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The frequ encies of t he resonance modes of t he earth-ionosphere cavity have been de
termined by means of a direct recording integrating spectrometer over a p eriod of one year 
and diurn al and seasonal changes ha ve been observed. The experimenta l data on the 
frequencies of t he first few resonant modes a re interpreted in terms of a mo del ionosp here 
consisting of two d iscrete homogeneo us r egions. A model which accounts for t he observa
tions is deri ved and t he propagat ion constant of extremely low frequ ency electromagnetic 
waves, appropriate to worldwide propagation has been determ ined for t he deri ved model. 
The r es ults are compa red wi t h t hose obtained by other wo rkers us ing a differen t a pp roac h. 
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1. Introduction 
The existence of natural resonances of th e ear th

ionosphere cavity was firs t predicted by Schumann 
[1952a, b] on the basis of a theoretical formulation 
of t lte electromagnetic field in the t hin spherical 
shell bounded by the surface of the earth and the 
lower ionosphere. These may be described i.n terms 
of a s tanding wave pattern produced by the inter
ference of direct and antipodal ELF (extremely low 
freq uency) waves originating in world wide ligh tning 
discharges . It is of interest to note that as long ago 
as 1893 the possibility of ear th resonances was ex
amined [Fitzgerald, 1893] . At that time the exist
ence of the ionosphere had not been established, but 
the modification of the frequencies of the earth reso
nances by a conducting layer in the upper atmos
phere was discussed and Sir Oliver Lodge made some 
unsuccessful attempts to detect the resonances. 

Since the publication of Schumann's results, much 
experimental and theoretical work has been carried 
out in order to detect cavity resonances and account 
for the experimental observations. Schumann [1952a] 
had shown that the resonant frequencies of the earth
ionosphere cavity may be expressed as 

in= c)n(n+ 1)/27ra 
if both the earth and the ionosphere were regarded 
as perfect conductors. The resonant frequencies 
predicted by this law are 10.6, 18.3, 25.9, 33.5 cis 
for n = l , 2, 3, 4. 

K onig [1954, 1959] has claimed to verify the exist
ence of such resonances experim.entally by observing 
the waveform of atmospherics in a relatively narrow 
band channel. H e r eports the existence of transient 
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quasi-sinusoidal disturbances with an apparent fre
quency of 9 cis. Polk and Fitchen [1962, 1964] have 
observed similar effects and obtained a good corre
lation between the observed disturbances and world
wide thunderstorm cavity. In order to establish 
the existence of the resonances on a statistical basis, 
however, it is necessary to examine the spectrum of 
ELF electromagnetic noise in the region 5 to 40 
cis, since it would be expected that this spectrum 
would contain maxima corresponding to the natural 
modes of oscillation of the cavity. The fu·st statis
tical study of the ELF noise spectrum was that of 
Balser and Wagner [1960a], who initially detected 
small but nevertheless significant enhancements in 
the 50 to 100 cis region and later, by means of a 
digital sampling technique and power spectrum 
analysis, demonstrated the existence of cavity reso
nances in the frequency band 5 to 50 cis [Balser and 
Wagner, 1960b]. Other observers have since veri
fied the existence of cavity resonances, generally by 
employing a sonometer or spectrometer provided 
with electronic facilities for integration of the noise 
spectrum [Fourier, 1960; Benoit and Houri, 1962; 
Lokken et al., 1961 ; Chapman and Jones, 1964a; 
Ryecroft and Wormell , 1964; Gendrin and Stefant, 
1962a, b]. The extent of the data of Gorskii and 
Krotov [1961] is not clear, but it seems likely that a 
reported narrow band 9 cis enhancement was only 
occasionally observed. On the other hand some ob
servers of ELF noise phenomena have failed to 
detect cavity resonances, although their observations 
included the frequency range of this phenomenon 
[Aarons 1956, 1960a, 1960b; Large, 1958; Stefant, 
1960; Haraldson, 1961]. Failure to detect cavity 
resonances may be ascribed to the experimental 
method employed. 

Since the initial theoretical work of Schumann 
[1952a, b], the theory of the resonator phenomena 
has been extended to consideration of the effects of 
the finite conductivity of the ionosphere. Schu
mann [1957] has considered the sharply bounded 
homogeneous ionosphere model and shown that the 
effect of finite ionospheric conductivity is to lower 
the resonant frequencies of the cavity. Raemer 
[1961] has computed the ELF noise spectrum in 
terms of the homogeneous model, and Chapman and 
Jones (1964a] have discussed the interpretation of 
the resonator data on the basis of this model and 
derived effective ionospheric parameters. It has 
been shown [Galejs, 1961a] that, while the homo
geneous model may be used in order to explain the 
observed frequencies of the resonances , it cannot at 
the same time explain the observed Q factors. For 
this reason Galejs has considered an exponential 
model and shown that such a model can explain the 
Q factors of the resonances and predict the frequencies 

ion density profiles for the lower ionosphere. An 
exception is the work of Harris and Tanner [1962], 
who derived a value for the ELF propagation con
stant without reference to an ionspheric profile. 

We have been concerned with the extension of the 
experimental values of the attenuation constant of 
long radio waves obtained by Chapman and Macario 
[1956] in the frequency range 100 cis to 10 kcls to 
lower frequencies . It was not possible to employ 
the method of Chapman and Macario at lower 
frequencies due to certain theoretical objections 
[Wait, 1960a]. Observations of the frequencies of 
the cavity resonances, however, enable an accurate 
value for propagation constant of ELF waves with 
frequencies of the order of 10 cis to be determined 
though, due to the nature of the resonance phe
nomenon, only the average value of the propagation 
constant on a worldwide basis may be found by this 
method. In the theoretical work reported here, it is 
shown how the observations on cavity resonances 
may be interpreted in terms of a two-layer model 
ionosphere by deriving a two-layer profile which 
predicts the frequencies of the resonances to within 
a few tenths of a cycle and corresponding Q factors 
which agree reasonably well with the experimental 
observations. An ionosphere profile that is effective 
in worldwide propagation is thus obtained, and the 
propagation constant appropriate to the profile is 
then determined. This process eliminates the neces
sity of 'averaging' day and night profiles found in 
some other methods of interpretation. 

2. Experimental Study 

2.1 . In strumenta tion 

The instrumentation has been described by 
Chapman and Jones [1964a]. Briefly the system 
consists of a vertical rod antenna (which responds 
to the vertical component of the electric field) 
feeding into an amplifier system via a matching 
impedance transformer. The total gain available is 
100 dB and may be varied by means of an attenuator. 
The amplified signal is fed into a constant Q, swept
frequency spectrometer operating in the range 4 to 
40 cis. The frequency of operation is controlled by 
a synchronous motor and is swept through the 
decade of the spectrum in a period of one hour. 
The output from the spectrometer is integrated by 
means of an RC circuit and passed via a d-c power 
amplifier to a pen recorder , thus producing a record 
of the amplitude-frequency spectrum of the received 
noise signal. 

2.2. Experime nta l Results 

to within 0.5 cis. The effects of the earth's magnetic The spectrometer system has been employed in 
field on the resonances have been considered by studies of the ELF noise spectrum during the period 
Madden et a1. [1962], Galejs [1963], and Galejs and June 1961 to August 1962. In all some 5000 spectra 
Row [1964], have determined the effect of positive were obtained during the recording period. Initially 
ions and the earth's magnetic field and found that some spurious effects were observed primarily due 
both factors influence ELF propagation to some ex- to local sources of in terference and due to wind and 
tent. Most of the theoretical work discussed above rain [Jones, 1963]. Local interference limited the 
requires a knowledge of the ionospheric electron and amount of useful data which cOllld be collected, but 
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earth-ionosphere cavity resonance effec ts were im
mediately observed in the spectrum. The results 
reported below refer to measurements on abou t 500 
spectra in 'which cavity resonances were clearly 
defined. Atten tion has mainly been co nfined to tlie 
d.eterminati.on. of the resonator mode frequencies, 
smce a prelmunary theoretical s tudy has shown that 
the mode frequencies rather than their amplitude 
were the most significant for determining the propa
ga tion constan t. Generally speaking, however , it is 
of interest to note that the amplitude of the fiTst 
order mode was found to be approximately 150 J.l.V 
se~ m - I, this figure being determined by comparison 
wIth the amplitude of the 16 kcls transmission of 
G.B .R. , the field strength of which was known. The 
result~ obtained by analysing the recorded spectra 
are glvel.1 in table 1 in which the mean monthly 
frequencies of the resonator modes are t abulated. 

TABI~E 1. Number o.L observations, ~, and mean monthly 
f requencies, i n, of cavity resonator modes 

Modc order 

Jul y 196L . __________ N 87 31 26 61 16 
rn 8.3 13.2 20. 1 25. 9 33.3 

A ugusL ___________ __ N 39 20 26 J7 3 
rn 8. 1 14 .2 20. 2 26. 9 33.0 

Septc lll bCL __ _ ______ N 35 9 6 3 0 

"i" 8.89 13.1 20.0 26.3 
Novem ber . _________ N 6 11 4 <1 3 

r" 8. 15 1'1. 4 20.0 25.8 33.0 
Decem bCL __________ N 13 13 <1 3 1 

rn 7.95 14 . 15 20.5 26.3 32.0 
J an . 191;2 _______ • ____ N 9 2 3 2 1 

r" 8.26 14 .1. 20.7 26.5 :32.0 
February ___ _________ N 37 17 9 6 0 

Tn 8. 03 14 .2 20.2 25,8 
MarciL ____________ . N 66 22 10 5 I 

Tn 7,97 14.3 20. 4 26.2 33.0 Apri L ___ ____________ N 26 17 11 8 3 

r" 7, 94 13. 9 20,9 26. 2 32.3 
11ay __ ____ ____ __ ._._ N 84 56 38 26 18 

r" 8. 01 14.2 20.2 26.0 33. I J une __ ______________ N 108 99 65 48 48 

r" 7,83 14, 1 20.1 25,8 32.5 
July ___ _____________ .. N 5 ~ 2 1 1 

fn 7.86 14 . 0 20.8 26. 0 32.0 

Average of ' norm al ' 
mont hs ____________ N 393 260 172 120 59 

"i" 7.96 14.1 20.2 26. 1 32.7 

The number of recordings obtained during any one 
month was mainly deterrnined by the weather at the 
recording site. It was not possible to obtain record
ings during periods of r ain or gale force winds . This 
explains the fact that no results were obtained 
during October 1961 , and only a sm <'tll number of 
spectra were collected d uring t he winter months 
November 1961 to J anuary 1962. From the re
corded res ults i t would <tppear that the spectra 
obtained during July fLnd September 1961 were 
somewhat anomalous, fLnd t hese will be discussed 
later . In the following work these anomalons spectra 
are excluded from t he fLnalysis, only the res ults ob
tained during "normal" months being consider ed . 

o 8 12 I~ 20 24 
TIME G. m. t. 

F I GU RE 1. Diurnal variation of first order mode fr equency. 

(The solid linc shows thc variation in the hourly m eau 
freq ucney.) 

'f he greatest weigh t should be fLttached to the ob
sel'vations of the fil'st order mode frequency since a 
lal'ge n umber of these was aVfLilable. From t he data 
presen ted in t fLble 1, there appears to be a sl ight 
trend for t he mode frequency to fall by 3 percent 
or so during the recording period . This trend does 
no t appear to the SfLlne exten t in the r esults for the 
higher order mode frequencies . 

From the recorded spectra, the diurnal variation 
o( the frequency or the first order mode could be 
determined . The individual observations of t he 
(req uency or this mode are plotted as a function of 
time of day in figure 1. E xamination or the trend 
o( the points appears to indicate a qui te defini te 
diurnfLl varia tion , there being a m aximum around 
midday and a minimum at midnight. This observa
t ion is verified by plotting the diurnal variation of 
the average frequency in each hourly interval, also 
shown in fi gure 1. 

The vfLriation in the mean frequency shows two 
distinct maxima, one centered at 1100 hours UT 
with fL lesser maximum cent ered on 1600 hours U T . 
The to tal variation is from 7.8 cis (midnigh t) to 8.2 
cis at 1100 hr . 

The individual observations of the frequency o( the 
firs t order mode are plot ted in figure 2, from which 
it may be seen that 8 cis is by far the most dominant 
frequency observed. 

One observation which was very s triking during 
the processing of the recorded c[<1La was t he fac t 
that a very marked chfL nge in t he 1'onn or the noise 
spectrum very orten occurred at about 0500 to 0700 
hours UT . An illustration or this phenomenon is 
given in fi gure 3. 

The reason 1'01' t his observation is not at all clear , 
but it is perhaps interes ting to no te that Gerson 
[1963] has found t hat t he absorption of HF signals 
propagating over antipodal paths l'eaches a maximum 
a t this time. 
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FREQUENCY, c/~ 

FIGURE 2. Frequency distribution of the observations of the 
fir st order model. 

04JO 

• 10 

FREQUENC r, </r 

X> 50 

FIGURE 3. An example of a morning increase m cavity 
resonance amplitude. 

.JUNE 1962 

12 / 6 20 2 4 
TIME G. m. t. 

FIGURE 4. Diurnal variation of the noise level at 4- cis. 

Corresponding to the enhancement or resonator 
effects at 0600 UT, a marked increase in the noise 
level at 4 cis was often observed. The diUTnal 
variation of the noise level for June 1962 has been 
determined, and the result obtained is illustrated 
in figure 4. 

The diurnal noise level variation is similar to that 
found for the resonator mode frequency but is rather 
more marked. It seems likely that the observed 
variation is largely due to variations in world wide 
thunderstorm activity [Balser and 'Vagner, 1962 ; 
Polk and Fitchen, 1964], though the form of the 
variation is very similar to that of the diurnal changes 
in long period geomagnetic micropulsation activity. 

2 .3. Discussion 

The observed diurnal frequency variation can 
most probably be ascribed to a variation of E region 
conductivity on a global basis (see sec. 3) . The 
general form is similar to the local diurnal variations 
of joE and MUF predictions for HF communication. 
This result may be interpreted as being due to a 
diurnal variation in the mean E region conductivity, 
possibly due to the fact that at any particular time 
of year it is winter in one hemisphere (relatively 
low E region conductivity) and summer in the 
opposite hemisphere (relatively high E region 
conductivity). 

An interesting phenomenon observed during the 
recording period is the anomalous observations 
obtained dUTing July and September 1961. Most 
of the July results were obtained on the 20th and 
21st, and the September results were obtained on 
the 7th, 8th, and 9th. The first order mode fre
quency was higher than usual, and dUTing July, 
especially, a marked increase in the amplitudes of 
the resonances was recorded. DUTing the September 
period, conditions appeared to be distUTbed elec
trically, and a 'noise storm' was observed on Sep
tember 8th. July was a very distUTbed month 
magnetically, and it was initially thought that the 
resonator effects might be connected with geo
magnetic activity, though as reported in the litera
ture [Chapman and Jones, 1964a), the frequencies 
and aInplitudes of the modes have been found to 
show no change dUTing subsequent geomagnetic 
events of a similar magnitude. A subsequent corre
lation study between K p and mode frequencies 
showed that there was no significant connection 
between these parameters [Jones 1963]. It is now 
thought that the anomalous spectra could be con
nected with the occurrence of PCA events. PCA 
events have been reported as occurring on the 15th 
and 19th of July and on the 11th and 12th of Sep
tember [Gillmore, 1963]. As reported by Belrose 
[1964), such an event is accompanied by a large 
increase in lower ionosphere conductivity which 
extends down to latitudes of 60° at each of the earth's 
poles. It is considered that while PCA events can 
bring about marked changes in the properties of 
the resonator, ordinary magnetic activity has no 
such effect . 
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3. Theoretical Interpretation of the Experi
mental Observations 

3. 1. Introduction 

Initially, the experimenLal observations of earth
ionosphere cavity reso nances were interpreted the
oretically on the basis of a homogeneous, sharply 
bounded model ionosphere (Raemer, 1961; Ohapman 
and Jones, 1964aj. Ohapman and Jones [1964a] 
dealt with the derivation of effective ionospheric 
parameters from the observations of the frequencies 
of the cavity resonances and showed that the 
effective conductivity of the ionosphere increased 
as frequency decreased, this result being attributed 
to the penetration o( the ELF waves into the 
ionosphere. The same method of interpretation 
was used by Gendl'in and Stel'ant [1962b] in explai n
ing the observed effects of a Iligh altitude lluclear 
explosion on the caviLy reSO llances. 

From the experimental observaLions it wao: possible 
to determine the variation of the conductivity of the 
model with frequency and, knowing this variation, 
the propagation co nstant of the waveguide (ormed 
by the lower ionosphere and Lhe surface of the earth 
could be deduced [Ohapman and Jones, 1964b]. 
Since the cavity resonances are the result of a 
worldwide phenomenon, the deduced theoretical 
results represent an average for worldwide propaga
tion conditions. 

The derived values of efl'ective co nductivity on 
the basis of the homogeneous model (approx. 3 X 10- 6 

mhos/m) were much higher than the co nductivity 
actually found in the D region of the ionosphere and 
were intermediate between D and E region conduc
tivity values obtained by electron density measure
ments. As had been [ou nd earlier by Wait [1958], 
it was thus apparent that the E region was effective 
in ELF propagation as well as the D region . As 
already mentioned, Raemer [1961] had computed 
the ELF noise spectrum and had shown that the "0 
factors" of the resonances predicted on the basis of 
the homogeneous model wave were too low by a 
factor of two, thus also illustrating the inadequacy 
of the homogeneous model. 

At these extremely low frequencies it is thus not 
possible to neglect the effects of the E region on 
propagation. Galejs [1961b] has calculated the 
spectrum of ELF noise by approximating closely 
to ionospheric conductivity proilles using a series of 
exponential steps. To adopt this procedure in the 
interpretation of cavity resonances, it is necessary 
to "average" day and night ionosphere profiles in 
someway. In order to avoid this difficulty, the effects 
of a two-layer model ionosphere on t he cavity 
resonances UfLS been calculated. It will be seen 
from what follows that such calculations can provide 
information on the state of the lower ionosphere and 
also enable worldwide propagation parameters to be 
determined. 

3. 2 . Method of Interpretation on the Basis of a 
Two-Layer Model 

T he basis of t lw method adopted is the theoretical 
work of Wait [1958]. It follows from Schumann's 
[1957] work that the vertic,)'l component of the elec
tric field in the earth-ionosp here cavity excited by 
a lightning discharge can be expressed in t he form 

Er= A(j) L:; j,"~Sj~S" (2n+ l )P ,,(cos 0) (1) 
n n 0 

where n represents t he order of the resonator mode . 
A(j) is a term wllich varies only slowly with fre
quency compared to the term inside the summation 
which defines the resonator modes; So is a factor 
related to tbe propagation constant ro of the field s 
in the ca l'ity by ro = ,j27f'jSo/c and determines t he 
prop,)'gation of waves in the zero order waveguide 
mode [Wait, 1957a, bl; j n= c-.jn(n+ 1)/27f'a is the 
natlll'al (undamped) frequency of the nth order 
resonator mode equal to 10.6, 18 .3, 25 .9, tLl1 d 33.5 
cis £01' n = l, 2, 3, and 4. 

Schumann had shown that, for a homogeneous 
ionosphere at low frequencies, So could be approxi
mately expressed by Sg~1 -ml/2w- l/ 2, where m is 
an ionospheric loss parameter defined by m = clh,r:;;. 
If a two-layer model ionosphere is considered (fi g. 5) 
in which the condu cti vity, ([, is zero below an altitude 
h, ([' = ~ow; bet,ween altitudes hand h+s and 
([" = ~ow;' above h+s. It then follows from 'Vait's 
[1958, 1960] work that the parameter m is rendered 
complex by the stratification and ma.y be expressed 
in the form 

where to a good approximation at the frequencies 

Hodel "E Region 'I 

1 Conductivity ::: on ::: Eow ; 

h·s I-----------.----J 
Alti tude 

Hodel "D Region'! 

Conducti vi ty ;:: 6 ' ::: c aWr 
h 

0 ... ---------__ 

Ionospheric Conductivity ---It-

FIe URE 5. Th e twe layer ionosphere mr;rlel. 
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considered here we may write 

~1 +j~tanksJ.l-I = '+ ' II 
q- 1'+J tan kSJ.l-I q Jq 

J.l-~~ I -jw~!w and T~-JW//W~ 

m being the loss parameter appropriate to the lower 
region (m=c/h#). 

In the two-layer case, So may thus be expressed by ·; 
+ 

(2) 

Subsidiary calculations ha\Te shown that (2) is an 
excellent approximation to the full mode series 
solutions for So for frequencies below 40 cis. 

The experimental observations give the frequencies 
j~ at which (1) reaches its maximum values. These 
maxima are very nearly given by 

} 2 j'2S2 . . 
n- n o= a nllnUllUlll. (3) 

Since So is complex, (3) defines maxima at frequencies 
given by 

(jn/j~)2~ReS~ 

~1 + m (2w) - 1/2(q' + q" ), 

where q= q' +jq". Hence 

m (q ' + q' ' ) =-I'Eln { [jn/j~J2- 1 } . (4) 

The right-hand side of (4) may be calculated from 
the experimental values of j~, and thus m(q' + q") 
can be determined as a function of frequency. The 
result of this calculation is shown in figure 6. 

In order to compare the derived experimental 
results with theoretical calculations obtained on the 
basis of the two-layer model, values of m(q' + q") 
were calculated for a wide range of the parameters 
w~, w~', and S /h. A suitable range of parameter 
values was deduced from three sources- from the 
interpretation of experimental attenuation measure
ments [Steptoe, 1958], which gives an estimate of 
w~ in the range 104 to 7 X I04 sec- I; from published 
ionosphere profiles [Waynick, 1957; Titheridge, 
1962]; and from the cavity resonator observations 
themselves, since at zero frequency U=O) m (q' 
+ q" ) =m/T=c/h-Jw~'. From the experimental curve 
given in figure 6, as j ---'>O, m (q' + q" )---,>5 or so, thus 
giving an estimate of w~' of the order of 106 sec-I. 
It is found that the theoretically deduced vftriation 
of m (q' + q" ) with frequency only matches the 
experimental curve (fig. 6) for a restricted range of 
the model parameters. The " best" model hfts the 
following parameter values: w~ = 3 X 104 sec- I; w~' 
= 1.15 X 106 sec- I; s= 30 km, and h= 70 km. Theoret
ical curves appropriate to this model are shown in 
figure 6, where they may be compared with the 
points derived from the experimental observations. 
The way in which the model was deduced may be 
seen from the example given in figure 7. Similar 
curves were obtained with w ~ and s/h as abscissa. 

FIGU RE 6. Comparison of values of m(q' + q") derived from the 
experimental results with theoretical curves. 

o Points derived from experimental results. (The param
eter is resonator mode frequency.) 

Theoretical curves for sjh=30/70; w; =3XlO', with the 
following values for w~':-curve 1, 7.35XIOS; curve 2, 
1.15Xl ()6 ; curve 3, 2.04X106 sec-I. 

It is found that the value of w~' is defined quite 
precisely by the experimentftl results, while s/h is 
defined only fairly precisely, and w~ less precisely. 
In order to improve the precision with which w~ 
could be determined, the predicted attenuation 
constant of the model was also calculated and com
pared with the experimental measurements of the 
attenuation constant of ELF waves of Chapman 
and lIIacario [1956] and Jean et al. [1961]. It was 
concluded that adoption of a value of 3 X 104 sec- I 
for w ~ gave attenuation values which fell between 
the daytime and the nighttime results of Chapman 
and lIIacario, as would be expected, and, at the 
same time predicted, the correct frequencies for 
the cavity resonances. For daytime propagation a 
vftlue of w~= 5 . 5 X I04 sec- I is in excellent agreement 
with the data of Jean et al. Thus the method of 
a,nalysis of the experimental data enabled an effective 
model for ELF to be derived. Having derived a 
suitable model capable of explaining the frequencies 
of t he cavity resonances and observed values of the 
attenuation constant, it is possible to deduce the 
Q factor of the resonances and also the propagation 
constant appropriate to the model. The calculated 
\"alue of the Q factor for the first order mode, where 
"Q factor" is defined in terms of the 3 dB bandwidth 
of the resonances, is 4.7. Experimentally, a Q 
factor of 4.0 may be deri\Ted from Balser and 
Wagner's data [Galej s, 1961a], while for some of the 
spectra presented by Gendrin and Stefant, a Q 
factor of 5.3 seems to be appropriate. 
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FIGU RE 7. Comparison oj the expm'imentally derived values 
ofm(q' + q") with theory . 

---€--

Theoretical curves for 8/"=30/70 and w; =3X IO' sec-I. 

Experimental valucs derived from fi gure 7. 

-_._-.--. IB est' value of w~' 

An interpretation of Lite resonance observed 
during the PCA conditions of July 1961 and Lhose 
observed following a nuclear explosion as given by 
Gendrin and Stefant [1962b] has been made along 
the lines reported above. The resulting effective 
models are given in table 2 below. 

TABLE 2. Two layer models derived Jm' vm'ious conditions 

Normal modeL ________________________ _ 
p .e.A. modeL ________________________ _ 
Nuclear explosion modeL _____________ _ 

w/(sec-l) 

3XIO' 
6.8XIO' 

3XlO' 

wr"(sec-1) 

1. 15X106 

2.3XI07 
5X10' 

8/h 

30/70 
37/63 
30/70 

The observed effects of the P CA and the nuclear 
explosion have been discussed previously [Jones, 
1963], and the attenuation constant and phase 
velocity appropriate to these three models has been 
calculated on th e basis of the full mode theory for 
propagation und er a two layer ionosphere by Chap
man and Jones [1964b]. Using t he theory of Wait 
[1960], the results oJ this calculation are presented in 
figure 8, where they may be compared with the 
results of Harris and Tanner [1962] and some recent 
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F I GURES 8a and 8b. Derived variation of attenuation and 
c/v with jl-equency. 

II I I I I I I 

Derived results for two layer models with 8/"=30/70 and 
w~' = 1.15X IOG sec- I. 

Derived results for horllogeneous model. 

Reprcsents t hc range of va lues derived by Galejs for 
diO'crent d irections of propagation. 

Derived results of I farris and Tanner. 

Experimenta l results of Chapman and M acario. 

--.--.--. Experimental results of Jean et al. (mean curve) 

(For fig. (8a) cur ve 1 corresponds to w; =5.5X IO·', curve 2 tow;=3XlO' and eune 
3 to the attenu ation following t he nuclear explosion (see text). In fig. (8b) cur ve 
1 corresponds to .. / = 104• curve 2 to w; = 3X10' and curve 3 to w;=5.5X104.) . 

results of Galejs and Row [1964], the latter having 
included the effects of the earth's magnetic field. 
The agreement between the present results and Lhose 
of the other workers is excellent . 

4. Summary and Discussion 

The frequencies of the resonances excited in the 
earth-ionosphere cavity by worldwide lightning 
activity have been observed over a period of 1 year , 
and the results obtained have been in terpreted on 
the basis of a two-layer model for t he ionosphere. 
In the method employed, the model was varied 
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un til the correct resonance frequencies were 0 b
tained, and it would be expected that this derived 
model would compare well with the actual profile 
of the lower ionosphere as determined, for example, 
by electron density and collisional frequency measure
ments. A difficulty arises here, however, in that the 
derived model is an effective model for worldwide 
propagation, and we should not, therefore, expect 
any close agreement between the model and profiles 
obtained at particular localities and times of day. 
When a comparison is made with daytime profiles, 
for example that of Titheridge [1962], it can be 
seen that the thickness and conductivity of the 
"D region" of the model is a very fair representation 
of reality, but that the "E region" conductivity is 
considerably lower than might at first be expected. 
As mentioned in an earlier publication [Chapman and 
Jones, 1964b], there are reasons why this should be 
so. These reasons are connected with the effect of 
averaging the lower ionosphere profile over the whole 
earth and with the possible effect of the earth's 
magnetic field. It should be mentioned that, in 
connection with the latter, the recent results of 
Galejs and Row [1964] throw some doubts upon the 
assumption that at ELF the ionosphere may be 
regarded as an isotropic medium even in the presence 
of a magnetic field [Wait, 1960a]. 

The analysis described above requires a knowledge 
only of the frequencies of the earth-ionosphere 
cavity resonances. The model should also, however, 
explain the Q factors of the resonances. These 
Q factors have been considered and the calculated 
values were found to agree well with values derived 
from experimental observations. A detailed account 
of these calculations is to be published shortly. 
It may be noted that if precise values of the Q 
factors were available it would be possible to deter
mine the propagation constant but only in the cavity 
resonator region of the spectrum. The approach 
described above has the advantage of giving the 
propagation constant over the entire ELF frequency 
band. In practice the Q factors of the resonances 
cannot be precisely determined due to background 
noise problems. Emphasis has thus been placed on 
the interpretation of the resonance frequencies , and 
the Q factor of the derived model checked merely 
to ensure that reasonable values are predicted. 
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