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Abstract

In this paper we propose a new 3D model for the generation of electrostatic field in the lithosphere–atmosphere–ionosphere (LAI)
system by two external electric sources; namely lithospheric electric field or external current placed near the ground and (simultaneously)
in the mesosphere/lower ionosphere. Then we present the results of numerical calculations. We discuss an influence of the generated elec-
tric field on the photochemical and ionospheric characteristics in the altitude range of the lower ionosphere. Appearance of strong electric
field and strong change of the ionospheric characteristics (such as electron temperature and concentration) in the lower ionosphere is
predicted in the presence of external electric sources in the lower atmosphere and mesosphere. An influence of the excited electric field
on the losses of VLF electromagnetic waves propagating in the ‘‘Earth–ionosphere’’ waveguide is considered qualitatively, and rough
estimation of this phenomenon is carried out. We prove a possibility of ‘‘blooming’’ of the ionosphere for VLF waves, if in the presence
of mesospheric external current, an additional external (seismogenic) electric source appears in the lower atmosphere.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last years, first direct evidences of seismoion-
ospheric coupling appeared (Molchanov et al., 2001; Mik-
hailov et al., 2003, 2004; Hayakawa, 2004). A few
mechanisms, in particular electromagnetic (Molchanov
et al., 1995; Grimalsky et al., 1999a,b), acoustic-gravity
waves (Molchanov, 2004; Rapoport et al., 2004a) and elec-
trostatic-photochemical (Martynenko et al., 1996; Grimal-
1474-7065/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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sky et al., 2003; Rapoport et al., 2004b) channels have been
discussed in connection with the phenomena observed in
the system ‘‘lithosphere–atmosphere–ionosphere–magneto-
sphere’’ (LAIM) (Grimalsky et al., 1999a) before strong
earthquakes. The present paper is dedicated to the elec-
tric-photochemistry mechanism of seismoionospheric cou-
pling and to the effects connected with the presence of
‘‘external electric sources’’ in the lithosphere, lower atmo-
sphere or the lower D region of the ionosphere. Several
experimental facts attract the attention to this mechanism
of seismoionospheric coupling. First, there are observa-
tions of the reverse of the sign of near-ground vertical elec-
tric field before strong earthquakes (Mikhailov et al., 2003;
Rulenko, 2000). Second, there are very similar quasi-har-
monic variations in the near-ground electric field and the
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intensity of the ‘‘atmospheric noise’’ reported in Mikhailov
et al. (2004). And, finally, there is the ‘‘blooming’’ of the
ionosphere for the electromagnetic waves before strong
earthquakes (Gokhov et al., 2003). In addition, we should
mention the observations (Martynenko et al., 2001; Meek
et al., 2004; Bragin et al., 1974) of the ‘‘abnormal’’ electric
field in the mesosphere which leads to the formulation of
the model of the equivalent external current in the range
of altitudes 60–65 km as the generalization of the observed
(on the basis of the method of ‘‘partial reflections’’) electric
fields of the order of a few V/m (Martynenko et al., 2001;
Gokhov et al., 2003). This model is rather similar to the
model of equivalent external currents in the mesoscale con-
vective systems (Davydenko et al., 2004). The physical nat-
ure of the extraordinary fields in the mesosphere could be
connected with some instability, such as instability caused
by the interaction of charged aerosols with the convective
air flow (Polyakov et al., 1990). Note that in accordance
with the observations (Meek et al., 2004), this field, or
equivalent external current, exists in the mesosphere as a
rule, or, more accurately speaking, they it had been
revealed in �70% of the observations, and this phenome-
non is not connected with seismoionospheric processes.

In the present paper, the generation of the electrostatic
field in the system ‘‘lithosphere–atmosphetre–ionosphere’’
(LAI) by lithospheric electric field and/or external currents
placed near the ground and/or in the mesosphere/lower
ionosphere is modelled. Electric current in the near-
ground region or lithospheric electric field are of the seis-
moionospheric origin. Namely, near-ground current could
be connected with the radon emanation and/or increasing
release of charged aerosols before strong earthquakes
(Sorokin et al., 2001). In turn, lithospheric electric field
could be connected with electromechanical transformers
formed in the Earth crust in the process of earthquake
preparation accompanied by opening of the cracks (Mol-
chanov et al., 1995). An influence of the generated electric
field on the photochemical and ionospheric characteristics
in the range of altitudes of the lower ionosphere is
searched. 3D model of this mechanism of seismo iono-
spheric coupling is developed and the results of numerical
calculations are discussed. An influence of the excited elec-
tric field on the losses of VLF electromagnetic waves in
the ‘‘Earth–ionosphere’’ waveguide is considered qualita-
tively. The model of two external electric sources existing
simultaneously in the lower atmosphere or lithosphere and
lower D region is proposed first and it is shown that such
a model could explain a lot of electric-photochemistry
phenomena in the LAI system observed before strong
earthquakes.

2. Photochemical and (quasi)electrostatic models

We only briefly outline here the main points of the elec-
trostatic-photochemistry model (see also Grimalsky et al.,
2003; Rapoport et al., 2004b). The electric field is deter-
mined from the quasistatic equations (Grimalskiy and
Rapoport, 2000) generalized in the case of the presence
of external current (Sorokin et al., 2001): ~E ¼ �~ru,

o

ot
1

4p
Duþ~rðr_~ruÞ ¼~r~J ext; ð1aÞ

where ~J ext, u, and r
_

are external current, electric potential
and conductivity tensor, respectively. Using Eq. (1a), it is
possible, in principle, to obtain magnetostatic field ~h from
the equation

rot~h ¼ 4p
c
ðr_~E þ~J extÞ; ð1bÞ

but in the present calculations we will be interested only in
the electric field. The following shape of the spatial distri-
bution of the external current is accepted: in the (lower)
ionosphere

~J ext ¼ J ext~ezch�1 z� z0u
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Here Dx, Dy, and Dz are the horizontal (in x-, y-directions)
and vertical (in z-direction) scales of the spatial distribu-
tion, ~ez is a unit vector in the vertical direction, z0u is the
coordinate of the maximum of the external current and Jext

is its amplitude; for the near-ground external current
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xc ¼ yc ¼ 0: ð2bÞ

In the case of the presence of external current sources in the
lower atmosphere and ionosphere, at the lower (z = 0) and
upper (z = zUP = 150 km) boundaries of the region where
the electric field is computed the values of u are fixed,

u ¼ 0ðz ¼ zUPÞ; ð2cÞ
u ¼ u0ðz ¼ 0Þ; ð2dÞ

where u0 is chosen in accordance with the fair weather con-
ditions. If external vertical field is given at the ground level
(at z = 0)

Ezðz ¼ 0Þ ¼ Ez0 exp � x� xc

Dx

� �2

� y � yc

Dy

� �2
" #

; ð3Þ

Eq. (3) is used as the lower boundary condition instead of
the condition (2d). In the present paper, we calculate elec-
trostatic field using Eq. (1a) with o

ot ¼ 0. Eq. (1a) is solved
using Fourier expansion in horizontal directions x, y and
finite differences in z-direction. Periodic boundary condi-
tions at the fictitious ‘‘walls’’ are used and the relation
Lx� lx is valid, where Lx and lx are the distance between
these ‘‘walls’’ and the characteristic horizontal dimension
of the lithospheric or ionospheric external source, respec-
tively. See more details of the electrostatic model in
Grimalsky et al. (2003) and Rapoport et al. (2004b).

Variations of the photochemical coefficients and
ionospheric parameters are determined, first of all, by the
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Fig. 1. Dependence of the maximal value of the vertical near-ground
electric field (in the point x = 0, y = 0) on the maximal value of the near-
ground external electric current. Positive direction of the electric field and
external current coincide with the direction of the fair-weather field
(vertically downward). Ratio of conductivities r(0)/r(60 km) = 10�4;
vertical scale of the spatial distribution of external current Dz = 5 km.
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variations of the electron temperature Te caused by the
variations of electric field (Tomko et al., 1980; Rapoport
et al., 2004b). Electron collision frequency me is almost
directly proportional to the electron temperature Te; accu-
rately speaking, me � h5/6, h = (Te/Te0), see Martynenko
et al. (1996). Index ‘‘0’’ hereafter corresponds to the values
in the unperturbed conditions (when ~J ext ¼ 0, perturbation
of the electric field is absent, and Te = Te0). Electron con-
centration is determined in the present model using ‘‘pho-
tochemical approximation’’ (Gurevich, 1978). The
following relation is used for this (Gurevich, 1978):

N e=N e0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk0ai þ aD0Þð1þ k0Þ

ðkðhÞai þ aðhÞÞð1þ kðhÞÞ

s
; kðhÞ � bðhÞ=c:

ð4Þ
Here k is negative ion to electron concentration ratio, ai,
aD, b and c are the coefficients of ion–ion recombination,
dissociative recombination, electron attachment and elec-
tron detachment from the negative ions, respectively.

3. Results of numerical calculations

3.1. Verification of the model

Numerical calculations show (see also Rapoport, 2004)
that in the absence of external current an increase of
near-ground conductivity causes a decrease of near-ground
and an increase of ionospheric vertical electric field. This
coincides qualitatively with the results of Bliokh (1997).
As is shown below, in the presence of the external current
only in the near-ground region, change of the sign of near-
ground vertical electric field could take place, as was
observed in Mikhailov et al. (2003). Dependence of the
maximum of near-ground (vertical) electric field (in the
point x = y = 0) on the amplitude of external near-ground
electric current is shown in Fig. 1. Hereafter we suppose
that the positive direction for the field and current is the
direction of the fair weather field (in other words, down-
ward). This dependence in the inhomogeneous system
LAI with the external current occupying a restricted region
by altitude (near the ground) can be explained qualitatively
as follows. Let us consider instead of the real inhomoge-
neous 3D system LAI, a two-layered 1D system consisting
of two resistances

R1;R2;R1 � R2: ð5aÞ
The first of these resistances corresponds to the lower
atmosphere (region 1) and the second to the other part of
the atmosphere and ionosphere (region 2). Both of these re-
gions are supposed to be homogeneous. We also suppose
that the external current source of the value Iext is placed
in the region 1 and conduction currents in the region 1
and 2 are I1,2, respectively. Therefore we have

I1 þ Iext ¼ I2; ð5bÞ
I1R1 þ ðIext þ I1ÞR2 ¼ U 0; ð5cÞ
where U0 is the difference of potentials between the Earth
and ionosphere. If Iext = 0, then we obtain from Eqs. (5b)
and (5c)

I0 ¼ I1 ¼ I2 ¼ U 0=ðR1 þ R2Þ; ð5dÞ
where I0 is fair weather current. It follows from Eqs. (5b–d)
that

I1 ¼ I0 � IextR2=R; I2 ¼ I0 þ IextR1=R; ð5eÞ
R ¼ R1 þ R2: ð5fÞ

In accordance with Eq. (5e), if Iext > 0 (in other words, Iext

is directed in such a way as fair weather current), then
I1 < I0. If Iext is large enough, Iext > I0R/R2� I0, then I1

changes sign as was observed in Mikhailov et al. (2003)
and shown in Fig. 1. Note that, to change sign of the
near-ground electric field, an external current of order of
10�11 A/m2, in other words, one order larger than the fair
weather current is necessary.

3.2. Effects of the two external currents placed near

the ground and in the lower ionospheric D region

Fig. 2(b)–(d) illustrate the altitude distributions of the
electric field in the different ranges of altitudes (for the
day conditions). Corresponding altitude distributions of
the external currents and conductivity are shown in
Fig. 2(a) and (e), respectively (see figure captions for more
details on the parameters used). Note first the negative sign
on the few first kilometers of the electric fields Ez (curves 3,
4 in Fig. 2(b)) corresponding to the presence of external
currents near the lithosphere (curves 3, 4 in Fig. 2(a)). If
the external current near the lithosphere is absent (curves
1, 2 in Fig. 2(a)), the sign of Ez in the same range of alti-
tudes is positive. This corresponds qualitatively to the sim-
plified consideration in Section 3.1, because the amplitudes
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of the lithospheric currents near the lithosphere described
by the curves 3, 4 in Fig. 2(a) are rather large (of the order
of 10�8 A/m2). If the external current in the near-ground
region is absent, the peculiarities of the altitude distribu-
tions of the Ez in this region (see curves 1, 2 in Fig. 2(b)
and (c)) are explained by the corresponding peculiarities
of the conductivity distributions (curves 1, 2 in Fig. 2(e)).
In particular, curves 1 in Fig. 2(e), (b) and (c) correspond
to the exponential growth of the conductivity near the
ground (and therefore nonmonotonic altitude distribution)
which models the effect of the air ionization due to radon
emanation caused by the processes of earthquake prepara-
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tion (Sorokin et al., 2001). Curves 1 in the same figures cor-
respond to the monotonic growth of the conductivity in the
atmosphere and ionosphere. Emphasize the substantial dif-
ference in the electric fields in the lower D region (Fig. 2(d))
in the presence of the external current only in the meso-
sphere (Fig. 2(a) and (d), curves 1, 2), only near the ground
(curve 3, Fig. 2(a) and (d)) and both near the ground and in
the mesosphere (curve 4, Fig. 2(a) and (d)). As shown in
Fig. 2(d), if a strong enough external current exists in the
mesosphere independently on the seismoionospheric
processes (curve 1 or 2 in Fig. 2(a) and (d)), and then an
external current of the same sign appears near the ground
(curve 3, Fig. 2(a) and (d)) in the process of earthquake
preparation (say, due to the release of charged aerosols
and/or emanation of radioactive gases from the Earth crust
(Sorokin et al., 2001)), the resulting external current (curve
4, Fig. 2(a)) causes an electric field (curve 4, Fig. 2(d)) that
is smaller by the absolute value than the electric field in the
absence of the external current near the ground. The reason
is that electric fields in the mesosphere/lower D region of
the ionosphere caused by the external currents of the same
signs placed in the mesosphere and near the ground (curves
1, 2 and 3, respectively, in Fig. 2(d)) have different signs.
Therefore the ‘‘model of two external currents’’ proposed
in the present paper and in Rapoport (2004) explains at
least qualitatively the ‘‘blooming’’ of the ionosphere for
the propagating electromagnetic waves before strong earth-
quakes (Gokhov et al., 2003). This is illustrated by Fig. 3(a)
and (b). As seen from these figures, decrease of the absolute
value of electric field caused by the appearance of near-
ground external current of the seismogenic origin leads to
the decrease in electron temperature and electron collision
frequency and, at the same time, to the increase in electron
concentration. As a result, the losses of the VLF waves in
the ionosphere decrease (see also Section 3.4 below). To
explain the ‘‘blooming’’ of the ionosphere, in the model
(Gokhov et al., 2003) external current in the mesosphere
(independent of seismic processes) and we suppose a seism-
ogenic increase of near-ground conductivity. The present
model allows not only the inclusion of variations of near-
ground conductivity, but also a presence of external cur-
rents both in the ionosphere and near the ground. As a
result, the present model explains both variations of near-
ground electric field and ‘‘blooming’’ of the ionosphere
for propagating electromagnetic waves. This is an advan-
tage of the model proposed. Note also that this model pre-
dicts considerable values of electric field (of the order of a
few V/m, see Fig. 2(d)) and increase in the electron temper-
ature and decrease in electron concentration (up to a few
hundred of percents, see Fig. 3(a) and (b)) in the lower ion-
osphere in the presence of external electric sources. There-
fore nonlinear effects in the ionosphere (Gurevich, 1978)
could be expected due to electric-photochemistry processes.

3.3. External current in the lower ionospheric D region

and (vertical) external electric field in the lithosphere

(on the ground)

In the presence of an external current in the lower iono-
sphere, an appearance of external vertical electric field of
the same sign on the ground (Fig. 4(a) and (b)) causes
the effect in the lower D region, being analogue to those
caused by an appearance of the near-ground external cur-
rent (Fig. 3(a) and (b)). Namely, electric field (curve 1,
Fig. 4(a)), caused by the strong mesospheric external cur-
rent (curve 4, Fig. 4(a)), in the presence of the lithospheric
electric field (the corresponding electric field in the meso-
sphere/lower ionosphere is described by the curve 2,
Fig. 4(a)) decreases in the absolute value (curve 3 in
Fig. 4(a)). Fig. 4(b) illustrates the altitude distributions of
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the relative change of electron temperature, Te/Te0, concen-
tration, Ne/Ne0, collision frequency, men/men0 and relation of
negative ion to electron concentrations, ke/ke0, correspond-
ing to the night conditions in the presence of both external
current in the mesosphere (with maximum placed at
z = 63 km) and vertical electric field with maximum
�1.5 kV/m in the lithosphere. In Fig. 5(a) and (b), the spa-
tial distributions in the horizontal plane at the altitude
z = 60 km of the relative change of electron temperature
and electron static conductivity are shown in the presence
of only external current in the mesosphere (curve 4 in
Fig. 4(a)), respectively. In Fig. 5(c) and (d), the same values
in the presence of both ionospheric external current and
lithospheric external electric field are shown. We can notice
a considerable (of order of 100%) increase in electron tem-
perature and collision frequency (comparatively to the
unperturbed condition in the absence of any external cur-
rent) and decrease (about 60%) in electron concentration,
when external electric sources (current and field) are pres-
ent simultaneously in the mesosphere and lithosphere,
respectively (see Figs. 4(a), (b) and 5(c)). In the presence
of only mesospheric external current (curve 4 in
Fig. 4(a)), the electron temperature increases by more than
3 times as in Fig. 5(a). Relative change of electron conduc-
tivity can also reach a considerable value (70–80%) (see
Fig. 5(b) and (d)). Therefore detectable influence of elec-
tric-photochemical processes on the propagation of electro-
magnetic (in particular VLF) waves in the waveguide
‘‘Earth–ionosphere’’ could be expected. The increase by
about 1.5 times of the static electron ionospheric conduc-
tivity determined in the presence of only mesospheric exter-
nal current (see Fig. 5(b) and curve 4 in Fig. 4(a)), and
caused by the appearance of the lithospheric electric field
(due to seismogenic processes) (Fig. 5(d)) is demonstrated.

As was shown in Meek et al. (2004) and Martynenko
et al. (2001), (external) electric current with the amplitude
of order of 10�8 A/m2 exists in the altitude range 60–
66 km, and it is important that the sign of this current does
not change in this region. At the same time, this sign was
not determined in Meek et al. (2004) and Martynenko
et al. (2001). In the paper by Bragin et al. (1974), some
guideline concerning the sign of the external current in
the mesosphere is presented; namely Bragin et al. (1974)
presented some results which prove, at least qualitatively,
that this sign is negative. In other words the external cur-
rent is directed vertically upward, in accordance with these
data. In Fig. 6(a), altitude distributions of the electric field
in the mesosphere in the presence of only mesospheric
external electric current of the negative sign (curve 1), only
lithospheric external electric field of negative sign (curve 2)
and both of these external sources (curve 3) are shown.
Altitude distribution of the characteristic electric field Ech

(Gurevich, 1978) which shows how effective the electron
heating is in the definite electric field (which should be com-
pared with the characteristic field to determine this) is
described by the curve 4 in Fig. 6(a). From the comparison
of the curves 1–3 with 4, it follows that under considered
conditions electron heating is rather effective in the ranges
of altitudes 60–70 km. In Fig. 6(b) and (c) the altitude
dependences of Te/Te0, Ne/Ne0, men/men0 and ke/ke0, corre-
sponding to the field distributions described by the curves
1–3 in Fig. 6(a), respectively, are shown. Comparison



Fig. 5. (a) Spatial distribution of the relative change of electron temperature at z = 60 km corresponding in the presence of only external current with
maximum in the mesosphere (at z = 63 km, see Fig. 4(a)); night conditions, relation of conductivities r(z = 0)/r(z = 60 km) = 10�3. (b) Spatial
distribution of the relative change of static conductivity (due to electron heating) at z = 60 km; parameters are the same as in (a). (c) Spatial distribution of
the relative change of electron temperature at z = 60 km in the presence of both external current with maximum in the mesosphere (at z = 63 km, see
Fig. 4(a)) and external lithospheric electric field (with the maximal value �1.45 kV/m); night conditions, ratio of conductivities r(z = 0)/
r(z = 60 km) = 10�3. (d) Spatial distribution of the relative change of static conductivity (due to electron heating) at z = 60 km; parameters are the
same as in (c).
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between, for example Figs. 6(d) and 4(b) shows that the
effects on the ionospheric and photochemical parameters
of the external positive mesospheric electric current and
lithospheric electric field and negative mesospheric electric
current and lithospheric electric field are practically the
same, if the amplitudes of the corresponding external elec-
tric sources are the same.

3.4. Evaluation of the possible effect of external electric

sources on the VLF waves propagating in the waveguide

‘‘Earth–ionosphere’’ using ‘‘Nonlinear Lorentz Lemma’’

We use for these estimations the perturbation theory in
the forms of the so-called ‘‘Nonlinear Lorentz Lemma’’
(Rapoport et al. (2004c)) for the field of electromagnetic
waves in the waveguide ‘‘Earth–ionoshere’’. In our case,
when nonlinearity is not taken into account, we use this
relation in its linear form. Let us consider the TM mode
with the components Hy, Ez, Ex, where the electromagnetic
wave propagates along the x-axis, z is directed vertically
upward and we put for simplicity o

oy ¼ 0. Using the method
described in Rapoport et al. (2004c) in the linear form, we
get

DU ¼
Z X 2

X 1

DkxðxÞdx

¼ � x
16pV g

Z X 2

X 1

R Z2

Z1
ð~F �ED e

_~F EÞdzR Zmax

0 ð~F �E o
ox ð e

_
xÞ~F E þ~F �H~F �HÞdz

" #
dx:

ð6aÞ

Here x = 2pf; f, Vg are frequency and group velocity of the
electromagnetic wave, respectively; D e

_
, Dkx, DU are the

perturbations (due to the seismogenic processes) of the ten-
sor of dielectric permittivity, the x component of the wave
number of the electromagnetic wave and integral change of
the complex phase of the wave, respectively; x1, x2, z1, z2

are the coordinates of the region where the perturbation
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Fig. 6. (a) Altitude distribution of the electric field: (1) in the presence of only external current in the mesosphere with the maximum value
� �1.45 · 10�9 A/m2 (equal by the absolute value to those shown in Fig. 4(a), curve 4) placed at z = 63 km; (2) only external field in the lithosphere with
the maximum value � �1.5 kV/m; (3) both external current in the mesosphere and electric field in the lithosphere; (4) characteristic ionospheric electric
field Ech. (b) Altitude dependence of the ionospheric parameters corresponding to the curve 1 in (a) and (c) Altitude dependence of the ionospheric
parameters corresponding to the curve 2 in (a). (d) Altitude dependence of the ionospheric parameters corresponding to the curve 3 in (a).
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of the media parameters takes place, Dx0 = x2 � x1,
Dz0 = z2 � z1 are the characteristic dimensions of the re-
gion of perturbation in the x-, z-directions, respectively;
zmax is the characteristic width of the equivalent waveguide
for the electromagnetic waves; ~F E;H are the functions which
describe the polarization of the electric and magnetic field
components of the electromagnetic wave, respectively.
For the TM mode we have (Vainshtein, 1957)

Ex

Ez

Hy

0
B@

1
CA¼

F Ex

F Ez

F Hy

0
B@

1
CAAeið�xtþkxxÞ ¼

i
k0e

kz sinðkzzÞ
� kx

ek0
cosðkzzÞ

cosðkzzÞ

0
B@

1
CAAeið�xtþkxxÞ;

ð6bÞ
where k0 ¼ x
c , A is the amplitude of the electromagnetic

wave, and for the simplest rough evaluations, we suppose
that inside the waveguide, the tensor e

_
for VLF waves

could be replaced by a homogeneous scalar value e � 1.
For an order of magnitude evaluation for VLF electromag-
netic waves (Wait, 1996) under the condition me� x, we
get

e � 1� x2
P

xðx� imeÞ
; De � e00 � �i

x2
P

xme

; ð6cÞ

where xP is the plasma frequency, e00 is the imaginary part
of e. In the range of altitudes near z � 63 km, jDej � (10�2–
10�4). Using (6a–c), we get simple approximates
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DU � DkxDx0 � Dk00xDx0

� � x
16pV g

Dz0

zmax

Dx0
De
e
; Dk00x ¼ ImðDkxÞ; ð6dÞ

which gives under the conditions f = 5 kHz (Mikhailov
et al., 2003), zmax � 70 km (Wait, 1996), Dz0 � 10 km,
Dx0 � 500 km: Dk00xDx0 � 0:05, what is equivalent to losses
of order of 0.5 dB, rather detectable value. Note that in
these evaluations we suppose that the process of earthquake
preparation occupies rather large region in the Earth crust
with the characteristic (horizontal) dimension Dx0 �
500 km, what is larger than the region used in the calcula-
tions in Sections 3.1–3.3 presented above; but for rough
estimations we still could use the results obtained above
in Sections 3.1–3.3 for such values as me and Ne. To evaluate
the effect of the seismogenic processes on the VLF losses,
note that in accordance with (6c), for these waves

De � e00 � N e

me

: ð7aÞ

Comparison of Fig. 6(d) with Fig. 6(b), of Fig. 5(c) with
Fig. 5(a) or of Fig. 5(d) with Fig. 5(b) (because static con-
ductivity is proportional to the same value as e00, see Eq.
(7a)) leads to the conclusion that an appearance of near-
ground external source before strong earthquake leads to
the change of VLF losses in the order of at least

jDk00xDx0j � 0:25; if Dx0 � 500 km: ð7bÞ
As explained in the Sections 3.2 and 3.3, if appearing exter-
nal current near the ground or lithospheric external field
has a sign opposite to the mesospheric current, seismogenic
processes lead to the ‘‘blooming’’ of the ionosphere for the
electromagnetic waves propagating above the region of
earthquake preparation. If appearing near-ground external
electric source has the same sign as those of the meso-
spheric electric source, this leads to the increase in VLF
losses. Note that an increase of losses of VLF signal in
the lower ionosphere prior to a strong earthquake was re-
cently observed (Shvets et al., 2004).

4. Discussion and conclusions

The advantage of the present model which includes
external electric sources both in the mesosphere and in
the lithosphere or lower atmosphere is a possibility to
explain variations before strong earthquakes of both the
near-ground electric field (Mikhailov et al., 2003, 2004)
and losses (amplitudes) of electromagnetic waves propagat-
ing in the waveguide ‘‘Earth–ionosphere’’ (Gokhov et al.,
2003). At the same time, the deeper understanding of the
mechanisms of these external sources both in the meso-
sphere and lower atmosphere/lithosphere (see the physical
model of this source in (Sorokin et al., 2001)) needs more
theoretical efforts. In particular, the inclusion of the meso-
spheric source is a result of observations (Martynenko
et al., 2001; Meek et al., 2004), and it is not quite clear
now how such a mesospheric source appears, while there
is some discussion in (Fuks and Martynenko, 2004). The
aim of the present paper was the modeling of the electric-
photochemistry processes in the presence of given external
currents, but not the investigation of the physical nature of
the mesospheric external current. Results of these calcula-
tions show clearly that possible effect of these external
electric sources on the photochemical and ionospheric
parameters (such as electron temperature and concen-
tration) are strong enough to provide the remarkable
nonlinearity and, may be, some sort of instability (say,
electro-heating instability) in the lower ionosphere/
mesosphere. This will be a subject of future works.

The following conclusions have been done:

1. If an external current of order of 10�8 A/m2 (at the day
conditions) exists in the mesosphere, the appearance of
lithospheric electric field with the maximum magnitude
of 1.5 kV/m or of a near-ground external current with
magnitude of 10�8 A/m2 causes a remarkable decrease
of electron temperature and collision frequency, what
is in agreement with observations (Gokhov et al., 2003).

2. The same model with the presence of only the near-
ground external current explains observations (Mikhai-
lov et al., 2003) on the change of sign of the near-ground
vertical electric field before strong earthquakes. For this,
near-ground external current of order of 10�11 A/m2 is
enough.

3. We predict strong electric field in the (lower) D- region
in the presence of external current in the mesosphere
and near-ground external current or lithospheric electric
field. At the same time, increase of near-ground conduc-
tivity is taken into account. Consequently, we make a

conclusion that nonlinear photochemistry-electric pro-
cesses and, may be, some instabilities in the lower D
region (such as, for example. electric-thermal instability)
could be possible and such a possibility should be
searched for. At day, larger value of external current is
necessary than at night, to provide the same value of
electric field in the lower ionosphere.

4. We predict detectable variations of VLF losses in the
‘‘Earth–ionosphere’’ waveguide before strong earth-
quakes. In the presence of a mesospheric external cur-
rent, the appearance of the near-ground external
current or lithospheric electric field of a sign opposite
to the mesospheric current leads to the ‘‘blooming’’
(decrease in losses) of the ionosphere for the VLF waves,
if external sources are strong enough (see item 1 of the
present conclusions) and earthquake preparation region
occupies large enough region in the Earth crust. If
appearing near-ground external electric source has the
same sign as those of the mesospheric electric source,
this leads to the increase in VLF losses.
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