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Abstract

This paper presents a mathematical model, an asymptotic theory and an appropriate numerical algorithm to study, in the scalar
approximation, VLF point source field propagation problem within the non-uniform Earth-ionosphere waveguide. We have taken
into account a 3D local ionospheric inhomogeneity over the ground of the solar terminator transition. The local ionospheric
perturbation whose centre is situated above the model earthquake, is simulated by a bell-shaped impedance inhomogeneity of the
ionospheric waveguide wall. The ionosphere model parameters are computed with allowing for the geomagnetic field. Our numerical
results show that the inclusion of the local ionospheric inhomogeneity in the radio wave propagation across the solar terminator
path deforms the diurnal variations of field amplitude and phase in accordance with the observational data.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The possibility of existence of ionospheric precursory
signatures of earthquakes is more and more accepted.
Various ionospheric plasma phenomena have been de-
tected by satellites and ground-based facilities over the
epicentre of future shocks (Hayakawa and Molchanov,
2002). The applications of subionospheric VLF radio
signals in a search for the seismic hazard precursors are
widely discussed in the literature. In the context of VLF
radio wave propagation the most important ionospheric
parameters are the height profiles of electron density
and effective collision frequency. These parameters in
the regular conditions are determined by solar zenith
angle. The spatially localized variations of electron
density (due to various causes) are possible in the per-
turbed conditions, but so far we still do not understand
clearly the nature of seismic influence on the ionosphere.

Monitoring of the “OMEGA” signals at the Inubo
observatory (35°42'N; 140°52'E) from the Tsushima
transmitter (34°37'N; 129°27'E) at both 10.2 and 11.3
kHz frequencies revealed a time shift of the regular
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minima in the diurnal variations of phase and amplitude
for the propagation path 1043 km long, which can be
considered as short-distance propagation (Hayakawa
et al., 1996a,b; Molchanov and Hayakawa, 1998; Mol-
chanov et al., 1998). The minima in the diurnal phase
and amplitude patterns generally occur when the ter-
minator moves along the VLF propagation path (the
day-night boundary is nearly perpendicular to the
transmitter—receiver direction). One minimum takes
place around sunrise and can be named morning ‘‘ter-
minator time”’ (TT); another takes place around sunset
and can be named as evening TT. Those TT values
might change from day to day as the day length at a
given geographic latitude, if the propagation path is
latitudinal. In the case of earthquake influence, there
occurred the abnormal behaviour of this morning and
evening TT difference, which began a few days before
the earthquake such that it had lengthening of daytime
conditions (Hayakawa et al., 1996a,b; Molchanov and
Hayakawa, 1998; Molchanov et al., 1998).

The solar terminator is a part of terrestrial atmo-
sphere situated between the space illuminated by the full
ball of the sun and the complete shadow space. It is a
layer between two conical surfaces, and the layer
boundaries are very diffuse. The strongest variations


mail to: soloviev@ovs.usr.pr.ru

640 0.V. Soloviev et al. | Physics and Chemistry of the Earth 29 (2004) 639647

of temperature, pressure, and eclectron density height
profile in the atmosphere during all natural days
occur at the passage of solar terminator (Somsikov and
Ganguly, 1995). It conveys the suggestion that the ion-
ospheric plasma is unstable during the period of termi-
nator transition, and hopefully it is possible to receive
an appreciable response to an extraneous action (origi-
nated from seismic activity) into this region and this
response may be powerful enough to be recorded. And
the central idea of the TT method lies in high sensitivity
of VLF signals to those changes in the lower ionosphere
due to multimode interaction when the evening or
morning terminator moves along a propagation path.

Let us return to the curves of VLF field amplitude
and phase diurnal variations. These well-known curves
for a given transmitter, recorded at the observation
point away from the transmitter by some distances, have
exhibited defined deformations during the time preced-
ing a seismic event (Hayakawa et al., 1996a,b). It has
been the case when the propagation path is not too long
(about 1000 km) and has passed through the domain of
seismic event, or the epicentre zone has been within the
first Fresnel zone. We may consider this experimental
result as significant (Hayakawa, 2001), however, up to
now there is no complete theoretical understanding of
the recorded phenomenon. In the literature there are
some papers that present arguments supporting the
existence of coupling between the recorded VLF field
anomaly due to ionospheric perturbation, and earth-
quake precursor (Nikolaenko et al., 1999; Molchanov
et al., 2001), while there are some papers that suspect
this coupling (Clilverd et al., 1999; Rodger and Clilverd,
1999). Rodger and Clilverd (1999) consider in greater
detail the modelling previously applied (Hayakawa
et al., 1996a,b; Molchanov et al., 1998) and investigate
the application of more sophisticated numerical propa-
gation code to the same homogeneous waveguide model.
In all the calculation presented in their papers the
assumption has been made that the earthquake induced
TT change is affected by the entire propagation path.
This model must be admitted rather crude for the
propagation path when the terminator drives along. The
calculation in the modelling by Clilverd et al. (1999) is
performed for a rather long (12 Mm) propagation path.
We have an opinion that the perturbed area by earth-
quake precursor in the ionosphere is very small as
compared with the scale of this path length, and that is
why it is impossible to expect its appreciable influence
on the signal phase and/or amplitude. So the conclu-
sions of Clilverd et al. (1999) based on the long wave
propagation capability code (LWPC) (Ferguson and
Snyder, 1990) are rather questionable.

The attempts of theoretical explanation of observed
result on the deformation of amplitude and phase
diurnal curves made to date are based on the two-
dimensional solutions of the propagation problem in an

irregular Earth-ionosphere waveguide. In this paper we
present a solution of the three-dimensional subiono-
spheric radio wave propagation problem. We intend to
show that the deformations of VLF field amplitude and
phase diurnal variations may be explained by emergence
of the local lower ionosphere inhomogeneity above the
epicentre of the seismic event. This is a goal of our
paper. As in the experiment described in Hayakawa
et al. (1996a,b) we will have an interest in short enough
paths (approximately 1000 km) oriented in the west-east
direction. The scales of three-dimensional local lower
ionosphere inhomogeneity (longitudinal, transverse and
vertical) are chosen to be less than the terminator
transition length.

2. Formulation of the propagation problem

Modelling the effects of the terminator is a special
problem in the theory of subionospheric VLF propaga-
tion that has been often discussed in the literature (Wait,
1968a,b; Galejs, 1971; Pappert and Morfitt, 1975; Smith,
1977; Novikov and Rybachek, 1997). Most frequently
the problem of VLF propagation in an irregular (in the
direction of propagation) Earth-ionosphere waveguide
(including day-time to night-time transitions) was con-
sidered with the aid of the modified transverse sections
method, wherein the irregular waveguide is approxi-
mated by a set of regular parts (Galuk and Ivanov, 1978).
This method is based on normal mode theory. The dis-
tances between the source (or receiver) and the nearest
waveguide discontinuity must be much greater than a
wavelength. The number of regular parts and their length
depend on the required accuracy of the field component
calculations (in practice the length of the regular part at
the signal frequency of about 10 kHz is taken as a few
hundred kilometres). The sophisticated codes on the
basis of this method are most suitable for calculating
long-range propagation at VLF, but they do not provide
correct results for short distances from the source and so
it does not apply to our case. Therefore we will make
use of surface integral equation method, which was not
applied for such a kind of propagation problems as we
know. The same method allows us to take into account
the effect of a local upper ionosphere inhomogeneity
(possibly applied to earthquake precursor) on the elec-
tromagnetic field in the terrestrial waveguide.

The problem of subionospheric radio wave propa-
gation in the presence of a localized irregularity has al-
ready been discussed for a long time. In Soloviev and
Hayakawa (2002) we have given a detailed list of pub-
lications devoted to modelling the effect of three-
dimensional ionospheric irregularities on the near-Earth
propagation of radio waves.

This paper puts forward a three-dimensional model-
ling of radio wave propagation in an irregular wave-
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guide with a localized inhomogeneity on the terminator
background. The scales of three-dimensional local lower
ionosphere inhomogeneity (longitudinal, transverse and
vertical) are chosen to be less than the terminator
transition length. The geometry of the problem is illus-
trated in Fig. 1. The Earth’s surface is considered as
uniform all through the propagation path and is char-
acterized by a homogeneous surface impedance d,. The
ionospheric surface impedance ¢, and waveguide height
z;, for terminator transition model are obtained from the
given electron density N.(z, V) and effective collision
frequency v.(z, ¥) height profiles (Orlov et al., 2000;
Earth’s Lower Ionosphere, 1995), which depend on the
solar zenith angle ¥ that varies from 80° to 100° with a
step equal to 2°. It means that we explore the terminator
transition with about 2500 km. The examples of such
height profiles predicted for January, 1995 and for the
central point of Tsushima-Inubo propagation path are
given in Fig. 2, with the electron density height profiles
in the upper panel and the effective electron collision
frequency in the lower panel. The two curves in the
upper panel correspond to different solar zenith angle;
one is for ¥ = 80° (daytime electron density) and the
other for ¥ = 100° (night-time electron density). Only
one effective collision frequency height profile is used for
all 80° < ¥ < 100° (Fig. 2, lower panel).

In the cylindrical coordinate system (r,@,z) the
functions z; = z,(r,¢) and 0; = 0;(r,p,z;) do not
change in the direction perpendicular to the terminator
movement direction. These functions z; and J,, defining
the ionosphere transition model are computed allowing
for the geomagnetic field influence. Upon the ground of
the solar terminator a three-dimensional local iono-
sphere inhomogeneity S, is assumed above the propa-
gation line. This last one is a bell-shaped perturbation of
the ionospheric waveguide wall, whose centre is situated
above the given point of the Earth’s surface and whose
lateral dimensions are less than the solar terminator
transition length. The local ionosphere inhomogeneity
S, deforms the surface S;(z;; = z;(r, ¢)) into the surface
S; described by the function z; =z(r,¢) and with

Sl’l
z (r,e’,z")
D
h = R-R
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Fig. 1. Geometry of the problem.
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Fig. 2. The examples of electron density (upper panel) and effective
collision frequency (lower panel) height profiles that are used to cal-
culate the effective terrestrial waveguide model parameters.

impedance J; = J;(r, ¢,z;). Thus, the surfaces S, and S;
coincide with each other everywhere with exception of
the area S, € S; which defines the surface of the local
inhomogeneity.

We study a harmonic exp(—iw¢) point source field in
the three-dimensional domain D bounded by two sur-
faces S, and S;. The source is assumed to be an electric
dipole with moment P, located at the point described as
(x =0,y =0, z=z) in the Cartesian coordinate system
and as (r = 0, ¢ = 0, z = z,) in the cylindrical coordinate
system. The dipole is chosen to be directed along the
axis OZ. The surface S, is specified as z =0, and so we
neglect the Earth’s curvature in our model (because our
propagation path is not too long). As well, we simplify
the problem and do not take into account the vector
effects. We may therefore characterize the electromag-
netic field by the scalar function I1(x,y,z), the vertical
component of Hertz’s vector, which satisfies the Helm-
holtz equation in D and the following impedance
boundary condition:

o, — k(M) : (1)
MES,,S:.Sy

where k£ = w./el, is the free-space wave number, #n is
the outside normal to the waveguide volume D, and
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0(M) is an inhomogeneous surface impedance function
(Red > 0):0(M) =9, if MeS,, 5(M)=20r,p,z) if
M €S, and (M) = 6,(r,p,z) if M € S,. The infinity
condition requires I1(r,®,z) to vanish as » — oo. The
vertical electric field component E, can be obtained from
the following equation:

Ez(l", @az) = (kz + aZ/aZZ)H(h QD,Z)~

The function E. satisfies the same Helmholtz equation in
D and the boundary conditions similar to Eq. (1) (Fok,
1965). However, I1(r,@,z) as a function of r has the
weaker singularity at the zero point than £, that sim-
plifies the solution construction for I1(r, ¢,z). Soloviev
(1999, 2000) has discussed a quite different vector
statement of the problem that requires to handle directly
the electromagnetic field components.

3. Theory and computational algorithm

Using the second Green’s formula, the unknown
function II(r, ¢,z) may be related to the solution of the
regular problem I1y(r,z) by a surface integral over the
surface S;:

n(z‘é):n&ﬁ)ﬁiﬂ / / (R | 6:(R (R, R')

0 S;
OIly(R,R)
' 2
kon' ds’ (2)

where R(r,@,z) ¢S, is the observation point,
R(¥,¢',Z) €S is an integration point, ' is a normal
directed outside the waveguide cavity D, and ITy(R) is
the field in the regular waveguide characterized by the
height 4 (h > z;) and by homogeneous impedance values
0, = const and J; = const. Ho(ﬁ,ﬁ/) is the Green’s
function obtained from [ITy(R,R') = IIy(R,) where
Ri=R—R and r = V2 + 12 =2 cos(p — ') (see
Fig. 1).

Together with the main problem and Eq. (2) we may
write the equation for the propagation problem without
any local perturbation S, and taking into account only
the terminator transition and we obtain Eq. (3):

. L ik Lo
I,(R) = ITy(R) + 180// 11,(R) [,, "Io(R,R')

11 RR/
+176 o(R, )]ds&

kon' (3)
The algorithm of the solution of Eq. (2) may be the
following. First of all we transform the surface integrals
from right-hand side of the last Egs. (2) and (3) which
are the surface integrals of the first type (Fihtenholtz,
1969), into the ordinary two-dimensional integrals over
z = const plane.

pp_ ox' k) p_

/ / F(.y,2)dS
Si
- / / SO N gy

Here Q; is the (x,y) plane projection of the surface S;;
%5 y)) = ();v We separate the plane Q; into
two parts: , and Q. (Q; = Q, U Q), where the first Q,
is the (x,y) plane projection of the local perturbatlon
surface S, and for the second, which is the all-remaining
part of the plane Q;, we have the coincidence of the
functions z; and z; and 9; and J;, i.e. for x,y € Q  we
have z;(x,y) = z;(x,y), and 0:(x,y,z) = 0,(x,¥,z) (see
Fig. 3).
Subtracting Eq. (2) with transformed surface integral
from Eq. (3) similarly transformed we finally arrive at
the equation:

H( ) HOR» lkS()//
Qp+Q00

6H0(R R) N ’ kS()

+1 T)\/I—FI%—FL] dxdy +?0
// ) oMy(R R)>

< (R)Mo(R,R) +i~— =

( (R)To(R,R)

.OITy(R, R’
+1#>\/ L+ p7 +q7 | dx'dy, (4)
where p,, = % o ' s Gip = az’“; R ¢ S;. In a limiting
case R — S, an additional item H (R)/2 arises on the
right-hand side of Eq. (4) due to a JumB 1rl the normal
derivative of the Green’s function dI1(R’,R)/dn’.

To solve (4), we apply the asymptotic method (Sol-
oviev, 1998). We begin with introducing the slowly
varying attenuation functions 7 and V;:

" Py e
MR) =5 == V(R),

2mey 1

o5 PO eikrl
Iy(R,R') = e T

(R, R). (5)

Then we introduce on the surface (x,y) an elliptic
coordinate system (u,v) with focuses at the points: the
origin (0,0) and observation point plane projection (7, 0)

Jy Q) , (%0 ¥) P
Ve //
/
/ (r,¢=0) /
7 (0,0) /
# — 3
z=const 4=

Fig. 3. Geometry of the problem, top view.
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/

r r r .
x —Ezichucosv, 3y zzshusmv,

dx'dy’ = ¥ridudv, —0co <u < 400, 0<v< .

After substitution of the variables of integration we
arrive at Eq. (6) for the slowly varying attenuation
function V:

VR = 1) 1kr//ﬁ
lk’// (R, 1, 0)e" ) duyd, (6)

If we suppose k» > 1, the exponential factor e (ch«—1)
may be assumed as being rapidly oscillating with respect
to u (across the wave propagation path) as compared
with the remaining cofactor f,(R,u,v) and j'(ﬁ,u,v).
This allows us to use the method of stationary phase for
calculating the integrals over u. Before we apply the
method of stationary phase, we need to transform the
integrals from (6). The Egs. (7)-(9) present the sequen-
tial steps of this operation:

T +0o0
// ~~~dudv:/ </ ~~~du)dv, (7)
Q; 0 —00
U> u(u)
//~--dudv=/ / - du | do, (8)
Q, Ve u<(v)
us (v) 00 00
u<(v) u<(v) u

>(v)

The line u = 0, which connects the plane projections of
the source and the observation points, is a stationary
phase point for infinite and semi-infinite integrals. To
avoid losing the information on the transverse structure
of the inhomogeneity, we must perform the stationary
phase calculations with accuracy up to the terms of
order O((kr)™"), neglecting only higher-order terms

O((kr)~**). Thus, we have

1kr (chu—1) du dl)

/ SR, u, 0)e ) dy ~ £(R0, 0)inHL k), (10)

/fRuvlk;chuldu

- exp[ikr(chu(v) — 1)]
2kr

x G(R,u(v),v) + O[(kr) "],

where Hél)(kr) is Hankel function,

G[R,u(v),v] = \/EeB"/“f(]_é,o )w(e™4g)
Hekoow SR, u(v),v) )
e )
\/%sh(u(v)>

w(x) = e {1 + (2i/vm) [y e’ dt} is the conventional
probability integral of a complex variable (Abramowitz
and Stegun, 1964). As a result of stationary phase cal-
culations we arrive at the one-dimensional equation with
contour integrals along two lines: the (x,y) plane pro-
jection of the propagation line (1 =0, 0 < v < n) and
the linear boundary 0Q, (u = u(v)) of the local inho-
mogeneity area. In an operator form this is the following
equation:

V ="Vy+AV +BV (12)

where A4 is a Volterra operator which acts on the func-
tions f;(R,0,0) and f(R,0,v), and B is a Fredholm
operator which acts on the function f(R,u(v),v). To
solve the one-dimensional integral equation (12), we use
the numerical-analytical method of semi-inversion
(Soloviev and Agapov, 1997). The algorithm of its
solution is the formula (13):

vO =y, v =+ 4y 4 gy, (13)
where m = 1,2,3, ... is iteration number. We point out
that 4 as a Volterra integral operator, can be easily
converted with the aid of the conventional stepwise
procedure (e.g., Wagner, 1954). Moreover, it contains
the first, dominant term of the asymptotic expansion. Its
contribution to the solution in comparison with B is
expected to be more significant for a larger value of the
parameter kr.

For calculating the field in a uniform waveguide
(Ho(ﬁ) and HO(I_é,R”)) the computer program was gen-
erated, which computes the absolute value and argu-
ment of attenuation function of the vertical component
of Hertz’s vector for any 0<z, z<h and » > 0 with a
pre-assigned precision. It is full-wave presentation that
combines both the ray-expansion method and the nor-
mal mode series.

4. Numerical results and discussion

For the numerical simulation of radio wave propa-
gation process on the Tsushima-Inubo path (Haya-
kawa et al., 1996b) we have chosen the following values
of Earth-ionosphere waveguide model: Earth’s surface
properties are defined by ¢ = 4.0 S/m, ¢, = 81 and the
path length is about R ~ 1000 km. When we have cal-
culated J;, and z;, from the given electron density N.(z)
and effective collision frequency v.(z) height profiles,
the geomagnetic field has been allowed for. Certainly,
in this case, the electrical properties of anisotropic
ionosphere may be described only by a tensor of sur-
face impedance and this tensor cannot be reduced to
scalar. If we introduce impedance boundary conditions
as:
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Epn = ZOS[ﬁm x #|, where

. (e)
Zoz,/@ and 0= 0 o ,
€0 521 5(”1)

the tensor component which is responsible for TM field
scattering into TM, is J; = 5© — ‘3‘;(2" (Makarov et al.,
1994). This last one is that we have used for numerical
estimations. The components of geomagnetic field were
computed in multipole approximation for the central
point on the path. Both the transmitter and receiver
(observer location) are assumed to be on the Earth’s
surface, z; = z = 0. We consider two signal frequencies:
f1 =10.2 kHz and f; = 11.3 kHz.

The local ionospheric disturbance is simulated by a
bell-shaped perturbation of the waveguide ionospheric
bound:

Ah = A, exp[—((x —x,)* + (v — 3,)°) /r2]. (14)

The effective radius of perturbation in Eq. (14) is chosen
equal to r, = 200 km; the position of disturbance centre
with respect to the propagation path corresponds to the
great Hyogo-ken Nambu (Kobe) earthquake (January
17, 1995) epicentre and is determined by the following
values of the horizontal coordinates x, = 464 km and
¥ = —70 km (see Fig. 3). We have considered three
model disturbances: (1) the depression of upper bound
without any impedance perturbation, when 4, = —3
km, J, = d;; (2) the depression of upper bound with
impedance perturbation, when 4, = —3 km, J, = J; +
Ad,, Ad, = —0.02-0.14i; and (3) the elevation of upper
bound without any impedance perturbation, when
A4, =43 km, 6, = ;. These concrete values of 4, and
A, were chosen from the intervals 0 < |4,| < (Zi nignt —
Zirday) and 0 <A, < (3is day — O night ) T€Spectively.

Fig. 4 illustrates the behaviour of amplitude (in the
upper panel) and phase (in the lower panel) of attenu-
ation function as a function of local time (LT) since the
beginning of sunrise on the path. The signal frequency is
10.2 kHz, and transmitter—receiver distance is 1043 km
in the upper panel, while we consider R = 947 km in the
lower panel. The perturbation of the ionospheric
waveguide bound is waveguide wall depression. Here-
after, and in all the following figures, there are two
curves in each panel; the solid lines indicate the situa-
tions without any local inhomogeneity above the prop-
agation path (only with taking into account the
terminator transition), and the dotted lines, the prob-
lems with local inhomogeneity (local inhomogeneity
against the background of terminator transition). The
shift in the amplitude as well as in the phase minimum
on the side of lengthening of the day conditions may be
seen in both figures. These shifts are found to be around
and more than 10 min.

Fig. 5 shows the situation when the local perturba-
tion on the ionospheric waveguide bound is waveguide

SUNRISE £=10.2 kHz. waveguide wall depression

30 transmitter receiver distance is R=1043 km
. T T T T T T T T

2.8

IV(t)l only terminator
+« IV(t)l local inh. exists

2.6 0
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224
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e
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Fig. 4. Amplitude (upper panel) and phase (lower panel) of attenua-
tion function as a function of local time (LT) since the beginning of
sunrise on the path. The distance R is 1043 km (upper panel) and 947
km (lower panel). The local perturbation on the ionospheric waveguide
bound is waveguide wall depression.

wall elevation. We have found that there are some
small signal shifts in the amplitude and phase mini-
mums, but on the side of shortening of the day con-
ditions.

Fig. 6 illustrates the situation when the local pertur-
bation on the ionospheric waveguide bound is wave-
guide wall depression with impedance perturbation. The
signal frequency is 10.2 kHz, and the distance R is 1043
km. In the upper panel for the curves indicate the
amplitude of attenuation function and in the lower
panel the curves correspond to the phase of attenuation
function. The deviation in phase minimum may be evi-
dently defined in the lower panel, which is found to be
more than 10 min, and in the same tendency of length-
ening of the day conditions.

Next Fig. 7 presents the sunset situation when the
signal frequency is 11.3 kHz, the distance R is 1041 km,
and the local perturbation on the ionospheric wave-
guide bound is waveguide wall depression. The upper
panel is for the amplitude, while the lower is for the
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£=10.2 kHz. waveguide wall elevation

SUNRISE k 2 . .
transmitter receiver distance is R=1043 km

32 T T T T T T T T
.E R IV(t)l only terminator -
g 28 .m".. < IV(®) local inh. exists
5 2.8 *,, -
L= . *,

Night *

E261 ¢ H
g
5 2.4 +
2
= 224 L
k)
S 2.0 H
=]
2 184 H
=
g 1.6 r
<

1.4+ +

T T T T T T T T
0 20 40 60 80 100 120 140 160
LT, min (since the beginning of sunrise on the path)
£=10.2 kHz waveguide wall elevation
04 SUNRISE transmitter receiver distance is R=1043 km
U T T T T T T T T

-0.54

-0.6+

-0.74 ——argV(t) only terminator [~

« argV(t) loc.inh.exists

-0.84

Phase of attenuation function. rad

-0.9

T T T

T T T T
0 20 40 60 80 100 120 140 160

LT, min (since the beginning of sunrise on the path)

Fig. 5. Amplitude (upper panel) and phase (lower panel) of attenua-
tion function as a function of local time (LT) since the beginning of
sunrise on the path. The local perturbation on the ionospheric wave-
guide bound is waveguide wall elevation.

phase of the attenuation function. We can see the
deviation of minimum only in the phase behaviour but
there is no remarkable amplitude minimum. The phase
minimum deviation is found to be nearly 10 min, and in
the same tendency of lengthening of the day conditions
again.

5. Conclusions

It may be concluded that the analysis of the repre-
sented results of numerical simulation affirm that the
emergence of a local ionosphere inhomogeneity on the
radio wave propagation path may be a cause of
deformations in the diurnal curves of VLF field
amplitude and phase in accordance with the above-
mentioned observational data. This local inhomogene-
ity must be equivalent to the local waveguide wall
depression and not the local waveguide wall elevation.
In this case only the shift in the amplitude or phase
minimum is on the side of lengthening of the day
conditions (as in the experiment). This effect is a result

£=10.2 kHz. depression & impedance perturbation

SUNRISE transmitter receiver distance is R=1043 km
3.0 T T T T T T T T

2.8 ——IV(t)l only terminator
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SUNRISE transmitter receiver distance is R=1043 km
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Fig. 6. Amplitude (upper panel) and phase (lower panel) of attenua-
tion function as a function of local time (LT) since the beginning of
sunrise on the path. The local perturbation on the ionospheric wave-
guide bound is waveguide wall depression with impedance perturba-
tion.

of interaction of multimode field with the complicated
waveguide boundary. Therefore, for the observer being
placed in a given point and receiving only one fre-
quency, this effect may not be shown (see e.g. Figs. 6
and 7 upper panel). While our attention in this paper is
mainly concentrated on the explanation of any seismo-
induced VLF effect, we believe that the presented
method of 3-D VLF field diffraction itself could be
useful for a wider scope of the effects related to VLF
propagation in the inhomogeneous ionosphere, e.g.
Trimpi effect (Baba et al., 1998; Soloviev and Haya-
kawa, 2002).
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f=11.3 kHz. waveguide wall depression
transmitter receiver distance isR=1041 km
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Fig. 7. Amplitude (upper panel) and phase (lower panel) of attenua-
tion function as a function of local time (LT) since the beginning of
sunset on the path. Signal frequency is 11.3 kHz, the distance R is 1041
km, and the local perturbation on the ionospheric waveguide bound is
waveguide wall depression.
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