From what was presented above it follows that in the case of wy < 2wy the types of trajectories possible
near the upper hybrid resonance are analogous to those examined earlier in the region of frequencies w ~ wp
if wp >wy [3, 12]. An important difference is that reverse waves propagate when w ~ wp and wy, < 2wy, while
the waves are direct when w = wp and wp >wy. Trajectories of the loop type are possible in both cases 3, 7,
12], however, and the criteria for the formation of such trajectories are analogous.

In conclusion, the author thanks B. N. Gershman for a discussion of the results.
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RESONANCE EFFECTS IN THE EARTH — IONOSPHERE CAVITY

P. V. Bliokh, Yu. P. Galyuk, UDC 621.371.25
E. M. Hinninen, A, P, Nikolaenko,
and L. M. Rabinovich

Natural oscillations of an electrical type in the earth —ionosphere cavity are analyzed with allow-
ance for the height profiles of the plasma parameters of the lower ionosphere. Besides the well~-
known branch of natural frequencies corresponding to Schumann resonances (ones and tens of
hertz) new resonance frequencies are obtained in the range of ones of kilohertz. The problem of
forced oscillations of the cavity is solved withinthe framework of the same model of the ionosphere,
The resonance parameters of the energy and cross spectra are compared with allowance for the
suppression of interference.

The spherical cavity formed by the earth's surface {conductance on the order of 101% and the lower
ionosphere (conductance on the order of 10%) represents an electromagnetic resonator in a wide range of fre-
quencies from ones of hertz to ones of kilohertz.

The resonance cavity is bounded below by the sphere r = a at which the jump in conductance reaches
values on the order of 10", The upper diffuse boundary is formed by the plasma of the lower ionosphere
in which the particle concentration increases with height. The ionosphere is in the constant magnetic field of
the earth and represents, generally speaking, a medium with double refraction [1, 2].
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The solution of the problem of the natural or forced oscillations of the resonator with allowance for all
its properties encounters insuperable difficulties. Therefore, simplified cavity models are usually used. The
simplest of them has been the model of an ideal resonator [3], within the framework of which Schumann ob~
tained the following spectrum of natural frequencies:

fa=5:—aVﬂ(n+1)- ()

Here c is the velocity of light in a vacuum, a is the radius of the earth, and n is the number of the resonance
mode. In particular, f; =10.6, f, =18.3, f; = 26.0 Hz, etc. A whole series of more complicated models al-
lowing one to take into account one or another properties of the resonator, such as the gyrotropy of its upper
wall, were suggested later [4~10].

In the present report we will not take into account the effect of the geomagnetic field and the angular
nonuniformity of the ionosphere, which lead to removal of the degeneracy of the natural frequencies. Prin-
cipal atteation will be paid to oscillations of the E-type in a resonator bounded above by the ionosphere, iso~
tropic and uniform over the angular coordinates, the parameters of which vary with height.

Even the first experimental studies showed that the observed resonance frequencies of 8, 14, 20, and
26 Hz [11-13] differ considerably from those predicted in the model of an ideal resonator. This discrepancy
could be removed only through the use of models which allowed for the variation of the conductance of the
ionosphere with height. Thus, for stepped models [13, 14] it was possible to connect the experimentally oh-
served parameters with the characteristics of the ionization profile: the heights of the beginnings of the steps
and their conductances. The parameters of the two-step model can be determined from the first four reso-
nance frequencies or from the resonance frequencies and qualities of the first two modes of oscillations [13].
Attempts were made to analytically solve the eigenvalue problem within the framework of some sufficiently
general smooth profile of the lower ionosphere. It was assumed that the parameters of the profile are deter-
mined from a comparison of the calculated and experimental data. The first work of this type was that of
Galejs (see [9] and the bibliography to it).*

With such an approach the choice of a model of one type or another is arbitrary, generally speaking. The
results of calculation and experiment are compared from the resonance parameters of not more than five
modes, since the higher modes are not stably observed. Tt is not surprising that the "correct® values of the
frequencies and qualities can be obtained within the framework of the most dissimilar models. (All the height
profiles which allow one to solve the problem in known algebraic or transcendental functions are known for
waves of the E~type in a spherical coordinate system with a permittivity & = e(r) [15].)

Obviously, it is not enough to require the simple coincidence of a finite number of calculated and experi-
mental parameters; it is also necessary that the chosen model correctly describe the general laws of be-
havior of e(r) with variation in height, which are known from geophysics [10, 14, 19]. Unfortunately, not one of
the analytical profiles [9, 15] satisfies this condition.

As a result, the problem of the resonance oscillations of the earth —ionosphere cavity within the frame-
work of a smooth height profile &(r) must be solved numerically. Below we will describe an algorithm for such
a solution with an arbitrary height profile of the concentration of both electrons and ions. In principle by
having a set of solutions for different profiles based on some geophysical data or other and by comparing the
results of the calculations with experimental data one can choose the most "realistic" profile. Such an ap-
proach to the solution of the stated problem was first applied in [10}], where the earth —ionosphere resonator
was modeled with a two-dimensional transmission line.

The use of the described algorithm within the framework of one of the realistic models made it possible,
as will be shown in the first part of the preseat report, to obtain not only the Schumann resonance frequencies,
but also the resonance parameters of higher types of oscillations.

The experimental data on the Schumaunn resonance, with which the results of the calculations are com-
pared, are characterized by a certain error. It is connected not only with the apparatus, but also with the
experimental method used. Therefore, when one and the same experimental installation is used the accuracy
of the choice of a height profile of the ionosphere essentially depends on the method of the measurements and
the analysis of the data. In the second part of the report the various methods of measurement are compared
using computer modeling and the one which gives the most reliable results is indicated.

* A rather complete and detailed presentation of the results of work on the Schumann resonance can be found
in the monograph [23].
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NATURAL FREQUENCIES OF E-TYPE WAVES

In the solution of the problem of the natural frequencies the properties of the ionosphere will be taken
into account with the help of the complex permittivity €(r), the values of which are determined by the electron
and ion concentrations and by the frequency of collisions of electrons with other particles. For simplicity, we
will consider the axisymmetric problem, i.e., 8/8¢ = 0. Then from the system of Maxwell's equations, after
the introduction of the Hertz vector II = Iley, where ey is the radial unit vector, we obtain [16]

Ll QT 0(1n d“) {ﬁe&) v”‘"~—(vqﬂ)yn:a @

or? r’sin8 00 a6 dr?

Here k = w/c is the wave number and a time dependence of the type e” 19! i5 agsumed. The scalar function I
must satisfy the following condition at the lower boundary of the resonator:

-?—II-_- — ik

or ’ (3)

r=a

where § is the reduced surface impedance of the earth's surface, and it must satisfy the condition of emission
as r — «,

By separating the variables in Eq. (2) and introducing the spherical impedance &,(r) [17], which equals
3, (r) = 2 lye@rol, (4)
! kVﬁUpAnd'
we arrive at an equation of the form
a(n+ 1) -
ikrie(r)

The radial function is designated as pp(r), while the quantity n(n + 1) is the separation constant. The index n
is the number of the resonance mode (the zonal guantum number {4-14]).

-d—a,, (r) + ike(r)82(r) — ik — (5)
dar

The boundary conditions (3) take the form

B.(a) = — 3; ©)

n+1) 1
8, (r) = — ]/ e(r)— n(km l/;(,—l, (7)

The condition (7) was obtained on the basis of the following physical considerations. Electromagnetic
waves of the indicated frequencies penetrate into the ionosphere to depths of several tens of kilometers. Itis
therefore natural to expect that the properties of the plasma at heights coasiderably greater than the thickness
of the skin layer do not affect the resonance frequencies. Consequently, starting with some r = r; one can set
£(r) = e(ry) = const, and then in this region the eigenfunctions become spherical Hankel functions of the first
kind {the condition of emission), and since their argument IkrvE(@)} > 1, one can also use an asymptotic rep-
resentation to obtain (7) for the values of n of interest to us, which are not very large.

The eigenvalue problem was solved numerically by the method of successive approximations. Let kl be
the I-th approximation to the unknown eigeuvalue k, and then the (I + 1)-st approximation, according to
Newton, equals

Bt o= B — _}M_ (8)

;k— B, (a; R)e=ms?

The value of the spherical impedance 6p(a; kl) at the earth's surface required in (8) is found from Eq. (5), which
is integrated numerically from the height r =1y tor =g. After the determination of klﬂ, Eq. (5) is again inte-
grated numerically, as a result of which one finds 6n(a; le) from which k{*? is counstructed, etc. The itera-
tion process is stopped when the values of Kk and KT differ by less than a given amount. The values of the
derivative (8/8k)6u(a; k) are found exactly like the values of dn(a; k), only the differential equation and the
boundary conditions for it are obtained from (4), (6), and (7) by differentiation with respect to k. The initial
height r{ is chosen by examination; i.e., the problem is solved for several r; and then one setties on a value
such that when it is varied the result of the solution remains constant within the limits of a given accuracy.
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TABLE 1. Results of Solution of the Problem of Natural Frequencies of the Earth —Ionosphere Resonator and
Their Comparison with Experimental Data

,, 1 2 3 4 5
P fp1 , Hz Qn fpz , Hz Qpa fP3 , Hz Qps fp4, Hz Qps fpso Hz Qps
0 7.80 4,63 13,79 5,9 19,73 6,55 95,68 6,83 31,67 6,95
B 1 2005,70 9,04 | 2005,74 9,04 2005,81 9,04 | 200591 9,04 | 2006,02 9,04
3 2 4063 ,87 9,30 | 4063,89 9,30 4063,93 9,30 | 4063,97 9,20 | 4064,04 9,30
= 3 6116,76 | 10,37 | 6116,78 10,37 6116,80 | 10,37 | 6116,83 | 10,37 | 6116,88 | 10,37
Reference fo1, HZ Qo fo, Hz Qez o, Hz Qos fo4, Hz. Qos fs0 He Qos
_ Balber and Wagner 11] 7,8 4-5,3 14,1 4,5 2,3 5 26,4 5,5 32,5 6
S Madden and Thompson[10)} 8,0 4 14,0 5 20,0 5 2,5 6 - -
§ Jones [13] 7,9% — 14,1 —_ 20,2 — 26,1 — 32,7 -
& IRE AN UlsSSR* 7,85 4,86 13,82 4,95 20,0 4,89 2,1 5,96 31,9 5,34

*Institute of Radiophysics and Electronics, Academy of Sciences of the Ukrainian SSR.

Before discussing the results of the calculations, which are presented in Table 1, we note that the fre-
quencies of the three-dimensional earth —ionosphere cavity must have three indices: wpny. Here mis the
azimuthal number, which plays an important role in the absence of angular symmetry of the resonator [5-8].
In our case 3/3¢ = 0 and the eigenvalues do not depend on m, and therefore one can take m = 0 and drop the
index itself; n is the zonal eigenvalue, equal to the number of waves of the oscillations which fit along the
earth's equator; p is the "longitudinal™ number, equal to the number of half-waves which fit along a radius
between the points and the effective point of reflection of the radio waves from the ionosphere.

For Schumann resonance frequencies the index p = 0, while the index n, not equal to zero, is called the
mode number. In this case the radial functions pp(r) vary very slowly with r, and therefore the waves are
called null E-waves or quasi-TEM-waves [10, 18]. Other oscillations must exist in the earth —ionosphere
cavity besides the solutions with p = 0. The lowest natural frequency with p =1 corresponds to half the length
of the wave which fits along the height of the resonator, on the order of 100 km, from which we get wyp/27 =
3-10°/200 = 1500 (Hz). These oscillations differ in physical nature from Schumann resonances in that it is
not "obligatory" for them to run around the earth. The resonances have a "transverse" character when the
waves run along the radius and are reflected from the earth and the ionosphere. On the strength of this the
eigenvalues wpp are almost independent of n when p # 0 (see Table 1).

The method of calculation presented allows one to obtain not only the Schumann frequencies, but also the
frequencies of higher types of oscillations with p #0, which have not yet been detected experimentally, T

Strictly speaking, besides the resonances of E-type waves, in the earth —ionosphere cavity one should
also observe resonances of H-waves whose polarization is horizontal, The natural frequencies &pnm of these
waves also lie in the kilohertz range, with p # 0 always for them. The complete sequence of resonance fre-
quencies of the earth —ionosphere cavity with fixed n and m satisfies the following condition, which is well
known from electrodynamies:

Do < glmu < Oy < ;hm < Ogm <.... )

The first frequency in this sequence corresponds to the Schumann resonance, while the rest correspond to the
"transverse" resonances of H~- and E-waves.

Graphs of the height profiles of the electron and ion concentrations of the lower ionosphere which we
used in the calculations are presented in Fig. 1. On the one hand, the graphs agree with the well-known models
of the lower ionosphere [1, 2, 10, 19], while on the other, they give values of the frequencies and qualities

It is possible that such resonances were detected in experiments of the Scientific-Research Institute of Radio-
physics (Gor'kii) on nonlinear effects in the lower ionosphere in which powerful radiation of the SW range
modulated with a frequency of from 2 to 7 kHz was incident on the ionosphere [24]. Then the maximum of the
received 1f signal at a frequency of 2.5 kHz can be explained by the excitation of "iransverse" resonators of
the cavity.
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which are close to the experimental values [10-14] (see Table 1, where the results of the calculations and the
experimental data are presented).

FILTRATION OF LOCAL INTERFERENCE

Because of the large losses in the earth —ionosphere cavity, periodic oscillations of the resonance fre-
guencies are not observed. The resonances are usually detected from maxima of the spectral density of
natural radio noise excited by the electromagnetic radiation of thunderstorm discharges. In this case the fre~
qguencies of the maxima in the energy spectrum of slf noise are identified with the resonance frequencies,
while the relative widths of the resonance peaks are connected with the quality of the resonator.

With such a determination of the resonance parameters an important role can be played by the inter-
ference [10, 20, 211, i.e., natural or artificial slf signals not connected with resonance effects. Such inter-
ference includes induction from electrical transmission lines and telegraph lines, oscillations of the antenna
charge produced by wind, various electrostatic inductions, ete. [20, 21]). The interference incident on the
receiver input is recorded together with the resonance signal:

S(t) = u(t) + n(f). 10
Here S(t) is the recorded signal, u(t) is the resonance signal, and n(t) is the interference.

It is easy to see that in this case the energy spectrum of the signal consists of the sum of the spectra of
the interference and the resonance signal,*

G(f) = Gresth + N (D), (1)
where the energy spectrum of the resonance signal equals
D e 2nifx
Gres(f) = [ u(B)u(t+ ) 77 dx, (12)
while the energy spectrum of the interference is
N = [R@nEF+ e dx (13)

The bar above signifies averaging over time t.

Usually the interference comprises from 0.5 to 0.8 of the level of the resonance signal [6, 10, 20, 21].
Calculated spectra are shown in Fig. 2: Curve2 is the resonance spectrum Gpeg(f), curve 3 is the interference
spectrum N(f), and curve 4 is the resultant spectrum G(f).

*Here and later the subject concerns Schumann resonances.
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The following model was adopted in the solution of the problem of excitation of the resonator. The
parameters of the earth —ionosphere cavity are the same as for the uniform problem (see Fig. 1). Vertical,
mutually independent, random thunderstorm discharges, uniformly distributed over the surface of the planet,
were chosen as the sources of the electromagnetic radiation of the slf range. The spectrum of the sources
did not depend on frequency. It was assumed that the interference spectrum is smooth, while the following
relation is satisfied at the resonance frequencies:

N () = 0.8-Ges(f)- (14)

As seen from Fig. 2, the presence of interference "elevates" the energy spectrum Gypgeg{f) of the resonance
signal above the frequency axis, which teads to errors in the determination of the qualities Qg (see Table 2).
To suppress the interference and increase the reliability of the experimental results one can use the difference
in the correlation radii of the interference and the resonance signals [6, 10]. Actually, the resonance signals
have a correlation radius comparahle with the length of the earth's equator, while the interference, having a
nonresonance nature, has a considerably smaller correlation radius. Therefore, in the reception of signals
over distances larger than the correlation radius of the interference but smaller than the wavelength of the
highest mode being studied, we obtain

S (&) = u (&) + ni(2); {15}
Sy (t) = ua(t) + no(8). (16)
Here uy (t) and u,(t) are the resonance signals, while ny(t) and ny(t) are the mutually independent interferences

at the first and second points.

TABLE 2. Resonance Parameters Found from Spectra of Fig. 2

Type of model n=1 n=2 n=3 n=4 n=>5
p=0 fhz]  |fiz| o lnke] o |l @ {fm| @
Initial model 7,8 14,63} 13,8 15,96 19,7‘5,56 25,7 16,831 31,7 { 6,95
Energy spectrum without
interference 7,8 14,30) 13,8 15,35} 19,9 15,80} 25,9 6,27 32,0} 6,03
Energy spectmim with
interference 7,8 |3,40{ 13,8 13,31} 19,9 13,98 95,9 14,48| 31,91 4,70
Cross spectrum, inter- f '
ference suppressed 7,8 {4,73] 13,8 |5,40{ 20,0 5,72 25,9 |6,30] 32,0 | 6,35
. :
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By making a correlation analysis of the signals, i.e., constructing their cross spectrum [22], we obtain
o0 O e e
Gl = [ SOSHEFA e dv= | uultts) ™ ax. {17

—oQ
It is seen from Eq. (17) that the interference is completely suppressed in the cross spectrum.

In contrast to the energy spectrum, the cross spectrum is, generally speaking, a complex function of the
frequency. In the excitation model which we chose it turns out to be real but not positive-definite. For a
separation of 5000 km between the observation points the cross spectrum has the form shown in Fig. 2 (curve
1), The change in the sign of Gy,(f) at f & 17 Hz means that in the chosen model at frequencies greater than
17 Hz the oscillations at the first and second points take place in antiphase.

The data presented allow one to draw the following conclusions. Resonance oscillations of several types
can exist in the earth —ionosphere cavity. The lowest branch of the natural frequencies is the Schumann reso-
nances, The natural frequencies of higher types lie in the range of ones of kilohertz and are practically inde-
pendent of the zonal quantum number n.

In a comparison of calculated and experimental data on a Schumann resonance one must allow for the
distorting effect of interference, which can be reduced through the coherent reception of signals at remotely
separated points and a subsequent correlation analysis.

LITERATURE CITED

1. V. L. Gingburg, Propagation of Electromagnetic Waves in a Plasma [in Russian], Nauka, Moscow
{1967).

2. Ya. L. Al'pert, Propagation of Electromagnetic Waves in the Ionosphere [in Russian], Nauka, Moscow

(1972).

W. O. Schumann, Z. Naturforsch., 7a, 149 (1952).

D. B. Large and J. R. Wait, Radio Sci., 2, 695 (1967).

P. V. Bliokh, A. P. Nikolaenko, and Yu. F. Filippov, Geomagn. Aéron,, 8, 250 (1968).

P. V. Bliokh, V. N. Bormotov, V. M. Kontorovich, B. V. Lazebnyi, A. P. Nikolaenko, N, A. Sapo-

gova, Yu. F. Filippov, and V. F. Shul'ga, Preprint No. 10, Inst. Radiofiz. Elektron. Akad. Nauk

UkrSSR, Khar'kov (1971). .

7. A. P. Nikolaenko and L. M. Rabinovich, Preprint No. 36, Inst. Radiofiz. Elektron. Akad. Nauk
UkrSSR, Khar'kov (1974).

8. D. B. Large and J. R. Wait, J. Geophys. Res., 72, 5395 (1967).

g, J. Galejs, J. Res. Nat. Bur. Stand., 69D, No. 8, 1043 (1965).

10. 7T. Madden and W. Thompson, Rev. Geophys., 3, 211 (1965).

> o o

11, . Balser and C. A, Wagner, Nature, 188, 638 (1960).
12. . Balser and C. A. Wagner, J. Geophys. Res., 67, No. 10, 4081 (1962).
13. . L. Jones, J. Geophys. Res., 69, No. 19, 4037 (1964).

15. . L. Sharaf, Proc. Cambr. Phil. Soc., 66, 119 (1969).

16. . Bremmer, Terrestrial Radio Waves, Elsevier, New York (1949).

17. . M. Hiinninen and Yu, P. Galyuk, Problems of Diffraction and Propagation of Waves [in Russian],
Part 11, Leningr. Gos. Univ., Leningrad (1972).

18. J. A. Stratton, Electromagnetic Theory, McGraw-Hill, New York — London (1941).

19. N. P. Ben'kova and A. D. Driving (editors), Geomagnetism and the High Layers of the Atmosphere [in
Russian], Vol. 2, Vsesoyuz. Inst. Nauch. Tekh. Inform., Moscow (1975).

20. J. E. Lokken and J. A. Shand, Canad. J. Phys., 42, 1902 (1964).

21. J. A. Shand, Canad. J. Phys., 44, 449 (1966).

22. B. R. Levin, Theoretical Principles of Statistical Radio Engineering [in Russian], Vol. 1, Sov. Radio,
Moscow (1969).

23. M. S. Aleksandrov (editor), Fluctuations of the Earth's Electromagnetic Field in the slf Range {in
Russian], Nauka, Moscow (1972).

24. N. A. Mityakov, in: Summaries of Lectures of Fourth International School on the Physics of the
Tonosphere, Sochi, 1976 [in Russian], Inst. Zeml. Magnet. Ionosf. Raspr. Radiovoln. Akad. Nauk
SSSR, Moscow (1976).

M
M
D
14, D. L. Jones, J. Atm. Terr. Phys., 29, 1037 (1967).
A
H
E

345



