= 2 = 2
] n$

In this case the field has INCREASED, due to the leader
process, Hence there must be some reversal distance (La) at
which the field change due to the leader is sero, i.e, where
d.l ig gzero., This will depend on the effective height of Qg0
i.e. the manner in which the charge is distributed over the

chamel and branches.

REVERSAL DISTARCE,
First consider the three cases whers the effective height

of qz is 3h;, #1; and {h, respectively. Equating E; and Ej i-

igu,\‘\bt. 3\1»350(‘ = Yok, i}{'te‘r\ht J-k{,su‘ = Y2y Zlkeckite ‘\.g.us\d‘ = “q-h“

e S 7*"5‘3""‘“ e LA "%“ﬁ-‘l"\"\ e AL O LAY
(W k)l [k 2] (Weke ) [Chn)*+ B T% ] (W2 e2) Uk 2] %

3
R+ ko = tan (Miehy o tl) | wiene = ps‘sg(‘lwkrﬂ-:) hetlo = 262 (‘e h:’*'L:)

lede Ly = %k her Lo = hy, Lo ko = 2hy
> »
13 = \-'Lll(q’ﬂsf?c) (+—>LL= 1-56% (:(q_“e') H”‘? - 1-5"‘2.("!!.*’3(-)
3 =12kl ¢ = 12013, 5 = O-T45,
~on TTYTRGAT, WOR  RUVERSAL o TTTTRS AT

‘ L,= 0,745 h,

I=1,266 h L.=1,012 h
9 t o




It follows that, for the average type of flash to
ground, where the effective height of qz is approximately
$h;, the reversal distance is approximately h,. ,

Since the field change at the reversal distance is gzero,
as we proceed from this point 43 inereases im value, but
o LF 1

L3

(the fiéld change as calculated for a distant flash)

for a certain distence will obviously be less than

As an example, consider the case where Ry is 3 Kilo~
metres and L is 7 Kilometres, In this case, assuming the
effective height of the leader charge, as before, to De %hl,

we will have
sqshl qShl
(a2 + 12/ (4nf + 12)

dl"‘-‘- EI-EQ:'

and, on substitution of the above values, dl has the value

azh | Q30y
3 13 instead of the approximate value ——;3—-

1f we assume that h) is 4 Kilometres and that L is 7

qzb1
Kilometres, then we find that dl is —z———-3§
9,36

Hence it follows that, with long flashes taking place
near the site of the oscillograph, although outside the
reversal distance, we should expeect to obtaim on the osecillo-
greph record abnormaelly low values for 4.

In general, however, if the flash be distant from the

oscillograph anything beyond say 10 Kilometres, as is usually
QShl
1.3

It must be remembered that the above analysia is based

the cage, the value of d, should represent

on the change in the c¢loud moment, li, and hence the value
for d4; that has been calculated refers only to the comtribu~
tion of the electrostatic field (Ee) to 4,.



THE LAIN RETURN STROKE RECORD (d,)

The méin stroke stage represents the passage to earth .
of the charge which the leader process distributed along the
channel and the branches, and this rapid process will be
identified with the rapid field change indicated by da on
the oscillograph record.

First consider the case where the effective height of
the leader charge at the end of the leader stage is ﬁhl, the

moast general case,

2q..th,
Then dg = —s 1 and, if the flash be well beyond
2 &1
('éhl + L )

the reversal distance, so that L is very much greater than hl

P
2 ““TEE“‘
In the previous section it was seen that in such a case
the value for dl was qshl
L3

Hence, in general, it should be found that the values of
dl and d2 are approximately equal, or that the ratio dz ¢ 4y
is approximately unity,

Next consider the two limiting cases, where the effective
height of the leader charge after the leader process is com-
plete is (a) ¢h; (D) 4n; .

From the photographic records it may be concluded that

(v) 18 of rarer occurrence than (a).

EFFECTIVE HEIGHT hl EFFECTIVE HEIGHT igl
Assuming L » hy Assuming L > hy
d‘l = By - E dy = By - B
1 2 1 1 2
_ 2qghy © 2qz.9hy 2qzh)  2qz.ddy
13 L3 . A 1®

Qg.hy Sqzh;

=



EFFECTIVE HEIGHT ihl EFFECTIVE HEIGHT ﬂl

Assuming \L »h Assuming L > hl

1
- BQi;%hl 0 - Eqidhl
‘ qu‘hl ‘ qa.hl
T g’ = 21°
Hence | Hence
dg 3 dl 1t 3 s 1. d2 $ dy 33 0,33 3 1,

————

Hence, on the oscillograph record for any ground flash
well beyond the reversal distance we should expect the ratio
ds 3 d1
far from unity, the mean of the distribution curve for this

to 1ie between 0.3 and 3, with a usual value not

ratio lying above, rather than below, unity.

Once again itvmust be pointed out that the analysis
refers only to the contribution of the electrostatio field
(Es) to 4, and dz. and thus will only hold for near flashes,

R



THE RESIDUAL CHARGE RECORD (d.)

i

The third stage in the discharge process is the destiruc-
tion of the residual charge, LY at the top of the leader
channel, and the resultant field change at the aerial is
represented on the oscillograph record by da. This process
nay ba expected to be much slower than the main stroke pro-
cess, and hence d3 will be unaccompanied by any radiation
field. The ionisation processes which established the leader
originally are progressively more ancient as we pass upwards
from the base of the dischargs. The analysis of the Boys!
cagmera records has shown that the rapidity of movement of the
return stroke is slower the older the ionised channel it has
to traverse, since the luminosity, and consequently the rate
of dissipation of energy, is less, Vith a less raplid rate of
movement, the return stroke must carry a smaller ocurrent, and
hence will produce no radiation effects, All the evidence
from the photographic records, as well as from the ose¢illo-
graph records, seems to suggest that the discharge of qz is
& 8low processa, involving a multitude of slow partial dis-
charges of different parts of the cloud region affected.

Fow 4, 2q..h | 2Q..h
L L
d q
Henoe 3 = ...._3..._._

This ratio from the oscillograph records will therefore
indicate the ratio of the residual charge remaining in the
cloud region affected to the original charge on the oloud

region.



FIELD CHANGE MEASURRMENTS FROM OSCILLOGRAPH _RECORDS.

BFFECTIVE HEIGHT OF LEADE%WQ%&EG .

Eignre 6 is the distrihution ecurve for the ratio dﬁ/61~
far first strakaa. Thia ratio ranges fromAQ. to 2.6. with
a maat prabable value not far from unity. |

~ From the Pprevious theoretical aiscussion of this ratio
it may beyéeen that 1ts value will determine the effective
height of the leader tharge at the completion of the leader

process.
For suppose this height be hl/h. -
|  2g.h {1 - 1/n) 2q5.07/0
, i | ’ I

Henos dg ¢ Ql-zsilf(n - 1)

1 d,/8) be 1, B is 2, and the effective height is by 2.

L S " By/3.5
nooe 2.6 W 1,4, v W " hy/1.4

| ‘Figﬁra 7 is the &istributibnycaﬁveAfot the\ratié dg/al =
. for all sirakeﬁ.?ﬁwhe values for this curve have been obtained
from alligoea records of béth.firat.and suhsequépt'atrgkga,gfv
It will be seen that, although tﬁe‘raﬁéeiiﬁ‘founa to be wider,
as may be expected When the re¢oraa of subsequent stirokes are
ineluded 1n the &naiyaiﬁ. the mast prebablé value is still
‘not far from unity. f ',{_* ”  f |

From the results shown in both Figure 6 and Figure 7
it may be conoluded that the most probable "mlué of the
effactive height of the ieader oharge ‘at the eampletion of
the leader graeegstin both first and consequent strokes is |

ny/2.



EESIDUAL CHARGE FROM THE OSCILLOGRAPH RECORDS,

Figure 8 1s the distribution gurve for the ratio ..
ds 2 &1 + dy +—-a3. féf first strokes. 14 ranges in value
from less tham 0.1 to about O, 8. and ita mst probabla
value lies between 0.3 and 0.4,

Since this ratio<msa§ur¢a‘tha»ratiojéf ﬁhe resiaﬁalqv;x'
éhar‘gé remaining 6n the clm;d mgion to the orﬁginal éha;rga;
these résalﬁs tend‘t6~shsw«ﬁhat the first stroke of a flash
involvées the lowering of the grea&ef portion bf‘theyeﬁérge
S in thé cloud region affected along thévleadertahannel.
Figure 9 is the &istribﬁtibn curve for the same ratio
. for subsequent strekeﬂ. The results included in this curve
4are oenly from records whieh shaw clearly the transition from
dg to a5, i.e. which indieate clearly the end of the main
return stroke. | - |

. From Figure o it may ve seen ‘that the ?aiue of tne ratio
'rangeﬂ from 0.1 to 0,9, and its valué isa uaually higher 1n
the easg af,eubsequent strokes than in the cas¢ of first
strokes, Hence it may be eéaéluaea'that thévleadér to a
sﬁbﬁéquent stroke lowers a smaller frﬁétion'of~the ¢loud
- &harge alang the leader nhannel than does the leader to a
first stroke. |



TYPE A FIRST STROKES.

Ad was shown in Table v, the/é type of firut strake
occurred in 13 of the 65 flashes examined. An examination
of the diagram of the general form of this type shown in
TFigure 2 indicates that it conforms to the o type as far

- a8 the main return stroke and the residual cloud aharge

&eatruetian are concerned; but ﬁiffera in the leader praaeaa.
Fram the diagram it<may be aeen‘that the ieader process

in this type of first stroke may be considered as taking
‘plaee in three stagea. The first stage 13 the normal
stepped leader process, lowering a dharge into the air bes
neath the gloud, Thia oecupies & thme interval indicated

by Ta in the di&gram. 3 _

' In the eacon& stage the asaillograph trace, insteaa of
- rising, bends downwards towards the zero base~line. It will
be remembered that, in the conmstruction of tﬁe os¢illograph
unit used 13’%hia<invéstigaticn; a high resistance was
inserted across thé‘éénaénsér'ﬁlates in the aerial circuit,

~ to prevent the ancumﬂlation of a ehérge on the upper plate

' of this condenser, any such charge leaking to earth through

-thisvfesistanee. It was pointed out that the time constant
Cof this edireuit was madé*féry*hign, 80 that it should great-
1y7exeééa the normal time of duration éf‘any>fiaid_ehange
under examination by the oaﬁillagraph, andétnus its'effeat
might normally be neglected. Vith a field change of long

' duration, héwé#ar;'théjgreaencévof this resistance in the
circuit would appreciably affect the naﬁuie'of the oscillo-
gﬁaph'traee obtained from such a field change. The trace

- actually recorded on the film would ve the resultant of
(a) ;he eurﬁe indicating £he field changes oqcurring at the
aerial;"and'(b} the ﬁipeneﬁtial decay curve due to the
'inélusiog of the resistance. If {5) should exceed (&) at



PN 4

at'anykatagEnithen the reéultaht esecillograph trace, instead
of rising, would bend downwards towards the zero baseline.
To determine the magnitude of (a) from such a‘pxaceliﬁ
':wnulé‘iherefare«behneﬁeaaary;;o;&étenm&nﬁ the ‘deviation
sf.the:gseiiiagraph.tra@effrom~the,expgnentiai‘GuxvéJ£¢;s¢ex'
the;yartiaular aerial cireuit employed, . From an exemination
of the oseillograph records of this type of first gtrﬁke.‘
it may be concluded that the secén& stage in the leader
pr@eeﬁsfin.ayé~ty§9«6f«first stroke rapreeénts;a*veiy;alﬁwvA.
leaﬂer propagation., . - |

mhe th&rd stage ie represented by a further rise.in B
the. csculag:aph trace, just before the main return_stralcea
Thi# inéisatea'anIapgzeéiabl&'iﬁareaagﬂin the velocity of-
gheﬂieaderuprapagatiﬁn immediatelyﬁpreeéd&nggtheumaia
| réturh'atraké‘V~mhe.tatai time of the leader process is
indieate& by T in the diagram, S S
| It is. interesting to note that Sehenland. Halan and.
Collens; in their examination of the Boys! aamgra»phoﬁaaw "
graphs, have okeer§eaﬂ¢aﬁeg,é£»a type efcleadér‘ef long
duration. ;Iﬁ this type it is féuﬁa that .the first portion.
~ef ﬁhegléader‘isufast,ana~yawgrfglly atep§aé§.aﬂﬁ the . |
second partian‘#éxyiﬂiaﬁaathe atepéhbeing faint and weak. .-
This type 6f leader has been the auhjﬁét;waa speciagiinrﬁga
tigation by them; the results of which have not as. yet been-
publiched, |



L TIMS.ASS@GIAW _WITH LEADER Ta/afrmsﬁ* STROKES.
The diatributmn curv‘ea for Tl and ‘1‘2 for the i‘ype /3

records. in the gresént iﬂvestigatian are given in ﬁxgures
10 and Bdar 10 T e
| It wim be na%ed that t;he iaompleta time mtervai ocoupied
by the leader préccea*‘ﬁ varies from 13,6 x 107 “3. ‘second o -
63.6 x 1{3 3 aeeanﬁ, with & mean vame of 3&.2 ¥4 10"'3 s&e@nﬁ.
O the: other h&xad the time mterval occupied by the firat
part ‘:af'the léad;,@gx{ pmaass .\(.Tg,}: varie-a:,zfmm 1.9 % 16" as‘ecmnﬁ‘
k’-te lQ;ﬁ %.10%° fsa?eaa‘&.*-'mifth.;a{maan #a&ué,;@;ff 5.8 fm~i®“§ seconds
A comparigon between -“&hése values and those fo‘.ﬁ the mmal B
\‘ Type e ﬁrat atmke 3.ea.der are ef intareat. 1t was. shown from
Figure 4 that these. latter lie between 2.86 x 10™° second and
38,3‘1;&.0 ﬁeeen&; with a. mest yrobable value of about
i8 ﬁ&ﬁ“ﬁ gecond. Thus .1t may be seen that the first part
‘of the leader ;;rweesxia a Type S first stroke occupies &
 shorter ‘time interval on the aféemgé than the normel gﬁépped
leader progess for.a first ptroke, while the whol aif leader
' xsﬁrﬁokéésﬁ'ﬁw;w -the wféra;gaf \mﬁh_l‘amﬁi 1% therefore appears -
é,s though the :téader process commendes in the aame‘mgmer'in
| botk eﬁsaas ‘and tha.ﬁ\g.;iﬁ ‘the case of the ‘I.'ype /.3, f“?‘f‘iré. is a
marked dédrease in the;mwzciw of propagation before the
final stags to earth. . | |

- Itids int@reatmg ta note that tha first portion of the
leader process, during thé time interval Tp, is invariably
stepped, since ali the records of this type. examined have
been found to exhibit ieaﬁer ripple on the first pertion of
the oscillograph record. On the other hand; no trace has
" been found of this 3.Zeaaesr ripple on the ¢ther portions of
the léa.aer tmee. The quantitative records aseoéiatéé with
the leader ripyle m mw type of firsst stroke are ineluded
- in the results tabulated in Table VI,



i wi1l be observed from Table IV that. 6f all the B
,first strokes examined in the prasent iHVEstigatian, only
two were @f ?ype x’. and five were of Type 5 | o these -
x 1at%erg three were receraa which eanuiﬁtea af a aingle ‘
. trake‘ P S N o

| The small number ef ﬁheae reaoréed precludea any detail~"
,ed analyaia of the typeﬁ, and it is enly p@asibie ta indicate
'\eértain peea&ble explanatiena of their preaenae. An exaﬁ~”
ination ef the aiagrama of these ﬁypae in ?igure 8 shows
that benh types are charaeterlse& by pesseseing a 1eadar ‘
w&th a proncuneea rippla, hut 0o main return stroke record.
ﬁhe 1eader rigple frequeaay. aa may be aean fram Table Vi, |
is ﬁn agreémant wﬁth that fer steppeé 1ea&ers. Thua they
may be ei%her eleud diseharges whiah hawe been inﬁorreetly
reported as groand flaahea by the external obnerver. or ‘
'&isahargea whiah da nbt reaeh the grouna‘ Sahonlaad. Ealan
| and Collena. in their publicatiou ?ragresaive Lightning 11,
section 1@, discuma dimeharges of this type as ahaervaa an
i the Beys' aQMera phatagra@hs, ana yoint aat that they are 6f
| tw& typeﬁ, stepped an& dart respeetively._ In neither type

- is thare evi&enee ef a retarn maia atreke‘



VARIATION IN MAGNITUDE OF FIELD CHANGRS WITH DISTANCE.

In the present investigatién the an;y metﬁéﬁ §ﬁat.waﬂ
available for the estimation of the aégtaqéehef the fiash
from the oscillograph unit wag to determine the time inter.
"'val 3e%ﬁ%eﬁ observing %he.flash and firstiheéring the results

' ént tﬁunder due to the flash., This detanminatioa was made
in every cagse by the external obmeérver, and his result was
- subsequently noted in tha log book againat the flash with

the other relevant infcﬁmation. ‘

1t ie clear that such a method precludea ascurate infor=
mation, even if each flaﬂh and its attendant thunder could
be isolated. In addition, however; 1t must be remémbered
that; in an aetive storm, flashes are sufficien%ly frequent
~to make it aften 1mpaasibie to differentidte between them,
Further, as has been @reyiéuslyumen%zénaﬂ, thérg may be two
or more active storms at different distances flashing more
aw<1es§Asimﬁ1taneaasiys all witﬁin thunﬁex'ﬁiatance of the 
observer. It therefore becomes clear that the estimation
of the distance between flash and oscillograph can only be
relied on to furnish an order of magnitude, and may often
be totally incorrect. In the following analysis the estimated .
~ aistance of the flash from the oscillograph, as supplied by
 the observer, has been used, but the iimii:at-iens of this
estimate mnﬁt‘bé‘borne in mind in comsidering the results
of the analysis. .A : |

It has been pointed out previously that the relationship
between the change éf moment in the cloud (M) éhd'thé corres-
pending field ehaage at the aerial of the oseillégraph (E)

is given by |
by

R S M + i DU c}_‘v_l + .4 ™M

E 4 T cv> o~ C’-—r CL‘:”'.

- Further, it was shown that in general,



By is proportional to H
Ey is proportional to aM/dt.
B, is praportienal ta 4 Mfatz | ‘
The relati#e values of these three terms depend om - v«
the valae of the aistance of the flaah frem the asaillagraph
unit. Hence it followa that. in gener&1;~

B, will'?ary a§  13

"Ei will vary as 2’

‘ Eg will varj;aa' L“z

| f%r a flash near the escillagxaphg where ‘the value of

I is nmall, ‘the fihm traae nay be ¢ensiderea a8 & measure
of %he‘Electraatatigxfieia change alone, ané;.when_allewancp
is‘madewﬁar the relayibnghip'ﬁetween theVaétugl field change
- takiﬁg,§1aée in £he ﬁeighbanrh6ad of the werial and the
resuliant voltage aerosa the condenser 1n the aerial eircuit,
which in turn ia appliaé through the amplifier to the worke
1ng plates of the ascillograph, the reduced value of ~

(é1-+ 43(+ dg) from the £ilm will give & measure of Ea‘
- This latter reiaﬁzanéhip;,as has been previously shown, is

given by - .+ _— ,
B . —. ‘ o v

where €, is the capaéity of the aerial ‘

Q ‘is the capasity of the eonﬂenser in‘the cirecuit
vv is the valtage apglie& through the amplifier
h is the effective height of the asrial.

 ’ It féllows thaty if it wﬁré‘péasible to obtain oseillo~
g?a@h Pecords from the same flash for Varieﬁa values of L,
yxavided all these va&aes were small, E ahould vary as L~ =3
or ‘Es.ﬁs should be a oonsﬁant. , B
In the present analysis it is only possible to compare
tha'récér&é fﬁom different flashes at different distances.

»‘For»the product EaﬁLa to be constant, therefore, each flash



should proceed from a cloud at a constant height»abpve thp»&l
ground, and moreover sach flash should result in the destruo-
tion of an equai eharge. Any variation in either of these. ..
faotors will result 1nra corresponding variation in the value
of the product Ea;Ls. ?he'resultn of the previous analyses.
‘of the films previously given indicate that both the height
of the Qloud and the total charge destroyed by a flash vary
from case to case, and, when the uncertainty of the value

of L 1is taken into account, the various: values of ES.L3
may be expected to differ considsrably.

Figure 12 1s a diagranm showing the value of the logar-
ithm of the product E..L5 for first strokes of a flash
plotied against the corresponding value of L as supplied by
the externai observer, The results are shown in this form
because of the considerable variation in the value of this
product for different flashes.

' Vhen allowance is made for all the variable factors
previously mentioned, the dilagram seems to indicate a tendency
for the field changes from near storms to have abnormaliy
low values. This result, however, may be due to any of the
factors mentioned sbove, and further investigation of this

point is necessary.



VAR%Q@iQRﬂ‘éF;Ey;_ﬁlgg%;g£§gé§g§r

V‘, The piesé&t’investigation is eenéerned ﬁith the field ' :
ehangea in the NOAY neighbourhoe& 0f the. lighﬁning flash, . and,
as was §ninted out, in, the previons gectiony the aﬂexllagraph
re&ords provide, 1n the mazn, a measure af the ?ariatian in,
By wgth time due to thé,flaﬂh, Whaﬂever an ahrupt change in
the glope of the ogeillograph record oceurs, however, the
radiation term, B, becomes prominent on the oscillograph
trace. Sueh 4 change always cceurs at the end of the leader
pr&ééﬁég,whﬁﬁ‘ﬁhe main:ratﬁrn«étﬁeka ékaae@stcommeacae; angd.
this may be seen inﬂthe?&iagram of ;he,typical‘reecra_af an

dtwewfnwﬁﬁﬁgawnwﬁwwe&_%r@@@@ﬂg
g@&paseé uge m@y aeJmQQe of thefva&uéaggf«the_&istan;g‘mazked
k}anythia diagram to aatamminé'theﬁalua-ﬁf-sé,far any par-
tisular stroke, and such values have been used in an attempt
té~ana&yse the;v&ria;iaa~iﬁ.the value of By with the distance
of the flash from the Joscillograph unit. , |

»v,In_t@e.praviﬁus segti@nTit was shown that, whgn;the,?e*

aaeedlvaldezof E, hag been determined from the film trace, Fp
should vary as 1~ faf %he‘same flash ai-various'aiatancesg
and hence the grednct Er.L‘ah@ula be aonstant under these
cireamstaﬁces. As in the case of By ﬁiscussed in the previous
sectien, hewever, it is only peaaibie te compare the records
from aifferent flashes at different diét&ﬁéée; and all the
variable quantities discusseﬁ in connection with Ey apply
equally to Er. Henee a large Variatien in the values of the
: prodﬁct Er‘L obtaine& ffom the recarda may be exyected.
| The results of the determination of the values of this
praduet from the re&ar&g are shown in Figure 13, whieh hasg
been eampilea in the same form a8 Figure 12. This diagram.
too, seems to 1ndicateAa.tendeney for abncmmaliy low values

for fiéld ehangea from near storms,



VARIATION OF THE RATIO E./F, WITH DISTANCE,

In the two previan#,ﬁéetiana_iivhaé hé§ﬁ §§?ﬁﬁV§ﬁ§§p
if it‘were sessmbie'ta bbtéin records of thé field change\:
. due to the same flash fér different valuea af Ly then both
the prodact E 513 ana the préduet Er.L shaul& he constant.

It felléwa that the valae af the praductA ES.L sheuld be
eanstant nn&@r these canéitionss' B,
| Thia quantity. which invazves the ratxo EQ/E has
dietinct merits wheneeampareﬁ with thu quaatztzea previaualy
censiéerea, which invelvé& el ther E or ﬁr algné‘ Any
fa@tar aaaaclate& with the aaeillagraph anmt itself; ana
whﬁch affecﬁs the magniﬁaée of the traee nbtaineﬁ on ﬁhe'
‘f&lm due to any riela ehaﬂge, will aﬁfeat Ba and E “to the
| ﬁama éegrees it 13 theréfare clear that the ratia of these
twa quantlttes wﬁll 1ot be affeete& By any vawiahien in one
) or more af these faetora.A If this quaatity be uaed in any
anaiysia of the variation of fielé strength'with distance,
the results obtained fram the cseillegraph teé@rdﬁ will be
independent of any variation in site factor, aerial ea@aeity,
amplifiocation factor of the amplifier, zanaenaer potentiomete:
effective height of the asrial, ete,
- Figure 14 is a diagram ahowing the vaiue of the 1cgar-
ithm ef this quantity for firat strokes plctﬁéd againat the
¢orresg0nding vaiues af L as suppiied by the exteraal abser~
- ver. It must be remﬁmbaraé that the results etill involve
- all the ?ariatioﬁa due ‘to differenéea in the guantities
- asgociated. wdth the flash 1%391?, and the 1haﬁ¢uxaciea in

the da%amminntinn of the value of L, ana thus a 1arge varia»

',ftian in the value of Ea.L is to be expactéd.




'RADIATION ASSOCIATED WITH SUBSEQUENT STROKES.

In a previeus portion of this thesis some in&iggtiap
‘was given of the biacesﬁeg invax?edwin'thé aeye;oygeng of . .+
the»éharge on a thundercloud, and the subsequent destruction
of a pertiqn of that charge by a lightning xlash,' it was.
shown that the ‘g'eneratwe prmeéses result in a éepaxfat‘ie#
of charge within the cloud, and that these proceed until
some eritical petential be resched, when tha leader preeess :
commences, 1onising a conducting path to earth, to be follows
e& immeﬁiately‘hy‘ihe»iuteﬁse main'reﬁurn gstrokes The
tomplete stroke results in the destruction af CY ¢ertain
portion of the eloud charge; this being drawn from tha )
parti@ular region of the ¢loud which is tapgea hy the stroke.
Immediately the first stroke is completed; there wi;l '
be, within the cloud, & movement of charge towards this
rogion to replenish it, andg‘owing to the nature of the
particles ecomposing the cloud, this flow of charge will not
- be uniform, but will resemble in some measﬁ:e the stepped
process associated with & firet leader. The generative
process within the cloud is continuous, and thus it may be
expected that the time interval ecuupie& by this flow of ¢
tharge to the affected regian.will be short. S
¥hen a first stroke ia- fallewea by several subaequent
strokes, it may be expected that the charge to replenish
the affécted region will be progressively drawﬁ~£:a&{mgra;
amd,mare'remoté regions of the ¢loud, and thus, after each
stroke, the tims interval cccupied by the aubaeﬁuant MOV &=
ments of ﬁharge'withih the cloud will increase progressives
The aetuai éhange/inttﬁe moment of -the ¢loud due to
such movements of charge within the cloud will de tao.small
to aﬁyéér o the es&iiiﬁgraph~reeérda, Since this flow of
charge is not continuous, however, the sudden changes in



- movément will givé rase to radiation effeétagvgnd these. .
‘,mdy be auffiaiently 1arga.t@ affect the rﬁ°°fav,«??§‘th?3
reason the oscillograph record of a flash may be expected
to show evidence of such ra&iat&onfeffeﬁtsven,ﬁhevpertiﬁp
of the film trate immediately foalowing'the rectord of the
stroke itself. | |

An examination of the escillagrnnh feaorda fozming
the subject of the present invéstigation revesls indicaﬂ e
tions of the presence of these réﬁiatian effeets on pragtic~
a&ly'all retords of ground flashes, ah attenpt has been
made in Pigure 16 to indicateé the manner in which the time
intervai aver wh&eh theee ra&iatﬁen effeets f@llowiag the
,,main field change extend varies over the aeveral strakea
aemyaaingfa eﬂmplete flash., A separate graph has been
conatrnetea foy eaeh eomylate flaah " asing the classifica» ,
tion‘emplayaé in thécpr&#ieus analysia of the flaahea. The
aeparatﬁ strokes aamp@siag ﬁha fla@h have been equally
spaced along the x-axis, since there appears to be no direct
re&étian&hﬁg bétﬁeeﬁ the time interval between strokes and
the duration of this rediation effect (I,) The ordinates
in the diagram indicate the relati‘ve *?alim"a* of Ty oy the -
various strokes aampaﬁing each complete fiash taken in order.
The firat streke of the fiaah ia indicated by & dot in red,
and aabﬁagn&at\atrakég by small cireles. Zach flash is
drawn to soale, although the scsle used is not the same for
‘different flashes, |



An analysis or the diagrams ahown in Figure 15 indic~
ates ﬁhat 79? cf subsequent atrokes hawe a Value fer T
which is greater than the value ef this quantity for the |
oorreapcnding firet stroke of the flaah. .

It wul be notalced tnat the diagrams orten smw s |
pxogreaaiva increaﬁe in the value for T after the firat
1atroke, and then a sudden daereasé ’ aften fellowud by  I'
another progreaaive 1ncreaaea Illustrations of sueh a change
may be ﬂeen at ﬁha 5th. ztroke af the diagram.marked 31. the
5th. stroke of the diagram marked 01, etc. Thia seema to
suggeat the poasibility ef a record of this type not being
that of a single flash, bu% af twa or more flashes. either |
frem the same or different eleuda. which haVe oceurred
almoat aimnltaneoualy. and have thue baen clasnified on the
aseiliagraph recoras as a single flauh. Reference hae been
maae previously to the passibility of tha aecurrenee of
euch an error 1n clasaifioation; when conaideration waa
given‘to the reaults ahawn in Table I. anﬂ it was uhbwn that
the tatal numbar of strekes per rlash fram the oecillograph
reeorde pravi&ed figurea which were in general higher than
the cerreapanding renulta frem the analysia of the Boya' |
camera photegraphs. , L

If the suggeetién made 1n the preeeding paragraph were
‘cerreet. and if the diaggramsg of the varinus flashes in
Figure 15 were to be arranged so ﬁhat eath stroke such a8
those mentioned above formed the starting point of a new
series, so that each series showed a progressive increase
in Ty, the first stroke of each series should indicate, on
the'aaeillagraph record, the characteristies of a first
‘st:dke record. Thus for such records if should be found:-

(a) a long value for the leader duration (%)

(b) indieations of leader fipple



‘‘‘‘‘‘

ful examinatioﬁ in thia canneataon, and on some of the records
there appe&xs ta he aviaenee pointing to the preb&biliﬁy ef 5
incorréet claaa&faéatiea~ The following Tab;exagaiaatgsygpga
of the results obtained. o S

i o - Leagey Duvation
~ Flash, - Stroke . in 1@ se%* ' Ripple.

F.1. 5 %a 0 sugnt
x5 55,8 Distimet
a8 ees Wil |

A2 5 06,5 . ML
CAs . om e WL
| 5.3,2 '< ‘ “6‘ o '-166.8 | Distinet.

ﬁwam thg reﬁulta shawn in ﬁhe table it-may be seen taat
| in certain cases ‘there is every probabiliﬁy that twa xzxxkﬂ:
| flashes have ﬁeea eombihea in the nriginal elasaifieatian
'as & single flash.. In other cases, hcwever, where the rasults
- from Fﬁgur& 15 would suggeat ﬂneerrect elassﬁfieation af this
na%ura. the filmé shaw na evidenae to support it.



I% tzaa been grwiausly snwm tha*& s;hé izghﬁumg ﬁaah
givea riﬁe to an azeatmmagnetie wave. whaah pmueeda euts
wards fram the region in which the flaah Moure, and that -
the eguatien re;:reaéming the field ﬁhangea due to this
wave at any puint cemiate of three ‘bem, knwn as the | ‘

electrostatic (%) induetion (B ) and radiatien (Ex.}tems
respectively. It was pointed out that for small values of

L the E, term préaaminaws; vhereas for large mlnes of L
 the B, term is the Amportant one. It therefore followed

£rom this that the field thanges recorded on the oscillograph
trace ﬁue to the .ughtmng ﬁa.aheﬁ in the present sm*eatiga-
Vtion were due mainly to tha By term, mt that the mpm
~ change. that oceurred 4n the field at the commencement of the

. main return stroke would be maieat&a on the revord bya
radistion term; and this was shown on the diagram of & typical
first siroke record in "Fime 2, the magnitude of the field
thange being indicated by R. |

Whezz the slectromagnesic wave, origimting at the iight*
ning flash, reaches the ivnosphere, it will suffer reflection,
and when it again Teaches the earth it will have zzfuvé(riﬁéa
a sufficient spass for the radiation term in the equation to
| ma@mm. Thus any. suén wave reaching the oscillograph
unit aﬁ'ter refléction at.the. ieneapham nay be me%eﬁ to
mak@ ite: presence evident on mm ‘oseillograph trace by )
record of this main return stroke radiation field alone. If
the magnitude of the.reflevted weve be sufficient to affeet
the re@wﬂ,vité msi‘tmn on the record will be such that the
time interval represented by :the reeord of the field change |
due. to ‘the main return »ﬁ;‘it&ke» of the flash andk,t,hat due to
‘the reflected wave will provide o measure of the offective
height of the reflesting lager of the ionosphere.



-1t rarereﬁﬂe be made %o the aiagram af typiaa}. ﬁrst
| \atraké rmw&u shown in mgure 2, 1t wili be deen that a
jy depresaj,aﬁ ar bump" ia found to ooour on the oacinogra@h
L ati‘&éé sharﬁ.y af%ex* ths méard of *the fielé ﬁhaagea due to
| ‘..“the ﬁmee Btagéa of the stroke itsaif, ;ﬁiis hﬁmp is found
ta sccuz* on a lm*ge mmbefz- of reew&u. and it ia thought
_that & paaaﬁ.ble éxplanatién at‘ dte pz‘eamee may be, as

.inaicated ab@%s that ﬂ iﬂ tha recard af the arrival of the

o xefleetéé wavé at the eseiuagmph unit.

B If thw s&gg&ateﬂ ‘explanation be carmet. thén the time
iateﬁfal mrk&el t‘b on x&xe Alagram in I‘iguge 2 may be utilised
| m uaimﬂaté the equim};ent height of the reflecting layer,
' yrovidm the 'miwe of I.; the &iatanae bettean fiash and .
| aseiiié jr;;aph units ‘be known, :Ig\m;s@ b,e remembered, hewever,»
that sueh s aaiauiatim would be ‘ba.séé on tw @mﬁtiés;
\bat‘h uf whieh, due to the lmitationa af tke apparatua and |
‘mathoas of the present mvéatigamon, can anly be detamined
 vexy approximately. Thus a calculation et this type cannot
: be exgacﬁe@ tfs do mre zm furnish an order of magnituae for
. the equivalent height of the reflecting layer,
.. Some 20 values of %, have been obtained from measurs-
‘memm on the @ﬂaillﬁmﬁh reww&m and the cnrmzmnﬁing
equivalent heigh% of the reflwt;&ng 1ayer emmmea. The - -

... .values thus rmma range from 95 Kilometres to 119 Kzzlmetrea. |

_ with s most probable value in the nelghbouthood of 100 Kilo-
| ,iné%rteﬁ'. ‘ "@héh ﬁéw iiﬂita‘&iéﬁﬁ of the method are taken into
‘account, this tmfmlt aeema to pomt to the yosaibiuty of
the eﬁcplanatwn ef ﬁhe Presence ﬁ}mﬁp given above being

N ﬁ“ﬂrwe&.



KECOEDS _OF _(a) DISTAN

_{(b) CLOUD  FIASHES,

 The primary object of the presenﬁ‘inveétigatmqa:wae -
to investigate the field ehanges occurring in the agighpaur;l
hood of & near lightning flash, and %6_ﬁarr§1at§vthé‘ssa311e~
graph records of such ehanges with Béyé' h€¢éra‘réc¢rdu;af
the flashes. Oirics these latter wers in ﬁhéumain'réeerds
| of groung flashes, the ébaillegraph records of the field
changes due to this type of flash have.ﬁéen-thépriné;pa;
subjett of discussion, It ig felt, hawﬁiéry that ﬁama‘ménﬁ
tion should be made of two other types of record which fre~
éﬁéﬂﬁi&ﬂﬁ?@@ﬁ$4aﬁ the. films, and snﬁe indication given of
their general form, | ‘

- During the summer eemnon the whole of the Witwatersrand

- ared is subject to - thun&axstoxmsi.and the ppaition_gften
afiééé when several ﬁépaf@%é‘aterma aeéur,maré\ar less
eimultaneausly cvbr this area. Wﬁen the a§éi11égraph unit
is put inta operation to weeoxd same partieular storm. it
is often affeete& by lightning flashes takzﬁg ylaee in some
' ether storm at a,mueh greater distanee, and the films are
fsuna to aontaﬁm numeraus reeordn of field ehangea due to
Bueh.disﬁu;hanees@ 1t has been pointed ﬁut,previgup;y that
the field changes due to a dﬁﬁtant ligh#ﬁiﬁg flash a?s _
characterised by the predominancs of the.radiaiien’terms;Eg._,
and records from distant flashes may be readily identified
from tﬁis fact. The éiﬁeﬁrastatiﬁ‘fiéla ehﬁmg&a prévieusly'
discussed are barely detemmmnable; and the recorda consist
'-mainly of radiation rippleg with the radiation due to the
.main return Btroke‘more pronoﬂnﬁad., The following sketch :

illustrates the genera& forn of tﬁaae reeards¢




1t was stated previously that, in spite of the fact
that the oseillograph umit was seldom put into operation .
exeept 1n the neighbaurhaed of a stsmm aetrvely flashing to
aﬁnun&sxnnmerous‘racoxds_imbm flaches whi¢h diﬁAnot strike,
' %ngrﬁun&aﬁpear’qn;ﬂha_éﬁaillcgra@h £QIMﬁ;1Beaxzng in}mtnd
the pi&mafy object of the\prasent invéstiggtiani~ana'the-
;absenee of deta&lea analyaia of Boys eamera records of such
vflashes, theae aeeillagraph ragoris have nea. as. yoty been.
.suhmitted_to analysis. The examinati@nuand tlassification
of records from such ¢loud flashes hawe"%éen»ﬁnﬂtponed foxr
v.a'aeparaﬁe iﬁvesﬁiga%ién. At the present stage 1t is only
possible to mention eertain of their ahataetﬁriatins. '

Glguaaflaahee are_gound‘ag give reﬁexﬁa of field changeés
w&iah &iffér-eonaideréﬁiyvfraﬁ;théee from graund flaghesy and
oftan whieh differ aeuaid@rably from one anatherm Certain
of then are eharacterisad vy extensive radiation ripple,
whilst others show slow changes of eomparativaly 1ong dura~
tion, anﬁ’af-relativemy,amall amglitaﬁe;-=ﬁnlike the records
from ground fiaﬁkes.~eaaéﬁ of rever#ai bf‘field sometimes
accur, and. alth@ugh aeriea of atrokas nay be suspected. the
regularity of form whinh was absarved in the case of ground

" flash reeorda gcens absent.



DIRECT CORRELATION OF CAMERA AND OSCILLOGRAPH RECORDS,

It was indicated previously that the prohlem of o
obtaining a Bays* camera ghotagraph of a lightning flaah.
and at the same time abtaining an aaeillograph raaord of
the field changes due to bhe same flash, praved a diffieult
unﬁert&kinga %hia wasg &ue to several factors, ineluding
the limited period of run af tne recordiag drum camera, ‘the
neeeasity for haﬁing the ﬁsys' camera tra&ned direetly on
the flash, the faet that the latter instrumant ecula iny
be operated at night, as well as the genaral diffiaulties
, assoaiaﬂad with abtainiag both types ef reeard singly.' on
only sne eccaaxon, during the course of ‘the faeld wnrk now
under review, was it f@uﬂé posaible to obtain suah simu1~
taﬂeous resarésg aad these recorés were not of the best.

With go 1ittle data available in this canneetien, it
is elaar that, at this atage. it is n@t passible té do move
than indicate veny briefly some of the resulta,revea&eé by
the records obtained on %hiﬁ one oceasion, xﬁ nay be‘méntién-
ed that it is intended in the future to endeavour to obtain
gufficient of 3uah‘éifeep1y c&rrelaté& records to‘paﬁmit of
avﬁamplete analysis, » | | A o

In the first place it was found that an exéﬁingtﬁgn -
of tﬁe’rﬁcords‘madevit passible’ﬁa identify the strokes of
a flash on the camera record with the corresponding osc¢illo-
graﬁh rééards‘of fisld changes, anﬁltha timéﬁinter?a;s_gey*
argﬁing strokes as obtained from the two types of record
were found to agreée within the limites of aﬁauracy ef'the
meagurements, It was'thﬁs possible to idemtify a particulax
cﬁmera record of a singlée stroke with a particular record
of.field\changes on the oaéii&oéraph film. '.

One passible point of comparisan between the two types
of reaord was furnished by the timea of duration of the

leader proceéss, For two of the reeords of particular strokes



the leader times as determined from the Boys' camera photo-
‘graphé were found to be 1900 miero~seconds and 170 #ﬁerqa |
seeonds.feﬁpectively,, Thé values for the 1eadgrltim§v(tlj
as obﬁained frbmftha ccréesponding esciliograph'recordé
were feund to be 3000 miero-eeconda and 240 micra-secanda'
respeetﬁvely@ These reﬂults not only indi@ate agreement in
the order of value obtained by the: two mythods, but show
that in'geﬁéralfthe vAIQE“frem ﬁﬁe oéci;logfaph record is
 higher than that %fem the camer& record. This result is ta‘
be expected when it is remembered that the camera 48 limited
to a record of visible phenomena. | |

‘ It may be mentioned that certain anamaliea were obser-
ved in the records, but it was not possible to investigate
'them fully with g0 little data aVailable. The analysis of
'the Boys' cameragreeords wag kindly undertaken by Dr.Schon+



Thé 1nveatiga§i¢n fonming the nuhjeat af thé first :“!»
pértieﬁ of this thaais, in whieh thk ﬂathoﬁe an/ﬂaeillegraph
'Daréetian E&nﬁer was emmlayed to investigate the dirsctian
ef arrr?az of atmoapheries, was undertmken with ﬁhe assists
anae ef a grant fram,thé Bésearah G&aa% Baawﬁ tawar&a the
«ﬁ@Bt nf thé neaessary apgaratus* The investig&ﬁxon ef the
, fiela ehangee in the neigabourhaaa of a lightning flaah form-
ed part of ﬁhe w@&k of " tha Lighﬁning Régearah Cﬁmmittee af
' thé 8.A‘Instztute af Eleetrical ”ngineeréa
' The suthor wishes to tender hié grateful thanks to the .
| many iﬂaividuala mha, %y ﬁhair asgiasanee aﬁé aﬁvi@ég greatly
facilitatea the prngréss of the wmik. In par%iéuzax he az
greatly indebte& to _ .

o Hﬁ.sﬁﬁﬁnton, UaiV§rsaty @f eaﬁetawn, ana EraH‘B.Thorpe;
ﬂawar@ cailegey Barban, for aesiataﬁee in the eanatruetion of
the ueaassa&y apparatﬁs, . o

The nireétar and Btaff af the Ea&ia Basearch.Statien.
SIngk, for aﬂviéé regarding the teehniqu% of the;me%h@aa :
‘emrlayeﬁ 1n the inveﬁtigationaa and yartieulaxly te tha late
'Mr.s.s*.ﬁeﬁ-d, ané to Mesara Watson Watt and Lutkin,

Prafeasur A.@gg; ﬁﬁf?ersity of Ga@etﬁﬁn, an&? Profeasor
H.H.?aine, ﬁn&versaty of thé Wﬁtwatéxerana. for th&ir antereat
in thé wnﬁk; and far so kﬁndly grnvi&ing labaratazy ané ‘worke

ﬁhﬁp faeilitiaa, , |

| ) &r;H.COIXené aﬁd Drsn.s.%hlaa, whe gave awﬁivé aad un-
atinted aasistance in thé fielé work of the 1nvestigatisu; and
whoae experien&é » gaﬁneé in annaeetian thh the Bays' eaﬁ&ra
iuVﬁstigaﬁiona. was of such immense value, |

| Fxnally, the authat wisheﬁ to plaee an record his deeﬁ
»‘gratitade to Prafessar B. F.J.sahaniana. the Diraetér of this
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It is well known that certain tvpes of aerial, whether used
for the transmission or the reception of signals, lme directional
properties, varying in degree with a numbel of different factors.

Varlous means have been devised to utilise this principle to,
determine the direction of an incoming signal, and these are

exemplified in the direction finders which have been, and are

at present, in use in navigation by air or at sea, such as the

Bellini-Tosi and the Adcock direction-finders.

The application of the cathode ray oseillograph to the visual

recording of the direction of incoming signals has been developed
during the last ten years by Watson-Watt and his co-workers at

the Radio Research Station at Slough. This was primarily.

undertaken for the determination of the azimuth of arrival of
atmospheries. But the ease with which the movement of the
fluorescent spot on the oscillograph sereen can be recorded photo-

graphically, thus making the apparatus self-recording, largely.

eliminates the human factor, and has led to the development of
a relatively high precision instrument.

Further, the fact that the source of atmospheries on the
-earth’s surface is always found at a region where there is a state
of maximum , meteorological dlscontmultv (e.g. storm centre)
makes the appm atus an 1mportant if not plactlcally an essential
part of the equipment of every meteorological department. - Any
-one instrument has a range of ‘three to four thousand miles, and

with two, or preferably three, stations malking simultaneous

records, centres of disturbance can be located accurately, and
their movements traced and recorded. It seems unnecessary to
stress the importance of all meteorological data in South Africa,
this country of alternating drought and flood, and an avenue of
1nfonnatlon such as this offers seems well worth exploration.

PRINCIPLE OF THE APPARATUS.
The apparatus here described will be demonstrated before the

Association. It has been constructed in the Physiecs Department-

-of the University of Capetown on the lines described by Watson-

Watt, Herd and Bainbridge-Bell in their publication Tbm

Cathode Ray Oscillograph in Radio Research.”’

—

-
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The principle of the instrument is briefly as follows:—
Two identical frame aerials are taken and placed with their
planes vertical, the one oriented along the North-South
geographical meridian, the other Kast-West, so that their planes
are mutually at right angles. If a vertically polarised electro-
magnetic wave, travelling in a direction making some angle A
with the geographical meridian, passes the aerials, it will produce
in the North-South frame a voltage equal to k Cos. A, and in
the other frame a voltage equal to k Sin. A, where k is some
constant.

Tt these two voltages, either directly or after suitable and
equal amplification, are applied respectively to the two pairs of
deflecting plates of the cathode ray oscillograph, they will produce
deflecting fields on the electron beam equal to K Cos. A
and K Sin. A respectively at right angles to one another. The
resultant of these will cause the beam to be deflected in a
direction making an angle A with the direction of deflection of
the beam when oscillating under a voltage on the pair of plates
connected to the North-South frame alone, and hence the angle
which the incident wave makes with the geographieal meridian
is directly indicated.

The length of excursion of the fluorescent spot on the sereen
of the oscillograph depends on the final voltage applied to
the oscillograph plates. The attenuation of an electromagnetic
wave with distance is well known, and hence, even with frames
of large area and number of turns, when signals from a source
at any distance are fo be received and recorded, it becomes
necessary o armoplify the voltages from the aerial before
application to the oscillograph plates. The amplifiers used for
the two limbs require to be closely matehed, not only in the
gain, but also in the phase displacement which they impose on
the deflecting voltages applied to the plates. If equality of gain
were absent, the augle of deflection on the oscillograph would
not be the same as that of the incoming wave on the frames.
On the other hand, if the two original signal components, co-
phasal as they leave the frames, suffer phase-displacement in
the two amplifiers, the pattern on the oscillograph sereen is no.
longer a line, but an ellipse, whose dimensions depend on the
phase difference introduced by the amplifiers,

Tor FrRAME AERIALS.

The aerials in use at present are such as can be comfortably
housed indoors. They are rectangular, and carry 100 turns of
wire of side 1 metre, the spacing between turns being 0-5 ems.
The inductance of the frame, measured bv the usual bridge
method, is 186 m.H. The frames are made of iron water
piping % inclt internal diameter. Since there are two such frames
set close together and at right angles, the closed metallic loops.
of one frame are parallel to the windings on the other frame,
and comparatively closely coupled to it. Hence eddy currents
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in the frames must be avoided, and this is achieved by inserting
insulators of ebonite in the frames so that all closed metallic
loops are avoided.

The work of Appleton and Watson-Watt on the wave form
of atmospheries lias shown that in general they are aperiodic
disturbances.  Further, the signal strength of an atmospheric
is greater on a system tuned for longer than for shorter waves,
hence for the direction-finder the aerials are tuned approximately
to a frequency of 10 kilocyeles/see., representing a wave length
of 80,000 metres.

THr AMPLIFIERS.

The amplifiers used are resistance-capacity coupled, and
each contain three stages, with a fourth stage which can be
added if necessary. Anode-civeuit de-ecoupling is introduced to
reduce refroaction and series resistances are placed in the grid
circuits to prevent self-oscillation. The amplifier units are
carefully screened and the wiring kept as short as possible and
brought close to the metal case, so that the wire-to-metal
capacity may act as a shunt for unwanted high frequency
currents. .

A potentiomelrie inpuf is inserted to the grid of the third
valve in each amplifier. This serves as » means of adjusting
the overall gain in the amplifier unit, and also serves to adjust
the two amplifiers to approximate similarity of gain. The bias
to the grid of the first valve in each amplifier can also be vavied
bv a potentiometer in the input grid cireunit, and this provides.
a means of exactly matching the two amplifiers for gain.

I care be taken during construction to mateh the two
amplifiers as far as valves, components, lay out and wiring are
eoncerned it will be found that very little, if any, phase-
displacement takes place—any that may occur may be adjusted
by a variable condenser inserted between the output from one
of the amplifiers and earth.

Tar OSCILLOGRAPH.

The Oscillograph used is that put on the market by Messrs.
A. C. Cossor, Ltd., London. Although at the present time these
are manufactured with a high degree of accuracy, yet they may
have certain inherent faults e.g. the vertically and horizontally
deflecting plates may not give exactly the same amplitude of
excursion when the same voltage is applied separately to each
pair of plates or the two sets of plates may not be oriented so
that the axes of deflection are strietly orthogonal to each other.
For this reason it is not sufficient to inscribe on the sereen face
of the oscillograph a geometrical protractor. The protractor has
to be inscribed ° electrically.”” This is done by taking two
potentiometers in scries, the resistance steps in each potentio-
meter varying respectively as the sines and cosines of angles:
increasing say in steps of 100, By this means a voltage 28
applied to the inpnt terminals of the potentiometers will result
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in a voltage I Cos. A being applied to the vertically deflecting
plates, and I& Sin. A to the horizontally deflecting plates, and’
the spot will indicate the correct position of A on the screen.
face. Any errors in the construction of the oseillograph will be
indicated by the departure of such an electrical protractor from
the geometric, but it will clearly give the correet direetion of the
incoming signal.
Lixe Up.

It has been emphasised that, for the correct functioning of
the direction-finder, close matching of the two limbs, in both:
gain and phase, is essential, and this process of matching stage
by stage is known technically as ** lining up.”” To facilitate this
matching process, use is made of a *‘ test oscillator.”” This is
an oscillator at approximately the frequency to which the frames
will be tuned, and which must be very carefully screened to
prevent undesired pick up in any parts of the circuit. This is
coupled equally into the two frame circuits, either by means
of a mutual inductance or, preferably, by earthing the centre
points of each loop through two accurately inatched resistances,.
and connecting the test oscillator to these points through buffer
resistances to reduce the consequent coupling between the
frames.

The first stage in the line up is to conunon the two scts of-
plates of the oscillograph. Any voltage applied to this point
affects both sets of plates equally, producing a deflection of the
spot at 450. This line is the effective reference line for all
matching, and is cavefully marked on the screen face. The
amplifiers may now be matched stage by stage by commoning
their respective grid inputs. Thus if the final grid input circuits.
of the two amplifiers are commoned, any voltage is applied to
both amplifiers in equal magnitude and phase, and both
amplifiers can be carefully matched. - If the commoning con-
nection be then removed, any variation from the 45° line or any
ellipse will indicate discrepencies in the matching of the aerials
themselves. '

: SExsE DEevICE. .

Any recorded signal on the cathode ray oscillograph
direction-finder so far deseribed gives an ambiguity of 1800.
That is to say, a signal from the North-Bast gives a line across
the whole face of the oscillograph, and thus givés no indication
as to whether the direction of arrival is from the North-East or
the South-West. This 1s-a fault found in all radio direction-
finders, and is overcome in the case of aural instruments by a
second determination to fix the direction absolutely. In the case
of the cathode ray instrument the direction of arrival may be
fixed absolutely by a device whichi leaves the beam in focus on
the screen in the required quadrant, and defocusses it completely
in the opposite or unwanted quadrant, thus fixing the direction
of arrival absclutely in a single operation, a necessity where
intermittent phenomena such as atmospherics are concerned.
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The focussing of the spot on the screen depends on the
voltage applied to the Wehnelt cylinder of the oscillograph. In
addition to the two frame aerials, a non-direetional aerial is
erected, tuned to the same frequency, and, after passing through
a similar amplifier, its voltage is applied through a negatively
biassed valve, the change in the anode-circuit resistance current
of this valve altering the potential of the focussing cylinder of
the oscillograph. This circuit is so arranged that signals reaching
the oscillograph from it and the loop amplifiers are co-phasal.
Thus the aerial signal will affect the eylinder over the half-cycles
while the jet is moving between the origin and its further or
unwanted quadrant, leaving it focussed in the required quadrant.
When a signal comes from the opposite direction the phase of
the aerial current is unchanged, while that in the loops is
changed 180°. Hence the defocussing is transferred to the
opposite quadrant, and the direction sense is again absolutely
determined.

ProrocraPHIC RECORDING.

As previously indicated, the ease with which the movements
of the fluorescent spot may be recorded photographically makes
the instrument one of high precision. The camera used is an
ordinary drum camera carrying a roll of film, which moves
vertically at constant speed. The speed must be sufficiently
slow for.no broadening of a trace to take place due to film
motion. In practice a film speed of 2 em./sec. is found
sufficient to avoid opening of an individual trace, yet allowing
the recording of numerically high rates of incidence of signals.
To obviate the registration of the undeflected spot as a con-
tinuous line, masking all North-South deflections, the centre of
‘the screen is covered by a small piece of ruby paper.

When simultaneous observations are being made at two or
more stations, synchronisation of the records is of the greatest
importance. This is done by the transmission to the stations
from some common source, either by telegraph line or by radio
signals, of periodic time signals, which are impressed on the
oscillograph. After development, the films can then be placed
side by side, and the results simultaneously reduced to give
the exaet location of the particular atmospheric source.

In conclusion may I again point out that experience has
shown that, where these methods have been adopted, data of
the first importance has been made available. I trust that, in
the near future, these methods may be put into use in South
Africa, and provide data equally useful, not only to this country
alone, but to the wider field of world meteorology.
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The application of the Cathode Ray Oscillograph to the determmatlon
of the direction of arrival of atmospherics at a station has been developed
by Watson Watt and his co-workers at the Radio Research Station at
Slough.* The device they have evolved employs the well-known principles
of radio direction finding to obtain, on the oscillograph screen, an instan-
taneous and direct reading of the true bearing of the source giving rise to
any single atmospheric reaching the statlon with sufficient energy to
" operate the instrument.

It is clear that, if two such bearings of the same source are obtained
at different stations, a fairly accurate location of the position of the source
may be made, whereas a single bearing from one station merely gives the
direction of the source. ‘The amplitude of the disturbance recorded on
the instrument from a source will depend, however, amongst other things,
on the distance between source and station. It is therefore possible, even
with a single station, to obtain an approximate estimate of the distance of
the source from a consideration of the average amplitude of the records on
the instrument. '

Considerable evidence has been advanced by Watson Watt to show
that the great majority of atmospherics, if not all, originate in regions of
disturbed weather, and are associated with electrical disturbances of the
nature of lightning. A similar conclusion has been reached by Munro
and Huxley 1 as the result of extensive investigations carried out by them
in Australia. The Cathode Ray Direction Finder thus makes it possible to

* ¢ The Cathode Ray Oscillograph in Radio Research,” by Watson Watt, Herd, and
Bainbridge Bell (H.M. Stationery Office).

1 “ Atmospherics in Australia,” Report No. 5, Radlo Research Board, Australia. A
further valuable report, No. 8, 1935, has reached us too late for consideration in this

paper. :
VOL. XXIV, PART II. B 7
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determine the location of disturbed weather conditions within a radius of.
2000 miles or more of any station. For this reason the method is likely to
be of value in meteorological forecastmg, and it has already been success-
fully employed in this way in Australia.

At the present time the Government Meteorological departments in
Southern Africa depend for their information of local weather conditions
on reports from observers at various points scattered over the sub-continent.
With such a large and thinly populated area to be covered this method has
obvious disadvantages, and it is impossible for the departments concerned
to obtain complete records. They are further handicapped by an absence
of reports on weather conditions over the oceans in their neighbourhood,
which would greatly facilitate weather forecasting. The proposed estab-
lishment of a meteorological station at Tristan d’Acunha, which would
supply information of depressions in the Atlantic Ocean, would have its
value greatly enhanced, as far as South Africa is concerned, if means were
available for following their direction of movement. The report system
has a further disadvantage in the delay which ocours in reports of disturbed
weather conditions reaching the meteorological offices. This is of special
importance in the case of air-routes, and a rapid and practically instan-
taneous means of lc:ca,tmg thunderstorms and heavy ra,mstorms along such
routes would be of great value.

It thus appeared desirable to explore the possibilities of the use of the
Cathode Ray Direction Finder in South Africa, and the present paper
gontains an account of a preliminary investigation on these lines using a
single station located at-Cape Town. :

!

DEescripTIiON OF APPARATUS

The principle of the apparatus has been fully descmbed eisewhere A
and only a brief description will be given. ‘here.

Two identical frame aerials are set!up close together, their planes
vertical and at right angles to each other, the one along the North-South,
the other along the East-West geographical meridian. If an incoming
electro-magnetic wave is such that the horizontal component of its mag-
netic vector makes an angle A with the plane of the N-8 loop, it will induce
in this coil an alternating E.M.F. proportional to cos A, and in the other
coil an E.M.F. proportional to sin A. If these two E.M.F.’s, after equal
amplification in both gain and phase, be applied respectively to the y and =
deflecting plates of the oscillograph, the resultant trace on the screen

* Watson Watt, ¢f alia, loc. cit., p. 162,
1 Watson Watt, et alia, loc. ¢if., p. 162; “Radio Direction Finding with the Cathode
Ray Oscillograph,” by D. B. Hodges, Journ. 8.A. Assoe. for Adv. of Science, 1935,
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produced by their combined effect will be a straight line making an angle A
with the y axis of the oscillograph, thus giving a direct reading of the
direction 'of the incoming wave.

The frame aerials used by us were 1 metre Square, and consisted of 100
turns of wire with a spacing of 0-6 cm. between the turns. Each coil had
a resistance of 12 ohms, and its self-inductance was found to be 14-3 mH.
Each coil was tuned by a fixed condenser of capacity 0-015 mfd., so that
signals were received at a frequency of 10-86 ke./sec., corresponding to a .
wavelength of 27-61 kilometres. The signals were then directly amplified
at this signal frequency by means of two carefully matched amplifiers.
Each of these had four stages of resistance-capacity coupled amplification,
using 1..8.5.B. valves. A gain control on the third stage in each amplifier -
provided a means of adjusting the amplitude of the final signal on the
oscillograph. Actually full gain was never employed in this work.

The oscillograph tube used was a Type A Cossor- Cathode Ray Oscillo-
" graph. The compass dial was inscribed on the fluorescent screen of the
tube by an electrical method.* Three concentric circles were then inseribed
on the face with the stationary spot as centre, of radii 0-5 e¢m., I em., and
2 em. respectively. . These were used to provide a rapid means of estimating -
the amplitude of any given signal. A general view of the experimental
arrangement, showing the frame aerials, amplifiers, and cathode ray
oscillograph with compass dial, is shown in Plate VI.

The methods used for the matching of the frames and amplifiers both
for gain and phase were those laid down by Watson Watt { under the head
of “lining up.” In this process a sealed oscillator was used to inject
into one or both of the aerials a known E.M.F. This oscillator was of the
usual Hartley type, tuned to the required frequency, and enclosed in a
welded iron box with a mercury seal, as perfect screening of the oscillator
is essential. -

The various stages in this “lining up” process are, briefly, as follows—

(@) A strong signal from the oscillator is injected into one aerial,
while the other aerial is connected through its amplifier, set at
maximum gain, to the plates of the oscillograph. If any signal
is indicated, it shows that coupling exists between the two coils.
The second coil is then moved in its own plane until no signal
is indicated on the oscillograph.

(b) The two sets of oscillograph plates are connected, thus throwing
the s1gna1 from the test oscillator equally on to both sets. The

‘resultant signal on the oscillograph disc will be a straight line
at 45° to the axes, known as the reference line. The amplifiers
are then matched, stage by stage, by commoning their respective

* Watson Watt, ef alia, foc. ¢it., p. 162, t Watson Watt, loc. cif.
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inputs. Any departure from equality of gain is shown by a
deviation from the reference line, and can be adjusted by the
gain controls. (If careful matching of components has been
adopted in construction, this is usually found to be inappreci-
able.) If inequality of phase exists, it is indicated by the
signal becoming an ellipse instead of a straight line. This is
adjusted by means of a phasing condenser in the one amplifier.
(¢) With the amplifiers matched, any deviation from the reference
straight line in the signal from the oscillator injected equally
into both frames must be dué to faults in the frames themselves.
These are finally adjusted by means of a variable condenser in
parallel with the fixed tuning condenser on one of the frames.

MEeTHODS 0F OBSERVATION.

After the process of “lining up” is completed, the gain controls are
adjusted so that the signal from the test oscillator has a given amplitude
(usually 1 ¢cm.). This is done so that use may be made of the amplitudes
of the signals from various sources and on various days for comparison
purposes. The oscillator is then switched off, and readings taken over a
stated period. One observer watches the dial, and, as each signal is
observed, calls out its direction and amplitude. These are taken down and
tabulated by an assistant. It was found that greater accuracy could be
obtained by allowing the observer to concentrate on observing alone,
instead of tabulating his own observations. Directions could be estimated
with an accuracy of 4-3°, and amplitudes were obtained by means of the
concentric circles on the dial. In this preliminary work no arrangements
were provided for obtaining the sense of 'the direction of the signal. With
the apparatus as so far described, signals both from the North-West and
from the South-East, for example, would give the same straight line on
the dial at 45° to the axes. Continuous observations were made for a
period of about ten minutes each day the instrument was in operation,
usually in the afternoon between 2 p.m. and 5 p.m. local time. In a few
cases morning and night observations wére made, mainly to test whether
any general variation in amplitude was noticeable.

We are greatly indebted to the Chief Meteorologist, Irrigation Depart-
ment, Pretoria, and to the Chief Meteorologist of Southern Rhodesia, who
kindly supplied us with the meteorological maps compiled by their respec-
tive offices covering the period of our investigation. It was thus possible
to compile maps on which were plotted the bearings given by the direction
finder together with the meteorological information from the departmental
maps. From this information we were able to ascertain the range of the
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. instrument, which was found to. be about 2000 miles from Cape Town in
the afternoon. Sources correlated with actual thunderstorms ranged in’
* distance from 350 miles to 1000 miles from Cape Town.

Table I is an-extract from the log book showing a typical set of observa-
tions on one afternoon. Observations were made on 26 days between
3rd September 1935 and 18th October 1935.

TasLE I.
Date: October 9th, 1935. = | - Oscillator |
Calibration 1 em.
Time: 13} hours. ' _
Run: 10 minutes. Observer D. B. H.
Ww. N E.
30° 1° 15° 45° 70°
10 10 6 8
! 10 7  Continuous 8 20
8 5 Amp. 5. 10 10
8 : 8
10 10
8 10
"8 10
8 10
8
10
10

GENERAL SURVEY OF RESULTS.

The series of maps shown in figs. 1 and 2 cover the period of the investiga-
tion, and we have included a map for each day on which readings were made
with the instrument, with no omissions. The straight lines indicate the
bearings of sources of atmospherics as given by the Cathode Ray Direction
Finder. Against each bearing there are three symbols. .

1. M. A. or E. indicated that observations were made in the morning,

afternoon, or evening.

2. The second symbol indicates the average amplitude of the signals on
the compass dial from that particular bearing in millimetres
reduced to a common level for comparative purposes. This stand-
ard setting for amplitude is that which gives a deflection of 1 em.
from the standard oscillator, and represents an input field strength
of 1020 micro-volts/metre. '

3. The third symbol indicates the average frequency of the signals from
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a particular source, the figures giving the average number per
minute during the period of observation. Where this average
frequency exceeds 1 per minute, a heavier straight line has been
used to indicate the bearing.

A A A
v i ‘

\1. 10, 35. T1s.10. 35,

»FIG. 2.

In general it was found that afternoon signals came in continuously with
an amplitude of about 05 cm. from the well-known active area of the
Congo watershed. This source, actually éxtending in bearing from 5°
t0 15° E. of N., is shown on the maps by a dotted line, and in our observations
~we usually neglected it for the closer study of nearer sources.
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RELATION BETWEEN THE BEARINGS OF ATMOSPHERICS AND
RePORTED THUNDERSTORMS.

During the period under review the meteorological maps indicated that
thunderstorms were reported as having' occurred in fifty-four different
places. In 35 (65 per cent.) of these cases 'atmospherics were detected,
during the running of the instrument, with bearings lying within 3° of that
of the reported thunderstorm, and in 48 (89 per cent.) of these cases the
bearing lay within 5° of the reported thunderstorm. When it is remembered
that the usual time devoted to the making of observations with the direction
finder was ten minutes per day, while the meteorological reports cover the
whole twenty-four hours, the agreement is striking.

In all a total of 174 bearings on sources of atmospherics was obtained
during the experimental period, 57 being from sources located in the
Atlantic and Indian Oceans, and 117 from sources over the land. Of these
latter land sources, 27 (23 per cent.) gave bearings within 3° of those of

" thunderstorms actually reported on meteorological maps, and 15 (13 per
cent.) were associated with the active region of the Congo watershed
previously mentioned. Of the remainder, 37 (31-56 per cent.) were from .
directions indicating sources in S.W. Africa, the Kalahari, or Bechuanaland,
all regions where the meteorological report system is practically non-
existent, and 38 (32'5 per cent.) were from other land sources. If those
directions which the report system is known not to cover be neglected, then
of the 80 recorded bearings 42 (52-56 per cent.) are found to be definitely
associated with thunderstorms. When it is remembered that the report
system, even in the more populous areas, cannot be exi)ected to report every
thunderstorm which occurs, and, further, that a certain number of the
uncorrelated signals were of small average amplitude, and thus might
very well be associated with depressions in the Indian Ocean, it is reason-
able to conclude that the lightning flash is the chief, if not the
only, source of the atmospherics received. In the course of this work
our observations have given us no indication of any other source of
atmospherics. '

OcEAN ATMOSPHERICS AND CoasT PRESSURE RECORDS.

In South Africa there are practically no meteorological data available
with regard to weather conditions at any appreciable distance from the
coast on the Atlantic side of the sub-continent. On the Indian Ocean side
a certain amount of information can be deduced as to the existence of
“highs” or “lows” at sea from meteorological reports and occasional
reports from ships from India and-Madagascar. An analysis of the bearings
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obtained with the Ca,thode Ray Direction Firder of sources located at sea
is therefore of interest.

Arpantic Ocean SoURCES.

Sources of atmospherics were loeated in the Atlantic Ocean on 20
different days. On 4 of these days (13th and 21st September, 4th and 9th
October) there were definite “lows ” shown on the meteorological maps
off the west coast in the region of Port Nolloth. The bearings and ampli--
tudes on these 4 days are shown i in Table II. These indicate sources about
1000 miles away from Cape Town.

TABLE 1L
Bearmgs of Atlantic Sources on Days of West Coast *“ Lows.”

3-at 30° of amplitude (average) . . 8mm.*
1, 45°, .. 20,
1 33 60‘) 1) 32 ) - oo 8 3

1 23 65° 23 1 . - .19 *
: ‘ ) _Awverage—12 mm.
On 9 of these days (10th, 20th, 25th, 26th, 29th September; 2nd, 3rd, 12th,
15th October) there was a general decrease in pressure on moving north
along the coast from Cape Town, suggesting the presence of a “low” at

~sea approximately 1000 miles away. The bearings and amplitudes of the
 signals received on these days are shown in Table 111

Tasre III.
Bearings of Atlantic Sources on Days of probable near Atlantic *“ Lows.”
' 2 at 30° of amplitude (average} .~ . 16 mmfg
]- 33 350 33 . ” . . - 5 3 ’
2 32 400 Eh 3% bl * - 8 33
5 2 450 s 23 ’ ' bR N . t. 10 £
3 ?’ 600 32 ' % ) 2y . . 13 3
. 4: 3 750 32 3 33 . - 7 2

Avemge—lS mm.

On the remaining 7 days (3rd, 23rd, 24th, 27th, 28th September, 1st, 5th
October) definite “highs’ were recorded off the coast at or beyond Port
Nolloth.f The bearings and amphtudes of the 51gnals received on these
days are shown in Table TV, -

* 1 mm. =102 g volts/metre.

t 1 mm.=102 z volts/metre.

1 We are indebted to Mr. N. Sellick, Meteorologist to the Government of Southern
Rhodesia, for the information that on all except one of these days (5th October), known
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TamLe IV.
Bearings of Atlantic Sources on Days when no near ““ Lows™ were present.
1 at 20° of amplitude . . Hmm*
4 3 300 b2l 2 (a’vera’ge) ‘ * 5 »
1 k2 350 2 2 ‘ ‘ . . 4 bel
5 Eh 400 » I 3 . ) . 6 1
2 2 450 33 2 3 . . 13 bRl
2 bR 600 12 2] T ‘ . L 5 12
2 ”» 750 3 b » . . 12 bR

Average—1 mm.

" It will be noticed that the amplitudes recorded in Table IV are about
half those recorded on the two preceding tables, and indicate that the
sources from which the signals were received were at distances appreciably
greater than those of the previous sources, perhaps twice as great. It is
reasonable to conclude that these signals came from sources in no way
related to the conditions existing along the coast. On 5 days (17th Sep-
tember, 10th, 11th, 16th, 18th October) the coastal situation was such that
definite ‘“highs’’ were indicated off the coast, and on one day (17th October)
there was no coastal variation in pressure, and on none of these days
were signals received from the Atlantic Ocean.

- InDIAN OCEAN SOURCES.

Depressions off the Hast Coast of South Africa are less easy to observe
from Cape Town, since their effects are often masked by land storms. On
4 days (10th, 17th, 23rd, 24th September) definite “lows” were recorded
on the meteorological maps off the coast of Natal and Pondoland. On all
these occasions signals which could not be attributed to land sources were
received on the Cathode Ray Direction Finder from these directions.

REDUCTION OF AMPLITUDES TO INPUT FIELD STRENGTH.

A land thunderstorm at a distance of 800 miles gave, on the average,
an oscillograph deflection of amplitude 1 cm. In order to reduce this to the
equivalent intensity in the same sense as that used by Munro and Huxley,}
1.e. the field intensity of the continuous wave which will produce on the
screen the same deflection as does the atmospheric, we proceeded as follows.

disturbances were passing along the S. and S.E. coasts. The same may apply to 1 of
the 5 days in Table I (21st September) and to 4 of the 13 days in Table II (20th and
25th September and 12th and 15th October).

* 1 mm.=102 u volts/metre.

1 Munro and Huxley, loc. cit.
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The amplifier gain was determined with an A.C. 50 cycle input, and found
to be 1-0x10% or 80 decibels. Caleulation from the frame constants
previously given then yields an equivalent field intensity of 1020 micro-
volts/metre for unit deflection. The corresponding figure obtained by the
- Australian writers is 1000 micro-volts/metre. As the above method of
reduction is only approximate, the close agreement is fortuitous.

Ter RANGE IN THE AMPLITUDE OF ATMOSPHERICS FROM
A ParrTiovnar SOURCE.

The question of the actual range in the amplitude of atmospherics from
a particular thunderstorm is of some practical importance. In analysing
the observations for this purpose we have found it desirable to omit con-
sideration of all storms which gave maximum amplitudes on the screen less
than 20 mm., in view of the possibility that very small deflections might
have escaped notice. For 27 storms giving maximum deflections greater
than this, the ratio of maximum to minimum amplitude has been deter-
mined, and a distribution table is given below.

TaBLE V.

Range of Ampl@'tmie of Atmospherics from a Particular Source.

Ratio max./min. lying between = . | 0-1 | 1-2 | 2-3 | 3-4 | 4B

Number of cases . . B : . 0 3 10 b 9

It will be seen that the most frequent value for this ratio lies between
2 and 3. The few observations made at night indicate clearly a rise in the
average amplitude of atmospherics from a particular source after dark by
a factor of the order of two, but are insufficient in number for further
discussion at this stage. ' '

The investigations described in this paper were greatly assisted by the
advice and co-operation of the staff of the British Radio Research Station,
Slough, and, in particular; of the late Mr. J. F. Herd. We wish to thank
" Mr. Linton, of the University of Cape Town, for much valuable assistance,
and the Government Meteorologists of the Union of South Africa and
Southern Rhodesia for their interest and co-operation.

SUMMARY. -

Directional location of sources of atmospherics on a wavelength of
27-6 kilometres from a station in Cape Town has been cdrried out over a
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period of 26 days in September and October 1935. Eighty-nine per
cent. of the thunderstorms reported by the meteorological report network
were correctly located in bearing. Fifty-three per cent. of the bearings
over regions covered fairly satisfactorily by the meteorological network
were definitely associated with thunderstorms. The results thus support
the conclusion of Watson Watt and others that the lightning flash is the
chief source of atmospherics.

Sources of atmospherics over the Indian and Atlantic Oceans are
shown to be related to the presence of ocean depressions. The ratio of the
extreme amplitudes of -atmospherics from a particular source has a range
of between 2 and 5. The sources obsérved ranged in distance from 350
miles to 1000 miles.
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