AN ANALYSIS OF THE SFERIC WAVEFORM

By
JOE PAT LINDSEY
o

Bachelor of Scilence
Oklahoms Agricultural and Mechanical College
Stillwater, Oklahoms
1949

Submitted to the Faculty of the Graduste
the Oklahoms Agricultursl and Mechanical Coll
in Partial Fulfillment of the Requirements
for the Degres ol
MASTER OF SCIENCE
195l




N

i
eve y-

14574
L. f? [57 ,? AL

ST par) -3
Cayde A
i s



AN ANALYSIS OF THE SFERIC WAVEFORM

Thesis Approved:

A Z e

Thesiszgﬁviser
e~

Dean of the Graduate Schonl

33384

o



PREFACE

This thesis has as its purpose an anslysis of the

sferic waveform from the standpoints of general charac-
teristics, time duration, and freguency content. Uo
serious effort is made to correlste cheoracteristics of
the sferic waveform with meteorological conditions al=-
though the theories of other investigators and the
cpinion of the writer are often given. Only a very
brief description of the equipment used in the study is
included.

The author was first introduced tc the sub
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act of

=30

.

L.

atmospheric‘disturbances and their intriguing nature by
Dr. Herbert L. Jones, whose subsequent help and inspi-
ration was a material aid to the writing of this thesis.
Thanks are also due the personnel of the Stillwater
Tornado Research Laboratory for their cooperation in
obtaining equipment and information related to the
subject., The support of the Facilities Branch adminise
trative perscnnel of the CAA Aercnautical Center at
Will Rogers Field in Oklahoma City is slso appreciated.

To the writer's family =-- Jo, Terry, and Gary «--

time and companionship.
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CHAPTER ONE

NTRODUCTION

~

Since man first became aware of the phenomens called

"1ightning" he has made attempts to explain the mschanics of

e

its action and so remcve it from the realm cf the mysterious
and place 1t in the category of the understandsble, Early
records indicate that the task was imnedistzsly found to he &
difficult one since the occurrence of lightning strokes was not
a controllable quantity and ths many variations of the phe-
nomens. led to an even greater number of eclaims concerning its
nature, Indeed, Pliny the Elder wrcte as early as 22 A, D,
0f thunderbolts themselves several varisz

Those that come with a dry flash do not causs
plosion, The smoky ones do not burn but blacker

third sort called "bright thunderbolts" of extremely remarks
naturs; this kind draws casks dry without damaging their 1ids
and without leaving any cther trace and melts gold and copper

and silver in their bags without singeing the seal.

ince Anyts time th regearcen into lightning phernomans
Since Pliny!s ¢ the resea light g ph

o
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s
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has taken a more scientific form. Of a necessity the studid
have involved cloud physics and meteoroclogy as well as slectzu-
magnetism. Through integration ¢f these fields of study the

mechanics of the lightning discharge heve been clearly outlincd

:"
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for the most part, However it yet remains To delterm

lg, 7, Wegner and G, D, McCarm, "Lightni
Slectrical T”aHQMlo?¢On And )1Ltr1butloﬂ Refersnce
Edition, Chapter 12. (HRast Pittsburgh, Tiva
Westinghouse Electric And Manufscturing




comple tely the exact reasons for VEY D5 Gl
lightning and to asscciate clsarly its meny forms with other

known factors of meteorology and we

now more currectly considersd as a
"sferics" which is the nams applied to atmoépheriﬁ disbturbances
of an electrcomagnetic nabture,

The study of sferics has bean sccelerabted in the past few

e

years, primarily because of the interest of the wmilitary in
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weather as it affect
ground and air forces a knowledge of storm 1
direction of movement and size is s valuable thing, Civiiian
personnel alsc show an interest in local thundersvorm activiiy,
particularly if 1t iIs of sufficient energy level o cause high
winds or spawn & tornado, The tornado has recelved a large
share of the sferic investigatorts interest bscsuse of 1ts
great destructiveness, It oflten has been called the mouzt
viclent manifestation of nature known to man.

©

Regearch in tornado Identification has bsen carried on

Oklshoma Agricultural and Mechanical College in Stillwaiter,

Py

Oklahoma for cver five years, This work hss besn done unde:

the direction of Dr, Herbert L, Jones,; Professor of

Ingineering., The major line of approach hag been the

the electromagnetic wave characteristics of the tornade sferi.

e

8 distinguished from wave characteristics of lower achtivity

- -

thundserstorms. This ressarch has iInvolved a study of the
Ay

waveform of voltage produced in a vertical antenna snd viewsd,



after amplification, on an oscillcwc

waveforms having received most atte

period of time not exceeding five hundred microseconds, It bhas

been noted that a large number of the wavs sbserved are

still undergoing variation at tne end of The Tive hundred micro=
second oscilloscope sweep veriod, It iz the purpcese of this
thesis, thersfore, to undertakse a study of the wavsform for

@

periods of time up to Tive thousand microseconds from the

¥

initisl portion of the wave front. This
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termine the degrse of correlation of i

longer oscilloscope sweep duration with
characteristics of the sferic wavelform obssrved [for shoritor
time durstions., It also attempts to add to the information als
ready known about the sferic waveform in general,

| Specifically, the study of ths sferic waveform will ine
¢lude the following phases:

1, A description of the basic types of wavelorms ol=

served, associating them with ag many other factors surrounding

their occurrence as possible,

2. A study of the incidence of waveforms observs

8 given time duration.

3¢ A study of the frequency spectrum of cerialn

waveforms observed as well as & general study of the

spectrum for sferics based on all the waveforms observed.



THE OXKLAHOMA CITY SFERIC

One of the major problems of the original sferic de-

tecting station at Stillwater, Oklahoms wes to Find a means

@
[44]

of acdurately locating thunderstorm asctiviti
those that could prcduce a tornado. The direction finder in
use at the Tornadoe Laboratory in Stillwater gave good indi-
cations if the sferic frequencies were sufficilently low; how-
ever when the freguencies in the detected sferics bescame too

high, as was the cgse with tornadic sferics, ellipses wers

e
2
s
[

produced on the direction finder instead of straight line:
as a result the accuracy was seriously affected.

Suitable means of calibrating the direction finder for =a
full 3600 of azimuth, or measuring its errocr over this range of
azimuth angle is yet to be develeoped. A generator to simulate
sferic disturbances is not practical to build and visual ob-
servations of lightning discharges for calibration purposss is
at best "hit and miss." Consequently a satellite station to
observe sferic wavelforms and directions was considered dessira-

¢

ble because of its value in fixing the location of thunderstorm
activitiss, These fixes could then be compared with indi-
cationsg of the radar at the Stillwater station, and wmetc-

orological data cobtained from the weather bursau and 1
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force. By this means the errors of both dirsction fi:
stations could be determined,

Also, it was felt that a satellite direction finding



station could be useful in developing coord

for tracking the movement of the thunderst
had not been attempted as yet, and 1t was wrealiized that numer-
ous problems would undoubtedly arise that had not been foreseen
in coordinating the data from the twe stations. In addition,
more information concerning thunderstorm sctivibty ecould bhe
obtained through the data recorded by a second station.

Thus, a station was establighcd at Will Rogsrs Field unear
Oklshoma City, Oklahoma for the purposes of obtaining mors
data on sferic waveforms and determining the sffectivencss of

ix location of thundepr-

]

gether in
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two stations working to
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storm activity. The first equipment for the station was in-

193]

talled in the early spring of 1952, This consisted of &

direction finder employing crossed loop antennas and two

balanced ampliflers, and an coscilloscope for viewing the
waveforms.

Throughout the summer, fall, and winter following ths
installation of this eguipment, the sferic activity within a
radius of approximately 700 miles was cbserved by Mr,

Fo Go Smith, Jr. and the writer., No permanent dsta waaz taksn
because of the absence of photographic eguipment.

In May and June of 1953, additional equipment wag ige

stalled which could keep & permanent record of the data vbe-

served,
and Mechanical College, It had been used previocusly with

success by the Tornado Laboratory at Stillwater and was capsabie



of photographing waveforms with a duration of not more than 250
microseconds, It was modified by ML. Fo Go Smi
photographing of longer duration. The esszentisal
equipment are shown in the block diagram of the completed Ckla-
homa City Station, Figure 1. The explsnation of the operabtion
of each component of the eguipment and the description the
modifications made for this study is given in Mr. F. G. Smith's
thesis,l The portions of the equipment which are of major

v tha
¥otn®

importance to this thesis are the circuits used to amplil

sferic waveform of which are cshown as the golid linseg of Figure

tto
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1. The progression of the waveform through the squipment
followse The elsctromagnetic disturbance caused by the sferic
discharge induces a voltage in the vertical antemnna. This
voltage variation with respect to time is called the "sferic
waveform," It is fed first through the external smplifying
circuits whose primery function is to match the high im-
pedance of the vertical antenna to the low impedance of the
coaxial cable used to feed the amplified signal some 200 feet
into the station, ‘Thia portion of the equipment was plsaced
away from the rest of the station to minimize &0 cycle inter=-
ference,

The signal arriving through the ccsxisl cable is then fed

1 . . .2
Fo Go Smith, Jr, Establishment O0f A Satellife Torn

Detection Laboratory At Oklahoma City, Okliahoma, Unpublis
Master of Bcience Thesis, Oklahoma Agricultural & Mechanicsal
College, Stillwater, Oklahoma, 1053,
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FIGURE 1, STMPLIFIED BLOCK DIAGRAM, OKLAHOMA CITY STATION



into & low pass filter followed by a vidso amplilfier

L

pass filter was designed te have a cutoff frequency of approxi-
mately 600 kilocycles so that interfersnce Trom broadcast
stations would be minimized., The cutput of the video amplifiler
is fed through a double frequency rejection filter into the
vertical amplifier of a Dumont 241 oscilloscops. The re-
jection filter was designed by Mr. F. G. Smith, Jr. to slimi-
nate residual 60 cycle pickup from the waveform and to mini-
mize the effects of a low frequency radic range station

_ ! x 1 > 13 mile from the waveform detector,
located approximate one mile from th aveform detecto

This filter was sometimes taken out cof the circuit when high
frequencies were visible in the sferic waveform sines it at-
tenuated to a considerable extent the frequencies between 350
kilocyeles and 600 kiloeycles.

The push-pull output of the oscilloscope amplifier was
fed directly to the deflection plates of a Dumont 304 H
ogcilloscope where it produced a vertical deflection of the-
electron beam in duplication of the time variation of the
voltage induced into the vertical antenna. The oscilloscope
used to view the waveform had a variable sweep durstion and
unblanked time between the ranges of 50 microssconds and 5600
microseconds, This feature was provided by modifications of

existing eguipment, The electron beam intensity of ths Dumont

,.
e

30l H oscilloscope was modulated with timing markers derive
from a 100 kiloeycle oscillator snd counting circult. These

markers previded accurate timing of the sferic waveform
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necessary for their analysis.
The frequency response of the waveform amplifying circuits

is shown in Figure 2. These response curves illustrate the

(’?‘:
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effects of having the double freguency reie

out of the waveform circuit, It will be necessary to use thes

-ty

response curves in Chapter Five to welght properly the freguency
spectrums developed there for two of the more interesting sferis
waveforms recorded,

The station was operated by Mr, #. G. Smith, Jr., and the
writer through the month of June and a portion of July whenevewr
thunderstorm activity was within the range of the station
equipment. This range was considered to be 700 miles although
evidence of activity farther than this was seen on several

occasiong.,
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WAVEFOHM

Investigators do not all agres on the reasons Tor ths
indications given by the sferic waveform; however, there is
reasonable agreement as to its shape, time duratlon, and
frequency spectrum Iin a general sense., The work done to date
in analyzing the sferic waveform has centered sround a study
of the time variation of the current discharge causing the
sferic and a study of the time variation of the slectromagnetic
field caused by the current discharge, A considerable amount
of literature exists concerning the time veariation of the
current discharge, However, there 1is less information svaiis-
ble about the electromagnetic field caused by the current
discharge. The more important observations are given in the
following paragraphs.,

The Time Varlation Of The Current Discharpge

Studies of current flow in lightning di

(j}

charges havs
brought to light a number of interesting facts concerning the
time variation of the current. The current flow in the
lightning stroke has been generally agreed upon as having t©
componentss A “pilot streamer, a "stepped leader,® and a
"return stroke." The process is Initiated by the slow movemer
of the pilot streamer from cloud to ground carry-negative

cherges, This pilot streamer moves with a velocity of 62 to



. . 1 . o s .

1210 miles per second” and ilenizes s channsl throush the atmos-
phere. This current flow produces no visibvle =
has a current magnitude of as low as 0.1 ampere.~ A4As the pilot

streamer moves from cloud to earth, it is followed and over-

F

taken several times by a higher velocity, higher current magnis-
tude "stepped leader.®™ The stepped leader advances inter-
mittently and approximately 160 feet at a time. It moves at a
velocity of about 31,000 miles per secondQB Ths stepped lsader
is usually visible and it reaches the ground at the same time
as the pllot streamer, After the stepped leader has rsashod
the earth, the "return stroke" is initisted, This is a flow
of electrons from the ionized channel to the esarth. Ths flow
begins at the ground end of the channel and prcgresses upward
toward the cloud at a rate of approximately 12,000 to 87,000

L

tensity and is visible as a brilliant flash. After thse crest

miles per second, The return stroke is of much higher in-

value of the current has been reached, it decreases, at Tirst
rapildly, and then more slowly until about 100 te 1000 amperss
are flowing in the chamnnel, This lower current flows for some

time longer, lasting in many instances more than one-tenth of

11, P, Harrison. Lightning Discharges To Aircraft And

Associated Metesorological Conditions., {(Technlcsal No.
1001). Washingfon, D,T.: Wational Advisory Comm For

Aeronautics, 1946, wp. 136-137.
21bid,
31bid,
hlbida
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a second,

The findings of investigators of the current variation in
the discharge indicate thaﬁzs

(1) +the initial front of the current waveicrm s&sscciated
with the return stroke lasts for about 10 microssconds and
reaches crest values of about 3000 to 30,000 amperes withh some
few intense strokes approaching 150,000 ampsres at the crest
value,

(2) the time required for thse return stroke current io

£5

build up to a crest value and then decay to one<half of

tha
crest value is about 75 microseconds,

(3) the time duration from the tegimning of the return
stroke to the end of the current discharge is in the range of
100 to 10,000 microseconds for 90% of the direct strokes
measured, This duration is for each discharge ii there is wmors
than one discharge in the return stroke, (This is often the
cese) .

(I 93% of the current strokes exceeded 100 microssconds

]

in duration while only 3% exceeded 10,000 microseconds du=
ration. Also, 80% exceeded 200 microseconds duration, L3%
excesded 500 microseconds duraticn and 15% excesded 1000
microseconds duration.

gige

{(5) satrokes that occur in regions of high soil r

4]

5¢, Fe Wagner and G. D, McCann, Electrical Transmission
and Distribution Reference Book, Third Edition., (East
Pittsburghe 10Ll1), pp. 311=322,
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tivity may have longsr duration and less awmnlit
in regions of lower soil resistivity,

The Time Variation Of The Electric Fisld

Recordings of the electromagnetic field disturbance in
general bear out the findings concerning the current variations
in the lightning discharge. Schonlane has found that approxi-
mately 65% of sferic waveforms are of the type 1llustrated in

Figure 3@6 The A portion of the waveform is believed to be

o}

associated with the stepped leader process, The and C portions
are thought to be associated with the return stroke, The A
portion was found to last from 170 to 2000 microseconds, Thae B
portion was found to last from 50 to 150 micromeconds and ths ¢
portion appeared to last from 70 to 900 microseconds,

The B portion of the waveform of Figure 3 has received the
most attention. Investigators at the University of Florida
have found thatﬁ?

(l) the waveform resembles & damped sinusoid with ths

exception that each successive half cycle has a longer period

than the preceding half cycle,

6A° A, Bless. Prgpagation And Reception Of 3ferics. (A
summary and bibliography submitted to the Evans Signal
Laboratory by the University of Florida), GCainesville, Florida,
1947, pp. 12-26,

7W;‘K° Kessler, Direction Finding And Ranging On

Abmospherics, (A final report submitfed tc the Evans Signal
aboratory by the University of Florida). Gainesville, Florids,
1948, pe Zoa
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(2) of 100 waveforms analyzed, the sversge time bstween
the first two maxima in the same polarity is 125 microseconds
and the average time of the following cycle is 175 micro-
seconds,

(3) the majority of waveforms showed a progressive
decrement., However there were a number that showed an incre-
mental increase of amplitude with respect to time,

Several theories have besen proposed to explain the reason
for the apparent oscillatory variation of electric field
strength associated with the return stroke., One theory is that
the oscillations are produced by an effective resistance,
capacitance, and inductance of the ionized channel through which
the current flows, Another theory is that the osclllations
are the result of phenomena associated with current flow
through a gaseous medium such as the ionized atmosphere of the
discharge channel, 8till a third theory is that ths oscile
lations are a result of multiple return strokes, each of which
produces a complete oscillation in the radiation field since
there is a build=up and a decay of current for each stroke.
None of the theories have been proven correct in their ex-
planation of the reasons for the oscillations although all of
them deserve additional attention,

The Freguency Spectrum Of Sferic Disturbances

The frequencies present in the oscillatory porticn of the

sferic waveform have been a subject of study for some time,

In genseral, it has been postulated that the sferics which show



L7
low frequencies in the oscillatory portion of the waveform are
the result of a long discharge path while those which show
higher frequencies are caused by shorter discharge paths, If
this is true, the shorter waves would probably signify building
up activity in the thunderstorm previous bto its becoming
“staokéd" high enough to produce long strokes,

The work of Dr. H., L. Jones of Oklahoma Agricultural and
Mephénical College in Stillwater, Oklahoma has shown that the
frequencies present in the sferic waveform will increase with
an increase in activity or energy level of the thunderstorm.
Waveforms have been recorded at the Tornado Laboratory in
Stiliwater which indicate frequencies of 100 to more than 1000
kiiocycl@s present in the sferic disturbances from tornade
ac?ivity. These sferic disturbances however are somewhat
unique and probably should be classified separately from the
nofﬁéi sferic disturbance shown in Figure 3,

The predominant frequencies present in the oscillatory
vportioh of the sferic waveform have been identified by
Schonland as falling between 5000 cycles per second and 20,000

cycles per second.9 On the other hand, Austin has found that

BHePbert L., Jones and Philip N, Hess., "Identificstion of
Tornadoes by Observations of Waveform Atmospherics,"
Proceedings of the I.R.E., LO (September, 1952), pp. 10,9-1052,

9W‘. Je Kessler., Direction Finding And Ran§in% On
Atmospherics, University of Florida, Gainesville, Florida,

I9L3, p. L0,
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the range of sferic frequencies is betwsen 10,000 cyc 18 per
second and 100,000 cycles per second, there being approximately
twenty times as many at 17,500 cyc lass per second as there are at
100,000 cycles per secondglo

Norinder has found that most sferics are unipolar and havs
small oscillations superimposed on lower frequencies in the 5000
cycles per second to 10,000 cycles per second rangeoll

No definite frequency spectrum for sferic disturbances was
found in the literature., However, it was indicated from sevsral
sources that the incidence of sferics of a given frequency
decreased with an increase of frequency., This has been accepted
as true for some time since experience with radio communi-
cations at higher frequencies indicates greater freedom from
atmospherics,

In summary, there seems to be some confusion concerning
the actual frequency spectrum of sferics in general., This is
possibly a result of the fact that the spectrum observed at a
point remote from the disturbance is influenced by the medium
through which the wave was propagated. This fact is borns
out in part at least by the common observance that sferics
oceurring at night show marked differences from sferics oc-
curring in daylight, Most observers seem to agree that the

ma jor portion of the energy in the sferic wave is in the

frequency range below 100 kilocycles,

101p44,
1l1psa,



CHAPTER FOU
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DESCRIPTION OF DATA

The data taken for this study consisted of simultansously
recording the time variation of the electromagnetic field
caused by the lightning discharge, the direction of the dis-
charge with respect to Fhe station, and the time ol oce-
currence of the sferic disturbance, Other information such as
the time duration of the waveform trace, whether or not filters
were used in the video circuit, and the timing merker swacing
was also recorded with the waveform., The permanent recoré of
eagh.sferic discharge was obtained by photographing the di-
rection_finder and video oscilloscope presentations. Alsc
shown in eaéh photograph was the clock indicating the time of
occurrence and a card with information concerning the time
duration of the video trace as well as the condition of the
video circuit (1.0, whether or not the double freqguency
rejection jilter was included). The photograph was made on
35 mm, film strip and approximately 16 pictures per foot were
taken, |

The difection finder used had‘no'ambiguity resolving
circuit to eliminate the 180° ambiguity, Cbnseqdently the
direction of the sferic could be determined ohly by knowing
additional facts such as the location of a front or squslil
line from which the sferic could have originated or by
triangulation in conjunction with the Tornade Laboratory

direction finder at Stillwater, This disadvantage did nob
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prove to be of much consequence since the additional infur-
mation was at all times available and with & good degree of
accuracy.

The data used in this material for analysis of the sferic
waveform were taken on four different days. Weather conditions
on these four different occasions may be described as follows:

June 2, 1953, 9¢00 - 9:30 po.m, -~~- Weather conditions at
Oklahoma City were clear and the sferic activity was at a
minimum. Most returns were from the north and were isolated
in a sector of about 20° west of north to 10° east of north,
These returns were later found to have been coming from northern
Nebraska where several tornadoes were reported, This data
clearly established the range of the Oklahoma City station as
about 700 miles since the gain of the equipment was operated
at near maximum to obtain sufficient amplitude for photo-
grephing the waveform,

June li, 1953, 12:15 = 12230 p.me === Weather conditions
in Oklahoma Cilty were clear and warm with no visible thunder-
storm activity and few clouds. The sferic activity received
was from a front in extreme western Oklahoma, The returns
were from two ma jor directions == northwest and southwest,

No ternado activity was reported from this front. Two locsl
storms developed, one at Taloga, Oklahoma and the other west
of Cherokee, Oklshoma at about 8:30 pe.m., but the photo-

graphic record of this activity was not readable,
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June 5, 1953, 3235 = 3340 pem, === A =zgusll line in
western Oklahoma moved eastward across the state and sferic
activity steadily increased during the afternoon of this date,
By 3230 pe.m.,, sferics were occurring considersbly more rapid
than the equipment would photograph them. This front produced
several minor tornadoes before reaching Oklahoma City., It moved
through Oklahoma City at 5:30 p.m. causing high winds and some
heavy rain, By 8:00 p.m. the front had moved to & distance of
about 30 miles east of Oklahoma City and became almost
stationary, Its activity greatly decreased between 6:00 p.m,
and 7¢00 p.m. and by 7¢30 p.m. the sferic detector indicated an
almost normal level of activity. The lightning asscciated with
the activity as it moved through Oklahoma City was quite visible
from the station and almost as many strokes from cloud to cloud
were observed as from cloud to ground, The proximity of the
activity and the presence of a considerables amount of hori-
zontal component of the electromagnetic field caused the
direction finder to indicate elliptical patterns and directions
were in general indistinguishable,

June 27, 1953, L:15 = L220 p.m, -== Weather conditions in
Oklahoma City were mild with relatively ccol temperatures and
some thunderclouds but no visible precipitation or lightning,
The radar at the Stillwater station indicated precipitation at
Medicine TLodge, Kansas and Bartlesville, Oklahoma, The sferics
observed at the Oklahoma City station were from north, north-

east, and northwest,
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Some 6000 photographs in all were taken during the months
of June and July of which about 3000 were suffi@iently readable
to give usable information, Of the 3000 readable photographs,
627 representative records were esnalyzed for presentation in
this material and the rest were visually inspected for general
agreement with the information obtained from the 627, One
waveform that was observed by the Stillwater station in April
of 1953 was analyzed for its frequency spectrum, This waveform

was recorded during a storm at Argonia, Kansas.



CHAPTER FIVE
ANALYSIS OF THE WAVEFCRMS

The sferic waveforms recorded for this material were
analyzed primarily for their time duration and frequency
spectrum, The over all appearance of the sferic wavelorms was
alse observed to determine general characteristics,

Basic Types of Waveforms

To the untrained observer, each sferic waveform seems to
be different from all the rest and definité patterns of wave
shape and duration do not seem to existe HQwevePS continued
observation of sferic disturbances eventually leads the ob-
server to believe that there is a possibility of classifying
them in several manners, The many photographic records viswed
by the writer in the course of this research revealed & marked
similarity between many of the waveforms, Many of these
similarities already have been observed by others and the
following 1list of general characteristics is intended to
‘principally corroborate the findings of others,

The following characteristics were observed many times
although few of the sferic waveforms had all characteristics
and some had nones

1, A large number of the waveforms were found to
resemble damped sinusoids with a steadily increasing period,

This parallels the findings of University of Florida investi-
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gatorsel Because of the rapid dampening, the freguency of the
ma jor energy content was found to be very near the frequency
computed by measuring the period of the first two or three cycles,.

2. Many of the waveforms seemed to have & high frequency
component superimposed upon a lower frequency component, Theée
types of waveforms appeared to be associated with only certain
directions indicated on the direction finder during any one
period of observation., Therefore it is assumed that they were
eminating from a single storm or thundercloud. No reason was
found for their occurrence in one storm and not others in the
same front or at the same time. However, it is felt by the
writer that such waveforms might signify a building up of
energy level in the storm or cloud since 1t has besen ese
tablished that higher energy levels produce higher frequeuncy
sferiosoe The higher frequency components did not always come
at the first of the waveform, but sometimes appeared as "bursts
of hash" at random points along the slower varying portion of
the waveforme.

3, Some of the waveforms began with & relatively high
frequency component for a short period of time followed by an

extremely slow variation that seemed to contain no higher

1
Kessler, Direction Finding And Ranging On Atmog-
pherics. Gainesville, Florida,.

2Herbert L, Jones and Philip N, Hess, %Identification
of Tornadoes by Observations of Waveform Atmospherics.”

Proceedings of the I.R.E., LO (September, 1952), pps, 10lG-
1052,




frequency components. These wavelorms were alszo assoclated
with certain directions of reception and were assumed o
originate from a single storm or location., The wsveform shape
is best explained by the theory that the current discharge began
with a high energy level, high frequency burst and then was
followed by a long decay of current in the ionized channel,

No reason was found for the occurrence of this type of sferic
rather than a more conventional damped oscillation waveform

as discussed in characteristic 1.

i, Waveforms which originated from distant sctivity were
"smoother" than those coming from nearby storms. This may be
explained by the greater attenuation of the higher frequency
components, thus leaving only the low frequency components to
be observed, This characteristic was clearly evident from
observation of the waveform and suggests the possibility of
determining the range of the sferic disturbance by this
me thod.

5s The waveforms originating from different cloud
formations appeared to have different frequency componesnts
even though the distances to the different storms were ap-
proximetely the same. This was expected since storms of
different energy level will produce sferics of different
frequencies, This difference in frequency content was sufe
ficiently noticeable that one could almost ascertain the

direction of the sferic from observing the waveform shape.
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6, The waveforms having the highest initial amplitude
usually had the longest time duration. The ratio of time du-
ration to amplitude was measurably greater for the higher amp-
litude waveforms, There were numerous exceptions to this ruls ;
however, the characteristic was sufficiently noticeable to
deserve mention,

Many other characteristics were observed but they were for
the most part isolated and were not duplicated often or in a
definite pattern.

Time Duration Of The Waveform

The time duration of the sferic waveform was found to vary
over a wide range. Some few observed were completed in less
than 100 microseconds while others were not completed in 5000
microseconds, which was the longest trace used in this studye.
The average time duration of sferics coming from a given storm
was almost always less than 1000 microseconds. However this
average time varied slightly from storm to storm. In general,
nearby activity had waveforms of shorter duration than storms
farther away, This is possibly explained by the fact that,
because of the attenuation with distance, more of the sferics
coming from a nearby storm were recorded than those of a
distant storm., Thus, for reasons stated in characteristic 6,
the smaller amplitude disturbances’weighted the average of
time durations downward,

The distribution of time durations of 93 sferic wave-

forms recorded on June 2 is shown in Figure L., The majority
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of these sferic disturbances lasted from 500 to 900 microseconds

{153

with seven having durations in excess of 2000 microseconds, All
the sferics recorded were of the low frequency type (below 20
kilocycles)s This activity criginated some 700 miles from the
station and might be considered the norm for distant activity.
Observations on June || of 59 sferics showed two major di-
rections of reception. The distribution of time durations for
each direction is shown in Figure 5, These two storms were in
the same front in western Oklahoma and they appeared to generate
gimilar sferic waveforms, Frequencies present in these wave-

forms were 2lsc low,

g

Photographs of 290 waveforms originating from westerly
direction on June 5 were analyzed and the time duration dis-
tributions shown in Figure 6 were obtained, This activity was
relatively close to Oklahoma City, being approximately 50
miles away, and was the result of a front extending in a north
to south direction., This front was increasing in activity
and moving toward Oklahoma City when the photographs were
taken, Two different sweep speeds were used to check the
correlation between the time durations shown by each sweep
speed as read from the photographs. The majority of these
sferics had time durations of from 300 to 1000 microseconds.
Most of the waveforms were of the low frequency type with & :
few having medium frequency components (20 kiloeycles to 100

kilocycles),
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On June 27, some 183 photographs were taken of sferics
arriving from three different directions. The results of
analysis of these records for time duration distributions of
the three sferic sources are shown in Figure 7. A large share
of sferics from each direction appear to have time durations of
from OO to 1400 microseconds., All of this activity was some
200 miles from the station., Of interest here is the number of
sferics having durations of over lL000 microseconds. This is
representative of about 6% of the waveforms observed on this
date, which is a somewhat higher percentage than is normally
found. _

Based on these 615 sferic waveforms analyzed for time
durations, it may be stated that a trace duration of 1000
microseconds will show the completion of about 66% of the total
number of sferic waveforms, leaving 34% that will still be
undergoing variation at the end of the trace, If a 500 micro-
second trace duration is used, only 31% of the sferic waveforms
will be completed by the end of the trace.

The composite distribution of time durations for the 615
waveforms recorded is shown as the solid line of Figure 8, The
dotted line in the figure 1s a corresponding distribution of
time durations of current discharges in lightning strokes as

given by Wagner and McCanna3v

30, F, Wagner and G, D, McCann, "Lightning Phenoma,"
Electrical Transmission and Distribution Reference Book,
. Chapter 12,
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Freguency Spectrum of the Sferic Wavelform
A function of time, f(t), that does not repeat itself may
be expressed as a function of w by use of the Fourier Integral,

The usual form of the Fourier Integral is,
+ 20

{

Fewoy = Fetye ™9 %% ge
- o5

If the function of time cannot be expressed mathematically, as
is the case for a sferic waveform, the transformation from the
time domain to the frequency domain through use of the Fourier
Integral must be done by graphical means or the equivalent.
This can be accomplished by using a function of the form sin
x/x as is suggested by He Ao Samulon.u The frequency content
of a voltage function of time, e(t), is usually limited by the

circult through which the voltage passes., Since the circult

[

tself will have a cut off frequency, all freguencies above
this cut off frequency which were present in the originsal
voltage function will be eliminated when 1t passes through

this circuit, Thus if a frequency fC may be established, which
is the highest frequency present in a given voltage function

of time, the function may be represented exactly by the sum

of a number of functions of the form sin x/x. The mathematicsl

expression for e(t) will then become,
o

_ B _ siv @b (t-17) o
e(t) - 2 A AL, (t-nT) 7 o
N=o

uH¢ A, Samulon, "Spectrum Analysis Of Transient Respon
Curves," Proceedlngﬁ of the I.R.E., February, 1951, pp. 1?5
186, New York.



where A, 1s the amplitude of the function of time &t the
sampling points which are separated by the interval T . The

spectrum of the n-th term of e(t) may be expressed as,

c(w)= [ a sin AT (£ -nT)
S A G T )

. éi«njmﬁﬁd
A=A —m

._J'CJ

(&

Thus the spectrum of e(t) will be the sum of the spectrums of

each term:

E(Cc)):

- T
e 4" . " S
/9h J

o : & o

N=o .
1
The problem then is resolved to forming the summastion indicated

in the above equation from the plot of e(t),

The first step in cemputing the frequency spectrum of a
given e(t) is to determine the value of foo The value of fc
used in computing the frequency spectrums of the three wave-
forms in this material was determined by inspection of ef{t).
The number of cycles of the highest apparent frequency in the
waveform was determined and a frequency f, was computed. A
value of f, was assumed which was from three to five times f,
depending upon the smoothness of the waveform. Although this
me thod of determining f, 1s subject to some error, it often
allows the use of a value of f, which 1s considerably lower
than the cut off frequency of the circult being used to amplify

the waveform, This in turn allows the use of a larger time

interval T and thus fewer sampling points on the waveform srse
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required, The error introduced in assuming a valus of fc that
is somewhat lower than the highest frequency in the waveform is
greatest for the highest frequency in the spectrum. The
possibility of error occurring may be minimized however since a
judicial choice of f, will cause the spectrum to include easily
frequencies containing 95% of all the energy in the waveform.
There is an sdditional advantage in allowing the choice of fc
to be arbitrary to a certain extent., The time interval T may
be adjusted by means of the choice of f, so that readings may
be taken from e(t) more easily. For example, the choice of a
fo of 300 kilocycles is not as desirable as a choice requires
the use of sampling points which are 3.333 microseconds apari
and the latter would require a more easily determined sampling
point spacing of 3 microseconds,

After establishing the sampling interval, T , it is
necessary to determine the number of frequencies at which
BE(w) must be evaluated in order to give sufficient shape toc the
outline of the spectrum., It is of advantage to choose a number
which is a factor of 180 so that the number of numerical
computations may be reduced to a minimum, To show the im-
portance of this choice, the form of the previous exppeési@n
for E(w) may be changed by substituting 1/2fc for the interval
T and 2wf for ©, both substitutions to be made in the

exponent of the natural logarithm base, e:
22 -inT(£
[

B = ) A ew&

=0
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If the term f is assigned a subscript ¢ which is to range in
integral values from unity to g, where g ia the number of
frequencies for which evaluation of E{w) is made, E(w) bescomes

E(wo) for each frequency value f,:

o9
-...,‘7—,‘11'__.'?4'*-
E(wo) - g An L& S (@c)
N=o Q-OG

It may be seen from this expression for E(wo) that the effect
. of summing on n is to change the magnitude of the phasor
quantity at random in the manner in which the time variations
of e(t) occur, while the change in angle attached to the phasor
magnitude is in uniform steps since the quantity fo/fC is
established for each f . Tt would therefore be desirable to
establish the guantity :f‘o/fc so that for as many values of fo
as possible the angles nﬁfo/fc will have symmetry about the
90°-270° axis., For if this were true, an angle in the first
quandrant resulting from one value of n would have the same
magnitude of sine and cosine function as another angle in the
second quandrant which was the resultant of a larger value of
n, Thus in forming the summation on n, fewer sine and cosine
products would be necessary since the n-formed phasors asso-
ciated with these two angles could have their magnitudes alge-~
braically combined before multiplication by the sine and
cosine components,

It is found upon attempting to form ﬁhis symme try of the
angles nﬂ(%j) about the 90°-270° axis that values of g which

are factors of 180 seem to fit the required results more
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satisfactorily than any other possibility. Consequentiy a
value of g of 18 was decided upon for the freguency spectra
presented here, Thus there will be 18 frequencies in each
spectrum evenly spaced from zero to f, in value at which E(w)
has been evaluated,

To perform the actual summation, tables were formcd that
increased the speed at which computations could be mads. A

<)

set of summation tables was made for each frequency, 7 , for
which computation was made, The table for finding Iy, the
second frequerncy in the spectrum, is given on the following
page to indicate the process involved,

To use this table, the algebraic sum of all sampling
point magnitudes (A values) having the indicated subscripts in
each group 1is formed. The sign before each subseript numbsr in
the table should be included in determining the algebraic sign
of each AL, After summing each group, these summations were
then multiplied by their respective numbers in the center
column of the table. After each group summation had been mads,
the sine and cosine columns were totalized to determine the
magnitudes of the sine and cosine components of fzo The polar
magnitude of voltage at frequency f, was then determined by
combining the sine and cosine components in quadrature in the
usval manner,

Not all of the frequency analysis tables have the same

appearance as the one used for evaluation of the magnitude of

fo. In some cases it is more convenient to associate the
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algebraic sign with the multiplier rather than the sampling

point‘magnitudesﬁi

than the one for f2 while some others heave more.

Some of the tables have fewer multipliesrs

The time

required for performing the summation for f, is representatiiy,

of the average time required for analysis of each of the other

seventeen frequencies,

It may be seen that the table i1s made for a maximum of

100 sampling points since the highest subscript number is 100.
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This 1limits the use of the table to a ceriain sxbent, LI the

total time duration of e(t) is demcted by T, the relation
between T and T (sampling point spacing) must bs

<
T =

0O

in order to use these tables., In some cases, T s as set by

the valuve of fc for a given e(t), is such that the above re-
lation does not hold trues, In such a case, use of the 100 point
tables will require a larger T value and will thus lower the

fe valvue., This introduces error in the computed values of

E(w) for the higher values of ® in the spectrum, If this

error is too great, tables must be devised which allow 2

sufficiently large number of sampling points,

2]

The three waveforms chosen for spectrum asnalysis is thi
material are shown along with their respective spectra in
Figures 9, 10, and 11, The waveform of Figure 9 was obtained
during a storm near Argonia, Kansas by the Stillwater station,
It is representative of a relatively low frequency sferic
although the same storm did produce some sferic waveforms with
high frequency content., The characteristic damped sinusoid
shape with inereassing period is displayed here, A cut off
frequency (fc) of 100 kilocycles was chosen for computing thise
spectrum and the small amount of energy at the high frequency
end of the spectrum verifies this choice as beiﬁg accurate.
Most of the energy in this waveform was found to be concen-

trated at about 12 kilocycles.
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The waveform of Figure 10 contains the highesset frequencies
recorded during the study that were readable from the photo-
graphs, Higher frequencies were recorded on seversl occasions
but the exact shape of the waveforms was not discernable. The
choice of 21l kilocycles as the cut off frequency for this wave-
form was made because of the limitations of the tables used as
discussed above, The fact that energy of appreciable amount was
found at 21& kilocycles indicates the presence of still higher
frequency components,

The waveform of Figure 1l is representative of a medium
frequency sferic waveform, Its spectrum indicetes some low
frequency content centered around 10 kilocycles, Super-
imposed upon this low frequency component are medium freqguency
components (37 kilocycles) and some high frequency components
(116 kilocycles and 151 kilocycles). This waveform originaied
in a storm front which was 50 miles west of Oklahoma City and
moving toward Oklahoma City. At the time the photographic
record was made, the frontal activity was building up and the
maximum activity of this front occurred about two hours after
the photograph was taken, Because of the appreciable ampli-
tude of the spectrum at the cut off frequency, 160 kilccycies,
it is apparent that higher frequencies are present.

In addition to these three analyses of frequency content
of sferic waveforms, visual observation was msde of a large
number of waveforms of the type indicated in the B portion of

Figure 3, These waveforms indicated the existence of a



considerable amount of energy present below the 10 kilocycle
point. Some of the waveforms had & predominance of 200 to

i00 cycles per second for the lowest frequencies observed with
a majority having predominant frequencies of about 2000 to

5000 cycles per second. These were observed as coming from
low activity rain storms or thunderclouds, No high frequencies

were seen riding upon these low frequency sferics,



CHAPTER SIX
SUMMARY ANWD CONCLUSIONS

Analysis of the data recorded for this study indicates
that the duration of a sferic waveform will amost always be in
the range of 100 microseconds to 5000 microseconds with 66%
having a duration of 1000 microseconds or longer, The average
time duration was found to be near 700 microseconds with 52%
of the waveforms being as long‘as or longer than this in
duration,

It was also found that the frequencies preéent in the
sferic waveform varied from 200 cycles per second to over
500 kiloecycles per second, depending upon the mesteorological
conditions at the time of generation of the sferic, Although
frequency spectrums were made for three sferic waveforms ob-
served, the computations were too laborious to justify the
analysis of a large number of representative waveforms for
their frequency content, Thus an over all frequency spectrum
is not given,

The chgracteristics of the sferic waveform were observed
and classified in a general way, These observations were very
similar for the most part to'observations of other investi-
gators. No assoclation of these general characteristics with
me teorological conditions was made because of the lack of
sufficient data., Such a study wlll require more equipment and
closer coordination with sources of weather information ovsr o

large area,
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As & result of this study, the following conclusions are
drawmns

l, Observations of the general characteristics of the
sferic waveform should be made over a period of time of at
least 1000 microseconds from the origin of the sferic, This
will insure that over 60% of all the waveforms observed will
be seen to their completion.

2o The most logical method of securing an over all
frequency spectrum for sferic waveforms is probably a éombic
nation of selective filtering and counting circuits. Mathe-
matical computation of the frequency spectrum of a waveform
is relatively slow even with the use of computing devices and
would not be economically feasible for a large number of
sferics that may be recorded at a single station during a
season's operation,

3. A method must be devised to show in clear detail %he
high frequency waveforms which are known to cccur during
tornado activity., Existing equipment can show only part of
this type of waveform in sufficient detail to perform mathe-
matical analysis, If the entire waveform of the high frequency
type is displayed, the waveform appears to be “hashy" and
cannot be analyzed for frequency content,

i There is a need for simultaneous display of the
direction finder indication and the waveform in such a way

that an observer could readily associate the waveform with the
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direction., Present equipment shows the two displavs
simultaneously but both cannot be seen at the same time by an
observer because of the physical separation of the displayse.
This problem is near solution by members of the research team
at the Stillwater station,

It 1s recommended that the study of the frequency content
of the sferic waveform be continued with possibly the aid of
new equipment yet to be designed, It is also recommended that
further study be made of the longer duration sferic waveforms
in view of the meteorological conditions that cause them, It
is the opinion of the writer that the time duration of the
sferic waveform may provide a key by means of which the gener-

ating mechanism of the high frequency sferic can be perceived,
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