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Abstract

The purpose of this paper is to study theoretically the impact of nearby earthquakes (EQs) on the
power spectra of global Schumann resonance (SR) using a numerical model of the ELF
(extremely low frequency) radio wave scattering by a localized non-uniformity of the air
conductivity profile likely to appear before an EQ. The seismogenic non-uniformity is introduced
above the moderate EQ with magnitude MEQ = 5.5. The disturbance is characterized by the
downward shift of the whole regular conductivity profile, it is axially symmetric, and it varies
along the radius from the EQ epicenter based on the Gaussian law. The ELF station is assumed to
be located at our Nakatsugawa observatory (Japan). The non-uniformity is assumed to vary its
position at distances of 0, 100, 200, 300, 400, and 500 km from the observing station in the
eastern direction. Three positions of SR source (the global thunderstorm centers) are considered:
Asia, Africa, and America. The electromagnetic problem is solved with the help of the complex
characteristic electric and magnetic heights relevant to the air conductivity profiles. These heights
are found by solving the Riccati equation and are substituded into the two-dimensional telegraph
equations (2DTE) for computing both the vertical electric and two orthogonal horizontal
magnetic fields in the Earth—ionosphere cavity. To single out the spectral modifications at
particular frequencies, we compare the power spectra of the regular and the disturbed cavities.
The perturbation is found to result in the overall elevation of SR spectra (especially in the electric

field). Some dependence is obtained of the field modifications versus distance to the EQ
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hypocenter. Finally we will try to discuss the relevance of the present numerical results with the
corresponding SR observational results during nearby EQs.

Keywords: Seismogenic non-uniformity in the mesosphere, Schumann resonance (SR), Spectral

modifications vs distance to EQ.
1. Introduction

Electromagnetic effects of seismic activity have been extensively investigated during the last three
decades (e.g., Pulinets and Boyarchuk, 2004; Molchanov and Hayakawa, 2008; Surkov and Hayakawa,
2014; Hayakawa, 2015; Sorokin et al., 2015; Ouzounov et al. (Eds), 2018; Sorokin et al., 2020; Lizunov
et al., 2020), and it is recently recognized that those electromagnetic phenomena do appear prior to an
earthquake (EQ). Those seismogenic phenomena can be classified into two categories: one is the direct
effect such as electromagnetic radiation from the lithosphere (or atmosphere) in a wide frequency range,
and the other is indirect effect such as the seismogenic effects appearing in the atmosphere and the
ionosphere (e.g., Uyeda et al., 2008; Hayakawa and Hobara, 2010).

Recently Hayakawa et al. (2020) have published an extensive review only on the first category of those
seismogenic effects especially in lower frequency ranges, ULF (ultra low frequency)/ELF(extremely low
frequency)/VLF(very low frequency). In the ELF range there is a famous phenomenon of Schumann
resonances (SRs) with resonance frequencies around 8 Hz (fundamental mode, n=1), 14 Hz (n=2), 20 Hz
(n=3) etc, which are driven by the global thunderstorm activity (Bliokh et al., 1980; Sentman, 1995;
Nickolaenko and Hayakawa, 2002, 2014). Considerable attention has been recently directed to
manifestations of seismic activity in the power spectra of SRs (Hayakawa et al., 2005; Nickolaenko et al.,
2006; Ohta et al., 2006, 2009; Ouyang et al., 2013; Gazquez et al., 2017; Christofilakis et al., 2019;
Florios et al., 2019).

To our knowledge, Maki and Ogawa (1983) were the first that have studied the EQ effect on SRs.
However, Hayakawa et al. (2005) found a very convincing seismogenic effect in SRs observed in Japan
for a huge EQ in Taiwan (Chi-chi EQ) in such a way that the intensity of the SR in Japan is strongly
enhanced at the fourth harmonic and also a significant shift in its peak frequency. This study has
suggested a potential tool of SR to monitor the EQ effect. Their case study was furthermore confirmed

statistically on the basis of long-term (6 years) observational data (Ohta et al., 2006). As the explanation
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of those anomalies, they have proposed a model of wave interference between the direct wave from a
lightning source (American) and the wave scattered by the ionospheric perturbation generated over the
EQ epicenter in Taiwan (Hayakawa et al., 2005; Nickolaenko et al., 2006). Similar anomalous SR
phenomena associated with different distant EQs have been observed by Hayakawa et al. (2008) as
observed in Japan for another Taiwanese EQ, and by Ouyang et al. (2013) as observed in China for the
2011 Tohoku EQ. As a rule, powerful EQs were addressed whose electromagnetic signatures were
detected at a distance of a few Mm (1 Mm=1,000 km).

In the present paper, as a further extension of our previous works on distant EQs (e.g., Hayakawa et al.,
2005), we pay attention to nearby EQs, i.e. the situation when the EQ epicenter becomes closer to an ELF
observing station. We model disturbances in SR spectra relevant to modest EQs with tentative magnitude
of 5.5, which occurs at a distance of a few hundred km from the ELF observing station. To construct the
seismogenic non-uniformity, we modify the realistic vertical profile of atmospheric conductivity
(Kudintseva et al., 2016; Nickolaenko et al., 2016, 2017, 2018a, b; Galuk et al., 2015, 2019) by shifting
this regular profile downward as a whole.

Then, we derive the complex characteristic electric and magnetic heights in the ELF band and the
corresponding frequency dependence of the complex propagation constant of ELF radio waves both in the
regular and in the non-uniform cavities by using the full wave solution technique in the form of Riccati
equation. The seismogenic disturbance modifies the characteristic heights in an isolated area and
modifications have the Gaussian radial dependence. Both the vertical electric and two orthogonal
horizontal magnetic field components are computed using the two-dimensional telegraph equations
(2DTE) in the absence and in the presence of a non-uniformity. These data provide expected
modifications in the SR power spectra at varying distances from the EQ center. We will summarize the
major theoretical results, and then we will discuss these computational results with reference to previous
SR observational facts for nearby EQ events by Maki and Ogawa (1983), Ohta et al. (2009) and
Christofilakis et al. (2019). Finally we will make the future suggestion of SR observations and analysis.

2. Modeling of ionosphere disturbance over the EQ center

The lower ionosphere is known to shift downward prior to an EQ, which was validated by previous SR

works (Hayakawa et al., 2005; Nickolaenko et al., 2006) and also by subionospheric VLF studies
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(Hayakawa et al., 1996; Yoshida et al., 2008). The plots in Fig. 1 illustrate the regular conductivity profile
of atmosphere (black smooth curve) (Nickolaenko et al., 2016, 2017, 2018a,b) and the profile at the
center of seismogenic non-uniformity (the red line with triangles). The logarithm of conductivity (S/m) is
plotted along the abscissa and the ordinate shows the altitude above the ground surface in km. The
disturbed conductivity profile we use here is associated with an overall downward uniform displacement
of conductivity profile by 16.5 km with taking into account of our moderate EQ magnitude of 5.5. The
disturbance might be a consequence of lithosphere-atmosphere-ionosphere coupling (Molchanov and
Hayakawa, 2008). This coupling problem is of the utmost concern to the scientists working on seismo-
electromagnetics, even though there have been proposed a few possible agents in the lithosphere (e.g.,
emanation of radioactive gases (Pulinets and Ouzounov, 2011; Sorokin et al., 2015), impact of
atmospheric gravity waves on the mesospheric conductivity (Hayakawa et al., 2011; Yang et al., 2019;
Yang and Hayakawa, 2020), positive hole carriers (Freund, 2013) and others (Sorokin et al., 2015)).
However, we will not concentrate on these intriguing processes, since our goal of this paper is to answer
theoretically the following question: Can a moderate “nearby” EQ cause any noticeable modifications in
the power spectra of SR or not? Is there any difference in perturbed characteristics of SR power spectra
between the horizontal magnetic field components and vertical electric field component? Because there
have been no theoretical expectations on the change in SR spectra when an EQ happens closer to the EQ
epicenter.

From the viewpoint of ELF propagation theory in the Earth—ionosphere cavity, the non-uniformity
modifies the conductivity profiles simultaneously in the region of the lower (electric) characteristic height
of ionosphere hC ~ 55 km and in the vicinity of the upper (magnetic) characteristic height of ionosphere
hL ~ 95 km (Greifinger and Greifinger, 1978; Nickolaenko and Hayakawa, 2002; Mushtak and Williams,
2002). Such a disturbance must simultaneously alter the power spectra of the both vertical electric and
horizontal magnetic field components.

The horizontal size (characteristic radius) peq of the area occupied by the seismogenic ionosphere non-
uniformity depends on the EQ magnitude (Dobrovolsky et al., 1979; Ruzhin and Depueva, 1996), and we
use the following empirical formula by Ruzhin and Depueva (1996):

Peq = exp(M EQ) 1)
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Here the radius peq is measured in km, and Mgq is the EQ magnitude. It is clear that peq = 244.7 km
when MEQ =55..
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Figure 1: Vertical profiles of atmosphere conductivity above the EQ epicenter

Modifications of atmosphere conductivity reduce the characteristic two heights hc and h.. These are the
functions of distance from the EQ epicenter. We suggest that the disturbance is axially symmetric, and it

changes along the radius in accordance with the Gaussian law:

Sh=Ah- exp(— %/ péQ) 2
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Here req is the distance from the EQ epicenter, and Ah is the maximum perturbation of the electric or the

magnetic characteristic heights above the EQ center, which is relevant to plots of Fig. 1.

3. Solution of the problem: ELF scattering problem

Since the pre-EQ activity generates a localized non-uniformity at the upper boundary of the Earth—
ionosphere cavity, its effect must decrease with the distance between the observer and the EQ epicenter.
The anomalies in the power spectra of SR from the wave interference of direct wave coming to the
observer from the global thunderstorms and the wave reflected from the non-uniformity above the EQ.
This means that the effect will depend on the position of the field source relative to the observer, on the
observer — EQ distance, and on the signal frequency.

We present the problem geometry. The ELF observer is assumed to be located at our Nakatsugawa
observatory (Japan) (geographic coordinates 35.42° N and 137.53° E) (Ohta et al., 2006, 2009). The
perturbation occupies various positions at distances D = 0, 100, 200, 300, 400, and 500 km from the
observer tentatively to the east (but this direction does not influence later results). Since SR signal is
driven by radio emission from the global thunderstorms (Nickolaenko and Hayakawa, 2002), we perform
computations for the thunderstorms concentrated in one of three major global thunderstorm centers. The
following positions of the field source are considered: Asia (0° N and 105° E), Africa (0° N and 25° E),
and America (0° N and 75° W) (Nickolaenko and Hayakawa, 2014).

The details of the following full-wave solutions have already been described in details in Nickolaenko
et al. (2018a,b) and Galuk et al. (2019), and so we will describe only the essential points.

3.1. Full-wave solution

The model of Earth—ionosphere cavity incorporates the perfectly conducting spherical Earth surrounded

by a poorly conducting air shell bounded by the horizontally stratified ionosphere plasma. The relative

dielectric constant of air above the ground is equal to: &(r)=1+i @, where r is the radius vector in the
we,

spherical coordinate system (r, 6, ¢) with its origin at the Earth’s center. The electromagnetic problem for
an isotropic vertically inhomogeneous ionosphere is solved in the following steps. After writing

Maxwell’s equations for the electric and magnetic fields and introducing the appropriate scalar Debye
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potential, one obtains the Helmholtz equation for the TM-wave (E—wave), since only this wave
propagates at ELF. This allows us to obtain the standard equation for the radial function:

a2, n(n+1) d>| 1 B
{Wm g(r)_r_z_md?[m}m(r)_o ®

The solutions to equation (3) are expressed in terms of spherical Hankel functions hﬁl)(kr\/g) and
h®(kr+/z ).

The electromagnetic problem is formulated and solved using a system of thin horizontal slabs of
constant & The waves are considered traveling upward and downward in each slab. The continuity
boundary conditions hold at each interface for the tangential field components. Thus, a system of linear
algebraic equations is obtained for the amplitudes of the waves in the layers. One obtains the system of
2L equations for L layers. Such a treatment is regarded as the full-wave solution (e.g., Wait, 1970).

Application of a linear system of algebraic equations meets a problem when treating SR or ELF radio
propagation. The difficulty is associated with too small air conductivity in the troposphere and
stratosphere. The linear system becomes degenerate as a result (the equations for different strata become
indistinguishable in the lower atmosphere). To avoid this problem, one must either use rather thick lower
layers (up to 30 km) or reformulate the solution to the Riccati equation. This more convenient variant of
solution exploits the surface impedance o (r) being the ratio of horizontal electric and magnetic fields at
each boundary. The problem for the surface impedance is reduced to the non-linear differential equation
of the first order (Riccati equation) (see, e.g., Wait, 1970; Bliokh et al., 1977; Galuk et al., 2015;
Kudintseva et al., 2016). Its solution is constructed numerically using an iterative procedure. This
equation has the form:

i5(r)—ike(r)52(r)+ik+% “o @

dr ikree
Here o (r) is the varying surface impedance, v (@) is the sought complex propagation constant of ELF
radio wave, = 2 xf is the circular wave frequency, k=a/c is the wave number in the free space, c is the
light velocity, and r is the radius of the spherical coordinate system (r,6, ¢); &(r) is the complex dielectric

constant of the medium varying with height, and & is the dielectric constant of free space.
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The operator of the problem is sought in the height range from zero to infinity, and its eigen-value is
A=v(v+1). At the perfectly conducting ground, the surface impedance ¢ (a) = 0, where a denotes the
Earth’s radius. This is the first boundary condition for Eq. (4).

ELF radio waves of frequency f penetrate into the ionosphere and rapidly attenuates there, so that the
plasma properties above some altitude r; have a minor impact on the sub-ionospheric radio propagation,
and this altitude depends on the frequency. However, it does not exceed the 110 km level in the SR band:
ri = a + 110 km. Therefore, one may suggest that the ionosphere is vertically uniform above 110 km
altitude, and the surface impedance at r; is equal to &ry) = [&(r)] ™2, where |&(r1)] = const >> 1. This is
the second boundary condition for Eq. (4).

The problem of finding the complex eigen-value is reduced to solving the equation

5(a;2)=0 ©)

with respect to the parameter 1. The &a; A) function is found by numerical integration of Eq. (4) from the
top r = ry to the bottom r = a. The roots of equation are found by iterations from initial value v = ka.

Let 2™ be the m-th iteration to the eigen-value 4. Then, the next, (m+1)™ iteration is obtained by the

Newton’s procedure:

L g, _M, (6)

0 m

a&(a;/i )
After obtaining the (m+1)" iteration, the downward integration of Eq. (4) is repeated with the new
eigen-value resulting in the new surface impedance at the ground. The iteration procedure stops when the
relative difference between the new and the previous eigen-value is below 10~. The derivative

%5(&2) is found simultaneously with the & (r) function by integrating the differential equation for the

function 51(r)=a%5(r,z). The relevant equation and the condition at r = r; are obtained by

differentiating Eq. (4) with respect to the parameter A:

d

E51(r)— 2ike(r)s(r)s,(r)+ :

ikr’e(r)

=0 (7)
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o1 (ry) =0. (8)

The upper height r; is estimated by using the exhaustive search when solutions are constructed for a
series of ry values. Finally, the height r; = 110 km was chosen.

The anisotropy of ionosphere is unimportant in the SR band since the height interval is characterized
by the dominance of collision frequency (Nickolaenko and Hayakawa, 2002). Accounting for the tensor
value of air conductivity is necessary either at VLF (f > 3 kHz) or in the band f < 3 Hz of ionosphere
Alfven resonance (IAR) (Surkov and Hayakawa, 2014).

Before computing the field components, we must derive the normalizing integrals. These are obtained

using the following relation:

N® = ika? 2 s(a; 1) = ikas,(a). )
oA
The normalizing integral N° allows obtaining the lower characteristic height of the Earth—ionosphere
cavity:
T dh .
h.(f)=|———~——=ika’s,(a). 10
()= [ iotas, ~ @%@ (10)

The lower characteristic height is a complex quantity regarded as the “capacitance”, or the “electric”,

height of the Earth—ionosphere system:
h()

It is linked to the capacitance elements of the two-dimension RLC circuit modeling the Earth—

o0

[E.(r.0)dr. (11)

T E(a9)

ionosphere cavity.

H,(r,0)dr is found by using the

@ | =

) . ) 1 %
The upper, magnetic characteristic height h (@)=
pp g ght h,(0) Hw(aﬂ)!

relation:
% (V+l):hL/hc. (12)

The heights hc and h are substituted into the 2D (two dimensional) telegraph equation.
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3.2. 2D telegraph equation (2DTE)

Computations using the 2DTE technique exploit the partial differential equation for the scalar function

u(é, @) being the voltage between the ground and the lower ionosphere at the point with coordinates (6,

?):

hL(ﬁ@)i Slne a_u + hL(ez’gp)i 1 a_u +k2a2 hL(ga¢) (U+UCT)ZO! (13)
sind 061 h (6,p) 06 sin“d op\ h (8,9) 0p h. (6, 9)
The polar axis €= 0 of the spherical coordinate system (r, 6, ¢) is directed to the point vertical electric
dipole source located at the ground surface. The source function u,, is defined in the following way:

u, =F, 275)';%, (14)
where Py is the dipole moment of the source and Jp(6) denotes the Dirac’s delta function.

After obtaining the 2DTE solution u(#, ¢) being the voltage between the ground and the ionosphere, it
is possible to turn to physical variables: the vertical electric field E, and the horizontal magnetic field

components Hsy and Hye:

g _Ul0) (15)
HC
i ou
H = NPNE ] 16
?  kazyH, 06 (16)
H, I ou (17)

B kaZOHLsinH%

All these fields are the complex functions of frequency since they are the Fourier transforms of the real
functions of time. Z; is the free space wave impedance. Usually only the E; component was addressed in
the literature, but here we additionally compute the orthogonal magnetic field components Hsy and Hye.
We exploit the universal grid technique (or the method of finite differences) for solving Eq. (13).

The major difficulty associated with the spherical coordinates (6, ¢) consists in the singularities at the
poles (8= 0 and &= 7). These might be avoided by an appropriate selection of grid nodes. A grid with the
number of nodes N and M correspondingly is superimposed on the ‘rectangular’ domain of variables (6,

¢). The grid spacing along the variable & (co-latitude) is equal to hy= 7/N. The step along the ¢ variable
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(the longitude) is correspondingly equal to h, = 7M. The nodal coordinates of the grid are related to their
numbers {i, j} by following relations: & = (i +%2) hy i = € [0, N-1], ¢ =] h,, j = € [0, M—1].

The boundary points i = 0 and i =N — 1 are separated from the poles exactly by one-half of the grid
step hy with such nodes along the & coordinate. Therefore, it is unnecessary to calculate the coefficients at
the singular points.

The first derivatives of the sought function at the nodes are replaced by the finite differences of the first
order. The discrete sampling of Eq. (13) provides a closed system of equations for the grid functions u;;:

h. (6,9 in(6. in(6. —
h; L(-0| ?,)| sin(@ +h,/2) (ui+1j —u j)_ sin(@, —h, /2) (Ui j _ui—lj) N
sing, |h (6, +h,/2,¢;)" h (6, —h,12,¢;) "~

N 02 hL(-HiZ' (/’j) Ui 1 — Ui _ Ui — Ui 4 hgzh;kzaz hL(ei'(Pj) | =
sin“é, h,_(l9i,¢j +h¢/2) h,_(l9i,¢j —h¢/2) hc(l9i,¢j) ’

(18)

where & = (i +%2) hy, i = € [0, N-1], and ¢ =j h,, j = € [0, M-1]
The grid equation is constructed separately in the pole vicinity 8=0 (i =0, & = hy/2), j = € [0, M-1]

with an account for the expression sineg—; =0 at the poles (=0 and &= 7x). These points are separated

from the poles by the h4/2 distance:

h (h, /2,0 Uy iy — U, u. —u,,
oh2 L (h, (DJ)(ul,j _Uo,j)+4h|_(‘90’(/’j){ 0,j+1 — Yo,j j 0,j-1 }+

" h.(h. ;) h (¢, +h,12) . (6,0, —h,/2) 19)
h, (0, ¢, .
ek %)y o o0 L Mot
hC(QO’(pj)

The grid equations acquire the following form in the vicinity of the other pole (6= 7) (iI=N-1, &
1= 7-hel2, ] = € [0, M-1]):

h Oy, 0, U g i —Un s Uy —Uy ;-
2h¢2’ L0 §DJ) (UN—z,j _UN—l,j)+4hL(HN—11¢j) NLj YN N-1,j N-1,j-1 +
h (7 —hy, ;) h. Oy +h,12) D (644 0;—h, 12
(20)
hL(eN—l’(Dj) _ k? h, (,0)

+hzh’k?a’ = _
o hC(HN-y(Pj) N Oﬂé‘ohgz hc (,0)

We exploit the cyclic properties of variable ¢ in the above equations: the index should be replaced by

M — 1 when it reaches the value of —1, and it must be replaced by 0 when arriving at M.

Copyright @ESES IJEAR

11



International Journal of Electronics and Applied Research (IJEAR) vol. 7, issue 1, June 2020
Online (http://eses.net.infonline_journal.html) ISSN 2395-0064 \:

Thus, we obtain the closed system of N x M linear algebraic equations (18) — (20) for the N x M
unknowns u;;. We use N = 199 and M = 150 in particular computations.
Equations of the above type are often met in applications, and there are many methods for their

solution. We have chosen the direct method of solution called block tri-diagonal matrix algorithm

BN
(Samarskii, 2001). This method solves the problem in the following way: the vectors Yi,i=0,..,N are
sought that satisfy the equation:
- - - - .
AYia—-BYi+CYii=-Fi 1<i<N-1 (21)

and the boundary conditions:

- - -
Y1-B,Yo=—Fo,
AY1—-ByYo 0 22)
- - -
ByYN+CyYn1=—Fn,
where A, B, and C;, i =0, ..., N — 1 are the square matrices. The solution has the following form:
- - - ]
Yiaa=X;Yi+Zi, 1=N,N-1,.,1, (23)

N
where X; and Z; are the matrices and vectors sought. Initially, the direct sweep of matrix is performed:
_1 _
Xi+1 :(Bi _Cixi) Aﬁ ’ Xl = Bolpb’

Zin=(B —cixi)l(ci Zi+ Ei], (24)

- -
Z:1=B,'Fo, i={2,.N-1}
Afterwards, the inverse sweep is made that provides the solution:
- 1 - -
(25)
- - -
Yia=X;Yi+Zi, i=N,N-1,.,1.

A more detailed description of this algorithm might be found in the book by Samarskii (2001). The
major advantage of this method is a substantial gain in the computational resources. The number of
calculations increases as M being the number of partitions along the longitude (the amount of memory
allocated to arrays is proportional to M?). The fast increase originates from conversion of the complex

matrix of dimension M. The number of arithmetic operations and the necessary memory increase as N

Copyright @ESES IJEAR

12



International Journal of Electronics and Applied Research (IJEAR) vol. 7, issue 1, June 2020 o
Online (http://eses.net.infonline_journal.html) ISSN 2395-0064 \:

being the partition number along the latitude. In real computations, one can choose the M parameter
several times smaller than the number N.

It should also be noted that, owing to the numbering of grid nodes, all the arrays of the right-hand parts

- - -
are equal to zero Fi = 0 except the last one Fn . This allows ignoring the intermediate arrays Zi. One
may observe from Eq. (18) that the arrays of coefficients A; and B; have the simple diagonal form, and the

C; array is of a tri-diagonal form. This simplifies the algebraic operations in formula (24).

4. Computational results

Figure 2 illustrates the power spectra of SR for the lightning sources positioned in Asia, Africa, or in
America arranged in three lines. It contains nine panels. The left column of panels corresponds to the
observer — EQ distance D = 0 km; the middle column shows the data for the observer — EQ distance D =
300 km; and the right column corresponds to D = 500 km. The abscissa at each panel depicts the signal
frequency in the SR band 5 — 35 Hz. The ordinates show the spectral density in dB. Upper graphs in each
panel depict the power spectra of vertical electric field component. The red lines here show spectra of the
cavity with seismogenic non-uniformity, and the black lines are the spectra in the regular cavity. As one
may observe from the figure, the localized non-uniformity “elevates” the SR spectrum as a whole, and
this modification decreases with distance D. The lower lines in Fig. 2 frames present the power spectra of
horizontal magnetic fields. The violet and blue lines show correspondingly the power spectra of Hye and
Hsn fields in the non-uniform cavity. The magenta and the brown lines depict relevant power spectra in
the uniform cavity. Again, the disturbance “elevates” the SR spectra and more distant EQs provide
smaller electromagnetic effects.

Three middle plots in the panels of Fig. 2 illustrate the frequency dependence of deviations in the
power spectra of three field components (in dB). The orange lines show relative modifications of vertical
electric field E;, while the green and the black lines correspond to deviations in the power spectra of Hye
and Hgy field components. These curves clearly show that seismogenic modifications in the orthogonal
magnetic fields are coincident and these are found to be smaller than the disturbances in the vertical
electric field.

We show the model spectra computed for the field sources concentrated at one of the global

thunderstorm centers (point sources) in Fig. 2. Obviously the data for different positions of thunderstorms
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have a coincident feature: the plots relevant to the disturbed cavity are elevated above the spectra
pertinent to the uniform Earth — ionosphere cavity. The distinctions in the general outline of SR patterns
are caused by different source—observer distances (Nickolaenk and Hayakawa, 2002, 2014). Still the

relative modifications of the power spectra remain similar within the vertical columns of frames in Fig. 2.
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Figure 2: R spectra for Asian, African and American sources and three distances from the EQ epicenter.

Figure 3 contains the maps demonstrating frequency — distance variations of spectral modifications

caused by a seismogenic non-uniformity. The abscissa of each panel indicates the signal frequency in the
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5 — 35 Hz band, and the ordinate depicts the observer — EQ distance (D) from 0 to 500 km. The colors
(the color scale is shown at the right of plots) indicate the relative field disturbance as defined below:

Asian Source African Source American Source
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400
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150
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50

0
500
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400
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300
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50
0

dB

= 2.5
2
1.5
1
0.5
0

bl 4%
ﬂﬂ

5 10 15 20 25 30 5 10 15 20 25 30 10 15 20 25 30

Figure 3: 2D profiles of disturbance (dB) in the power spectra of E, and Hyg field components over the frequency —
distance plane.

_ro10d IE)
dE =10-log <|E0|2> : (26)
o e
dH,,c =10-log m : (27)
dHg, =10-log M . (28)

(Haal")

Here <|E/2]>, <|Hwel*>, and <|Hs\|*> denote the disturbances (dB) in the power spectra of vertical
electric and horizontal magnetic field components; <|Eq¢?[>, <|Hweol>>, and <|Hsno|>> are the power spectra
(dB) in the regular Earth — ionosphere cavity.
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The left column of plots in Fig. 3 corresponds to the Asian source; the middle and the right columns show
relative disturbances for African and American sources. Figure 3 clearly suggests that impact of the
moderate EQ tends to uniformly decrease with the distance between the observer and EQ regardless of

the distance to the lightning source.

<0>, dB WHOLE Down

- D,km
0 100 200 300 400 500

Figure 4: Relative field disturbances and ionosphere characteristic heights above the ELF observer as a function of
observer — EQ distance.

Distance variations of the field disturbances averaged over the frequency in the SR band are
summarized in Fig. 4. The abscissa here shows the distance from observer to the EQ epicenter. The
ordinate refers to the relative modifications of the fields in dB. The red line shows data corresponding to
the vertical electric field; the blue and the black line with dots indicate distance variations of the Hye and
Hsn field components. One may observe a gradual decrease of spectral modifications with the distance
from the EQ epicenter, while the seismogenic effect is found to be more pronounced in the vertical

electric field component.
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The pattern of distance variations shown in Fig. 4 reminds us of a Gaussian curve (2). To check the
validity of this idea, we compare in Fig. 5 variations of SR field power and the relative disturbances (in
dB) of characteristic electric hc and magnetic h; heights above the observatory.

The abscissa in Fig. 5 shows the distance D between the observer and EQ epicenter, and the ordinate
depicts the relative disturbances in dB. The magenta curve shows the disturbance in the vertical electric
field power and the blue line depicts distance variations of disturbance in horizontal magnetic fields. Data
were averaged over the frequency band 5 — 35 Hz. Two additional graphs in Fig. 5 illustrate relative

distance variations of disturbance in characteristic heights averaged over the same frequency band:

J (29)

}. (30)

he.

—oh. [dB]=20- Iog[ .

Cco

and

—-oh, [dB]:20-Iog(:—L

LO

Here, hco and hyo denote the regular electric and magnetic characteristic heights; hc and h are the
characteristic heights in the non-uniform cavity at the given distance from the EQ epicenter, and the radial
dependence of the latter was introduced by Eqg. (2).

Figure 5 indicates that the relative disturbance of the spectral density of SR in a close vicinity of the
EQ epicenter is driven by the absolute changes of characteristic heights of the air conductivity profiles
right above the observatory. Modifications of the electric height cause alterations of the vertical electric
field, and disturbance in magnetic characteristic height influences the horizontal magnetic field. From the
formal point of view, a decrease in characteristic heights above the ELF observer causes an equivalent
increase in the field spectra since the characteristic heights are met in the denominators of formulae

describing ELF electromagnetic fields.

5. Computational results for other perturbed profiles

The model of seismogenic ionosphere disturbance used in the previous section is based on the downward
vertical shift of the whole conductivity profile, which seems to be validated by earlier SR works
(Hayakawa et al., 2005; Nickolaenko et al., 2006) and also by VLF studies (Hayakawa et al., 1996;
Yoshida et al., 2008). It is found in the previous section that such a modification leads to some noticeable
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increase in the power spectra of both vertical electric and horizontal magnetic field components. But it is
clear that other models might be used that were widely discussed in the literature (e.g., Sorokin et al.,
2015; Ouzounov et al. (Eds), 2018).

For example, the conductivity profile might be shifted upward. Computations show that the sign of
spectral modification will change in this case and the spectral density of field power will decrease both in
the vertical electric and the horizontal magnetic fields.

One also may use the modification of profile when the air conductivity remains unchanged in the upper
part of mesosphere, while it grows at the heights below 75 — 80 km as if this part of profile is shifted
downward. This kind of disturbance will be regarded as Bottom Down (BD) model, and the relevant
profile is shown in Fig. 5 by blue line. This figure is similar to Fig. 1. The abscissa here depicts the
logarithm of air conductivity in S/m and the ordinate shows the height above the ground surface. The
thick green line shows the regular profile in atmosphere conductivity. The BD model profile is coincident
with the regular one above 80 km altitude. It is coincident with the disturbed profile shown in Fig. 1
below 63 km altitude. The conductivity abruptly changes between the 63 and 80 km heights. Such a
profile might be suggested when one treats the atmosphere modifications in its lower strata, e.g., some
agent emanated from the ground in the seismic area drifts upward in the air increasing its conductivity in
the interval up to 60 — 65 km. Modifications are absent starting from 80 km altitude.

The alternative modifications regarded as Top Down (TD) model are shown by red line with dots in
Fig. 5. The TD model profile is coincident with the regular green curve in the height interval from 0 to 80
km. At 80 km, the air conductivity abruptly increases by almost two orders of magnitude. The TD
profiled is coincident with the disturbed profile from Fig. 1 above the 81 km altitude, and modifications
are absent below the 80 km altitude. This model might correspond to the other disturbances in the
atmosphere associated with, say, the ultra-low frequency atmospheric gravitational waves traveling from
the ground toward the lower ionosphere. These waves pass though the troposphere and stratosphere strata
gaining simultaneously the amplitude due to an exponential decrease in air density with altitude. Starting
from 80 km, the atmospheric gravity waves reach the amplitude capable to launch the non-linear effects,

which increase the air conductivity.
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Figure 5: Disturbed profiles of TD and BD types for EQs with magnitude Mgq = 5.5.

From the viewpoint of radio propagation, the distinction of these BD and TD models from the initial
WHOLE model in Sections 3 and 4 is in separate modifications of either electric (lower) or the magnetic
(upper) characteristic height of ionosphere. As a result, the electromagnetic properties of the Earth —
ionosphere cavity are modified in different ways, so that SR spectra might demonstrate the distinctive
reactions to seismogenic disturbances.

To save the place, we do not show particular SR spectra relevant to TD and BD profiles. Instead, we
demonstrate in Fig. 6 the disturbances in the power spectra averaged over the frequency in SR band.
Figure 6 contains two panels. The left one (Fig. 6a) shows the data relevant to the BD model, and the
right one (Fig. 6b) corresponds to the TD profile shown in Fig. 5. The abscissas in Fig. 6 depict the
distance D between the observer and the EQ epicenter in km, and the ordinates show relative disturbances
in the power spectra in dB defined by Egs. (26) — (28).
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Figure 6 : Spectral modifications in vertical electric and horizontal magnetic fields caused by the non-uniformities
of the TD and BD types for American lightning source.

By comparing Fig. 6a and 6b, one may conclude that different kinds of modifications in conductivity
profiles cause distinct spectral disturbances. The BD model is connected with the noticeable changes in
the power spectra of vertical electric field and negligible modifications of horizontal magnetic field. The
TD model provides the ‘opposite’ alterations: it modifies the horizontal magnetic field and provides no
impact on the electric field. Obviously, the disturbances in the SR power spectra remain remarkably
similar to the modifications of characteristic heights above the ELF observatory. We may infer the
particular localization of the possible ionosphere modification by analyzing disturbances observed in the
SR spectra of vertical electric and horizontal magnetic fields. The presence of modifications exclusively
in the electric or in the magnetic fields indicates the predominant alterations of air conductivity in the

vicinity of either hc ~ 55 km or h. ~ 95 km characteristic heights. One may state that the whole
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conductivity profile moves vertically when the disturbances observed in the vertical electric field are

twice as big as those in the horizontal.

6. Summary of computations

First of all, we can summarize the computational results of the changes in SR power spectra for
seismogenic ionospheric perturbations.

(1) Model computations for a perturbation with uniform downward shift in atmospheric conductivity
profile in Section 4 indicate that moderate nearby EQs are able to provide noticeable modifications of SR
signals. “Elevation” of SR power spectra reaching 1 dB might be expected in the horizontal magnetic
field when the ELF observatory is positioned within the distance peq = exp(Meg) km from the epicenter
of an EQ with moderate magnitude Mgq. Similar modifications in the vertical electric field component
might be observed at a distance of about 1.5 exp(Mgg) and also maximum elevation in the electric field
amounts to 3 dB. These perturbations are expected to be more enhanced for EQs with larger magnitude
and closer to the ELF observing station.

(2) On the contrary if the perturbation moves upwards, we will have completely the opposite tendency
such as the overall decrease in SR power spectra for both the electric and magnetic field components.

(3) The computational results for other perturbed profiles (BD or TD model) in Section 5 suggests that
the properties and their comparison of the changes in SR power spectra for the horizontal magnetic fields
and vertical electric field might indicate at which altitude the perturbation is generated with special

reference to the characteristics heights, electric (hc) and magnetic (hy).

7. Comparison with observational results and conclusion

Here we try to compare our computational results for modeled ionospheric perturbations with earlier
observations of SR spectra before and after an EQ. As is well known, SR signals propagate in the Earth-
ionosphere cavity in the TEM mode, so that normally we observe simultaneously two horizontal magnetic
field components (Bx, By) and one vertical electric field (Ez(or Er in this paper)) (Nickolaenko and
Hayakawa, 2002, 2014). However, there are few groups measuring three orthogonal magnetic field
components as a higher frequency extension of ULF magnetic field observation (Ohta et al., 2006;
Schekotov and Hayakawa, 2017).
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As long as we know, Maki and Ogawa (1973) were the first to have investigated the EQ effect on SRs,
in which they dealt with EQs within 200 km from their ELF station. They used only a ball antenna to
measure the Ez component, and they found that the resonance amplitudes increase before several (only
inland) EQs with magnitude larger than 3.0. Their analysis was focused on imminent precursors (just a
few hours before an EQ), and no information was available for short-term (lead time of a few days to a
week) precursors of our main interest. Initially they intended to interpret this phenomenon as the emission
of wide-band noise from the lithosphere as the first category of seismo-electromagnetic phenomena as
presented in Introduction. Recently it is becoming very evident that there take place clear impulsive
ULF/ELF (f=1-10 Hz) electromagnetic atmospheric emissions before an EQ (Schekotov et al., 2007,
2013; Ohta et al., 2013; Schekotov and Hayakawa, 2017), so that the first result by Maki and Ogawa
(1973) can be explained in terms of this recent emission result. However, based on our computational
results in this paper, Maki and Ogawa’ result can also be reasonably accounted for in terms of the
presence of seismogenic ionospheric perturbation in association with EQs close to their ELF station.

Next we pay attention to a recent paper by Christofilakis et al. (2018), who have tried to find any
significant disturbances in SR for the nearby (distance of 200-250 km) EQs in Greece with the
measurement of two horizontal magnetic field components (no electric field measurement). They have
found that the 3™ (n=3) mode (f=18-25 Hz) is enhanced and at the same time the fundamental mode is
suppressed. But this observational behavior seems to be inconsistent with our computational, because our
computational result suggests which has yielded the overall enhancement at all modes as long as any
change appears. So, unfortunately we cannot give any definite answer to their observational result.

Additionally, in Christofilakis et al. (2018) electromagnetic events with narrow band structure around
21 Hz overlapped on the conventional SR spectra have been detected before EQs with moderate
magnitude around 5. Similar types of line emissions have already been observed before by Ohta et al.
(2009) for the nearby (distance of a few hundred km) Japanese EQs based on the magnetic field
measurement. In the first EQ (Niigata-Chuetsu) the enhancement of the SR n=3 mode was detected
together with the generation of a signal around 16 Hz in the By component, and another around 18 Hz in
the Bx component. In the second event (Noto-Hantou EQ) they observed the enhancement of the SR n=3
mode was also detected together with a 18 Hz signal in the Bx component. It seems obvious that those
line emissions are not interpreted in terms of the ionospheric perturbation as presented in this paper. So

we have to explore any other mechanism, and one possibility is likely to be the generation of gyrotropic
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waves excited by wide-band waves from below in the ELF band (Sorokin and Hayakawa, 2008;
Hayakawa et al., 2010; Sorokin et al., 2015). The frequency of those line emissions is determined as
eigen-frequency of gyrotropic waves in a thin layer in the E region, but we need to have wide-band noise
from below such as impulsive ULF/ELF noise studied by Schekotov et al. (2007, 2013) and Schekotov
and Hayakawa (2017).

As the conclusion, we were not so successful in explaining some anomalous SR observational results
by using the computational results in this paper. However, we have to emphasize the potential use of SR
observation, not only in the conventional field of study of global lightning activity and global warming
(e.g. Williams, 1992; Heckman et al., 1998; Sekiguchi et al., 2006; Price et al., 2007; Satori et al., 2009;
Shvets and Hayakawa, 2011; Nickolaenko et al., 2011; Pracser et al., 2019), but also in a new direction to
the study of seismo-electromagnetics as suggested in this paper. Already there have been established and
in operation so many ELF observatories in the world (e.g. see Gazquez et al., 2017), so that those ELF
data in different EQ-prone places in the globe will be utilized for monitoring pre-EQ effects in future to
accumulate more anomalous SR data. Especially the simultaneous observation of vertical electric and
horizontal magnetic field components, would be of the greatest importance in inferring the spatial
structure of seismogenic ionospheric perturbations. This would provide us with a more hint to elucidate
the process of lithosphere-atmosphere-ionosphere coupling, which is the greatest concern of seismo-

electromagnetic scientists.
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