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Experimental techniques for the measurement of natural extremely
low frequency (EI.?) electromagneﬁc noise are described, including methods
for absolute calibration of magnetic and electric field sensors in this
frequency range (3 to 30 Hz). After a review of the theory applicable to
earth-ionosphere cavity resonances a method is developed which permits
location of two simultaneously active, major thunderstorm regions on the
surface of the earth by analysis of ELF spectra. In particular use is
made of 2lectric to magnetic field ratios and of ratios involving the
power spectrum magnitudes at adjacent resonant peaks., ILimitations of the
method are analyzed, particularly those related to £ background noise
(£ = frequency) and to quasi-uniformly distributed, minor lightning ac-
tivity which adds to the noise originating in the major thunderstorm
regions. Appropriate methods of spectral analysis-—-appropriate fre-
quency resolutions and integration times—are determined and the method
is illustrated by experimental data. It is also indicated how the scurce
location procedure—in conjunction with exact data (i 0.25 Hz) describing
the position of the resonant peaks-—-may be used to evaluate Ionospheric

conductivity profiles extending downward tc about 40 ka.
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I. INTRODUCTION - OBJECTS AND OUTLINE OF THE STUDY AND
SUMMARY OF EXPERIMENTAL METHODS

1.2 (bjects

This prcject was concerned with the observation and explanation of
electrcmagnetic noise at extremely low frequencies—apprcximately 3 Hz
tc 25 Hz—and particularly with noise near the Schumann earth-ionosphere
cavity resonances at about &, 14 and 20 Hz. Objects of the investigation
were the identification of noise sources, the identification of pertinent
propagation pnenomena and the identification of other processes which de-
termine prcperties of ELF noise such as diuwrnal variation of its ampli-
tude and of its frequency spectrum.

Possible zpplications of the observation and analysis of ELF noise
which have become apparent in the course of the work are (1) the possi-
bility of locating the position of major thunderstomm regicns on the
surface ¢f the earth, (2) identification of changes in the effective
conductivity profile (i.e. electron and i-n density and collisicn fre-
quency profile) of the lower Ioncsphere over large regicns and (3) pre-
dietion .f sume types of Solar Prcton events and associated major iono-

spheric disturbances.

1.2 Gutline of the study

The major part of the present report is devoted to a detailed
analysis of the first application—1lcocation of major thunderstomrm
regions (or of other ELF sources) by analysis of ELF observations

at a single station. It will be shown, however, that this location

|
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procedure is also fundamental to any determination of ionospheric con-
ductivity orofiles, aince accurate information about such profiles cannot
be extracted from the ELF spectra unless the relative pogitions of source -
and receiver are known (Sections V and X).

Observations indicating substantial deviations from normal ELF am-
plitude levels and normal ELF spectra wvhich preceded ten Solar Pfoton
events in 1967 and 1968 by periods between eleven ind twenty-three hours
will not be covered in the present report, because they are not well
understood and because the number of observations is nct suffieient to
permit definite conclusions withcut further observations. Scme possible
source and propagavion mechanisms were analyzed in "Part I" of this final
report (AFCRL-T0-0143),

Since much of the information obtainable from the always present 0
natural ELF background noise is contained in its changing power spectrum,
the epplicable fundamentals of spectral analysis are reviewed in Section
II. In Section IIT the characteristics of lightning strokes are discussed,
because during "ncrmal" periods—that is periods when ELF nolse levels
are not unusually high and "Schumann" resonances are clearly noticeable—
their major source seems to be lightning activity.

The basic theory of earth-Ionosphere cavity resonances due to
Schumarn, Walt. Galejs, D. L. Jones, Madden and others is reviewed in
section IV while details of a new ELF source location procedure are dis-
cusged in Sections V to VII.

The effects of two natural phenomena which could lead to large

errors in the source locetion procedure are analyzed in Section VIII:
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(1) Noise, possibly of extra-terrestrial or Ionospheric origin and having
a £ power spectrur (where 1 < & < 3} is always present. In section o.1
it is indicated how large this background noise can be beforse it will
prevent extraction of source information from ELF data. (2) The soﬁrce
location procedure sssumes that the major thunderstorm activity at ary
cne time is restricted to one or two msajor regions such as a 106 km2 area
(approx. 10 by 10 degrees) between 1700 and 1900 local time at an equa-
torial land mass. Simultaneous with this major thunderstorm activity
there are, however, many smaller thunderstorms in progress cver the rest
of the earth' surface. Section 8.2 considers the effect upo < spectra
(and the proposed source location procedure) of various possible relative
distributions of lightning activity between the major thunderstorm centers
and the more uniformly distributed minor lightning activity.

In section IX the source location procedure is illustrated by the
analysis of experimental ELF power speetra and in section X conclusions
are drawn and directions of future work are suggested. In particular it
is indicated how the source location procedure—employing the ratios of
the power spectrum magnitudes at the resonant peaks-—can te used, in con-
Junction with exact data (+ 0.25 Hz) describing the position of the reson-

ant peaks, to evaluate Ionospheric conductivity profiles,

1.3 Experimental methods

Observations of extremely low frequency electromagnetie noise in the
earth-ionosphere cavity [Schumann] resonance region are made on the Alton
Jones campus of the University of Rhode Island [71o Yyt o1m W, 41° 370

53"N] in West Greenwich, R. I. The observation site is in a rural forest

RpPrs:

ey

LAy




|

o . - -
- _‘.,,p*: . .. _ . - R e el VRS A

i

O AT T ERITT S Y U TN, Y K PR T
g f iy

: - location, far from sources of man-made electromagnetic and vibrationsl

bterlaon ke, b

noise {approximately three miles from the nearest public road). Varia-

tions of the horizontal magnetic field and of the vertical electric field

i AR
Amder fate & Y

in the frequency region between approximately 3 and 40 Hz (3 dB points of
input filter) are monitored contimuusly; the vertical electric fieid

Lalle s b it v e o

2 data camnot be used, however, during heavy local precipitation. Local

Yghtning activity, when it occurs, contaminates both electric and meg-
netic field data, but thunderstoms are coﬁnon in this area only between
 May and Septelnbex'" and the arnual éi}erage muber of thunderatorm days is
- twenty-two. |
The sensors for the horizontal magnetic field are two orthogonal 2
meter diameter coils, each eonsiatihg of four separate sections with ap-

prox:lm&el’y 11000 turns of mmber 30 wire. Both coils are electrostatically

shielded by aluminum housings and are buried in the ground within a small
mount (approximately 2 meter high by 10 meter in diameter) designed so as
to minimize the propagation of elastic (acoustie) 5urface waves. The to-
tal output from each coil due to thermal noise within the coil and due to
pick-up of ambient noise is ;approxima.tely 4.5 mierovolt measursd through
a 7.74 to 8.3 Hz (one-tenth octave) filter during a "quiet" period (no
disturbances on the "summary record" descrihed below and illustrated by

E figurs 1-5).

: The magnetic field equipment is calibrated at least once each week
by the transmission of an 8 Hz signal from a calibrating coil for a
period of 10 to 15 minutes. The calibrating coil pmciuces a horizontal
magnetic field intensity of exactly 10"5 ampere — (12.56 milligamma)

at the location of the receiving coil which in turn produeces a 90 micro-

SRS
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volt output voltage in the 7.74 to 8.30 Hz band. _
The output of each receiving coil is applied to an amplifying and
filter system whick compensates for thy rising amplitude-frequency

charscteristic of the coil mo that the cutput of the system is propor-
] tionsl to the magnetic field and not to its derivative., The frequency
response of the entire receiving systam [including the receiving coil]

? is fist between 5 Hz and 30 Hz (+ 0.5 dB; 3 dB points are at 3 Hz and

_ 40 Hz) for constant E-field input (constant current in the calibrating

s coil), The output of the amplifyirg system as well as timing signals are
: recorded AM on half-inch magnetic tape running at a speed of 0.0375

3 inches per second,

The vzrcical electric field was detected by a vertical rod antenna

° until Avgust 1969 when it was supplemented by a spherical antemna., The

E latter is mounted approximately 30 feet (9.15 meter) above ground level

: and consists of a silver conductive coating painted on the interior of

i a plexiglass sphere, Inside the sphere is a high impedance preamplifier
connected to the inner conductive walls, The entire assembly, although
mounted on top of a mast, can be lowered e«sily to the ground for service
and repair.

The design of the antenna is based upon earlier work by Ogawa (1966).
Mounting of a metal antenna, which is electricallv isolated from ground,
at a height of 10 meters largely eliminates spurious signals due to ion
motion which is particularly pronounced within the first two meters above
ground. PFurthermore the capacitance to ground of the amall metal sphere
(radius a = 7.81% inches) is rather insensitive to small changes in height

since for (a/h) < (1/10) its value is given by C = 2neoa(2 + a/h).
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Cunsequently C and the received field intensity are rather insensitive
to lateral motion or bending c¢f the supporting mast during heavy winds,
The antenna differs from Ogawa's "ball ancenra" by beihg surrounded with
a relatively thick (0.125 inch) dielectriec coating which acts as a "ra-
dome® making the antenna usable even during moderate precipitation.

Since absolute calibration of the electric as well as the magnetic
sensors is required for the type of processing described later in this
report (for example the effective wave impedance |E|/|H| is of interest),
it was necessary to obtain means for generating a known standard, EIF
field in the vicinity of the receiving antenna. This is done by feeding
a 2.86 mater long vertical calibrating antenna. The vertical field gener-

ated by such an antennz can be shown to be given by

Ib

f 2 1 12 1 (z'+a)d ‘z'-—a[H]
Ez=moH-a L~ "ttty - o2 * o (1.1)
1 2 3 o 3 o
where

base current of the transmitting antenna

o
]

H = elevation of the top of the transmitting antenna above a per-
fectly conducting ground

a = elevation of the base of the transmitting antenna

w = radian frequency

z! = elevation of receiving point

Ty 1y Ty r3 are defined by figure 1.1

This expression for E, is based upon the equations given by Jordan (1950)

for the near-field of a vertical antenna. In deriving (1.1l) appropriate
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approximations were made to take into account the extremely short length
of the anterma and the extremely short observation distance in compari-
son with one free-space wavelengths A is equal to 3(107) meter at 10 Hx.

Ay
L]

It is apparent from (1.1) tkat for an accurate determination of the

E ambient field in the vieinity of a vertical ELF calibrating antema tbe
| only quantity which must be measured, in addition to distances, is the

3 base current., This can be done, indirectly, by evaluating the capaci-
i tance to grnund, Ca, of the transmitting antenna, The antemns current
is then equal to vauda where V_ is the antemna terwinal voltage.

Uaing a circult suggested by H. L, K5nig and illustrated in Figure

1.2 the antenna capacitance is given by

¢, = (R-1)(c, + C,) (1.2)
b where R 18 defined by

z, (zl+z)

_ : P
R = Zy + 2, zp (1.3)
z 2z
a "2
D za + 22

For a 2.58 meter calibration antenna used on the West Greemwich
field site this measurement gave Ca = 22.2pf while a calculation based

upon a formula given by Watt (1967)

:-' 24.,16(H-a}
‘ C! = pf (1.5)
? 2 log, l:--L-l-2 I;-a ] -k

rave a value of 22,8 pf,
‘ In (1.5) the quantity (H-a) is the antenna length as shown on Fig-

ure 1.2, d is the antenna diameter and k is a factor depending upon the

W oy
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ratio of antemna elevatior above ground to antenna length, For the value
of a = 2,86 m which was used [a/(E-a)] = 1.11 and k = 0.195.

From the measured capacitance of the receiving antemna, which is
nomally used for the recsption of EIP noise, the measured amplifier
gain and the emplifier output voltage one can evaluate the receiving an-
temna terminal voltage. ITf the reéeiving antenna terminal voltage thus
calculated agrees with the terminal voltage obtained by integrating over
the length of tne receiving antemma (for a linear vertical receiving an-
‘ben;m) the field due to the calibrating antemma calculated by (1.1), it
becomes possible to translate receivirg antemma voltage accurately into
vertical EIP electric field values., (For a spherical receiving antenna
the received voltage V during calibration must agree with the calculated
voltage obtained from V = Q/C where Q is found by integrating the calcu-

lated radial component of the calibrating field over the surface of tbs
e

receiving antemna: € = sJE"ds).

For the vertical "whip" ELF receiving antenna which has been used
in 1967 and 1968 this calibration procedure (at 10 Hz) leadsto the fol-
lowing values of terminal voltages

From integraticn of the radiated calibrating field over the receiv-

ing antenna - 23.96 mV
From amplifier output voltage, amplifier gain and r~ceiving antemna
capacitance - 25.80 mV
It appears therefore that the absolute value of the received vertical
electric field can be determined with a precision of at least eight per-

cent. Employing the described calibration procedure one finds that the
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vertical cleciric field at the West Greemwich field site near 8 Bz re-

iy

it

mained near 1.8 milli-voli/meter/i/Ez on a typical "quiet" summer day.
Fcr rapid, visual survey of field intensity variations in the 8 Hs

{first Schumann resonance] region, "summary records” are cbtained as

follcws: the magnetic tape is replayed in the laboratory at a speed of
1.875 inches per second [S0 times the recording speed] into a band-pass

M & e

F§ filter having 3 dB points at 300 Hz and 440 Hz, corresponding to 6 Hz
and 8.8 Hz in the original recording. The output of this filter is
passed through the rectifier and smoothing netwcrk shown in Figure 1..3.
The response of this filter to application and removal of a constant

300 Hz signal at AA is shown in Figure 1.4, The charging time constant
T_of the filter [time needed fo~ output to reach 1 - e of final value]

1 c is 7.5 seconds. The measur=d discharge time constant Tl is 51 seconds;

the discharge finction actually has the form

AR e W e W

-t/T ~t/T
1 -T. e 2 ]

af
v=[r -] e A 4

but since Tl >» T2 it follows that

t/T 1
e c

V= ['l‘2 = 1.6 secconds]

Since the input time constant, ‘1‘o = 7.5 seconds, corresponds to
[7.5(50)/60] = 6.25 minutes of recording time, fluctuations in the input
signal which are appreciably shorter than six minutes will not appear on
the paper record which is produced by the output of the network in Fig-
ure 1l.3. F.‘urthermore; low level fluetuations which occur within a period

of Tl[SO]/'GO = 42 minutes after a sustained large signal was received will

W et e sae—c o e e B & e © o ORI e




¥

v et L e

Lok o W e S 11 o

16

not appear on ‘the output chart. The "sumnary records® illustrated by
Figure 1.5 (and regularly published in Section 3 of the AFCRL "Geo-
physics and Space Data Bulletin") should therefore be used primarily to
locate periods of sustained unusual activitys for such periods the
original wide-band [3 Hz to 40 Hz] magnetic tape recordings may then

be examined in more detail. The "sumnary records™ can alsc be used for
comparison with thunderstorm data and records of solar and geomagnetic
activity to establish vhich events have significant effeet upon magnetic
field variations in the 8 Hz region.

| Calibration signals are indicated by C on the records; periods of
man-made interference or missing data are indicated by €®; local thunder-

storms (within about 25 miles of the field station) are shown by LS.

- -t . .
The 10~ amp m ~ 8 Hz calibrating signal saturates the amplifier of the

paper chart recorder for the gain setting which is empioyed (although it
is 10 dB below saturation level on the magnetic tape), it can therefore
not be used to establish relative signal levels, except when records are
reproduced at half gain. Time on the records is EST with heavy vertical
lines indicatihg 0000 hours EST.

Fundamental considerations important in the processing for detailed
spectral analysis of the wide band magnetie field and electric field data
which are recorded on magnetic tape, are discussed in Chapter II and in
Appendix A-1, Spectral analysis was performed by either digitizing the
data and employing a "Fast-Fourier-Transform" program on an IBM 2%60/50,
or more recently-—achieving a reduction of analysis time by a factor of
about 30/1—by employing a commerical ("SAICOR") special purpose analog-

digital system for Fourier speetrum analysis.




II. SPECTRAL ANALYSIS

Cpt i

The convenience of the frequency concept in the analysis of
physical phenomena is well known. In order to facilitate the compari-
son of theoretical with experimental results, however, a method of ine
vestigating experimental data in the frequency domain is needed. This
is the tool of spectral analysis. Determining the freguency content of
a time signal is by no means an easy task to accompliish and in the fol-

lowing paragraphs some of the problems that occur in spectral analysis,

a8 well as methods for treating them are discussed,
N The frequency content of a time function 1s given by its Fourier

transform. A time signal, x(t), and its Fourier transform, X(f) are

related by o
P -
X(£) = | x(t)e P g (2.1)
-
and e

i2nft

x(t) = | X(£)e at (2.2)

provided certain mathematical conditions on x(t) and X(f) are satisfied

[Weinberger, 1965]. These conditions are always satisfied by physically

realizable waveforms.

Although (2.1) does give the frequency content of the signal, the

result is complex, i.e., it includes the phases of the spectral components.
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Usually, however, phase information is aot. of interest and & positive,
real quantity Ix(f)!z is used. The power spectral density, Sx(f) can

be defiped as

+T 2

s (1) - lin 3 I x(t)e 135 Ttg
- <P

(2.3)

It is called a power density because Sx(f) df gives a measure of the

power in the frequency band between f and f+df. An alternative defini
tion of power spectral density in terms of the autocovariance function

Rx(f) is sometimes used. The autocovariance function is defined as

T
SORICR [ x(e) x (tem)ae (2.2)
R ;

The power Sspectral density can then be expressed as the Fourier trans-
form of the autocovariance function.

+ @
8,(0) =] R(r)e T ar (2.5)

The definitions (2.3) and (2.5) are completely equivalent, Es-
timation of the power spectrum by (2.5), which until recently was the
most commenly used method for estimating the power spectium, involves
two computational steps: the evaluation of the autocovariance and then
the evaluation of the Fourier transform of the autocovariance. In the
computation of the autocovariance, however, lags of less than or equal
to only about ten percent of the tctal record length need be considered
(Blackman and Tukey, 1958). For this reason the evaluation of the in-

tegral in (2.5) is much simpler than the evaluation of the integral in
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2.3). In the past, significant computer time savings were recalized
by using (2.5) since the calculation of the numerical Fourier transform
was a lengthy process which could be considerably shortene¢ by reducire
the domain of the function to be transfonsed.
Cooley and Tukey (1965) have, however, developed a highly efficient

method for numerically evaluating a Fourier transform. With the advent

of this algorithm, the emphasis has shifted to using (2.3) fcr the evalu-

ation of power spectra. In fact, the Cooley-Tukey algorithm or "Fast
Fourier Transform” (F®T) is so fast that even if the autoccvariance is
desired, it is more efficient to find the power spectrur Ly the FFT and
then to take the inverse Fourier transform via the ¥F7T', yielding the
autocovariance, The power spectral density can be efficiently estimated

by evaluating (2.%) or a digital computer using the FFT,

2.1 Resolution and Bias of the Estimates
Evaluation of equation (2.1) requires knowledge of the entire
history of signal, past and future, Tnis is, of course, not possible

and we must use an approximation cf the form
T/2
. _ T
xa(f) = ] x(t)e
-7/2

-ignft g (2.6)

where [-T/2, T/2] is the time interval of the signal which is available.

Equation (2.€) can be written as
+
X (1) = j n(t) x(t)e MY gt (2.7)

-l

if we define h(t) by

e — @o o et 4 b e
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h(t) is often called a "data window" since it determines what portion
of the dat: is "seen" by our analysis. Using (2.2), we can express

%(t) ir terms of its Fourier transform and interchange the order of

integration in the resulting iterated integral to obtain
- ) — v
X (1) = f X(£') H(f-£') af' (2.9)

i | -

: The function H(f), called a "spectral window", is the Fourier trans-
form of h(t), the data window, and is shcwn in Fig. 2.1, Thé effect

1 .; of employing (2.6) to estimate X(f) is clear from (2.9); Xa(f) is a
'weighﬁed average of the actual Fourier transform, Since the width of
the main lobe of H(f) is proportional to 7l (Fig. 2.1), Qe can inerease
1he resoluticn of ocur estimates by increasing the lenéth of signal that

i we analyze, In fact, as T becomes infinite (or equivalently, h(t) =1

for all time) H(f-f') becomee A(f-f'), the unit impulse function,
i (Papoulis, 1562) and X (f) = X(7).

E : The estimates of X(f) can be biased by "leakage" from adjacent
5, ' frequency bands due to the side lobes of H(f). This effect becomes
especially troublesome if the power spectrum of x(t) contvains strong
sinusoidal comporents cr large peaks (Hiniech and Clay, 1968), Bendat
;i and Piersall (1966) have approximated this additive bias of spectral

2stimates as
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where Af is the frequency resolution in hertz of the est__:lmatob_. That ', _

this bias term is negligible for earth-ionosphere resonant cavity power

spectra is shown in Appendix A.

s

2.2 Variability of the Estimates - ]
To numerically estimate the Fourier transform of a time function,
the integral in equation (2,6) must be calculated, An approximate

formulation' is

N-1
-i2nnfbkﬂt
A = A(nf) =8t ) x(kdt)e
k=0 n =0, 1, 2’ !..N.]- ‘

(2.10)
where At i8 the time intefval bétwéen the samples of the analog to “
digital converter and f, is the fundamental frequency, fy= 1/T =
1/NAt, From (2.3) we see that

; n= 0’ 1’ 2, ..oN-l (2.11)

are estimates of the power spectrum, A plot of Sn versus n is called
the raw periodogram, It will be shown that, unless modified, the raw
periodogram is not a statistically consistent estimate of the power
spectrum,

Suppose that a frequency resclution of Af hertz is cdesired in the
power spectrum, To achieve this resolution M + 1 values of Sn could

be averaged as

P = 0 S, (2.12)
i= -M/2

*For convenience, we have shifted the time interval to [C, T].
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| where i ir -se peamsst even integer to '(ar/ro). The resulting F wc-.zl?_.
‘con_stit.uﬁe_.'e‘m egtimate of the power spectrum at f = nfo Hertz, .
An ex:resajon for the variance of P, will e derived belc;:. we
‘shall asswie that the iize signal is a mesber of ‘a white stationary
m ~ gaussisn __m’-f.doing précess, or, in other words. that rach time sample

x(xAt) is a normally. distributed random variable whose statistics are

‘independent of k and that the power spectrum of i(t) is a constant for

3 i_ll ﬁ'eque_h’ciéé. Using the notation X, = x(xAt), eguation (2,10) can

_ be written oo |
o SNl 2m |
o :
Ay=6t X | . (2.3)

Eqmtian (2,13) is of the form

T " An = aﬂ‘ * ibn .
z . : ] 3 on
- A a— 1
& =A% y x, oS ( 5 kn).
k=0
N~l _
b =4t Z x, 8in ( % kn)
2 k=0
2 _:? : .
Al Irx is assured to be a normally distributed random variable, the a_
i
- |y and bn will 21soc be normally distributed, since they represent linear
‘ combinations of normally distributed random variables, (Mood and Gray-
e bill, 1963%). It will also Le assumed that E(xk) = 0, i.e. the signal is .
passed through a filter or scme device that removes the d-c level. In
Gigital spectral analysis, the =2ignal is usually f{iltered to prevent
!
i
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aliasing (Blackman and Tukey, 1958). If the gain on the data gathering

equipment is adjusted we can force
Val'(an) = Var(bn) = 1; ns= 1, 2, 3,.00“‘1 E } (2011‘)

so that the quantities

2

2 2 . '
'Anl = an: + bn ’ n= 1, d, -ooN‘l ‘ (2‘15)

are distributed chi-square with two degrees of freedom. ~ (Mood and

Graybill, 1963). It is clear that the mean value, p is given by

p=ea %k n=1,2 3 .0

and that the variance, 02 is given by

F =E[(Iai® -1 n=1,2 3 .01

whers E denotes expected value. Since 02 is a me_asure of power, the
last equation is a result of our white roise assumption,
The variance of a chi-square variate with two degrees of freedom

equals its mean, (Mood and Graybill, 1963). Thus,

M/2
1 v 2y . .
E(Pn) “M+1 }'_, E(IAi+nl ) =n (2.16)
i= M2

The random variables lAn|2 withn=1, 2, 3, ...N-1 are independent
since they are ottained by an orthogonal transformation and represent
different "components" of x(t). The variance of a sum of independent

random variables is the sum of the variances (Mood and Graybill, 1963).
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Therefore, M/2
1 S 2
var(P ) = M+1)°2, © Var( [a;, ("]
_ 1= M2

| o2
Var(p ) - Mt llo_ | (2.17)

. 2
a
Vas (Pn) M+ 1

- The reader will note that variance of the power spectrum estimates Pn

" can be made arbitrarily small by increasing M. Estimates obtained by

(2.12) are then statistically consistent. From equations (2.16) and

(?-17) , -
‘ Yar(Pn) 1

T M+l
32(Pn)

since 4 = :‘_12. Note that if M = 0 (corresponding to the raw periodo-

(2.18)

gram), the standard deviation of Pn is equal to its mean. This large
variability demorstrates that the raw periodogram provides almost

useless estimates of the power spectrum. Sinee N = L5 = AfT, equation

fO
(2.18) becomes
Var(P_) .
EZ(P’)‘ - (A;‘)’I‘ (2.19)
n : 4

If the length of analyzed time signal and desired resolution are

known, the variability of the estimates is given approximately by

[

Tl e =
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, equation (2.19). Although (2.19) is strictly only true for & white
noise spectrum, it is a relation which applies, at lnub m,
. tomatmumuwidolyuod(m:cmmdhby 1958).
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TII. THE LIGHTNING STROKE AS A SOURCE OF ELF WAVES

3.1 The lightning Discharge Proeeu- .
Upon application of an elsctric field, the constitusnt stoms and

molecules of a gas become polarized. If the electric field is increased

until the ionization potential is achieved, electrons wili be liherated
from their parent atome and be accolerated by the applied field. Under
certain conditions (Loeb, 1939), the free electrons can achieve the
momentun necessary to ionize ofher atomsﬂ by cdn:luiop. The fast mov-
ing electrons can also excite neutral atoms cauainé them to emit radia-
tion which can photoionize other atoms. Hence, electron multiplication
or electrom avalanche can occur in an ionized gas. The lightning dis-
charge is an example of this phsnomenon,

The lightning flash is a very complex mechanism and only the gen-
eral features, important to the present discussion, will be presented.
If adjacent regions of air are at different temperatures convection
takes place: warmer air tends to rise and cooler air descends, In a
mature thunderstorm cell, convection is oeccurring on a large scale
and a strong updraft is present. It is this updraft which carries
pesitive charges to the top of the eloud. Negative charges, which are
believed to reoide on heavier particles remain in the lower regions of
the cloud, The negative charges in the bottom of the thundercloud in-

duce a positive surface charge on the conducting earth below. The
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electric field in the region between the lower cloud and the earth in-
creases as the charge separated by the updraft increases, When the
breakdown potential is reached, the air below the cloud becomes ionized,
The ionization will first occur where the ei;ctric field ie strongest,
which is usually just below the bottom of the cloud. The free electrons
in the ionized air are then accelerated Corveran[the " sarti Dy Tthel regels
sive force of the large accumulation of negative charge in the lower
-portions of the cloﬁd; any motion of the positive and negative ions can
be neglected since their large mass renders.tham immobile relative to
the electrons (Schonland; 1964). The movement of the electrons takes
place in a series of ateps of about 50 meters in length. Hence, this
first part of the lightning stroke is called the stepped leader. When
the stepped leader reaches the earth, a conducting path exists between
the large accumilations of charge in the cloud and the Iea.rth. The elec~
trons in the lowerlpart of the leader flow into the ground first, then
the electrons behind them 8o the process appears to move up towards the
cloud, The return stroke is actually an upward moving increase in the
downward velocity cf electrons, It ia the return stroke that produces
the intense light, heat, and acoustical energy of the typical lightning
discharge,

It should be noted that the lightning discharge to earth consists
usually of several leader-return processes in succession, wiin the av-
erage number being three; up to 42 strokes ir a single discharge to earth
have however been cbserved (Schonland, 1953), The leaders for strokes

subsequent to the first are not stepped, but move continuously towards
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the ground, These leaders are called dart leaders to distinguish them
from the slower moving stepprd leaders. The average period of ime be-
tween strokes is about 0,05 secs, |

The stepped leader travels at an effective speed of 300 lm/sec,

The dart leader and return stroke travel at speeda of roughly 2,000 and
10,000 km/sec respectively. The return stroke current reaches a peak
value of about 30,000 arms within 6 psecs after the leader reaches the
ground, The current decays to half the peak value in an average of

24 psecs (Chalmers, 1967).

Although only the discharge to earth has been discussed, lightming
flashes that never reach the ground are quite common. These discharges
do not manifest a return process but are only of the leader type (Schon-
land, 1953). A stroke between two different Me concentrations within )
the same cloud, or sheet lightning as it is commonly called, is observed
frequently. Air discharges, that is, lightning flashes passing from a |
thundercloud into clear air (Schonland, 1956) as well as strokes from
the highest regions of the cloud up to the electrosphere (workers in
atmospheric electricity refer to the cosmic ray produced ionized layer
as the electrosphere and to the higher conducting layers, a result of
solar radiation, as the ionosphere) have been reported (Chalmers, 1967).
Strokes along a path between two clouds (intercloud strokes) are also
possible,

The characteristics of individual lightning discharges probably
are determined to a large extent by many climatological, topographical,

and geographical conditions. For example, evidence indicates that the
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percentage of discharges to earth depends upon geographical latitude
(Chslmers, 1967). Tropical discharges may differ significantly from
: those ocouring in temperate zones (Watt, 1960). According to Schon-
" 1and (1968), "glant" lightning flashes, with pesk currents greater than
200,000 amperes have only been cbserved in the Swiss Alps. Lightming

T eT

strokss to the Empire State Building have been observed to begin with a
leader moving up towards the clouds.
The large differences in the properties of individual lightning dis-

Rk

charges constitute a possible limitation of the methods to be reported

here.. It will be shown below, however, that many of these difficulties
1 _

; - can be overcome l_by employing the proper characteristics of received ELF

signals for the location of sources.,

3.2 The lightning Stroke as a Source of Radio Waves
j Since the lightning flash consists of a time changing flow of charged

' "~ particles, it must radiate electromagnetic energy. In view of the l_arge

N wavelength of ELF radiation, the lightning stroke can be modeled as an

infinitesimal electric dipole of current dipole moment M(t) coul-meter/sec.

According to Watt (1960) fields radisted by leader processes in

lightning discharges at frequencies below 5 kHz are not significarr.t. One

might expect this to be true for the stepped leaders which are relatively

§ short in length, but this may not be the case for the dart leaders which

| are as long as the return stroke and may have currents of the order of
10,000 amps (Schonland, 1956). Pierce (1963) has formulated an empiri-

cal expression for the time rate of change of lightning dipole moment




a cloud to groumnd stroke as

M(t) = 80 hyexp(-h,*t°) + Shyexp(-n,t7)
) . (3.1)
+ 3 hyexp(-hy 2) . S
where the term in b, accounts for leader proceuea,. the temm in h, ac-
counts for the return stroke, and h3 accounts for any comtiming current
after the return stroke. For a cloud discharge, only the first temm

" applies. The spectral composition of the discharge moment can be sasily
shown from (3.1) to be

(o) = 80 exp (/4n,%) + 5 exp (w/tn,?)
_ (3.2)
+ %% exp (-w /‘m3 ) coul-km
The values of b,, h, and h3 gliven by Pierce (1963) are 40, 40 x 103, and
103. Figure (3.1), which shows each term in equation (3.2) as well as
the total, M(w), indicates that the leader is much more significant for
the first three Schumann resonances than the return stroke, It is clear
that there is disagreement about which component of the discharge pro-
cess is most important at ELF.

Lightning strokes can have both vertical zand horizontal components.
Several workers have determined from theoretical and experimental inves-
tigations that it is the vertical currents which are the major source of
low frequency (ELF and VLF) electromagnetic waves in the earth ionosphere

cavity. For example Williams (1959) has shown by extensive statistical
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studies of thunderstorm data that the major socurces of VLF waves are

- - vertical lightining ourrents. Somerfeld (1949) has analytically treated
the ';':roblem of radiation from both vertical and horizontal dipoles over
a flat, perfectly conductiné earth assuming a homogeneous atmosphere,

His results show Fhat when the dipole height to wavelength ratio is

;Ti l very small (as is the case for ELF), the power radiated from a horizon-
tal dipole 1is many orders of magnitude less than the power radiated by
~; varticnl.dipole of equal moment. Employing a more realistic model,

 Wait (1§62) has shown that the ratio of the vertical electric field from
a horizontal dipole to the vertical electric.field from a vertical di-
pole is proportional to we/bé which for o = 1072 mho/meter is equal

%o about 107 in the lower Sohumarm band, The problem of horizontal
dipole excitation of the earth-ionosphere waveguide has been treated in -
& recent paper by Galejs (1968a), The horizontal dipole excites both
™ and.TE modes but all modes except the zero order TM are evanescent

at ELF, The vertical dipole is, however, a much more efficient excitor

of the TMb mode than the horizontal dipole,

The reascn for the poor radiation properties of the horizontal di-
pole seems to be intuitively clear., In order to satisfy the boundary
? conditions at the surface of the earth, the "image" of the source must
be oppositely directed, If the source and its image are very close (in
} ' units of wavelength they are practically coincident at ELF) their fields
counteract to greatly reduce their effective radiation, In view of
these considerations and the experimental evidence it ié generally ac-
cepted (Harris and Tanner, 1962: Galejs, 1961; Raemer, 1961) that only

the vertical components of lightning current are significant in the

e e
1
1
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production of terrestrial EILF noisec.

3.3 Prequency Spectrum of Lightning Stroke Dipole Mcment i~
There are very few data availsble on ELF lightning specira (Kimpare, |
1965), Harris and Tanner (1962) have estimated the freg.ency variation

s
&

of a quantity "very nearly broportiongl to the frequency spectrum of
the square of the current moment® of the lightning stroke using the ELP
dsta of Balser and Wagner (1960). Rycroft (1963) calculated the fre<

quency apéctnn of lightning from plausible time variations of the stroke

dipole moment and Raemer (1961) estimated the power spectrum of a median

return stroke employing the lightning stroke statistics compiled by

S BRI R B .
T

Williams (1959), Galejs (1961) approximated the Raemer spectrum by the

relation

S —
wh = AR

g(w) = const, exp [-9.1 x 10'34»] (3.3)

The agreement among the three lightning spectra plotted in PFig,
(3.2) is surprisingly good considering that completely different methods

were used in their derivation,
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JV. CAVITY FIELDS FRCM VERTICAL ELECTRIC DIPOLE SOURCES

4.1 The Earth-ionosphere Cavity Model

The conductivity of the ionosphere is orders of magnitule less
than the effective ground conductivity so that, in the ELF range, the
ionosphere is the major contributor to wave attenuation and the earth
can be assumed perfectly conducting (Galejs, 196%a),

Ionosphere models (Galejs, 1961; Jones, 1967) admitting ouly the
vertical inhomogeneity lead to results which are in closer agreement
with experiment than a sharply bounded, conscant parameter model,
Horizontal variations in ionospheric parameters are usually considered
iess important than vertical variations; but the effects of lateral
ionospheric inhomogeneities have been examined by Madden-Tnompson (19€5)
and by Nelson (1967). One important horizontal variation in ioncspherie
properties occurs at the boundary between the day and night hemispheres;
this problem has been treated by Galejs (1964a), but his method is
applicable only if the source is located along the day-night bcundary.

The effect of the terrestrial static magnetic field on the
propagation of ELF and VLF waves bag recentiy received considerable
attenticn in the literature. Galejs (1968b) nas shown that there is
very little change in the attenuation and phase veloecity of 30 Hz waves
when the propagation direction is east to west or west to east for a h5°

magnetic dzp angle. or other propagation directions the effect of the

e AWy
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magnetic Tield is even smaller (Galejs, 1968c).

b,2 Cavity Fields from Vertical Electric Sources

The values of attema-
tion and phase velocity computed by Galejs compare closely with those of

Jones (1967) for propagation below an isotropic ionosphere at 30 Hz.

Based upcn the discussion in Chapter III, we can approximate the

(1964a), and to books by Wait (1962) and Budden (1961).

lightning stroke as a vertical electric dipole located at the surface
> otl the earth. A large body of literature on radiation from dipoles in
: the earth-ionosphere waveguide has been published and only the salient
features of the approach to the problem will be preseunted here. For

details the reader is referred tc papers by Wait (1960), and Galejs

Following the approach of Wait (1962), the fields can be obtained

from a single scalar function, §.

r

in the ¢-direction the expressions for the field corponentcs are

101 3 . 3¢
E =r“s1neTe(”“° ae)

2
B, = - £ 7 5657 (v¥)

_ 9
By = %30
E¢=Hr=H9=O

The function § was

iM
¥ = Tina

given by Wait (1962)

PV(—cosa)

sinvn

If the cavity has complete .ymmetry

(4.1)

(4.2)

(%.3)

(4.%)
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The symbols in expressions (%.,1) - {4.5) have the following meaning: -

T, = characteristic impedance of free space~= B o

k = free space propasgation constant = w Jhoeo

h = height from surface of earth to "lower boundary" of

ioncsphere
a = radius of earth
M(w) = source dipole moment

© = anzular separation between source and receiver

Pv(-cose) Legendere funetion of compiex order, v

il

The dimensionless gquartity v, which is a funetion of frequency, depends

upon the properties of the ionosphere and will be discussed below, In

essence, ¢ is proportional tc the radial component of the Hertz potential,
Substituting (4.5) irto (4.1), and using the fact that Pv(-cose) mast

satisfy the Legender: equation,

1
sing

%é- {sin® g—e- PV( -c0s6) | + v(v+1)P\)(-cose) =0

we ¢gbtain

ot . P {-c0s6)
E = Lﬁg\ﬂlvs\‘-l-ll N (u.6)

r 2 sinvn
ha“we h
c
The <xpressions (4.5) and (4.6) should be summed over all allowed values
2f v, corresponding to all possible waveguide modes; but in the ELF case,
unly one mode, the lowest order Td mode can propagate in the earth-iono=~

sphere waveguide. All other modes, both TM and TE, are well below their

cutoff frequencies (Budden, 1961), A useful representation, called

i

5
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Dougall's expansion (Magnus, et al.; 1906) of the Legendere function is

@
Pv(-cose) -3 L P_ (cos®)
sinok @t 4L n(oel)=v(v+#l) n
n=o0

where tie Pn(cose) are the Legendere polynomials, so that the radial com-

ponent of the electric field becomes

E = Mfm!vsv+l!

. s 2ntl P (cos®) (4.7)
4na weoh

£ n{nl)=v(v+1) “n
n=o

\_4°

The quantity v is determined by the conditions or E and H imposed
by Max:21l’s equations at the earth and the ionosphere. Equivalent to

these toundary conditions is the modal resonance equation {Budden, 1951),

Ri(e)ng(e)e'z'ﬂ‘h“se -1 : (4.8)

which must be satisfied if a waveguide mode is to be self-consistent,

In (4.8), 6 is the complex angle of incidence (measured from the normal
to the reflecting boundaries) and Ri(e) and Rg(e) arc the Fresnel re-
flection coefficients at the ionosphere aw.d earth, respectively. Wait
(1962) has shown “hat vV + 5 = ka sin 6 so that if allowed values of cos 6
are determined from (4.8), allowed values of v are then known. It should
be clear that v, as determined by (4.8) is a function of frequency.
Hence, at certain frequencies the denominator of a term in the summation
in (4,7) can be very small resulting in a large value of Er' Thesz en-
hancements of the fields at certain frequencies were first predicted by

Schumann (1952) and have in recent years been called "Schumann resonances',
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Tre horizontal eleetric fiela comp.nent , Ee is very sqall ainye a: ]
EL® the earth 18 a very g-cd conductor and the electric field musf be
very nearly normal ©o the surface of the earth. For this reason, the
T™ mode under discussion can also be approximated as a TEM mode (Madﬂen =
and Thompson, 1965).

The "horizontal® component of the magnetic field, H, is found by

9
expanding the potential function, ¥, by Dougall's representation and

substituting the result into (4.3); i

[ 3
iMw) 2n+l d ,
Hd\ = bhax nimls - vals de Pn (cos0) (4.9)
n=0

It is apparent that Hb alsc displays the rescnant behavicr,

The preceding discussion can be summarized as fcllows: ELPF fields
from a vertical dipole source consist essentially cf a vertical E field
and a horizontal H field. At the earth surface, the magnetic field
lines are concentric cirecles about the scurce., This result is, however,

only true if the'cavity fomed by the earth and the ionosphere is per-

fectly symmetric and isotropic.

4,/ Fields From A Distributicn of Inderendent Sources

The results >f the preceding secticn will now be generalized to
include the case of a distribution of vertical dipoles on the surface
of the earth which represeints a reasonable model for a thunderstorm
region., At this print we will! no lconger consider the field comporents
themselves, but th- squares of the magnitudes of the field compcnents
which are proporti-nal to power. The relations (4.7) and (4.9) can be

thought of as dzscribing linear systears where M(w) is the input signal

i LM
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are the output signals. The transfer function of this sys-

and Er and !

T
-

tesi depends oa 9, the angular distance between source and receiver. The
case of several lightning strokes can then be thought of as a multiple
input linesr system and it can be shown {Appendix B) that if the inputs

to such & system are uncorrelated, the total power at the output is the

sum of the powers due to each input, Thus if it is ass.med that the

lightning strokes are uncorrelated, their powers can be added,
The square of the absolute value of the E field due to a distribu-
tion of dipcles over an infinitesimal area azsinedew located at a dis~

tance 9 from the receiver on the earth surfs~. is then equal to

2
[ -
lE]Zag(u) -!-(%"'-]-')— z -x;(—lan-’!-]‘v(——l-)- F_(cos®) a’sin6dedp (4.10)
{ 4za we h o nHd) = Vive n

where g(w) is the dipole moment squared per unit area, which is in the

most general case a function of © and ¢, In a more abbreviated form,

|E|® = ¢ (6,0)a%sin6a3a | (4.11)

For further development we assume that the source is centered at an
angular position 6, ¢ as shown on figure (4.1). The edge of the source
region nearest to the receiver is at distance (6-4) and the far edge
at (6+4). Tne azimuthal spread of the source is from ¢-A¢ to ¢+A°.

The square of the electric field at the receiver due to this source is
then given by

o+4, O+

lE] = jr JI‘ GE(G',MazsinO'de'd(b' (4.12)

@-A¢ -4

The expression for the magnetic field is similar but the H field
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due to each element of the source is, in gensral, in a different direc-
tion. If we let
. 2

G4(6,8) = g(w) r-; L n(m]imfiv(wl) 35 P (cos6) (%.13)
D=0

then the square of the magnetic field at the recAeiver is given by

9+8, B+4
|11¢|2 aI j' Gg(6',9*) sin \’¢'-a)a “8ing'dordp’ (4.1%)
8-y o-a o

where the factor sin2(¢'-a) accounts for the vector sumation. The
angle ¢' is defined in Figure (4.1) so that the source region extends
in the azimuthal direction from ¢' = ¢-A¢ to ¢' = ¢+A¢; the angle o
indicates the inclination of the receiving coil axis with respect to
the ¢' (and ¢) reference line which, for example, could be the east-

west direction.
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.V. THE RATIC METHOD FOR SOURCE LOCATION

As is evident from the discussion of the preceding chapter, the
r;ceived EIF fields are dependent upon the parameter v, which is de-
termined by the ionosphere, and the parameter 8, the source-receiver
separation, In the source locaticn problem, it is advantageous to em-
ploy those properties of the received signal which are mainly dependent
on 6 and are relatively independent of v so that precise knowledge of
the state of the ionosphere is not required, It was suggested by
Polk (1969) that the relative sizes of adjacent peaks in the Schumann

spectra would be a useful indiestor of thunderstorm location,

5.1 The Dominant Term Approximation

As introduction and to provide insight intc the methed, we initially

make a radical approximation., ILet us assume that at the nth resonant

frequency all terms except the nth in the swmations in (4.7) and (4.9)

are negligible, This is equivalent to assumi~~ that the earth-ionosphere
cavity is very nearly lossless, Under this approximation, the electric

field at the receiver is

M(""n) v{v+l)(2nedl

E, = a(n+l) - v(vel

. Pn(cose) (5.1)

2
4na“w nE oh

and the magnetic field component exeiting the receiving coil is

iM(w_)
n 2n+l)sin(g-o d
B = Toha n(n+¢l) = v(v+1l) de P (cos6) (5.2)

S
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at the n'" resonant frequency., From (5.1) and (5.2) it readily follows
that at the n'" resonant frequency, the vertical electric field varies
as Pn(cos ©) and ths horizontal magnetic field varies as %é' Pn(coa 0).
This behavior is illustrated in Fig. (5.1) for the first two resonances
and it should de clear from Fiz, (5.1) that the relative sizes of the
resonances are indicative of the source-receiver distance. For example,
1f the receiver is 90° from the source, the ratioc of the E field signal
at the second resonant frequency to the E field signal at the first
resonant frequenoy should be much larger than the corresponding ratio

if the receiver is 65° from the source. For the readers' convenience

expressions for the first three Legendere polynomials are listed:

P, (cos ©) = cos 6
P, (cos 8) = 4 (3 coaze-l) (5.3)
.'?3 (cos 8) = & (5 90839-3 cos 0)

Equations (5.1) and (5.2) can be expressed in a more simple form
in the following manner: The resonances are determined by the condition
v(w+l) = n(n+1) (5.4)
and since

v+§-ka8 (5-5)

the resonant frequencies are given approximately by

Wy = ﬁ_:@. (5.6)

if ReS >) ImS., If the cavity has perfectly conducting walls, S = 1,

and the corresponding resonant frequencies are

W, = “2’ Vanli (507)

no
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Wy = 'I'!-;B‘g (5.8)

i
i
5
A E
{

Using (5.4), (5.5) and (5.8), the magnitude of the electric field at tks

nth resonance can be expressed as

M(w_)(2n+1) 2
n Re S
|=,| " W T8 Ta (009 (5.9)
The frequency dependence of S for several different ionosphere ;
models has been determined by Jomes (1967). In Figs. (5.2) anmd (5.3), ' i
@ == 0,182 £ InS dB/Mn (5.10)
and i
< = Res (5.12)

v

where f is the frequency in Hertz, ¢ is the velocity of light in air, :
and v is the phase velocity of the field components in the earth-iono-

spnere waveguide, Note that if the cavity walls are perfectly condueting,

the attenuation, &, should be zero which is confirmed by (5.10) since

ImS = O for the perfect cavity, Fig. (5.2) reveals an interesting prop-

erty of tue earth-ionosphere waveguide: it is a "siow wave" system in

the Schuuann band, i.,e, the phase velocity is always less than c.

The first three Schumann resonances occur at about 8, 14, and 20
Hertz with approximately 6 Hertz separating them, From Figs, (5.2) an?
(5.3) it is evident that ReS and ImS are fairly constant in the frequency
interval between adjacent resonances, The ratio of the electric field
magnitude at the N + 1 st resonance to the electric field magnitude at
the nth resonance is then independent of the properti=s of the iono-

sphere and is given hy
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E M(w_ .)(20+3)w_P_ .(cos 8)
1 z_xgl no %
I g; | M w ) (2nes “ml,o;:: cos © (5.12)

8imilarly, it is not difficult to show that, umder the approximations
that have been made, IHm_l/h n' is alsc independent of ionospheric prop--

erties and is given by

PRERCREMISE >t b b

T

I 5‘:}- M(m 43(2n+3) no de n+1(°°° e) (5.13)
M(w 1)(2n+1) ne1,0 de P (cos 9)

Another parameter which will be of interest in this report is the

ratio of the E field at the n°® resonance to the H field at the n'l

resonence. "hie ¢an Lo 283iiy shown to be

f ’ En 1 Pn(cos e)
i =) - Jan-l ReS ‘T‘ e <14
i | Hy L ) sin(¢-a) ip (cos 6) 5.1
: d®n
E which displays a dependence on the ionosphere model (since it involves
Sk

S) but has the interesting feature that it is independent of the light-
¥ ning stroke frequency spectrum.
i The preceding discussion applies only to an infinitesimal point
; source and it is desirable to extend these results to a distributed source
which is a better desceription of a thunderstorm region,
Following the approach in Chapter IV, and choosing the source as

in Fig. (4,1) the received electric and magnetic fields in a high Q

cavity can be determined as follows. If we use the notation
- 2

2
G5(6,8) = g(w ) 42n+12 2(1:e inﬂ ge P (cos 6) (5.16)

e et wmr——
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; and

X 2

o 65(6,9) = £(u,) 2-‘%&—3-’—-‘- Py (cos )]  (5.16)
keha a- IaS

where, as before, g(w' 1s the lightning dipole moment squared per unit

areaj; the nagnitude squared of the received electric field 1is

M¢ r&rta
|3n|2 - j ] Ggler, ¢')a> sin 67do'dp" (5.17)
O-Ao 8-

and the magnitude squared of the .magnetic field component exciting the

receiving coil is
¢+A¢ 6+A

Iﬂni2 - !‘ Jr GH(O',0')sin2(¢'-a)-'"'n6'de'ch' (5.18)
'¢-A¢ 0-4

Assuming that g(w) is indeperdent of 6 and ¢, the squared electric

field ratios at adjacent resonances in the high Q cavity are
O+d
2 .
2 PS . (cos0')sine'ds’
' E I ¥ (w 1)(2n+3) .fe y ™41

22 6+A
Mz(w )(241)w 1,0 P (coae')sine'de'

I
{5.19)

and the sguared magnetic field ratios are

2 2, il A[de' (oo ] sssarc

j- 2
mz(w)(zmn 4es1.0 “[de,p (co86r)] stnoraer
9

I Hm-l
l;In

(5.20)

The impedences o electric fisld to magnetic field ratios for a dis-

tributed source in the high Q cavity are given by
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6+0
®  tPn(ps1)Re’s2s .{ iy (eosd* ) sinetde
; —— &b z"
[5'-% uin2A¢0052(¢-6)] Ie.AL_d%r P (coso') | ainerder

lE
Hn

(5.21)

It is evident from equations (5.19) and (5.20) that the electric
field power ratios and the magnetic field power ratios sre independent
of the azimithal spread, A¢, of the source, Thay dc depend on the dils-
tance, 9, to the zenter of the source and also depend on the range
spread, A, however. The E to H power ratics, eq. (5.21), depend on
49, A, ¢ and © but are not a function of the lightning spectrum siuce
they are ratios of quantities measured at the same frequency. In the
next section, we dispense with the assumption of a high { cavity and

obtain more realistic expressions for the ratios.

5.2 Ratios for Distributed Sources in the Lossy Cavity

8ince the quality factor of the earthi-ionc-~“ere resonant cavity
is of the order of 4 (Jones, 1967) the assumption that only the reson-
ance term in equations (4.7) or (4.9) is significant is really not jus-
tified. Relaxing this condition, the electric field ratios are given

by the expression

¢
[ e (61,0")stn0raerapy
¢-0, 6-4 “n+l

E
il | L)
,"E"n' | = "o, o (5.22)
J Gy (e',0')sing'ds'dp’
‘oA, “6-A n
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where

g (9:0) = ola) | il Z ety 2 (2000)
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{5.23)

and the ratios of the wmagnetic field squared at the n + 1 st resonance

to the magnetic field squared at the nth resonance are

Seby B4
2 ! j GH (’3',¢')sin2(¢'-a)31n9'd9'c”'
Bl 0 "6 “ml
I H,,I T o, 64b (5.28)
f I (e',w)am (¢*-a)sin6' 0" dp"

where G (6,0) 18 giver by eq. (4.13)., Finally, the electric to mag-
n
netic fieid ratios are given by

W'Ao +4
E j. j. GE (07,0 )8in6'd0rap"
Iﬁ—‘ | (5.25)

n:
I f Oq (e',¢')s1ne'de'd¢'

Asgsuring that the surface distribution of dipoles is constant over

the source; or equivalently, that g(w) does not depend on 6 or ¢, it

follows that

8+b

g 2 J G  (6',0')sin6d0!

1 9~ 1

4 - (5.26)

n
f Gy (6',0')sine*der
6=A n
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Beb
B2 . % (8',8")wmercer
l_ntl; 64 ned 15.27)
| " 6 -
j. G, (0',9'}air6'do"
8- n
8+A
E ¢ 4 I @, (6',¢')sin0'ce’
b+ 4 .
l d _ = (5.26
: [A¢-§ei,n26¢cosz(¢-a)]j G (87,0')sing'de’
6 n

There are four important parameters to be determined in the thunder-
storm location protlem: O, the angular distance or fange to the center
of the sourcej ¢, the bearing or azimuth of the source centerf A, the
range spread of sources and A¢, the azimithal espread of the source,

The E ratios and H ratios contain information about © and A but are in-
dependent of ¢ and Ap., The E to H ratios depend on 6, A, ¢, and AP,

In the next chapter methods are discuased for estimating these parameters
from Schumann resonance data,

Numerical results for equations (5.26) - (5.28) can be obtained by
specifying an ionosphere model and a lightning spectrum, The lightning
spectrum of equation (3.3) has been used successfully by Galejs (196la)
and will be employed here.

Jones (1967) has shown that the effect of heavy ions in the lower
regions (below 56 km) of the ionosphere must be included in any iono-
sphere model to be used below 50 Hertz, Curves "c" on Figs. (5.2) and

(5.3) give ReS and ImS for an ionosphere profile determined from reaction
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rates of atmospheric constituent gases by Pierce and Cole (1965). This
profile includes the effect of the heavy lons snd values of v can be
computed from the curves "c¢” by v = kaS « 0.5.

The variation with source distance of the retios of the adjacent
resonant peaks ia the recelved electric field power spectrum is shown
in Pig. (5.4) for A = 20°, The results of calculations using both the
high-Q, dominant term approxivwtion and the full series, inhomogeneous
ionosphere modzl are shown. Note that the relative sizes of the peaks
display a marked variation with source-receiver distance, It is also
evident that the ratios for the high Q cavity are not radically aif-
ferent from the ratios for the realistic cavity. It is also apparent
from Fig. 5.1, that the results for the point source and distributed
source are qualitatively the same, i.e, at 6 = 90° the second resonance
is large compared to the first resonance, etc, For this reason and
because the choice of the ionosphere model is not extremely critical,
it is evident that egs. (5.12, 5.13, 5.14) can yleld great insight into
the source location problem,

The magnetic field power spectrum ratios for both the high Q and
low Q cases are shown in Fig. (5.5). Here the ionosphere model seems
to have a greater effect but qualitatively the results are again the
same for both ionospheres,

The expression for the electric to magnetic ratios, eq. (5.28)
is fairly complicated in that it depends on all four of the source
parameters, For the moment we simplify the expression by choosing the

special case AP small, o = 0°, and ¢ = 90°. This effectively assumes

o maitaaal
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that the azimuthal spread is small (less than 15°) and that the receiving
coil 1s oriemted 8o that its maximum response is in the direction of the
center of the source, Under these assumptions the coefficient multiply-
ing the ratio of integrals in (5.28) is unity. For this special case

the ratios |7 /n|? are plotted as a function of © for both the high Q
and low Q cavaty in Fig. (5.6). Again the qualitative results are the

same for both ionosphere medels.,

5.3 Effect of Ionosphere Model on Ratios

It 13 evident from the resuits of the previous section that even
a very drastic change in the properties of the ionosphere such as the
difference between the Pierce~Cole profile and the perfectly conducting
model does not fundamentally alter the variation of the ratios with
source-receiver distance, To investigate this effect in a more meaning-
ful manner, ratio calculations based upon two differen: inhomogeneous
ionosphere profiles were performed.

The exponential conductivity profile used by Galejs (196la) and
the Pierce-Cole (1965) conductivity profile—both for day ionospheres—
are shown in Fig. (5.7). The Galejs profile is based upon particle
density and collision frequency data for electrons only (Galejs, 1961b)j
the Pierce and Cole curve, on the other hand, inciudes the effects of
positive and negative ions which account for the fact that the two
models have conductivities that differ by as much as twc orders of
magnitude at the lower altitudes,

A comparison of the ratios for the Pierce~Cole (or Jones) iono-

sphere, the Galejs ionosphers and the perfectly conducting ionosphere
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is given by Pigs. (5.8 - 5.,14). As would be expectad, the ratios for
the Galejs model are closer to the results of the Pierca<Cole (Jones)
model than to those for the high Q cavity. The perfectly conducting
case is, of course, a very unrealistic approximation tc¢ the ionosphere
and should only be used to provide initial insight into the Schumann
phenomena.

If an experimental spectrum is given and the ratios are computed
from it, the source distances estimated from the Jones or Galsjs models
would differ at most by about 10° which is an acceptable error for a
source of A = 20° (total source width 4c°),

The relative invariance of the ratics of spectral peaks with iono-
sphere properties indicates that observations of these ratioa might be
practically useful for determining source-receiver separation., It has
been pointed out by Large and Wait (1968) and by Balser and Wagner (1962)
that the values of the Schumann resonant frequencies themselves depend
also upon source-receiver separation; it should be noted however, that
the exact values of the resonant frequencies are very strongly dependent
on the properties of the ionosphere, Illustrative of this fact are
Figs. (5.15 = 5.20) where the six resonant frequencies are shown as a
funetion of source distance for the ionosphere models of Galejs and
Pierce-Cole,

Suppose one were to attempt to determine source location from
resonant firequency measurements: 1if the first rescmance in the magnetic
field were at 8.0 Hz (for example), the estimated source distance would
be 63° based upon the Pierce and Cole model and 110° based upon the

Galejs model, a difference of 47° (5000 km), If the sccond resonance
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in the H fiecld were at 13,7 Yz, the distances would be 28° and 75°, also

i TSP SR

a large variation. Note that for a higher or lower peak frequency only
one of the models could yield a sourve distance; in this case, we could |
use the resonant frequency to choose the '"best" of the two lonosphere
profiles, The ionospheric dependence of the peak frequencies of the

second and third resonances is strikingly illustrated by Fizs, (5.17),

{5.19), ard (5,20) which could also be used to determine which of the
two ionosphere profiles is "best",

It is clear that the resonant frequencies are determined at least
equally by the ionosphere profile and the source location., In fact,
for the higher resonances, the ionosphere seems to be the dominant factor
in the resonant frequency variations, To obtain source-receiver informa-.
tion from resonant frequency measurements would require detailed know-

ledge of the local as well as global properties of the ionospherej; the

ratio method, however, demands only fairly crude ionospheric data,

i Lo




VI. PROCEDURES FOR THE LOCATION OF SOURCES BY THE RATIO METHOD

Having demonstrated that the ratios of the spectral peak powers

are relatively independent of the properties of the ionosphere, we now

turn to a discussion of methods for estimating the source parameters
2, ¢, 4, and A¢ from measured ratio data.

According to Jones (1969) a given spectrum corresponds to one
and only one scurce-receiver separatior, i.e, the spectra are unique,
It is reasonable, therefore, to assume vhat a given ordered sequence
of measured ratios (lEefEll':,. |E3/22|2, |32/31l2, Ill:,/ﬂzl?) can corres-
pond to only one source distance, 6, Consequently, one would expect
that unique determinations of source receiver separation from ELF

spectra is possible,

6.1. General Discussion of Source Distance Estimation

3uppose we wish to find the "™est mateh distance" between n ratios;
Ry Ry vee R . For example, R, might be |112/31|2, Ry = |n:,/52|2, Ry =
|E2/El|2’ etc. It is desired to find one angle, 6, which is the solution

to the n equations,

o

R, = £,(6)
(6.1)

o
it

£,(8)
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The f functions are basically the ratios of squared sums of Legendere
polynomials for iEml/Enle’ or the ratios of squared sums of deriva-
tives of Legendere polynomials for !nml/nn!‘?; hence, the functions
1'1(6) are non-linear and single valued, but the inverse functions
f;""(ai) are non-linsar and multivalued.

In the discussions below, let eg be the ith root for the Jth ratio
and let HJ be the mmber of roots of RJ = fJ(G), i.e. fj(e) = R,j at
0= 6‘1, Sg eee ef, . If there are n ratios to be matched, the solu~

tiona of equations (6.1) will yield then sets of roots

1l 1l 1l 1l
91 '] 62 [} 93 9 o6 eN1 by 801Vin8 Rl = fl(e)
6.2, 0,2, 0,2 2 by solvd = £.(6)
? 2 * 9 soe 91‘2 > 8C .n.ns R2 = 2

9 9 ’ 3, ...Bun by solving Rn=fn(6)
n

a total of (N1 + N, + . Nn) angles of which only one from each set

is the desired anzle. Our task is to choose the n values of ei that

are mutually closest remembering that ..nere is some measurement error
in the given values of R;. By mutually closest is meant those n values

of Gi for which p 3 and q, are selected such that

n
‘ o .8

(6.2)
Py 9

Q(pj £ qn) =
=1

1% -1

is a mindmm 1Py KN, 1< q SN

S p—“— 3 o
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The distance estimate, 6, is then specified by

dad(etse®s ... @ (6.3)

where the selected 69 are the n mitually closest roots.

The ratio values will, of course, not be exact due to the noise
like properties of ELF signals, As is discussed in Chapter II, the
power spectrum estimates are random variables with standard deviation

where p is the expected value of the power spectrum estimates. For a
frequency resolution of 0.5 Hz and a time sample 15 mimutes long the
standard deviation is about five percent of the expected value., The
probability that a normally distributed random variable is less than 2
standard deviations from its expected value is about .95, Therefore,
it 1s quite certain that the actual ratios are within plus or minmas ten
percent of the estimated ratios,

If the possibility of errors in ratio estimates is included in the
source location problem we define a perturbed set of ratios given by
1+ el)Rl, 1+ 9} P 1+ en)Rn where the €, are in the range
-.15 ¢ t»:1 +.15 . The method is then to determine Q for all different
combinations of these perturbations. The roots 85, 82, 67, ... 6"
which give the smallest Q are then used to determine the best match
distance by (6.3).

.The ' larger perturbations are less probable than the smaller pertur-

bations, i.,e, it 18 most likely that the measured ratios are equal to

O
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the actual ratio. Because of this, it is desirable to employ a "stop~
ping rule™ as follows., Rather than searching for the absolute minimuwm
Q &s above, we stop searching for a match when the maximum of |Og - 6: |
for all j and k is less than soms small specified angular distancg (s° '
for the A = 20° model, for example), The search for the best match is
done beginning with the smallest perturbations on the roots and working
towards the larger perturbat:lon's. The oz'deri:ng of the pefturbat:lon ge=~
quence is determined by the qmnt;lty .
. n - . . . _
Pa ) gl ~ (6.4)
) § .

=0 that the pertuﬁ:‘oation vectors (cl, €59 eoe en) vwhich give the smallest

" p are used first in the root search procedure, then the perturbstion set

which gives the next larger p is used and so on, until either & match
is achieved or all possible parturbations (within the specified l:lm:l.ts).
have been investigated, This algorithm must, of course, Se performed

on a digital computer,

6.2. The Distance Estimation Procedure for Matching Two Ratios

As a simple applic'at:l.on.of the general method outlined above we con-
sider fhe.problem of findiné the unique 6 which gives the best match to
two given ratios Rl and R2; Rl could be ]EZ/E:'LI2 and R, could be 'IE:,/E-ZIZ
in the A = 20° model, for example, The procedure requires frequens
evaluation of the inverse functions fi‘l(e); 1=1,2, coon(n=241n
this example) which is dore by linear interpolation on tables of values

of 6 and R, and tables.of values of 6 and R2.' The multivalued property

-




Ry

g ° ==

50

of the functions fl(e) and fz(e) can be Landled by dividing the tables

into several piecewise singlevalued regions of 6, In the sxampls under

ddscuseion £,(6) = [B,/E)|* and £,(6) = |Ey/R,|? where £,(6) has four

monotonic regionss @ < 55°, 55° < @ < 90°, 9%0° < 6 ¢ 125°, and 0 > 125°,
The function fz(e) also has the same four monotonic regionss

e < 55°, 55° < 8 < 90%, 90° < 6 < 125°, and 6 > 125°, The reader can

verify these statements by refering to Figure (5.4), Hence, for a

given R1 and 32, there will be at most four roots of fl(e)s 9%, e;,

62, 61 and four roots of £,(6)1 65, 63, 63, 6.

The root search procedure is as follows, The smallest perturbation
pair €1r €5 is chosen (these will both be zero) and thke roots in esch
monotonic region of each ratio are found by interpolation on the tables
of theoretical ratio calculations. Then, the smallest of the quantities
|9:|_l - JZI is found and this difference compared to 5°. If it is less
than 5° it ie termed a match and the distance estimate, 8 is determined
by

b=t +6)
where el and 92 are the two clusest angles, the first selected from the
1, 931, 941) and the second from the set (912, 922, 932,

ef). 0f course, the closest two angles may be more than 5° apart.

1l
set (91 » 6,

If this is the case the next larger perturbation on R',l. and R2 is used
to determine the roots, the difference between the closest two roots
is compared to 5° and so on, until either there is a match or all per-

turbation pairs have been tried, In the latter case, the model is

changed (for example a different A is used) and the procedure is
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initiated again, A flowchart of the method for ntch:[.m two ratios is
shown in Figure (6.1). Refering to the flowchart, MAXEPS is the largest
pirturbation considered, DEPS is the increment between different per-
turbations, MINO is the maximm allowed distance difference for a

match, MIN is the magnitude of the angular distance between the two
closest roots for a given perturtation pair, and NPERTS is the total
mmber of different perturbation pairs,

6.3, Estimation of Socurce Distance and A from Ratio Data

The source range spread can be estimsted from the E ratios and/or
H ratios in the following way. Suppose it is desired to choose the best
distance, 8, and best match A from the pcssible models & = 0°, © = 5°,
A = 10°, A = 20°, The prosedure is merely an extemsion cf the motkod
jescribed in section 2: one determines the best 6 from the & = 0°
mocdel and stores the bertuzbationa required for a match., Then the same
is done for the other three A valuea, Whichever A value gives a match
with the smallest perturbation is the best mateh A =2ad the ccrresponiing

O is the best match distance.

6.4, Determination of Azimuth and Azimuthal Spread of the Source
Refering to iigure (4.1) let the ¢ = O line from the receiving
site be the east-west line., A coil whose axis is along the east-west

line (o = 0) will be excited by the magnetic field component given by

2
il [8, - % cosapein2,] € (8,8) (6.5)

where 64

.'!Cn(e,A) =f - Gy (9')3231n9'd9'
g4
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ard the magnitude squared of ths magnetic field comporont measured by

a coil whose axis is along the north-south line (a-90°) is given by
2
1 d S (8 + & cos2wsta2s,] X (6,8) " (6.6)
The electric field magnitude equared at the receiver is, as before,

%1% « 28, 2 (6,8) (6.7)

where 6sd

e (8,8) -I ng(e')aasina'da'
6-A

Dividing equation (6.5) by equation (6.6) one obtains

B ad ¢ 3
A, - & cos2¢gsin2A
]
l ? * Kt + % cos§sinh, (6.8)
and 1f 8, 15 emall (8 < 10°) this reduces to
2
f‘éﬁ‘ % = tan2¢ (6.9)

A plot of [H/B|? agatnst ¢ for small 8, 1s shown in Figure (6.2).
Ncte that for a fixed IHIEIV/%S |2 value there are four possible azi-
muthal locations, #. The mumber of possible source bearings can be
reduced to two as follows, Suppose two coils wi’t';h perpendicular axes
are mounted on a turntable so the angle o between the coils and the

® = 0 line, see Figure (4.1), can be varied, Let [H1|2 be the magni-
tude squared of the magnetic field component exciting a coil whose

axis makes an angle @ = @, with = O line and let |H,|° be the magnitude

squared of the magnetic field component exciting a coil whose axis is at
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an angle @, = @, + 7/2 with respect to the ¢ = 0 1ine, Then it is

evident from the discussion in Chapter 5 that

I 5
2

if A¢ is small, Hence, at @ = ¢ (or ¢ + x) the ratio of the fields

2 AA’ 4 cos2(p-a)sin24 5
- B+ ¥ cos2(¢-a)sin2h, = tan"(¢-a) , (6.10)

measured by the two coils must be small and by rotating the coils until

iﬂl/ﬂzlz is a minimm, the axis of coil 1 lies on the great circle path

between source and réceiver.

The assumption of small A¢ is not critical., Even in the highly

unlikely case A, = 30°, ¢ estimates based on the b, = 0° model will be

in error by only about 5° or 10° as is shown in Figure (6.3) where

Eq. (6.10) for various A s is plotted.

We have seen that estimates of ® and A can be obtained from the

ratios |32/81|2, !E/EZIZ and/or IHZ/HIIZ, IRZ/HQIZ &nd that by employ-

ing a pair of orthogonal coils the azimuth i the sovrce can be found.

2 2 .
From either of the quantities |E /8 | or |E /'H‘n | the value of b,

can be obtained, For example,

E | 28, £_(8,4)
| "5 T T R ) (6.11)
3| s A

where curves of €n(6,4)/5n(6,A) versus 6 for various 4 are given in
Chapter 5. After having found 6, A, and ¢ by the methods described
above eq. (6.11) contains only one unknown, A¢, which can then be
determined if measurements of |E n/‘l-IEWI2 are available (although it is

clear that (6.11) shows only a very small dependence on A¢).
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Thus, all the significant parameters of a thunderstomm source can
be determined by measurements at a single receiving station. There is,
however, an ambiguity of 180° in the determination of the source azimuth
which couid probably be resolved by the elimination of unlikely {e.g.

temperate zone winter) source locations.

6.5. An Alternate Method for Source Distance Estimation from Measured
Ratios
The solution of the problem posed by equations (6.1) can also be
treated as a minimization of the distance between two vectors in an n
dimensional vector space., Let the vector of given, experimental ratio
values be dencted by '
[ 7]

T2

(6.12)

=l
[

e}

nd

and the vector of function values, which depend on toth 6 and A as

rarameters, be denoted by
£,(6,8) ]
£,(6,8)
’ (6.13)

=l
il

fnl(e,A).

L

The distance between these two vectors is given by the expression

T N

- ———

T




gL

o R TR S A

55

n
d =./2. [r, - fi(e,A)]2
1=1

and this is a2 minimum for the same © and A that minimize

n
Q= Z [, - £,(0,0)F (6.14)
i=1

The solution of equations (6.1) is then where ¢ = 0. There are, of
course, some errors in the measurement of the quantities Pys Tpoeee T
so that there may not exist any (6,4) pair for which § = 0. One would
expect, however, that useful estimates of the source distance and
range extent, A, could be obtained by minimizing Q.

The function Q in equation (6.14) has the undesirable property
that a small error in a large ratio value can be an equal or even
larger contributor to the total mean squared error than a large error

in a small ratio estimate. It would be preferable to weight all the

errors on a percentage basis which can be accomplished bv employing a

minimizing function of the form

n
= rr, - £.(6,8)42

N (6:15)
1=1 %

The stancard method for determining the & and A which minimize the ex-

pression in equation (6.15) would be to solve the two simultaneous non-

linear equations

o9 _
30 = 0
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for 6 and A, The expressions for the fi((-),A) are, however, extrenely
involved and the standard approach seems unwarranted, The method used
here is to simply guess the 6 and A which minimize Q. Thé procedure
would be as follows: choose a value of A, say 0°. Then evaluate Q
for every value of © from 0° to 180° in steps of one degree. The value

of 0 for which Q is a minimum would be the best 9 for that particular A.

Next choose another value of A, say 5°, and repeat the above search

for the minimum Q. The procedure is continued until all values of &
have been investigated and their corresponding best match 8's have been
found, The solution would be that (6,A) pair for which Q is a minimum,
The algorithm outlired above will always find a solution to R = F(8)
regardless of how poor a match is cbtained, A rule to determine whether
or not a solutior has been found would be to test the quantity JG;;;ZE

{average normalized deviaticn) -gainst a prescribed tolerance, say .05,

€.6. Estimation of Source Distance From IEn/HnI2 ratios
The ratio of the electric field power spectral density to the
magnetic field power spectral density at their respective nth resonances
is essentially independent of the lightning spectrum since the resonances
of the two fields occur at very nearly the same frequency., A measurable
quantity (which is not the total magnetic field magnitude squared) is
determined by the addition of eqs. (6.5) and (6.6) to be
EW NS

lm %, H
ol n

|7 = 28, ¥ (6,0)

o T

OOV




ey

P e Tl L SR e

m}*\w-' AOUERR e

57
and the electric field magnitude squared is
|E |2 = 23, & (8,8)
n! ~ ¢ ™M™’
80 that
,l_Enlz Cn(G,A)
2 2 T d(e,4)
Lo

Hence, the ratios |1?.l|2/(|1§"{2 . |H§‘s|2); |E2|2/(|ng|2 + |H’f‘|2) and
|23|2/(|H§w|2 + |H§S|2) depend only on the source distance and distance
spread, not on the lightning spectrum, the source azimuth or azimuthal
spread. These remaining source parameters can be determined as deseribed
in section (6.4) and it is clear that all the parameters of the source
can be estimated regardless of the lightning spectrum provided that
ratios taken st the same frequency such as |E rl/'Hn|2, IHS']/HES |2,
|En/}l§w|2, or |En/l-l“;:“3|2 are used, This suggests a method of estimating
the lightning spectrum at the Schumann resonant frequencies sinece the

|2

2
ratios ]Eml/Enl and |Hn+1/Hn do depend on the lightning frequency

spectrum,
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sy VII. LOCATION OF TWO ELF SOURCK REGIONS FROM A
i |
i SINGLE RECEIVING STATION
Py .
?i It is prbbably a relatively rare occurence that only one major
thunderstorm center is exciting the earth-ionosphere cavity at a given
time and it is therefore desirable to have a method for locating the i
positions of, at least, two simultaneously active -source regions.
7.1. Received ELF Spectra trom Two Distinct Sources
;t We shall assume two sources of the type depicted in Figure (4.1):
i
iy
2l a source "A" at azimuth ¢,, distance QA and a source "B" at azimuth ¢B’
distance N from the receivine site. The range and azimuthal spreads of
F.o¢ -~ ] d
3 . .
L these two sources are dencted by A,, 4, and AB’ A, respectively. The
! A ¢A ¢B
? ' . received electric field magnitude squared is then given by
2 /
BT oy Boy 8y) 4 2y E(0p Bp) (7.1)
and the power spectra in the east-west and north-south oriented coils
are propertional to
]HEWIZ = [A¢ - 1/2 cos 2, sin 28, IR NCEWN)
? A A .
: . (7.2)
4 [A¢B - 1/2 cos 2p sin 2A¢B] ¥ (8, 8p) N
) and ' ‘
g |2 8y + /2 css 20, sin 28, ] ¥ (e, 8,) |
A A
(7.3)
5 + [A¢B + 1/2 cos 2g, sin 2A¢B] B (65, 8p)
§
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Since there are now eight parameters which describe the .ccation and

extent of the two sources, it should be 2xpected that estimation of these

parsmeters would be more difficult than in the previous sinile source

case,

7.2 BEstimation of Range-Parameters for the Two Scurce Model

It is advantageous to employ in the locaticn procedure those gquan-

v T
A AT A A RN ANES Gy g Rosbe S N T T ———

tities which devend on the least mmber of independent parameters since

P

their determination will be then greatly zimplified. The electric fileld

LY

spectrun depends upon 6 of the 8§ source parameters while each of the two

R

magnetic field spectra is a function of the ertire set of 8 parameters.

This complexity can be reduced by combining equations {/.2) and (7.3) to

T ey e

obtain
2
Lol I ol L 28y B (0 8,) + 2y (0 by)  (T.H)

The number of variables can be further reduced if ratios of IHF‘.HE2 +

Iﬂﬂsl2 and/or |E|2 are considered, For example,

28, & Lo €8

Bl G, ™1 gy Tl
n A¢A el * 2A¢B

where Ele =8 (GA. A) (see eq. 6.6) is evaluated at the (n+l)st reson-
ance of the total received electric field (since the total electric field

is what can be measured). Equation (7.5) can be written as

2 oh B
S . SR (7.6)
f E| = " A eB °
+ 68
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and &, i

where & =(A¢ /59 ). The ratios in (7.5) thus depend on 9,, 6., By By
B "A

We can further reduce the number of variaties to three by making bho
assumption, AA = AB =fp= 5° corresponding to a great circle distance 23,
of about 700 miles, which is probably a representative or average value
for large thunderstorm areas (Keaioha, et. al., 1968; Byers, 19%9). In
any event, the ratios display only a second order (compared to 0)

variation with A in the range 0° < A < 10° which probably includes all

realistic source sizes. As can be seen from Figures (7.1) and (7.2),
a § value of 5° is representative for the range 0° 88 10°.

The following seven ratios are then dependent only on 6 I\ BB and 63

-t sn=1, 2 (7.7)
et . 5eb
n D

e sn=1, 2 (7.8)
S
E S s
2 3
e, eﬁ"ben
2 2 T A ua;n=1v2!3 (7.9)
| +§H§s| R

The above seven ratios are not all independent; the particular subset
to be used will depend on the availzble data, Also, the ratios of the
set (7.9) are independent of the lightning spectrum (provided the
source spectrum at lozation A is the same as at location B), If the

selected ratios are denoted by fi(e FOLY ), i =1, 2, ...n, the

parameters 0 v eB, anG § could be estimated by minimizing the quantity
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n
(e, 6, 8) =Z [ry - £,(8,, 8, 45)]2 (7.10)
i=1
where the ri are the given, measured ratios. As discussed in Chapter VI,
the minimization would be accomplished by repeated guesses of 8,, GB,
and &§; the evaluation of the fi is again done by interpclation on tables
of theoretically -alculated results.

The procedure of repeated trial solutions is, however, quite time
consuming. The dependence of the fi on 6A and GB is so complex that we
are really forced to adopt this brute-force procedure, but the dependence
of fhe f 4 on 6 is comparatively simple; the f ; are of thé form

Ai + 6 Bi
fi(b) = EFB_D: (7.11)
where A Bi’ Ci and Di depend on GA and GB but we are emphasizing here
the effect of 6 on the ratios (ri = fi). This suggests minimizing, by

conventicnal means, the quantity
A + b Bi
'.....[i C+6D.] (7.12)

for a specified GA and GB. The differentiation procedure neceésitates,
however, the solution of a high order polynomial in 8. A much simpler

approach would be to write equation (7.11) as
ry (ci + 6 Di) = (Ai + 6 Bi) (7.13)

and then to minimize the quantity
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n 2
Q= ) [r, (€, +8D) - (A + 88,)] (7.18)
i=1

which leads to the fcllowing linear equation for &
n

n
Ll . 2
\ Ve - - - 3
; (ci ry i) (n1 ry 1) + 8/ (ni ry i) o (7.15)
i=1 i=1
so that n
Z(‘i - ¢y r,)(D; r; - By)
i=1
b == (7.16)
1y \2
o Dy vy - By)
i=1
since
. :
36 i=)

we are guaranteed that this & minimizes Q for a specified QA and QB.
The method of determining 6,, GB, and 6 from measured ratios can now
be outlined as followss

We investigate all values of 6, and 8, between 10° and 180° in
steps of a prescribed increment, say 2°, The first value of OA, say
100, is chosen end then a value of GB. All the quantities on the right
hani side of (7.16) are then specified and a value of § can be calculated.
The corresponding value of Q is determined from (7.14) and stored. Then
thz next GB is chosen, § determined, and Q calculated. If this Q is
less than the previous @, the former (along with the associated values
of 8,, GB, and §) is stored in place of the latter and the next eB in

sequence is used to determine a Q. This procedure is continued until
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all pcssible values of eB are investigated, The next value of 6‘

is chosen and all possible values of OB are used to determine a Q

b A AT,

value and so on urtil the entire allowed set of 9, eB peirs have

been used to evaluate the § which yields a minimum Q. The values of

s

GA, OB, and § which produce the minimm of this set of minimums are the

best choices of these scurce parameters for the given ratios.

7.3 Estimation of the Azimuthal Parameters in the Two - Source Model
There are fifteen ratios of spectral peak powers which depend upon

the azimuths or bearings of the two sources; they ares

2
Hw/ﬂm, $ n=1,2, 3

2
Enfﬂgw, $ n=1,2,3

] Enﬂﬁslz s n=1,2,3
B AR+ I

AR ) menas

where n denotes the ordinal number of the resonance. After examining

these quantities, however it becomes clear that a knowledge of some
of them implies a knowledge of the others. In fact, values for all

of them are specified by measurements of any two members of the set

B o] e

we shall confine our attention to tne first two ratios of this set;

2
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a different choice will not affect the arguments which follow.

By applying equations (7.1 - 7.3) these ratios are

if:’ ) ;:AOA'%COS 2p,sin 2%‘ :l +1 ¢B-§coa Mpsin ZA‘BJ
H:IB I_A +hcos 2,8 2&OA ] 30: + [L.Aﬁ;%cos 2psin 28 ]

(7.18)

ha :ﬁn

. 2 2AbAF$ + 2bh8F§ .19
5 {'A%-geoa 2,sin 28, J' ! Tfa%-gcos Byein 28, ] w o

n=1, 2' 3“!18!‘8

’
yhB _ G, (6)sine’ de" (7.20)
‘e, o~ n

eg'B - _[ Gg (6')sin0'de’ (7.21)

O3 1

ard expressions for Gy and G were given previously (equations (4.13) and
(5.23}.

A word about the geometry used in the thunderstorm location pro-
cedure i8 in order, Since the area ol a thunderstorm vegica which is
.’2A¢ in azimuthal spread and 2A in range spread is Ma2A¢ sin @ sin A
where a is the radius of the earth (6.4 x 103 km), the area of the source
depends upon the source-receiver separation 6. Hence, at very close

(near 0°) or very distant (near 180°) storms the source area for a fixed

A becomes unrealistically small, This can be accounted for, however,
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by allowing A¢ to assume fairly large values, say as much as 40°. Taese

remarky become important in determining the validity of certain approxi-
mations which are to be discussed below.
The equations (7.18) and (7.19) can be greatly simplified by naking

the approximation that A¢ and A¢ are small enough so that the factors
A B

8in 2 A, and sin 2 A, can be replaced by 2A and 2A¢ this applies

¢ s
A
ir A¢ and A s are not larger tanan 200. We can preserve a representativa
A B
source area of the order of at most 300,000 square miles (roughly the

size of the state of Texas) in the range 10° S e < 170 by adjusting the
8,'s within the upper limit of 20°,
The simplified forms of eqs. (7.18) and (7.19) are

2
B ey, s 698 ol -
= \7.22
H;B H: (:osgqA + 6 ﬂ';l (:oszwB
2 BA B
!_ = 2n - en ) (7.23)
H? HA;lsin¢A+6Hisin¢B
n=1, 2’ 3
where
5 = A / 5
A

Since we have previously shown how to estimate GA, GB and & the only
unknowns in (7.22) and (7.23) are ¢A and ¢y, provided measurements of the
quantities or the left hand side are available., Subsequent discussion

will require some algebraic manipulation and we shall simplify the notation;

2 12 2 2
EW,. NS|~ EW,., NS EW .. NS Ew
let I‘l = lﬂl / l v I‘2 = IH2 /H2 s I‘3 = !Hj /H3 l s Kl = lEll}]l
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: Using the identity sinzx + cosax = 1 the equations (7.22) and (7.23) are

seen to be six simultaneous equations which are linear in the two un~
knowns sin?¢A ana sinz¢B. The first three of these equations corresponding

to (7.22) are

r
n

. ) (uﬁ_ + 5 u0) (7.24)

2 B
W, 8in ¢A + 5 ¥, sinaﬁB =

r
n

n = 1,2,3 and the three equations corresponding to (7.23) are
B 1 A B
uﬁ ain2¢A + 5 ¥, sinaﬁB = E;'(en + 8 cn) (7.25)‘
n= 1,2,30

It is clear that the equations (7.24) and (7.25) are identical since

it follows from

2
- |H3w| .
D (w2 4 ui) = Ki- (e + 6 ei) - (7.26)
n

+
rn+1 n n 2A¢
A
hence, we need deal with only one of the two sets of equations, either
(7.24) or (7.25), o determine @A and ¢B' Without loss of generality.
we shall choose to solve equations (7.24) and shall express them in

the matrix form

MS =¢C (7.27)
where
. A B
¥ &y
A

M- | g by (7.28)

A B

¥ R

L- Sty

f H
e o e o Gy
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sin2¢ "
S = (7029)
sm‘%\B
and - =
r"l A B“T
r+1 "+ 8 8,7)
¢ |=2 i AssuB (7.30)
- r2+1 2 2 *
3 A B
r3+l (143 + 6 H3 )
_ N

As is well kncwn (Hemmerle, 1967), the best solution to (7.27) in the

least aquares iiense is obtained by solving the equation

M us = c (7.31)
where the superscript T denotes the transpose of the matrix. The
matrix equation (7.31) represents two simultaneous equations in the
two unknowns sin2¢ I and sin2¢B and can be solved by conventional means.
It is instructive, however, to examine the determinant of the matrix
of coefficients, M M, in (7.31). This determinant is given by the
expression

( B

det 0F m) = 62 { [ M7+ M7+ @2 J@% e @7 7

i} [ulAulB o u}“ujB ] } (7.32)

which vanishes if GA = eB. Therefore 1f the two source centers are at
equal distances from the receiver, ratios of the type shown in (7.22) or
(7.23) can provide no information on the azimuthal locaticn of the

sources, This fact becomes clear if one examines the expressions for
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the ratios given by (7.22) or (7.23) under the condition that 0, = 98

A B A __B .
(or Wy =¥ =W and g =& = p,n) since the ratios become independent

of the resonance mumber. In cht. ir eA = BB and AA - AB

2 A B
&, |* = ZA%?’“ v %Ben = 248

2

L

= 2A¢Asin2¢ Auﬁ + Z%Bamzéﬂgﬁ = 2A'¢ ain2¢ "‘n

2
Hgs = 2% coaz¢Au‘: + 2hg coa%Bug = 20" cos% | "
A B
where

&, = 8‘: = 82

¥y = uﬁ = ug

A = =

s’ =B =l

and ?' is an equivalent - fietitious - azimuth for the two sources located

.

at 6 B

= GB with ¢A

A single received spectrum is produced which is indistinguishable from the

spectrum from one source.

7.4 Detecting the Presence of More Than One Major Source

If a single major source is exciting the cavity the ratiocs

2
Hﬁw l _A_L-% cos2,sinhy
HTr\IS - By +5 cos2, 81n2hy

are obviously independent of the n, the ordinal number of the resonance.
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2
For the case of two sources, however, IH?I /ﬁ | given by equation

TR PR tans Biaclh -

(7.18) are clearly dependent on n unless eA = 6g and A, = A5, We can

-

then make the following statement: if the measured quantities [Ho'/H) |
are @ifferent for different resonance mumbers, therz must be more than
one source, It does not follow, however, that if these ratios are

J independent of n there is only one source, since as we demonstrated in
the previous section, two sources at equal 6 but different azimuth ¢

can imitate one source at a sirngle receiving station.

PP
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VIII. EFFECTS OF BACKGROUND NOISE OMN THE SOURCE

LOCATION METHOD

Up to this point. it has been assumed that the measured ELF spectra
are not contaminated by 8ignals of an origin other than major intense
thunderstorm regions. This is, of course, not always true and in this
chapter the effects of various types of noise on the estimated source

distances will be discussed.

8.1 Effects of Extra-Terrestrial Noise on Source Location Estimates,

Schumann spectra of the magnetic field are frequently observed to
have a sharply increasing power level with decreasing frequency. This
effect can be pronounced enough tc cause errors in the estimates of the
power levels at the lower Schumann resonant frequencies (and consequent
errors in the estimation of source location) and can even be so strong
as to entirely remove any evidence of resonances (see Figure 8.,1). The
source of this noise is probably outside the earth-ionosphere cavity and
possibly involves hydromagnetic emission phenomena; it cannot be pro-
duced by distant thunderstorms since the analytical expression for the
magnetic field does not contain a "zeroth'" resonance term. In contrast,
the electric field does have a "zeroth" resonarnce.

Numer.cal experiments were conducted to determine the effect c¢f

noise of this type on the location estimates. The frequency spectrum
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of the ncise can be approximated by

H(£) = ar™ (8.1)
where o is in the range 1 to 2. It is clear that for a given A, the
larger @ is the less a Schumann spectrum will be contaminated. If the
spectmm resulting from tiunderstorm antivity is designated by T(f),

the total received spectrum, S(f), (iacluding the noise) can be written as
S(£) = N(f) + T(f) (R.2)

provided N and T are the power spectra of uncorrelated random processes,
Assuming a scurce location and strength, one can then evaluate S{f) for
different values of A and & and use these "noisy" spectra in the source
location procedure. Figures {8.2) and (8.3) illusirate the results of
these investigations. 1In these graphs 60 is the true location of the
thunderstormm source; the abcissa is the ratio c<f the spectral power at

Z Hz to the spectral pcower at the first resonant frequency i.e.

S(2 -
C = S fl (8.])

where fl 1s the apparent first resonant frequency. S8ince thunderstorm

produced power at 2 Hz is negligible compared to the noise power at 2 Hz,

N(2
C= (8.4)
N fl + T fl

C was chosen in this form so that it could be used as a zriterion for
accepting or rejecting a spectrum as useful for the location of
thunderstorms.

Variation along the ab=cissa can also be roughly interpreted as

variation of the percent noise power at the aprarent first resonance.
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The reeson fcr this is as follows: The parcent ncise power, P, &t the

first resonance is given by |
P=100[m%] ) (8.5)
and since f1 is approximately a constant (f1 depends on A, «, and the
scurce location and str:ingths but the range of variation is at most

: about &+ 1 Hz), we have

P = 100 [N(fl)/N(z)]c (8.6)

so that P and C are related by a constant if &« is fixed. We cannot ex-
perimentally observe P, but we can measure C. Figure (8.2) shows the
variatior of the estimated scurce distances 9 for a = 1 and varying C
* or P (which corresponds to varying A). The estimated source locations
o are plotted until the estimates are more than 10° in error. The amount
of noise which is tolerable is dependent on eo. For example, if the
source is at 120° distance, source distance estimates are unreliable

if € > .1 (P > 12 “/o),but if the source is at 20°, C < 4 or P neerly
106 /o does not affect the distance estimates.

Selection of @ = 1 is probably a too severe assumption about the
noise frequency variation. Experimental data indicate that more often
¢ =2, Figure (8.3) describes the effect of noise if N(f) = A/fz;

6, = 120" is still the worst case but not until C 24 (P25 ©/0) must
we reject a spectrum,

It can be concluded that the estimation procedure is fairly insen-

sitive to this itype of noise.
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8.2 Uniform Equatsrial Distribution of Low Level Thunderstorm Activity,
In this section, we examine the effect on the source loeation pro-
cedure of low level thunderstorm activity distributed over a lavge equa«
torial are¢a. According to Pierce (1969a), large scale thunderstorm areas
have a characteristic dimensicn of about 1000 Km (4 = 4.5°) or an area of

100 1m®. Herman (19€8) has concluded that the world's major thunderstorm

regions have an area of 5 x 106 km2 (about 1/500%h of the earth's surface
area). These thunderstormm regions consist of complexes 30-U40 lm in dia-
meter and separated by abcut 100 im {fierce, 1969b). On the average, a
specific complex will coutain one or two active cells which are 6 km in
diameter and produce three lightning strokas per minute (Pierce, 1969b).
Using Pierce's model we can estimate the flash rate of a typical
major thunderstorm area. Imagine that a typical complex is placed at
the corners c¢f a square region 100 km x 100 km. This 104 km2 region
then contaira cne complex and on the average will producz 6 flashes per
minute sc that one of our typical major thunderstorm regions will pro-
duce 600 flashes/minute. Assuming that two of these major regions.are
active at a given time, thz flash rate from these two major regions would
then be 1200 discharges per minute or 20 discharges per second from the
world major thundergtorm regiong. It is generslly believed that there
are three major thunderstorm regions—-tropical America. Africa, and
Asia; however, meteorological conditions which are favorable to thunder-
storms depend on local time (late afterncon is usually considered opti-

mum for the occurrence of thunderstorms) so that at most twe major re-

gions are lixely to be active at a given time (Smith, 1961).

b et 2 el BA b
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According to the widely accepted thunderztorm theery of atmpapheric
electricity, woi.d-wide lightning activity is the generator of the atmos~
pheric potential gradient (Chalmers, 1967) and from measurements of this

potential gradizsnt, the total world-wide lightning activity at a given

P o
1 e bt o s

time can be estimated. In this way, it can be roughly determined that

N N L T

there are at least 100 lightning discharges/second occurring over the

entire wrorid (Smith, 1961). Polk (1969), using a rclated technigue, has

s -0 BN e A

estimated that there must be 250 "typical" discnarges per second over

the earth.

From thesze very rough estimates it seems that the amzunt of
lightning activity concentrated in the major thunderstorm regions is only
about twenty percent of the total world-wide activity. Suppose it is
assured that the other 80 percent (about 80 discharges per second) is
uniformly distributed in an equatorially centered band between 300 north
lstitude and 500 south latitude. Then the flash rate surface density
in this band (its area is exactly one-half the total surface area of the

earth; about 2.58 x 108

ln°) 48 3.1 x 107 flashes/kn-/sec. Comparing
this with the flash rate density in the major reglons, 2 x 10~> flashes/
kmz/sec,, we see that the source strength (g(w)) in equation (4.10) in
the najor regions is about two orders of magnitude larger than that in
the uniform equatorial band. It remains to compare the received power
levels from the uniform band 5f scattered '"background" scurces and the
ma jor regiomns.

Suppose there are NA strokes uniformly distributed over an area A.

Then the total dipole moment squared over this area is NAM?(w) and we

o
L
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and 1f g(w) is uniform over A,

Fafw)
but N‘ = A where p 1s the stroke surface density {strokes per unit
area) so that
g(w) = oM (w) (8.9)

- We cau now modify equation (3.3) to account for the stroke surface

density and write

o

g(w) = (const.) p exp(~9.1 x 10~ w) (3.10)
where the ccnstant depends upon the properties of our "typical” light-
ning stiocke. Knowiedge of an absclute valus for this constant is not
necessaxy in the ratio method; only the frequency variation is impor-
tant and as was discussed in Chzpter III, the frequc.cy variation is
held in fair agreement by seversl researchers.

it is instrustive, however, to examine the likely range of values
of glw} 30 that caleulated signal levels can be conpared with the
measured levels, As mentioned in Chapter III, the average return stroke
hs® a peak current of absut 30,000 amps and a duration cf about 100
micro-seconds (Pierce, 1953%; Watt, 1960); assuming a stroke length of
twe kilometers. the peak value cof the current moment cof the return stroke
is % x 107 amp-meters. The bandwidth of the pulse is of the order of

the reciprocal .f the pulse length or 10 KHz. Therefore, in the region

0 £ £ £ °C Bz. the return stroke spectrum can be considered nearly white
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and of magnitude equal to {peak amplitude) x (pulse length) or 6 x 10°
amp-meter secs, Consultation of any of the standard tables on Fourier
transform palrs show that the detailed pulse shape is WMt
(e.g. see Korn and Korn, 1968) for the pwrposes cf estimating expected
signal levels. Note that this value of 6 & 103 for Mlw), although obe
tained in a very rough way, compares quite favorsbly with the value,

5 x 100 , given by Pierce (1963). We then can conclude that ' (w) for
the return stroke must be ix the range 105 - 10? smpz-metera-secg 8o
that g(w) would be as fcollows:

%

&(w) for uniform low level background 1s [3.1 x 10, 2.1 x 10‘7]

-l

g{w) for major thunderstorm areas is [2x1077, 2 x 10791,

Using the largest g(w) in their respective ranges, a major source

(A = 5°, A¢ = 5°) at a distance of 40° should produce theoretical first

rescnance field amplitudes as

W
i

2A¢81(i40,5) 18y volis/meter

0% amps/meter (8,11)

[}

5

= 2A¢Hl(40,5)

.

{or ,0%8 milligamma)

and the uniforn + <0° tand of low density "background" thunderstorm
activity produces fields (at Kingston, R. I.; located at approximately

41,6°N, 71.8°) of amplitudes

|E.| = 19.3u volts/meter

.0L54 a »s/meter (8.12)

]

5 |

(or .056 milligamma)
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These values are one or two srders of masnitude smaller than those re-
perted in the literatura (Polk, 19555, A possible reason for this dis-
crepency is that the assumed value of M{w) is one or two orders of mag-
nitude toc smali. Ryeroft (19265) has obtained good agreement between
theoretical and sxperimentally measured 8 hz field amplitudes using the
dipole moment M{w) = 1.% x 10° at 8 Hz which is roughly two orders of
magnitude larger than would be expected for an "averasge" return stroke.
From "slow tall” measurements, Hughes (1967) has estimated M{w) to be
about 3 x 1(7)5 at 100 Hz and notes that this is about 40 dB larger than
the estimates based upon the return stroke only (Williams, 1959). In

a more recent paper, Hughes (1959) provides experimental measurements of
M(w) which if cxtrapolated down in frequency tc the region of the first
three resorances yield a value of about 106 amp-meters. Polk (1969) has
used estimates of the vertical electrostatic field to conclude that
M(w)/h = 4~ amps where h is the ionospheric height. For h = 50 km, this
yields a moment of M(w) = 2.2 x 106 amp-meters, The empirical formula
of Pierce (196%) describing time variations cof the different components
of a typizal discharge (leader, return, and continuing currents) can be
useld to estimate tne frequency dependence of the lightning stroke dipole
moment. As was shown in Figure (3.1), the total Mz(w) is about two or-
ders of magnitude higher than that for only the return stroke. These
discussions seem to indicate that, as was pointed ont by Pierce (1963),
all the processes of a lightning discharge are impcrtant in the excita-
tion of the Schumann rescnances and not exclusively the returm atroke zas

is widely assumed. If the previously used valiue of M(w) is increased by
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a facter of 10, the theoretical signal levels (equations (8.11) and
(8.12)) compare well with published data (Polk, 1969),

Zquations (8.11) and (8.12) indicate that the signal levels from a
ma jor thunderstorm area and from the equatorial region of background
ncise could be of comparable size, This raises the question as to
whether the "signal™ from a major region can be sufficiently discrimin-
ated from the "noise" of the equatorial background sc that the location
of the major region can be determined.

It is reasonable to expect that the background thunderstcrm noise
is seasonally dependent, i.e., the background nnise gpectrum would be dif-
ferent for spring-fall, northern summer and rorthern winter. Estimates
of the geographical distribution of the equatorial noise belt can be
obtained from the literature (Smith, 1961). Assuming a distribution
uniform In longitude, the extent in latitude or the noise belt for the

various seasons is roughly

spring-fall 20°8 to 30°N
northern summer 10°S to 60°N
northern winter 40°5 to 10°N

The electric and magnetic field pcwer spectra received in Rhode Island
for these three cases are shown in Figures (8.4) and (8.5). The maxi-
mum power level variation for the different seasons is only about thirty
percent; this might be expected since the source ares for the three cases
is fairly ccnstant: winter area = 2.1 x 108 km2, spring fall area =
2.58 x 108 kmg. swnmer area = 2,68 x 108 km2. A most important charac-

teristic of these spectra which should be pointed out is the fact that
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the poak powers at the resonances$ decrease with increasing resonance
nuzber, i.e. the ratios [Ee/Ellz, IEB/EQlZ. !HE/Hllz, !HB/H2‘2 are
a2ll less than unity.

One may ask if the "real world" Scmanarn spectra ever depart from
the estimates given by Figures (8.4) and (8.5) or if the Spectra. show
a day to day variation during the same season. Obvicusly, if the
specira are the same from day to day or from week to week, the location
of our hypothesized "major" regions would be impossible because either
these major regions do not exist, or their level is 8o low that their
presence cannot be detected in the background noise. Actually measured
spectra do display significant day to day and even hour to hour variationsa,

Typical power spectra, measured in Rhode Island, are plctted in
Figures (8.6) - (8.8). Pigure (8.6) shows that in the space of six
hours a significant change in the east-west magnetic field power spec~
trun occurred on February 19, 1967, Both the ratios and the resonant
frequencies show marked changes. Figure (8.7) shows a similar variation.
An outstanding example of spectral deviation from the background esti-
mates of Figure (8.4) is shown in Figure (8.8) where the electric field
power spectrum at 1400 EST on August 14, 1968 is plotted., Here the
power level increazes with the order of the resonance and it is clear
that at this time, the background level must have been low. Spectra of
this type are not at all rare occurrences and we can conclude that
usually the background noise does not completely conceal the signal
from the major regions.

Equations (8.11) and (8,12) indicete that the "noise" level pro-

duced by the equatorial background and that from a major source are com-
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parables however, experiment shows that significant departures from a
constant ambient spectrum dc occur. In the paragraphs to follow, we shall
examine the problem of how much noise is tolerable in the location of the
principal zhunderstorm regions.

To simplify the analysis, the case of locatinz a single 106 lnn2
major source in the presence of the wnifarm equstorial background rezion
will be scnsidered. The stroke densities in the major and background
regions are denoted by Pm and i the number of stroxes per unit time

in the regions are NM and NB We shall use Smith's estimate of NH = 100

discharges per second over the entire world and write

Ny = By + Xy (86.13)
or

100 = pyhy + Py (8.1%)

where AM and AB are the areas of the major and background regions. For

the purpeses of computation

it
"O
gl
€
”

8y(®) (8.15)

and

{
©
S
€
”

gB(W) = (8.16)

If the relative flash density pB/oM, and the areas A, and Ay (dependent
on the seasun) are specified the Py and py can be determined from (8.14)
and the spectra from the major source and the background can be calcu~
lated., Firures (8.9), (8.10), (8.11) show the effect of the background
noise on the source distancz estimates for northern winter. spring-fali,
and northern summer. On these curves the avbscissa is the relative

strength of the background scurce OB/DM, the rdinate is the estimated
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source distance and the curves are parametric in the actual snurce loca-
tion, 60. Ir AM and AB sre specified, Nb = pBAB can te determined for a
given value of PiPp and the values of NB (strokes per 3econd in the back-
ground region) are displayed at the top of the page for the regions indi-
cated. The curves simply display the deviation of the estimated lo:atiosn
from the true location with increasing noise, It can be seen that there
is very little seafonal dependence of noise effects, a result which
might be expected since the corresponding noise spectra are very similar.
Ve can conclude that Pp/p, must be less than or equal to about 2 x 107
(NB £ 5) for the determination of precise scurce locations. This result
is consistent with the calculations of (5.11) and {£.12) where it was
found that the "noise™ level and the "signal™ level were about equal for
the case pB/bMEQ 10-2. This means the received signals are about fifty
percent noise and it is not surprising that the resuiting eatimated
sowrce locations are very different from the true locations. This re-
sult should be contrasted with the case of the Af™% type additive noise
where almost 50 percent noise at the first rescnance was tolerablej but
this is due to the fact that the exponential noise contaminates cnly the
first and second resonances of the magnetic field. Both electric and
magnetic field ratios are used in the estimat on procedure, On the
other hand equa*orial background noise contaminates all the peak powers
2f both the electric and magnetic field., It appears that the ratio
nethod is guite sensitive tc our hypothesized equatorial ncise Scurces,

Figures (3.6) to (8.8) indicate, however, that the estimates used

in equations (8.11) and (R.12) for the relative strengths of uniformly
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distributed lightning activipy as compared with activity ’n the major
thunderstorm regions are probably erroneous. In particular, these esti-
mates are very sensitive to the area of the major thunderstorm region;
for example, if the assumed area of a major region were increased to

5 x 106 i (Herman, 1968) the "signal" to ncise ratio would be greatly
improved. The physical parameters describing thunderstosms and lightniaz
have large variability and are still the subject of active research. (con-
sequently, the rumerical values quoted Fere are at best crude estimates
and are only indicative of the order of magnitude of the particular
quantity. It is clear that the assumed uniform equatorial background
noise must be either more restricted in area or must have a lower rela-
tive flash density than assumed in the discussion leading to (8.11) and
(8.12) if ELF spectra lead to the correct determination of thunderstorm
regions. To the extent to which it becomes possible therefore to con-
firm ELF results by direct surface or satellite observations, information
is also obtained about the relative magnitude of "major" and "background®
lightning activity. For example, if it should turn out that the ELF
method gives consistently correct results during certain periods, but

not during others, it would be possible tc draw conclusions conclusions

concerning the distribution in time of the "background" activity.
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IX. LOCATICN OF THUNDERSTORMS BY ANALYSIS OF SCHUMANN SPECTHA

In this chapter the ratic method is applied to observed spectira and
estimat~d lccations are given. Wiere possible, the resultinz location

estimates are compared with available metecrological Aata.

9.1 Locétion of a Single Active Thunderstorm Region

During the pericd 6-12 June, 1967 an eXceptional amsuant of thunder-
storm actiy ity oceured near Salt Lake City (Lat 40° 45¢N, Long 111° 53'W)
in the Rceky Mountain region ¢f the United Stetes and detailed records
of the associszted phenomena have been puvlished (Xealoha, et al.; 1958).
The power spectra of the vertical electric fizld and the eagst-west magnetic
field received in central Rhode Island (71° 41' oL"W, 41° 31' 53"N) at
17%0 EST t> 1742 EST on June £, 1967 are shown in Figure (9.1). This
particular time was selected for analysis btecause simultaneous satellite
clcud cover pictures and racar precipitation echio data were available
(K=aloha, et al.; 1968), Tne radar data indicate that at this time
the center »f the precipivation region fcr this thundzsrstorm area was

) -~ f-o . -0 . . i . PR
at distance € = 297, and bearing ¢ = - 10~ (see Figure 4.1 for definivion

o2 angles) and had an arza of about .2 x 10 X, voughly correspirding

)

o
~

. Baploying the minimization methnd described in

ct
(]
i
(S X
W
o
I
1

.5) and using the ratics computsd frcm Figure (9.1), source

locaticns (&) for several different source widths () were estimated.
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The scurce distance was estimated frop the ratics 282/2132, 153/52’
(HE’*/ [, and ‘};9"/}6” 2. Tne source szimuths were cbtained by re-
arranging equation (6.11) into the fomm

. I e (00
sm%z’ﬁiz . W; n=1, 2,3 (5.1)

The right hand side of (3.1) can be eveluated from the powsr spectral
density measurements {nctice the necessily for having absolute calibration
>f electric and magnetic field vaiues) and from the previously estimated
9 and . Since thne sclution of the three equations (9.1) results in
three sets of four possible angles, the corresponding anglea from each

set were averaged. Table I shows eatimated distance, &, and possible
azimuths for 4 = OO, 50, 10°, and 20°, Alz» dispiayed in the ta)Hle

are the minimum values of the Q function (see equaticn £.15) correspond-

ing to the "best"™ values of € for a given A.

0° 2¢°  -10°, -142°, +38°. .170° .065
5° 33° 9%, -143°, 477, sam° 064
10” 32° 9, a3, +37°, a17a° LOST
20° w90, a4y, 4370, «171® .029

Table I: Souree lccation estimaies hased upon the spectra of Figure (9.1).

The c¢-il used for the megnetic field ineasurements rear Lingston is

oriented witin its axis <o the geomagnetic east-west diraction ancé the ¢
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values in Tavle I were therefore corrected for the magnetic deviation ip
Rhode feland (147 westj‘ All € and @ values in Table I are cloze %o the :
newn location of the source if it is asaumed that the closest azimuth
estimate is thz correzt oue. The maximue distance error is only 5°
(about %00 miles) and the maximan bearing error is 7°. The fact that the
© and ) values which are clozest to the kxnown source position yield the
largest Q parameter dnes not seem to be consistent with the developmers
in chapter VI, In chapter VIII, however, it was shown that additive
noise can cause small errors in the location estimates and this is
probably the case here. The value of A which appears to provide the best
agreement between theoretical and experimental ratics, as indicatecd by
minimun Q, is A = 20° which is wirealistically large. Figures (7.1)

and (7.2) show, however, that for sources located at distances near 300,
the spectral ratvios are nearly independent of A so that the ratio method
can provide very little information about the areal extent of the socurce.
The preceding exzample shows that, at least at this partieular time (June 6,
1957), the background noise estimates suggested in chapter 8.2 are much
to0 large and correet location of a major thunderstcrm region is clearly

possible,

9.2 Location of Two Simultanecusly Active Scurces

The power spectra »f the vertical eleetiic field, the geo-~
magnetic north-south magnetic ficld and the geomagnetic east-west
magnetiec fielé measured in central Rhode Island con January 1, 1970

between 1720 and 1729 GMT are shown in Figure (9.2)., Emplcying the

methods deveioped in seetion (7.2), the distances from the receiver to

A
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¢

3
£
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the relative strength parameter, §, was estimated to be 4.,22. The pos-

ks
b

sible azimruthal locations of each source were determined from the ratics

FUNPAVEE v

lnﬁ'/ﬂ,‘flzg n=1, 2, 3 (see section 7.3). The eight locations listed
below are derived from these calculations.

N

Source A

(1) 12°n, 78% Southeastern India {2300 local time)

(2) #3°3, 20°E South African Coast (1900 local time)
3 (3) 4%, 1wy Southerm Pacific (0700 local time)
'i (&) 2N, 1273 New Guinea (0200 local time)
] Source B
== (1) 28°s, 102°E West Australian Coast (2100 local time)
; (2) 53°s, 90°E Southern Indian Ocean (2300 local time)
r“ (3) 60°s, 12c°E Southeastern Indian Ocean (0100 local time)
3 (4) 30°s, 125°E Southwestern Australia (0200 local time)

§ Location (3) for Source A can be eliminated since it is too far

! south (only about 200 miles from the Antarctic Cirele). Locations (2)
and (3) for Source B are also unlikely locations for thunderstorm loca-
tions. It can be concluded that Source A is either in Southeastern
India, off the South African Coast, or in New Guinea; that Source B

lies in Westernm Australia, and that the electrical intensity of Source B
i (total power output of th: thunderstorm region) is 4.22 that of region A.
It is generaily believed that the worlds major thunderstorm regions

are coneentrated in tropical and subtropical land masses. The above
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results do not contradict this staiement and curves by Saith (1961) giv-

ing the average frequercy of occurrence of thunderstorms throughout the

world for "December-Janusry-February” (Smith, fig. 9-30) indicat: rels-

tively high thunderstorm activity for Southeastern quia, the South-Afri-

] can .oast, New Guinea and Western Australia. Specific surface observations

for Jamuary 1, 1970 are not yet availabiz to us at the present time, !
As a further example, the analysis of the data fcr 1333-1343 UT July 29,

1969 resulted in the following sowrce locations (excluding four points at ex-

treme southern or northern latitudea, 5578, 75°8, 55%N. s8%H);

| Source A

’ (1) 28°N, 55°W  West Central Atlantic (0900 local time) ( =45
(2) 25°N, 78°W Eahama Islands (0900 local time) =z

| Source B

i (1) 1%s, 96° Sumatra (2000 local time) ( 5°)
i - (2) 5°S, 140°E  New Guinea (2200 local time) =x0

Although southern hemisphere surface observations were not available
for this period information was available from thre U.S. Weather Bureau
"Northern Hemisphere Surface Charts." At 1200 Ul-——one and one half hours
before the ELF observations—-the weather conditisns in the estimated storm
region (20°-70°N, 73°-83°W) included cumulonimbus and towering cumulus
clouds, roughly half overcast, and wind out of the southeast. At 1800 UT
the amount of curmulonimbus clouds had greatly increased, precipitation was
occuring and thunderstorms were observed in the northwest corner of the
scurce region (northern Florida), It is thus likely that lightning ac-

i tivity developed soon after 1200 UT and then moved to the northwest of the
"source region" under the influence of the prevailing winds., It is also
possible, however, that lightning activity was already present at 1200 UT—=
although not indicated on the "surface chart"—since only seven observa-

6

tion stations in the source region of 10 km2 area reported weather

phenomena on July 29 at 1200 UT,

wencncs = A
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X. SUGGESTICNS FOR FUTURE WORK

10.1 Possible Improvements in the Thuncerstorm Location Method

There are two limitations to th: amount of information about thunder-
g',orm locations and characteristics which can be ckttaired from a siungle
receiving site. These are: (1) the ambiguities in the estimates of
source azimuth which were explained in chapter VI and (2) the effects
of equatorial background noise which could possibly (see chapter VIII)
be large enough to produce serious =2rrors in the sourece location esti-
mates,

The effects of both of these difficulties could be reduced by the
utilization of simultaneous measurements tak-a at several appropriately
positioned receiving stations. It has been shcwn, for example, in
chapter VI that, if the background noise level is sufficiently low, data
from a single receiving station are suffi:ient to determins the source
distance; bearing information is, however, ambiguous since choice among
four possible angles is arbitrary. On the other hand, if spectra from
two widely separated stations are known, only two possible sourc> 1nen.
tions exist at thes points of intersecticn of the constant distaice loeci
from the two receivers, Access to measuremants from three stations would
remove all ambiguity.

The preceding considerations assume that data from each station are
processed individually to obtain possible source locations and that the

final estimates are compared, This is analogous to separately
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r:ressing the 8iznals fom each element ¢f an antenna array; we are
clearly losing information by doing this. A better method would be to
ccllectively analyze ting raw multi-station data using techniques which
would be extensions of the source location aethods C2scribed in this
repert,, It would seem likely that reliable, cortinuous monitoring of
Zlobal thunderstorm activiiy could be obtained in this uay,

The ue2 of multiple receiving sites could also improve the noise

rejection properties of any thunderstorm loestion method. If the stations .

were placed 8¢ that the background noise spectra were different at each
receiver (because of different geographical locations relative tc the noise
source), the effect of noise contamination could probably be reduced by
crogs-correlaticn techniques. It might also be possible to estimate the
noise spectrum and analytically remove it from the received spectra., In
short, there is no doubt that multiple station measurements could pro-

vide more reliable location esvimates.

10.2 Estimation of the Ionospherie Conductivity Profile

A8 was pointed out in Chapters IV and V, Schumann spectra depend
up.n both the location and characteristies of the source and the prop-
erties of the cavity boundaries, particularly the ionosphere. It was
shown that the relative amplitudes of the peaks in the resonant spectrum
provide a measure of source location which is nearly independent of the
properties of the ionosphere (see Figures 5.8 to 5.14)., On the other
hand, the exact spectral position of the resonant frequencies depends
about equally on the source location and the ionospheric conductivity

profile (see Figures 5.15 to 5.20).
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It is pcssible taerzfore t> first determine the location (&) and
extent (A) of the sowrre from ratiscs of spec<ral peak powers and then
to employ the resonant {requency values to draw coneclusio.as concerning
the: conduntivity p-ofile --f the !omosphere. The Schumann spectra are
af ected by regions of ionization extending as low as 30 to 40 km above
the earth surface (Jones, 1907) and therefore should provide information
which is d&ifficult to obtain by other means. For example, if it is de-
termined from the ratios that 8 = 100°, A = 20° and if the first reson-
ant frequency in the electric field is at 8 Hertz, then Figure (5.18)
suggests that the "Pierce-Cole" profile is a more appropriate ionoschere
model than the Galejs profile.

A refinement of the methods for both, source location and deter-
mination of the Ionosphere profile would involve an iteration procedure.
This would require the determination (from the observed, experimental
ratios) of the location and extent of the source assuming first a reason-
atle average ionnsphere profile such as the "Pierce-Cole" profile shown
in Pigure (5.7). Then the exact values of the observed resonant fre-
quencies and the estimated source positions would be used to obtain a
"better" ionosphere model, This mod2l would then be used again to ottain
a better estimate of the source location. The procedure would be continued

until further iterations produce no change in the ionosphere profile,

10.3 Determination of Relative Contribution of Major Thunderstorm
Regions to World Electrical Activity
As indiceted at the end of chapter VIII, verification—or lack of

verification—of ELF thunderstorm locations by ground or satellite
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observations should provide informatior about the relative importance
of the major thunderstorm regions as lightring generators in comparisen
with the totality of widely distributed, small thunderstorms. A sys-
tematic program of comparing the results of ELF spectral analysis with
surface observations would therefore provide information about the
diurnal and seasonal variability of the ratio of these two inputs to

world electrical activity.

10.4 Investigation of Localized Ionospheric Perturbations on Schumann
Resonances

Tt has been indicated in chapter VIII that the Schumann spectra
are sometimes contaminated by L/fa noise. One possible source of such
noise may be hydromagnetic wave generation processes in the Magnetosphere
or the Solar Wind. The l/fa noise could, however, be also a manifestation
of near-field effects, that is superposition of TE and higher order T™
modes, produced by a local lateral ionospheric inhomogeneity, or it could
be due to random current fluctuations in the local Ionosphere.

To determine the source of l/fa noise comparison of ELF measurements
with TIonospheric and other geophysical data such as cosmic ray count,
10.7 cm flux and micropulsation activity is necessary. Detailed investi-
gation of analytical models describing the effect of local Ionospheric
perturbations would also be required. Madden-Thompson (1965) have pointed
out that the global effect at ELF of local Ionospheric perturbations would
be small; higher order modes may nevertheless be appreciable at ELF within
several hundred Xm of an inhomogeneity or discontinuity. For this

reason it would be particularly useful to study the EL¥ spectra corres-
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ponding tc known Ionosphreric discontinuities such as those existing at

local dawn or dusk or during a Solar eclipse,
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APPEITIIX A
Spectral Bias for Rectangular Data Window
The quality factor for resonant cavities is defined as
U
Q *® wO ( _ ﬂ ) (A-l)
dat
where U is the energy in the cavity and w, is the radian resonant fre-

quency., Equation (A-l) is a differential equation for U which has the
solution w
"Ef't
U(t) = Ue (A-2)
where UO is the initial stored energy. Since power is the time
derivative of the energy, the power behaves in a similar manner,
- Z_. N
P(t) = P e (A=3)
From equation (A-3) the fields themselves oscillate as
w
9]
-==1% iwt
Bt) =8 ¥ e ° (A=4)

In the frequency domain, the behavior is described by

® Wo ,
‘ r - EE t 1wot -iwt
E(f) = EO , € e e dc (A-5)

11 there is no energy in the cavity for t < 0. Integrating (4-5),

e SArSAL 6 2 A



3 )
—: E SR W T AW LINTI s ot e '
! 9%
d
i
% we have
; Eo -
. E(f) = . (A<6)
_ ! i Rt (w - wo)
1
] It is clear that (A-4) ind (A-0) constitute a Fourier transform pair
! .
f as in zquations (2.1) and (2.2).
The power in the frequency domain is then proportional to
E02 n2
f
=4 (£ -1)°
4Q
3 where
! f = w/2n
Differentiating (A-7) twice with respect to frequency,
1 2
E , f
: B? (8(r-£)° -2 7+ (f - £)?]
. L i LT S
{ 4y f - 3
0 g
[+ (£ - 2)7]
J
b
z §
J Of course, we are not interested in the absolute size of P"(f) but its
size relative to P(f),
| fo2 2
- -2 -
| oy BE-1) -3 e (-1
! o (A-9)
i P(f 2
2 Lf2'+ (£ -£)20
| ][ 4Q2 o’ _
2
For the first three Schumann modes, the resonant frequencies are approxi-
mately equal to 7.8, 14,1, 20.3 Fz and the quality factors are of the
order of 4 (Jones, 1967). Employing these values, we can evaluate (A-9)
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in the region of each resonance and determine the importance of the

2
additive bias tem L%§l~ S5"(f). The power and the power spectrum are

approximately related by

P(2) = S{£)Af (A-10)

8o that the n-rmalized additive blas term for spectral density esti-

mates 1is

2 2
AP)S  sv(e A£YPPH (2
'('21? 38 = T oW(T (a-11)

The frequency variation cf this bias term in the regicn about
cach of the first three cavity resonances is shown in Figure (A-l1) for
a frequency resolution f = 1 Hz. It can be seen from Figure (A-1l) that
near the first resonance the additive bias of the eséimates is about
-18 percent of nower spectral density at that point. This rather large
error can be reduced by decreasing the resolution to 0.5 Hz or 0.25 Hz,
which reduces the bias to about -4 percent and -1 percent respectively.
From the preceedirg discussion it is clear that if resolutions of 0.5
or less are used, :he bias produced by employing a rectangular data
window is negligible.

An intuitive argument, verifying quali.atively the mathematical
results presented above, is provided by Figure (A-2) where a very high
Q resonance is shown. The procedure outlined in Chapter II uses tiie
average power over a bandwidth AT as the estimate of the power spectrum
at the center of the band. In Figure (A-2) the average power in the

bandwidth Af is schematically represented by point A; .n the other hand,
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the actual power at the center ol the band is given by point B, It is
clear that spproximating the power spectrum by the average power in a
band Af can be very misleading if the spectrum is.rapidly varying with
frequency.

This problem can be eliminated by decreasing Af, but this will in-
crease the variance of the power spectral density estimates as is indi-
cated by equation (2.19). There is then an optimum range of Af which
must be used:s Af must be chosen large to minimize the variance of the
estimates; but it should be made small to minimize the bias of the
estimates., This appendix, together with Chapter II has shown that a
Af of 0.25 Bz or 0.5 Hz provides acceptanle levels of estimate bias and
variance.

It is not to be construed from the above that the lower the Q of
the resonances (or equivalentlv, the less the frequency variation of
the spectrum) the better the information contained in the spectrum. Ob-
viously if the spectrum is white (Q = 0) the bias is zero but there is
no information provided by the spectrum. The purpose of this appendix
is merely to demonstrate that for a frequency spectrum of the Schumann
type, where the quality factors of the rescnances are of the order of
4 or less, a frequency resolution of 0.25 Hz or 0,5 Hz gives good esti-

mates cf the actual spectrum.
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APPENDIX &

P

Linear Stationary Systems with Uncorrelated Inputs

! If a linear system is driven by a socurce at radian frequency w,

i D ot v

the Fourier transforms of the output y(t) and input x(t) are related by

the transfer function H(jw) as

R A S

Y{Juw) = H(jw) X(jw) (B-1)

H(jw) is the Fourier transform of the impulse response of the system,

It can be shown (Davenport and Root, 1958) that the output power spec-

trum is given by
5,(@) = [H(3w)]? 5, () (B-2)

If we generalize this to a multiple input system, thé single output

el
Y et T RO RIS TR T YT TR Pt A LRI TP S R s e e

y(t) is related to the N inputs Xk(t); k=1, 2, ...N by

N
y(&) = © oy (&) (B-3)

n=1

B Tl o T L

where yk(t) is the response when only the input xk(t) is driving the
gystem and the other inputs are zero, The yk(t) are related to the xk(t)

by the convolution integral
+®

7 (8) = | B (r)x (bor)ar (B-)
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or equivalently

Y, (Juw) = H (Ju) X (Juw) (B-5)

where Hk(Ju) and hk(t) are the tranafer functions, in the frequency and
time domains respectively, between the kth input and the output when
all nther iriputs are zero,

If the inputs Xy9 Xy ese Xy are random signals, the output power
spectral density is given by (Davenport and Root, 1958)
N
1, B+ (), (303 () (B-6)

N
[l
Y
. n

S -
Y(u)
kel n=l

where 8 nk(m) is the cross spectral density between the inputs xn(t) and

xk(t). S nk(“') can be expressed as

410 .
g gor -

S (w)=] Rex (N ar (B-7)
where Rxnxk(t) is the cross correlation function of x n(t) and xk(t).
If the inputs are uncorrelated, S nk(“’) = O and

N
(0= ) |5 ()%, () (8-8)
n=l n

which the reader should compare with eq, (B-2).

A statement of the resuit given by (B-8) is as follows: The power
spectral density of the output of a multipie input linear system driven
by uncorrelated inputs is equal to the sum of the power spectral den=-

sities due to each input considering all other inputs to be zero,

T
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We can apply the results of this appendix to the problem of l:l.sht-_

ning excitation of the earth-ionosphere cavity by assuming that the
signals from the thunderstorms are stochastic in nature and that the
different lightning strokes are independent. Hence, the sigrnals from
each discharge are urcorrelated. Raemer {1961) has pointed out that
this approach is mathematically equivalent to the analysis of "shot
noise™ in vacuum tubes where it is asually assumed that the probability
of the emission cf an electron from the cathode is independent of the

number of electrons emitted in the past (Davenport and Root, 1958).
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a) Pierce and Cole ionosphere profile omitting data below 56 Jm

b) Deeks ionosphere profile (B. R. May, J. Atmosph, Terr. Phys., _2_8_.
553, 1966)

¢) Cole and Pierce (19€5) ionosphere profile including heavy ion region
down to 30 km altitude

d) Profile (b) continued ‘o lower altitudes by profile (c)
e) Chapman-Jones (1964) two-layer profile,
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|
i a) Pierce and Cole ionosphere profile omitting data below 56 km
| _

b) Deeks ionosphere profile (B. R. May, J. Atmosph. Terr. Phy:., 28,
553, 1966)

{
i ¢) Cole and Pierce (1965) isnosphere profils incliuding heavy ion region
| down to 30 xm altitude

| d) Profile (b) continued to lower altitudes by profile (¢)

. e) Chapman-Jones (1964) two-layer profile.
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