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Abstract

This paper presents a further development of mathematical model, an asymptotic theory and an appropriate numerical algorithm to
study the vector VLF point source field propagation problem within the non-uniform Earth–ionosphere waveguide. It is the sequential
development of our previous article [Soloviev, O.V., Hayakawa, M., Ivanov, V.I., Molchanov, O.A., 2004. Seismo-electromagnetic phe-
nomenon in the atmosphere in terms of 3D subionospheric radio wave propagation problem. Phys. Chem. Earth 29, 639–647.
doi:10.1016/j.pce.2003.10.002]. We have taken into account 3D local anisotropic ionosphere inhomogeneity over the ground of the solar
terminator transition. The local ionosphere inhomogeneity, whose centre is situated above the model earthquake, is simulated by a bell-
shaped tensor impedance perturbation of the ionospheric waveguide wall. The various propagation paths, which cut across the termi-
nator line at different angles, have been investigated. Numerical results show that the emergence of the local ionosphere inhomogeneity
on the radio wave propagation across the solar terminator path deforms the curves of field amplitude and phase diurnal variations in
accord with the experimental observational data.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Investigations of electromagnetic effects of earthquakes
are currently being carried out by many diverse groups in
many different countries within various sub-disciplines of
geophysics and radio physics. Among these researches we
would like to particularly mention a group interested in
studying the anomalies in electromagnetic fields of VLF
radio stations, conterminous on time with earthquakes,
whose epicentres are located in the vicinity of radio wave
propagation path (so-called VLF remote sensing). Such
anomalies in amplitude and phase of radio signals can be
explained by change of conditions on the path of radio
wave propagation, namely, in the vicinity of an epicentre
of earthquake both on the ground and in the lower iono-
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sphere. This radio wave band does not feel any variations
in the air environment. In the context of VLF radio wave
propagation the most important ionospheric parameters
are electron density Ne(z) and effective collision frequency
me(z) altitude profiles. These parameters in regular condi-
tions are determined by solar zenith angle. The spatially
localized variations of electron density (due to various
causes) are possible in perturbed conditions.

The possibility of existence of ionospheric earthquake
precursory anomalies is still widely debated in the science
community. There are several reasons for this cau-
tious assessment, among them a lack of understanding of
the link between the seismo-mechanical processes in the
ground and the atmospheric/ionospheric and electromag-
netic events. At the same time various ionospheric plasma
phenomena, for example ionospheric turbulence, have been
detected by satellites and ground-based facilities over the
epicentre of future shocks (Hayakawa and Molchanov,
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Fig. 1. Geometry of the effective propagation medium.
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2002; Hobara et al., 2005). It seems rather perspective for
us to consider as a source of ionospheric earthquake pre-
cursory anomalies the atmospheric gravity waves generated
on the ground (Lizunov and Hayakawa, 2004).

We shall not deal with a problem of occurrence of ion-
ospheric inhomogeneities, but the aim of this paper is the
mathematical modelling of the situation recorded during
the January 1995 experiment (Hayakawa et al., 1996a,b),
assuming that a local inhomogeneity arises in lower iono-
sphere during the stage prior to an earthquake. In that
light, the object of present paper does not differ from our
previous paper (Soloviev et al., 2004), however, now it will
be the solution of vector radio wave propagation problem
on the basis of the new technique developed by Soloviev
(2005), unlike the previous in which the scalar radio wave
propagation problem statement has been used.

In the following we will simulate the result of experiment.
Monitoring of the ‘‘OMEGA’’ signals at the Inubo observa-
tory (35�42 0 N; 140�52 0 E) from the Tsushima transmitter
(34�37 0 N; 129�27 0 E) at both 10.2 and 11.3 kHz frequen-
cies revealed a time shift of the regular minima in the diur-
nal variations of phase and amplitude (Hayakawa et al.,
1996a; Molchanov and Hayakawa, 1998; Molchanov
et al., 1998) on the propagation path 1043 km long, which
has passed near epicentre of the great Hyogo-ken Nambu
(Kobe) earthquake (January 17, 1995). Such a propagation
path can be considered as short-distance propagation. The
minima in the diurnal phase and amplitude patterns gener-
ally occur when the solar terminator moves along the VLF
propagation path (the day–night boundary is nearly per-
pendicular to the transmitter–receiver direction). It is a
well-known fact (Galejs, 1971). One minimum takes place
around sunrise, and can be named morning ‘‘terminator
time’’ (TT); another takes place around sunset, and can
be named as evening TT. Their difference value must be
changed from day to day as the day length at the given geo-
graphic latitude, if the propagation path is latitudinal. In
the case of earthquake influence, there occurred the abnor-
mal 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; Hayakawa, 2001). We assume that this abnor-
mal behaviour of morning and evening TT difference is
bound up with emergence of a local ionosphere inhomoge-
neity just above the earthquake epicentre, and we are going
to confirm this assumption by mathematical modelling
results.

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 just as Soloviev
et al. (2004) we present a solution of the three-dimensional
subionospheric radio wave propagation problem. As in the
experiment described in Hayakawa et al. (1996a,b) we will
have an interest in short enough paths (�1000 km). The
scales of three-dimensional local lower ionosphere inhomo-
geneity (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 solar terminator is a special
problem in the theory of subionospheric VLF propagation
that has been often discussed in the literature. The problem
of subionospheric radio wave propagation in the presence
of a localized irregularity has also been discussed for a long
time. In Soloviev et al. (2004) we have given a detailed list
of publications devoted to modelling the effect of the solar
terminator transition and separately the effect of three-
dimensional ionospheric irregularities on the near-Earth
propagation of radio waves.

This paper puts forward a three-dimensional modelling
of radio wave propagation in an irregular waveguide with
localized inhomogeneity on the terminator background.
The first step of radio wave propagation problem statement
is the construction of effective terrestrial waveguide model.
We consider the propagation problem in some model
space, which is vacuum cavity with impedance waveguide

boundaries with following parameters: dg; d̂it; zit; d̂p; zp.
These parameters mean: dg – is the ground surface imped-
ance that is determined by Earth surface reflection proper-
ties, d̂it and zit = zit(r,u) are tensor impedance and function
of waveguide height for the ionosphere without any local
perturbation (only solar terminator transition is taken into
account), d̂p and zp = zp(r,u) are tensor impedance and sur-
face equation of the ionospheric waveguide wall with a
local perturbation on the terminator background. Suppose
we have a cylindrical reference coordinate system (r,u,z).
The geometry of the effective propagation medium is pre-
sented in Fig. 1. Such an impedance waveguide model
has the right to exist in very low frequency (VLF) range.
The Earth’s surface we will consider as uniform all through
the propagation path and characterized by homogeneous
surface impedance dg = const. The tensor ionospheric sur-
face impedance d̂it and waveguide height zit for the termina-
tor transition model are obtained from the given electron
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density Ne(z,W) and effective collision frequency me(z,W) alti-
tude profiles (Orlov et al., 2000; Earth’s Lower Ionosphere,
1995), which depend on the solar zenith angle W that varies
from 80� to 100� with step equal to 2�. It means that we
explore the terminator transition with about 2500 km. The
examples of such altitude profiles predicted for January
1995 and for central point of Tsushima–Inubo propagation
path are presented in Fig. 2, the electron density altitude pro-
files 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
W = 80� (Day electron density) and the other for W = 100�
(Night electron density). Only one effective collision fre-
quency altitude profile is used for all 80� 6 W 6 100�
(Fig. 2, lower panel). The impedance d̂p and effective height
zp in a case when a locally perturbed domain is considered
could be obtained from given Nep(z; r,u) and mep(z; r,u) –
altitude profiles of electron density and collision frequency
for earthquake precursor disturbed ionosphere, but they
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Fig. 2. The examples of electron density (upper panel) and effective collision fre
terrestrial waveguide model parameters.
are unknown to us. We require that the functions zit =
zit(r,u) and d̂it ¼ d̂itðr;u; zitÞ do not change in the direction
perpendicular to the terminator movement direction. These
functions zit and d̂it defining ionosphere terminator transi-
tion model are computed allowing for the geomagnetic field
influence. Upon a ground of the solar terminator a three-
dimensional local ionosphere inhomogeneity Sp is set above
the propagation line. This last one we present as 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 inhomo-
geneity Sp deforms the surface Sit(zit = zit(r,u)) into the sur-
face Si, described by the function zp = zp(r,u) and with
tensor impedance d̂p ¼ d̂pðr;u; zpÞ. Thus, the surfaces Sit

and Si coincide everywhere with the exception of the area
Sp 2 Si, which defines the surface of the local inhomogeneity.

We study a harmonic exp(�ixt) point source field in the
three-dimensional domain D bounded by two surfaces Sg
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and Si. The source is assumed to be an electric dipole with
moment P0 located at the point described as (x = 0,y =
0,z = zt) in the Cartesian reference coordinate system and
as (r = 0,u = 0,z = zt) in the already-introduced cylindri-
cal coordinate system. The dipole is chosen to be directed
along the axis OZ. The surface Sg is specified as z = 0. In
the model we neglect the Earth’s curvature (because our
propagation path is not too long).

In vacuum the arbitrary electromagnetic field may be
represented as a sum of transverse magnetic (TM) and
transverse electric (TE) fields. The first may be described
by the single component electrical Hertz’s vector ~PðeÞ ¼
PðeÞez, the second by the magnetic Hertz’s vector ~PðmÞ ¼
PðmÞez. The electromagnetic field components may be
expressed by the following well-known formulas (e.g.,
Makarov et al., 1994):

~E ¼ rotrot~PðeÞ þ ixl0 rot~PðmÞ;

~H ¼ �ixe0 rot~PðeÞ þ rotrot~PðmÞ:

If we define the boundary conditions on the surfaces Sg and
Si as

~Etan ¼ Z0d̂½~H tan �~n�;
where Z0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p
, ~n is the outside normal to the wave-

guide volume D; ~Etan; ~H tan are the components tangential
to waveguide bound surface of the electromagnetic fields
~E and ~H ; d̂ ¼ dg � bI on the surface Sg, bI is identity matrix,

and d̂ ¼ d̂p ¼ dðeÞ d12

d21 dðmÞ

� �
on the surface Si, then for

homogeneous condition it helds:

o

on
PðeÞ

Z0P
ðmÞ

 !
¼ ik

dðTMÞ; �d12

dðmÞ

d21

dðmÞ
; 1

dðmÞ

 !
� PðeÞ

Z0P
ðmÞ

 !
; ð1Þ

where k ¼ x
ffiffiffiffiffiffiffiffiffi
e0l0

p
is the free-space wave number, d(TM) =

d(e) � d12d21/d(m). The boundary condition (1) we apply in
our problem, is based on considering that components of
tensor d̂p are coordinate-dependent functions. Addi-
tionally, P(e)(r,u,z) and P(m)(r,u,z) must comply with
Helmholtz equations with the point source on the right side
of the equation for P(e), and without the source on the
right side of the equation for P(m). The infinity condition
requires P(e) and P(m) to vanish as r!1.

3. Construction of the problem solution

Using the second Green’s formula, the problem for two
differential equations may be reduced to a set of coupled
integral equations over the surface Si:

PðeÞð~RÞ¼PðeÞ0 ð~RÞ

þ ik
2p

Z Z
Si

W ðeÞð~R;~R0Þ PðeÞð~R0Þ dðTMÞ þ i
oW ðeÞð~R;~R0Þ

kW ðeÞð~R;~R0Þon0

 !(

� d12

dðmÞ
Z0P

ðmÞð~R0Þ
)

dS0; ð2Þ
PðmÞð~RÞ ¼ ik
2p

Z Z
Si

W ðmÞð~R;~R0Þ

� PðmÞð~R0Þ 1

dðmÞ
þ i

oW ðmÞð~R;~R0Þ
kW ðmÞð~R;~R0Þon0

 !(

þ d21

dðmÞ
PðeÞð~R0Þ

Z0

)
dS0; ð3Þ

where ~Rðr;u; zÞ 62 Si is the observation point, ~R0ðr0;u0; z0Þ 2
Si is an integration point, PðeÞ0 ð~RÞ is the vertical elec-
tric dipole field in the regular plane waveguide with
height h (h P zp, that means h should be more than the
altitude of Si above earth-level) and homogeneous bound-
ary surfaces with impedances dg = const on the ground

and some dðTMÞ ¼ dðTMÞ
0 ¼ const on the upper waveguide

wall. The vector problem requires the use of a two-com-
ponent Green’s function, whose two components

W ðeÞð~R;~R0Þ and W ðmÞð~R;~R0Þ are the solutions of the follow-
ing problems:
DW ðeÞð~R;~R0Þ þ k2W ðeÞð~R;~R0Þ ¼ �2pdðx� x0; y � y0; z� z0Þ;
oW ðeÞ

oz
¼ �ikdgW ðeÞ for z ¼ 0;

oW ðeÞ

oz
¼ ikdðTMÞ

0 W ðeÞ

for z ¼ h;

DW ðmÞð~R;~R0Þ þ k2W ðmÞð~R;~R0Þ ¼ �2pdðx� x0; y � y0; z� z0Þ;

oW ðmÞ

oz
¼� ik

dg

W ðmÞ for z¼ 0;
oW ðmÞ

oz
¼ ik

dðmÞ0

W ðmÞ

for z¼ h;

W ðeÞð~R;~R0Þ ¼ W ðeÞð~R1Þ and W ðmÞð~R;~R0Þ ¼ W ðmÞð~R1Þ where
~R1 ¼ ~R�~R0 and r1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ r02 � 2rr0 cosðu� u0Þ

p
(see

Fig. 1); dðmÞ0 is some constant impedance.
The algorithm to solve the set of Eqs. (2) and (3) may be

the following. First of all we transform the surface integrals
from right-hand side of Eqs. (2) and (3), which are surface
integrals of the first type (Fihtenholtz, 1969), into ordinary
two-dimensional integrals over z = const plane:Z Z

Si

f ðx0; y 0; z0ÞdS0

¼
Z Z

Xi

f ðx0; y 0; z0pðx0; y0ÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2 þ q2

p
dx0 dy 0:

Here, Xi is the (x,y) plane projection of the surface Si;

p ¼ oz0pðx0 ;y0Þ
ox0 , q ¼ oz0pðx0;y0Þ

oy0 . We separate the plane Xi into two
parts: Xp and X1 (Xi = Xp [ X1), where the first Xp is
the (x,y) plane projection of the local perturbation surface
Sp while for the second, which is the all-remaining part of
the plane Xi, we have the coincidence of the functions zp

and zit and d̂p and d̂it, i.e. for x,y 2 X1 we have zp(x,y) =

zit(x,y), and d̂pðx; y; zÞ ¼ d̂itðx; y; zÞ (see Fig. 3).



Fig. 3. Geometry of the problem, top view.
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We can rewrite Eq. (2) in an equivalent form:

PðeÞð~RÞ ¼ PðeÞ0 ð~RÞ

þ ik
2p

Z Z
XpþX1

W ðeÞ PðeÞð~R0Þ dðTMÞ
t þ i

o ln W ðeÞ

kon0

� �(

� dt
12

dðmÞt

Z0P
ðmÞð~R0Þ

) ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2

t þ q2
t

q
dx0 dy0

þ ik
2p

Z Z
Xp

W ðeÞ PðeÞð~R0Þ dðTMÞ þ i
o ln W ðeÞ

k on0

� ��(

� d12

dðmÞ
Z0P

ðmÞð~R0Þ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ p2 þ q2
p

� PðeÞð~R0Þ dðTMÞ
t þ i

o ln W ðeÞ

k on0

� � 

� dt
12

dðmÞt

Z0P
ðmÞð~R0Þ

! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2

t þ q2
t

q )
dx0 dy 0; ð4Þ

where dðTMÞ
t ; dt

12; d
ðmÞ
t are the components of tensor d̂it; pt ¼

oz0itðx
0;y0Þ

ox0 , qt ¼
oz0itðx

0 ;y0Þ
oy0 , ~R 62 Si.

This allows us to distinguish the integral over the surface
of local inhomogeneity Xp in separate term. In a limiting
case ~R! Si additional terms arise such as PðeÞð~RÞ=2 on
the right-hand side of Eq. (4) and PðmÞð~RÞ=2 on the right-
hand side of Eq. (3) due to the jump of the normal deriva-
tives of the Green’s function components oW ðeÞð~R0;~RÞ=on0

and oW ðmÞð~R0;~RÞ=on0.
To solve the set of Eqs. (3) and (4), we apply the asymp-

totic method (Soloviev, 1998). We begin with introducing
the slowly varying attenuation functions V(e)(electric),
V(m)(magnetic) and V ðeÞ0 :

PðeÞð~RÞ ¼ P 0

2pe0

eikr

r
V ðeÞð~RÞ; PðmÞð~RÞ ¼ �P 0

2p
ffiffiffiffiffiffiffiffiffi
l0e0
p

eikr

r
V ðmÞð~RÞ;

W ðeÞð~R;~R0Þ ¼ eikr1

r1

V ðeÞ0 ð~R;~R0Þ: ð5Þ

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

x0 � r
2
¼ r

2
chu cos v; y0 ¼ r

2
shu sin v;

dx0 dy0 ¼ r0r1 dudv; �1 < u < þ1; 0 6 v 6 p:
After substitution of the variables of integration we arrive
at a set of Eqs. (6) and (7) for the slowly varying attenua-
tion functions V(e) and V(m):

V ðeÞð~RÞ ¼ V ðeÞ0 ð~RÞ þ
ikr
2p

Z Z
Xi

f ðemÞ
t ð~R; u; vÞeikrðch u�1Þ dudv

þ ikr
2p

Z Z
Xp

f ðemÞð~R; u; vÞeikrðchu�1Þ dudv; ð6Þ

V ðmÞð~RÞ ¼ ikr
2p

Z Z
Xi

f ðmeÞð~R; u; vÞeikrðchu�1Þ dudv: ð7Þ

If we suppose kr� 1, the exponential factor eikr(ch u�1) may
be assumed as being rapidly oscillating with respect
to u (across the wave propagation path) as compared with
the remaining cofactors f ðemÞ

t ð~R; u; vÞ, f ðemÞð~R; u; vÞ and
f ðmeÞ ð~R; u; vÞ. This allows us to use the method of station-
ary phase for calculating the integrals over u. Before we ap-
ply the method of stationary phase, we need to transform
the integrals from Eqs. (6) and (7). Eqs. (8)–(10) present
the sequential steps of this operation:Z Z

Xi

. . . dudv ¼
Z p

0

Z þ1

�1
. . . du

� �
dv; ð8ÞZ Z

Xp

. . . dudv ¼
Z v>

v<

Z u>ðvÞ

u<ðvÞ
. . . du

 !
dv; ð9Þ

Z u>ðvÞ

u<ðvÞ
. . . du ¼

Z 1

u<ðvÞ
. . . du�

Z 1

u>ðvÞ
. . . du: ð10Þ

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 cal-
culations with accuracy up to the terms of order O((kr)�1),
neglecting only higher-order terms O((kr)�3/2). Thus, we
haveZ þ1

�1
f ðemÞ

t ð~R; u; vÞeikrðch u�1Þ du � f ðemÞ
t ð~R; 0; vÞipH ð1Þ0 ðkrÞ;

ð11ÞZ 1

uðvÞ
f ðemÞð~R; u; vÞeikrðch u�1Þ du � exp½ikrðchuðvÞ � 1Þ�

i
ffiffiffiffiffiffiffi
2kr
p

� Gð~R; uðvÞ; vÞ þO½ðkrÞ�3=2�;
ð12Þ
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where H ð1Þ0 ðkrÞ is Hankel’s function,

G½~R; uðvÞ; v� ¼
ffiffiffi
p
p

ei3p=4f ðemÞð~R; 0; vÞwðeip=4gÞ

þ 1

g
f ð~R; 0; vÞ � f ð~R; uðvÞ; vÞ

chðuðvÞ=2Þ

" #
;

g ¼
ffiffiffiffiffiffiffi
2kr
p

sh
uðvÞ

2

� �
;

wðxÞ ¼ ex2
1þ 2i=

ffiffiffi
p
p

ð Þ
R x

0
et2 dt

h i
is the conventional proba-

bility integral of a complex variable (Abramowitz and
Stegun, 1964). As a result of stationary phase calculations
we arrive at the set of two coupled one-dimensional equa-
tions (instead of one in Soloviev et al. (2004)) with contour
integrals along two lines: the (x,y) plane projection of the
propagation line (u = 0,0 < v < p) and the linear boundary
oXp (u = u(v)) of the local inhomogeneity area. In an oper-
ator form this is the following set of equations for electric
V(e) and magnetic V(m) attenuation functions:

V ðeÞ ¼ V ðeÞ0 þ Ae � V ðeÞ þ Be � V ðeÞ þ Ce � V ðmÞ; ð13Þ
V ðmÞ ¼ Am � V ðmÞ þ Bm � V ðmÞ þ Cm � V ðeÞ; ð14Þ
where Ae,m are Volterra operators, Be,m and Ce,m are Fred-
holm operators. To solve the set of integral equations (13)
and (14), we use the numerical–analytical method of semi-
inversion (Soloviev and Agapov, 1997). The algorithm of
solution is the formulas (15) and (16):

V ðeÞj ¼ ðI � AeÞ�1 � V ðeÞ0 þ Be � V ðeÞj�1 þ Ce � V ðmÞj�1

� �
; ð15Þ

V ðmÞj ¼ ðI � AmÞ�1 � Bm � V ðmÞj�1 þ Cm � V ðeÞj

� �
; ð16Þ

where j = 1,2,3, . . . is iteration number, V ðmÞ0 ¼ 0. Then, for
example, V ðeÞ1 ¼ ðI � AeÞ�1 � ðV ðeÞ0 þ Be � V ðeÞ0 Þ and V ðmÞ1 ¼
ðI � AmÞ�1 � Cm � V ðeÞ1 . We point out that converted
operators (I � Ae,m)�1 can be found by the conventional
stepwise procedure (e.g., Wagner, 1954). Moreover, any
one of them contains the first dominant term of the asymp-
totic expansion. In comparison with Be,m, and Ce,m their
contributions to the solution are expected to be more sig-
nificant for a larger value of the parameter kr.

For calculating the field in a uniform waveguide
(PðeÞ0 ð~RÞ, W ðeÞð~R;~R0Þ and W ðmÞð~R;~R0ÞÞ a computer program
was created, which computes the absolute value and argu-
ment of attenuation function of the vertical component of
Hertz’s vectors for any 0 6 zt,z 6 h and r P 0 with a preas-
signed precision. It is full-wave presentation that combines
both the ray-expansion method and the normal mode
series.

4. Numerical results and discussion

For the numerical simulation of radio wave propagation
process on the Tsushima–Inubo path (Hayakawa et al.,
1996a,b) we choose the following values of Earth–iono-
sphere waveguide model: Earth’s surface properties are
defined by r = 4.0S/m, er = 81 and the path length is about
R � 1000 km. We have calculated tensor impedance d̂it and
zit from the given electron density Ne(z) and effective colli-
sion frequency me(z) altitude profiles, following the tech-
nique explicitly described for isotropic case by Soloviev
and Hayakawa (2002). The components of tensor d̂it and
zit are the solutions to the problem of a plane wave obli-
quely incident to the vertically inhomogeneous half-space
with anisotropic ionospheric plasma, with allowing for
the geomagnetic field. The components of tensor d̂it satisfy
the matrix Riccati equation. The effective altitude in each
cross-section of inhomogeneous guide zit is obtained from
the condition that the calculated impedance value dðTMÞ

it

most weakly depends upon the angle of incidence of the
plane wave that is appropriate to the main eigenvalue of
regular impedance waveguide with such altitude. The valid-
ity of this inhomogeneous impedance waveguide model to
a three-dimensional radio wave propagation problem was
demonstrated in Soloviev (1993) by means of comparing
our computational results with experimental data for
VLF radio wave propagation under HF ionospheric heat-
ing (Barr et al., 1984). The components of geomagnetic
field were computed in multipole approximation for central
point on the path. Both the transmitter and receiver (obser-
ver location) were assumed to be on the Earth’s surface,
zt = z = 0. We considered one signal frequency: f1 =
10.2 kHz.

Because the perturbed ionospheric altitude profiles
Nep(z) and mep(z) are unknown to us, we simulate the local
ionospheric disturbance as a bell-shaped perturbation of
the waveguide ionospheric bound:

Dh ¼ Ap exp½�ððx� xpÞ2 þ ðy � ypÞ
2Þ=r2

p�: ð17Þ

In Eq. (17) the effective radius of perturbation is chosen
equal to rp = 200 km; the position of the 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 xp = 464 km and yp =
�70 km (see Fig. 3). On the basis of our previous paper
(Soloviev et al., 2004) we have considered the model distur-
bances as some depression of upper waveguide bound with-
out any impedance variation, when Ap = �3 km, dp(r,u,
zit + Dh) = di(r,u,zit). The concrete value of Ap was chosen
from the interval 0 6 jApj < (zit night � zit day).

Results of numerical simulation are presented only for
electric attenuation function V(e), excited by initial source
– vertical electric dipole. Magnetic attenuation function
V(m) describing the secondary component of electromag-
netic field, whose occurrence is obliged to the scattering
by an anisotropic upper waveguide bound, has not been
analysed. It means that the results of the present paper
should be considered as preliminary.

Besides the basic propagation path Tsushima–Inubo,
whose direction over the geomagnetic field direction is
defined by an azimuth A = 82�, we have considered other
propagation paths with azimuth values equal to A = 45�
and A = 135�. All figures present the sunrise situation.
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Fig. 4 illustrates the behaviour of amplitude of attenua-
tion function V(e) as a function of distance from the trans-
mitter. The perturbation of the ionospheric waveguide
bound is waveguide wall depression. Solar terminator
starts above the transmitter location. Hereafter, and in
the all-succeeding figures, there are one or more couples
of curves in each panel; in each couple the solid line corre-
sponds to the situations without any local inhomogeneity
above the propagation path (only taking into account the
terminator transition), and the dotted line corresponds to
the problem with local inhomogeneity (local inhomogene-
ity against the background of terminator transition). In
the pattern an arrow indicates the longitudinal coordinate
value that corresponds to local ionosphere disturbance cen-
tre location. As we can see, the emergence of such a pertur-
bation on the propagation path disturbs the amplitude of
attenuation function. This disturbance is noticeable both
at the points x < xp, and at x > xp, anyway, up to x �
1150 km.
80 100 120 140 160

Day

TT = 14.52 min

z    wave guide wall depression
r receiver distance is R = 1043 km

|V (t)| only terminator
|V (t)|   local inh. exists

ning of sunrise on the path)

80 100 120 140 160

Day

 kHz   waveguide wall depression
itter receiver distance is   R = 1043 km

arg V(t) terminator
arg V(t) local inhom

ning of sunrise on the path)

ion as a functions of local time (LT) since the beginning of sunrise on the



-20 0 20 40 60 80 100 120 140 160
1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

TT = 14.6 min
TT = 11 min

f=10.2 kHz wave guide wall depression
transmitter receiver distance is R = 1043 km

Day

Night

SUNRISE

|V(t)|  terminator A=82
o

|V(t)|  local inh. A=82
o

|V(t)|  terminatorA=45 o

|V(t)|  local inh. A=45
o

A
m

pl
itu

de
 o

f 
at

te
nu

at
io

n 
fu

nc
tio

n

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

-20 0 20 40 60 80 100 120 140 160
-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

TT = 4. min

TT = 5.94 min

f=10.2 kHz    wave guide wall depression
transmitter receiver distance is R = 1043 kmSUNRISE

Day

Night arg V(t) terminator A=82
o

arg V(t) local inhom A=82
o

arg V(t) terminator A=45
o

arg V(t) local inhom A=45
o

Ph
as

e 
of

 a
tte

nu
at

io
n 

fu
nc

tio
n,

ra
d

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

Fig. 6. Amplitudes (upper panel) and phases (lower panel) of attenuation function as functions of local time (LT) since the beginning of sunrise on the
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Fig. 5 shows the behaviour of amplitudes (in the upper
panel) and phases (in the lower panel) of attenuation func-
tion as functions of local time (LT) since the beginning of
sunrise on the path. The transmitter–receiver distance is
1043 km. The azimuth of propagation is A = 135�. 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 the patterns. These shifts are found to be
around and more than 15 min (TT).

Fig. 6 contains two couples of curves. One of them cor-
responds to the propagation path with azimuth A = 82�,
another to the path with azimuth A = 45�. The upper panel
illustrates the behaviour of amplitudes of attenuation func-
tion as functions of local time (LT) since the beginning of
sunrise on the path. The lower panel shows the behaviour
of phases of attenuation function as functions of local time
(LT) since the beginning of sunrise on the path. The devi-
ation in amplitude (upper panel) and phase (lower panel)
minima may be evidently defined in each panel and for
different propagation path directions. The deviations
for amplitude (TT > 10 min) is more than for phase
(TT � 5 min), but always in the same tendency of lengthen-
ing of the day conditions.

5. Conclusions

The investigation of various propagation paths, which
cut across the terminator line at different angle (different
azimuths A), has shown that the emergence of a local ion-
osphere inhomogeneity on the radio wave propagation
across the Solar terminator path deforms the diurnal
curves of VLF field amplitude and phase in accordance
with the above-mentioned observational data (Hayakawa
et al., 1996a,b). This local inhomogeneity must be equiva-
lent to the local waveguide wall depression and not the
local waveguide wall elevation (Soloviev et al., 2004). In
this case only the shift in the amplitude or phase minima
is on the side of lengthening of the day conditions (as in
the experiment). It is possible to ascertain that the specified
property is kept for propagation paths having different ori-
entations with respect to a direction of geomagnetic field
vector, anyway for azimuth interval 45� 6 A 6 135�. This
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effect is a result of interaction of multimode field with the
complicated waveguide boundary.
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