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Abstract

Electrodynamic model of the ionosphere response to seismic related lower atmosphere disturbances is developed. The chain
of processes forming the lithosphere–ionosphere coupling starts from the injection of radioactive substances and charged
aerosols into the atmosphere. This leads to a change of the vertical electric current in the atmosphere and to modi1cation of the
electrical 1eld in the ionosphere. Growth of the electric 1eld and related development of acoustic-gravity wave instability is
followed by formation of 1eld-aligned currents and plasma density disturbances stretched along the geomagnetic 1eld. Another
e3ect of the electric 1eld increase is an additional Joule heating of the lower ionosphere which results in an elevation of the
F-layer maximum, a decrease of electron density in the maximum of this layer and a growth of light ion density in the upper
ionosphere. Thus, the presented model connects disturbances of the key ionosphere parameters with increase of atmospheric
radioactivity and injection of charged aerosols into the atmosphere. c© 2001 Published by Elsevier Science Ltd.

Keywords: Aerosols; Electric current; Lithosphere–ionosphere coupling; Electric 1eld; Earthquakes

1. Introduction

In a number of satellite experiments various phenom-
ena in the ionosphere and the magnetosphere preced-
ing earthquakes have been revealed (see for example:
Gokhberg et al., 1995; Liperovsky et al., 1992; Molchanov,
1993; Buchachenko et al., 1996). Among those are
VLF=ELF=ULF emissions (Gokhberg et al., 1982; Chmyrev
et al. 1989; Bilichenko et al., 1990; Serebryakova et al.,
1992; Molchanov et al., 1993; Parrot, 1994), DC electric
1eld disturbances (Chmyrev et al., 1989), plasma density
irregularities (Chmyrev et al., 1997; Afonin et al., 1999),
large-scale variations of altitude pro1le of electron den-
sity in the ionosphere (Pulinets et al., 1994), modi1cation
of ion composition in the upper ionosphere (Boshkova et
al., 1990) and some others. Many of the reported e3ects
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require the further experimental con1rmation and statistical
studies. There is practically no complicated experimental
data showing interconnection of the phenomena that have
been observed in numerous satellite and ground-based mea-
surements. In this situation it is principally important to
create the comprehensive model adequately describing the
causal-sequence connections between the separate phenom-
ena participating in seismo–ionospheric interaction.

This paper presents an attempt of developing such model
taking into account the observed electromagnetic and plasma
e3ects of earthquakes on the ionosphere. The general idea
of the paper is following. Enhanced injection of radioactive
substances and charged aerosols into the atmosphere be-
fore earthquake together with dynamic transport processes
modi1es the height distribution of electric conductivity and
induces the additional electromotive force (EMF) in some
layer of the lower atmosphere. Due to these two e3ects
the main parameters of the global closed electric circuit in
the Earth–ionosphere system are modi1ed. First of all an
enhancement of the electric current in the Earth–ionosphere
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layer as in element of this circuit occurs. As a result we ob-
tain a growth of the electric 1eld in the lower ionosphere
directly proportional to increase of the current intensity. The
further scenario is connected with acoustic-gravity wave
instability developed in the lower ionosphere when the grow-
ing electric 1eld exceeds some threshold value. The insta-
bility leads to spatial modulation of plasma density and
electric conductivity in the ionospheric E-layer and genera-
tion of the related 1eld-aligned currents and plasma density
irregularities in the upper ionosphere. The satellite obser-
vations of anomalous DC electric 1eld, ULF magnetic pul-
sations, small-scale plasma inhomogeneities and correlated
ELF emissions, as well as the formation of whistler ducts
over the seismic zone (Chmyrev et al., 1989, 1997, 1999;
Bilichenko et al., 1990; Sorokin et al., 1998; Sorokin et al.,
2000; Borisov et al., 2001) could be considered as exper-
imental evidence for these processes. An additional Joule
heating of the lower ionosphere in anomalous DC electric
1eld inEuences on the thermal balance of the ionosphere and
results in modi1cation of the height distribution of electron
density and the ion composition in F-region and in the upper
ionosphere.

Thus the key point of the model is an enhancement
of radioactivity and charged aerosols in the atmosphere
before earthquake. An importance of these processes for
generation of some seismic e3ects on the ground and in
the ionosphere was noticed by Pierce (1976), Pulinets et
al. (1994), Molchanov and Hayakawa (1996), Boyarchuk
et al. (1998), Sorokin and Chmyrev (1999a, b), Sorokin
and Yaschenko (1998, 1999, 2000). An experimental basis
for these works is given by King (1986), Virk and Singh
(1994), Heincke et al. (1995), who have reported the obser-
vations of increasing radon concentration in soil gases and
in water of natural sources few days to one week before
earthquake.

2. Vertical distribution of the electric �eld in a
conducting atmosphere

Let us consider a disturbance of the electric 1eld be-
yond the zone of thunderstorm activity resulted from
an enhancement of atmospheric radioactivity as well as
due to formation of a slow-varying altitude-dependent
EMF. The quasi-stationary electrodynamic processes in the
Earth–ionosphere layer are described by the equations

∇ · E=4�(�+ �s); E=−∇’;
@(�+ �s)

@t
+∇ · (j+ js) = 0; j= �E; (1)

where E and ’ are the electric 1eld and its potential; j
and � are the current and charge densities; � is the atmo-
spheric conductivity; �s and js are the external charge and
current densities arising under the action of EMF. From
Eq. (1) we obtain the equation for the electric 1eld in the

Earth–ionosphere layer:

(@=@t + 4��)∇ · E + 4�(∇�) · E=− 4�∇ · js: (2)

Let us introduce the Cartesian co-ordinates with the axis z
directed vertically upwards and with the origin located on
the Earth’s surface. The lower boundary of the ionosphere
coincides with the plane z= h. We assume that the atmo-
spheric radioactivity and aerosol concentration vary simul-
taneously on the horizontal scale exceeding the height of the
lower ionosphere. This allows one to use a one-dimensional
approximation with all quantities depending on z, the alti-
tude over the Earth’s surface. In this approximation only the
vertical components of E and j are nonzero. The duration
of atmospheric radioactivity enhancement is about few days
(Virk and Singh, 1994; Heincke et al., 1995). Therefore we
can assume that the vertical distributions of the conductivity
and the electric 1eld are stationary. In the quasi-stationary
approximation, when the EMF varies with the characteristic
time exceeding 1=4��0, we obtain from Eq. (2):

E(z; t) =−E0(z; t)

− 1
�(z)



js(z; t)−

∫ h

0
js(z; t)

dz
�(z)∫ h

0

dz
�(z)



;

E0(z; t)=
U

�(z)
∫ h

0

dz
�(z)

: (3)

This solution was obtained at the condition that EMF appear-
ance in the atmosphere does not change the potential di3er-
ence between the ionosphere and the Earth surface. Really,
the total resistance of the Earth–ionosphere layer amounts
to about 200 K, and the resistance of the atmospheric col-
umn with the cross dimension of the order of hundreds of
km, covering the domain of EMF formation, is well above
(about 10 MK). From equalities (3) we obtain the expres-
sion determining the vertical distribution of the electric 1eld
in the Earth–ionosphere layer, while varying the atmospheric
conductivity in absence of EMF sources:

E(z)=
E0(0)�0(0)

�(z)

∫ h

0

dz
�0(z)∫ h

0

dz
�(z)

: (4)

Index “0” in Eq. (4) denotes undisturbed quantities.
Let us consider a disturbance of the electric 1eld induced

by EMF and connected with the formation of external cur-
rent in the near ground layer of atmosphere. To calculate the
disturbed electric 1eld in Eq. (3), it is necessary to employ
the altitude dependence of the conductivity and the exter-
nal current. We represent the spatial-temporal dependence
of the external current in the form:

js(z; t)= js(0; t)f(z); f(0)= 1:
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Let us introduce a dimensionless relative electric 1eld � and
external current density �:

�(z; t)=E(z; t)=E0(z); �(t)= js(0; t)=j0:

From Eq. (3), we obtain:

�(z; t)=
f(z)− 1 + [f(z)− k]�(0; t)

1− k
;

k =
∫ h

0
f(z)

dz
�(z)

[∫ h

0

dz
�(z)

]−1

: (5)

The dimensionless parameter k characterizes a relationship
between the vertical scale of the atmospheric conductivity
and the vertical distribution of the external current. With
the external current vanishing in the lower ionosphere, one
may obtain the simple formulae connecting the dimension-
less electric 1eld on the Earth’s surface P�(0) and in the
ionosphere P�(h) with the external current P� in the Earth–
ionosphere layer:

P�(h; t)= kP�(t); P�(0; t)=− (1− k)P�(t);

P�(h; t)=− [k=(1− k)]P�(0; t): (6)

These formulae allow one to estimate the value of the 1eld
in the lower ionosphere, by its measuring on the Earth’s
surface, or to restore a magnitude of the casual external
current.

3. Ion formation rate under the action of atmospheric
radioactivity

The main electric load of the atmospheric current circuit
is concentrated in the lower atmosphere. Its conductivity is
determined by ionization sources and ion mobility. Various
ionization sources, e.g. chemical, electric and radioactive,
act in the atmosphere. The main ionizing factor determin-
ing the level of conductivity in the near surface layer, is
atmospheric radioactivity. The natural radioactivity of the
lower atmosphere is mainly connected with such elements
as radon, radium, thorium, actinium and their decay prod-
ucts. Radioactive elements enter the atmosphere together
with soil gas. They are transferred by air streams upwards
up to the altitude of few km. Therewith the ion formation
rate amounts to tens of ion pairs in a cubic centimeter per
second. An increase in the level of atmospheric radioactiv-
ity, e.g. prior to earthquake, leads to an increase in the ion
formation rate, and hence the conductivity as well. Assume
that the vertical distribution of the radioactive element con-
centration in the atmosphere is determined by the function
nr(z). The ion formation rate under the action of the ionizing
radiation of atmospheric radioactivity qa(z) is obtained in
Appendix A (see Eq. (A.5)). The equilibrium values of elec-
tron and ion concentrations, being produced by the source
qa(z), is determined by their recombination processes in air.

4. Conductivity induced by atmospheric radioactivity

To estimate the stationary ion-molecular composi-
tion of the atmosphere, we employ a simpli1ed system
of ionization-recombination processes (Barth, 1961). In
the atmosphere, near the Earth’s surface, except light
single-charged ions there also exist heavy ions created as a
result of adhesion of light ones to aerosols. The concentra-
tions of light positive and negative ions n+ and n− forming
the lower atmosphere conductivity are determined mainly
by their recombination and adhesion to aerosols (Tverskoy,
1949):

n+ = n− = n=
�N
�

[√
1 +

�q
�2N 2

− 1
]
; (7)

where N is the aerosol concentration, � is the light ion
recombination coeQcient, � is the coeQcient of light ion
adhesion to aerosols. The vertical distribution of the average
concentration of soil aerosols is presented by (Gavrilova
and Ivliev, 1996). This is an exponential dependence
N =N0 exp(−z=Ha), where Ha is the characteristic scale of
aerosol concentration variation. Dependence of the e3ective
recombination coeQcient � on altitude is represented by the
equation �(z)= [5×10−8 + 2:5×10−6 exp(−z=H)] cm3=s
(Medvedev et al., 1980), where H is the scale of expo-
nentially inhomogeneous atmosphere. The atmospheric
conductivity � is expressed in terms of the light ion
concentration by the formula

�= e(�+n+ + �−n−)≈ 2e�n; (8)

where �= �0 exp(z=H) is light ion mobility (�0 is the mo-
bility on the ground level) (Tverskoy, 1949). To calculate
the conductivity, it is necessary to 1nd equilibrium ion con-
centrations depending on the ion formation rate.

Let us 1nd the ion formation rate qa due to atmospheric
radioactivity. The vertical distribution of concentration of
the radioactive elements in the atmosphere is determined by
many factors, such as meteorological conditions, turbulent
di3usion, gravity, etc. To estimate the e3ects of increasing
atmospheric radioactivity near the Earth’s surface on the
conductivity and the electric 1eld in the atmosphere, we
choose the following vertical dependence of the atmospheric
radioactivity: nr(z)= n0 exp(−z=Hr) (here Hr is the vertical
distribution scale to be determined below). Substituting this
dependence to expression (A.5), we obtain

qa = q0F(e
−z=Hr )=F(1); (9)

where

F(y)= y
∫ 1

0
x(H=Hr )−1E1[(H=l�0)|x − y|] dx:

The quantity q0 is the ion formation rate on the Earth’s sur-
face. Fig. 1 presents the dependences qa(z)=q0 on the altitude
for di3erent values of the vertical distribution scale Hr of
atmospheric radioactivity. As follows from these plots, the
vertical distribution of the ion formation rate di3ers from the
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Fig. 1. Altitude dependencies of relative rate of ion production at the
di3erent scales of altitude distribution of atmospheric radioactivity:
1—Hr = 1 km;2—Hr = 2 km; 3—Hr = 3 km.

exponential altitude dependence of atmospheric radioactiv-
ity. As Hr increases, a maximum in the vertical distribution
of the ion formation appears, its value increases at each al-
titude. These results seem natural, since the air ionization
at a given altitude is determined by the ionizing radiation
from the volume elements spaced at a distance of the order
of the free path of the gamma radiation, which grows expo-
nentially with the altitude. As nr(z) decreases slower, a unit
volume contains larger amount of radioactive elements, and
hence they contribute more signi1cantly to the ionization in-
tensity. Apart from the atmospheric radioactivity, the lower
atmosphere is ionized by cosmic rays. The vertical distri-
bution of the ion formation rate qa resulted from the action
of cosmic rays may be approximated by the Chapman func-
tion qs (Ratcli3e, 1960). The total ion formation rate in the
lower atmosphere q(z) is a sum q= qa + qs of ion forma-
tion rates due to the action of atmospheric radioactivity and
cosmic rays which are given by formulae (9) and Chapman
function with the altitude of ion formation rate maximum
zm and its value at this altitude qm.

Knowing the vertical distribution function qa(z), we
1nd a dependence of the induced conductivity by for-
mulae (7) and (8). The calculations of the conductivity
were performed for those values of the quantity Hr to
which the curves 1–3 in Fig. 1 correspond. In the cal-
culations the following values of the parameters were
chosen: the aerosol concentration on the Earth’s surface
N0 = 2000 cm−3, the spatial scale of their vertical distribu-
tion Ha∼105 cm (Gavrilova and Ivliev, 1996); the coeQ-
cient of light ion adhesion to aerosols �=4:3×10−6 cm3=s,
qm ≈ 40 cm−3=s, zm ≈ 14 km, q0 ≈ 10 cm−3 (Tverskoy,
1949); �0 = 2:3 cm2=Vs. Fig. 2 presents results of these
calculations. From the plots it follows that in the surface
layer a rapid growth of the conductivity is observed up to
the altitude ∼0:5 km. In the altitude range from 0.5 up to
6–8 km the conductivity increases with the growth of the
vertical scale Hr .

Fig. 2. Altitude dependencies of lower atmosphere conductivity at
the di3erent scales of altitude distribution of atmospheric radioac-
tivity: 1—Hr = 1 km; 2—Hr = 2 km; 3—Hr = 3 km.

Fig. 3. Altitude dependencies of the atmosphere conductivity
at the di3erent rates of ion production near the Earth surface:
0—q(0)=q0(0)= 1; 1—q(0)=q0(0)= 2; 2—q(0)=q0(0)= 4.

Let us estimate a value of the vertical scale Hr of
the atmospheric radioactivity distribution. Its value is
found from the condition that the potential di3erence
between the Earth and the ionosphere as well as the
density of the current Eowing between the ionosphere
and the Earth are: U =3×105 V=103 CGSE and j=
2×10−12 A=m2 =6×10−7 CGSE correspondingly. Then
the estimates give Hr = 2 km, that is of the same order
of magnitude as the values presented, e.g., in (Tverskoy,
1949). Fig. 3 presents the calculated vertical distribution of
conductivity at Hr = 2 km versus an increase in the level
of atmospheric radioactivity on the Earth’s surface. 2 and
4 times elevation of this level, adopted in the calculations,
correspond to the experimental data presented by Virk and
Singh (1994) and Heincke et al. (1995). From the plots
it follows that the growth of atmospheric radioactivity
near the Earth’s surface leads to a considerable increase
in the atmospheric conductivity in the near Earth layer
at the altitudes up to 4 km. Fig. 4 presents the relative
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Fig. 4. Altitude dependencies of relative conductivity and the elec-
tric 1eld values at the di3erent rates of ion production near the
Earth surface: 1—q(0)=q0(0)= 2; 2—q(0)=q0(0)= 4.

conductivity �(z)=�0(z) and the relative value of the electric
1eld E(z)=E0(z), calculated by formula (4) for two values
of the relative increase in the atmospheric radioactivity
near the Earth’s surface and the value Hr = 2 km. From
the plots in Fig. 4 it follows that the electric 1eld near the
Earth’s surface decreases, while near the lower boundary
of the ionosphere it increases few times. This result is in
agreement with the satellite data obtained by Chmyrev et al.
(1989) wherein a two to three times increase in the electric
1eld was found in the ionosphere over the seismic zone.

5. E.M.F. formation at the aerosol injection

Various mechanisms of forming the external current
in the near ground layers of the atmosphere are possible.
One of the mechanisms is connected with intensifying the
injection of charged soil aerosols into the atmosphere or
changing the meteorological conditions under their stable
vertical distribution. The quasi-stationary vertical distribu-
tion of aerosols may be formed as a result of a turbulent up-
ward transfer and gravitational sedimentation (Fleagle and
Businger, 1963). The vertical distribution of soil aerosol
concentration is represented in the form N =N0 exp(−z=Ha)
(McCartney, 1976). The aerosol scale height is Ha =K=w,
where K is the vertical eddy di3usion coeQcient and w is
the settling speed. Equations, describing concentration N ,
charge and current densities of aerosol particles injected into
the atmosphere (�s; js), are obtained in Appendix B (see
Eqs. (B.6)). The second equality in (B.6) is 1-dimensional
approximation for the equation describing the external
charge and current densities in the conducting media. The
sense of the equality is as follows. Variations of the ex-
ternal charges in separated volume are determined by two
processes. First is their transfer, under the action of EMF,
through the surface con1ning the volume. Second, is dimin-
ishing the external charge as result of its relaxation into the
environment with conductivity �. For example, if the total

Eux of external charges through the surface con1ning the
volume is equal to zero (∇js = 0), then their quantity in this
volume decreases as �s∼exp(−4��t). The external charges
in a conducting medium relax ∼1=4��. For suQciently
rapid processes t�1=4�� the continuity equation takes the
form @�s=@t + ∇js = 0. Otherwise, in the case of a slow
process of external charge formation t�1=4��, its density
is connected with the external current as 4���s +∇js = 0.

Assuming that the characteristic time scale of the consid-
ered processes exceeds the relaxation time 1=4�� we 1nd
from (B.5), (B.6) the equation for altitude distribution of
external current in quasi-stationary approximation:

@
@z

[
1

4��(z)
@js(z; t)
@z

]
+

w
4��(z)K

@js(z; t)
@z

− js(z; t)
K

=0:

(10)

If the vertical scale of the aerosol concentration variation
is less than the scale of the conductivity variation, then in
Eq. (10) one may assume �(z)= �0. We also assume week
dependence of K on altitude. Therewith the solution has
the form:

js(z; t)= js(0; t)exp(−z=Hj); (11)

where Hj =1={(w=2K) + [(w=2K)2 + 4��0=K]1=2}. Substi-
tuting Eq. (11) into second equation in (B.6), we obtain the
vertical distribution of the external charge:

�s(z; t)= �s(0; t)[exp(−z=Hj)− Hj"(z)]; (12)

where "(z) is Dirac’s delta function. The value of the extra-
neous current and charge on the Earth’s surface are given
by the equality:

js(0; t)= 4��0Hj�s(0; t)= 4��0Hjq[N+(0; t)− N−(0; t)];
(13)

where N+; N− are the number density of charged aerosols.
From formulae (11) and (12) it follows that the external
currents and charges are distributed mainly at the lower
altitudes than aerosols are. This is related to the charged
particles being transferred in a conductive medium. If N+¿
N−, then the external current is directed upwards. There-
with the 1eld on the Earth’s surface is directed downwards
and its value increases, while in the ionosphere it decreases.
As an example we consider an exponential dependence of
the conductivity on altitude �(z)= �0 exp(z=H�) (where H�
is the characteristic scale of conductivity variation). Substi-
tuting the vertical distribution of the conductivity and the
external current into Eq. (5), we obtain the value of the co-
eQcient k =Hj=(Hj + H�)≈Hj=H��1. Fig. 5 presents the
plots of vertical dependence of the relative 1eld for its dif-
ferent values on the Earth’s surface calculated by formula
(5). It is seen from the plots that the 1eld growth on the
Earth’s surface corresponds to its decrease or sign change
in the ionosphere. The electric 1eld decrease on the Earth’s
surface or the sign reversal corresponds to a growth of its
value in the ionosphere.
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Fig. 5. Altitude dependencies of relative value of the ver-
tical electric 1eld at the di3erent external currents: k =0:2;
1—js(0; t)=j0 = 9; 2—js(0; t)=j0 = 4; 3—js(0; t)=j0 = 0; 4—js
(0; t)=j0 =− 1:3; 5—js(0; t)=j0 =− 4.

Let us consider a case, when external current changes
with height more slowly than conductivity. In this case in
last part of formulas (3) we can change the external current
altitude dependence to it value in a point of maximum 1=�(z)
function:∫ h

0
js(z)

dz
�(z)

≈ Tjs(0)
∫ h

0

dz
�(z)

:

Here Tjs(0) is average value of the external current near to a
surface of the Earth. Expression (3) can be transformed to
following one:

E(z)=− E0(z)− js(z)− Tjs(0)
�(z)

: (14)

On the Earth surface js(0)≈ Tjs(0), thereforeE(0)≈−E0(0).
Expression (14) allows to estimate the electric 1eld value
in the ionosphere. At z= h, we obtain:

E(h) =−E0(h)− js(h)− Tjs(0)
�(h)

≈ − E0(h) +
Tjs(0)
�(h)

=−E0(h) +
Tjs(0)
j0

E0(h);

E0(h)=E0(0)
�(0)
�(h)

: (15)

Let us estimate the 1rst part of equality (15). Considering
the electric 1eld E0(0)= 150 V=m, the atmosphere conduc-
tivity �(0)= 2×10−14 S=m near the Earth surface and the
low ionosphere conductivity �(h=80 km)=10−6 S=m, we
obtain E0(h)= 3×10−3 mV=m. Second part in Eq. (15) is
di3ered from the 1rst one on the rate of external current
value near the Earth surface to the undisturbed atmo-
spheric current j0 = 3×10−12 A=m2 =8:7×10−7 CGSE.
The external current value is estimated by formula (13):
Tjs(0)= 4��(0)qHj(N+−N−). To 1nd this value, we assume:
�(0)=2×10−14 S=m=2×10−4 CGSE; q=e=4:8×10−10

CGSE; Hj=2 km=2×105 cm; N+=4×103 cm−3; N−=0.

Then, we obtain: Tjs(0)= 8:7×10−4 CGSE=3×10−9 A=m2

=103j0. Hence, we have from (15):

E(h)≈ Tjs(0)
j0

E0(h)= 3
mV
m
:

Thus, if the external current is transferred to the altitudes ex-
ceeding the vertical scale of atmospheric conductivity near
the Earth surface, the electric 1eld in the ionosphere is ampli-
1ed few orders of magnitude according to the factor Tjs(0)=j0.
The upward transport of external current can be connected
with vertical atmosphere convection at heating of the near
ground atmosphere. If the vertical gradient of temperature
T on absolute value exceeds the critical one (which is about
1=100 deg=m), the atmosphere becomes unstable and the
vertical convection arises (Fleagle and Businger, 1963). Ac-
cording to the satellite data (Qiang et al., 1999) the growth
of seismic activity is accompanied by heating of the bottom
atmosphere. This heating can be connected with “green gas”
e3ect, Joule heating at occurrence of the external currents,
etc. Besides the upward transfer of the external current there
are few other factor leading to electric 1eld enhancement
in the ionosphere. Among those are the increase of the low
atmosphere conductivity connected with growth of atmo-
spheric radio-activity and the reduction of low ionosphere
conductivity which can be related to upward transfer of hy-
drogen molecules. The detailed analyses of these processes
is a subject of separate paper.

6. Ionospheric e%ects of DC electric �eld enhancement

The previous theoretical considerations (Sorokin and
Chmyrev, 1999a; Sorokin et al., 1999) required the en-
hanced DC electric 1eld for explanation of various seismic
related phenomena in the ionosphere. Above we have de-
scribed the mechanism of the 1eld enhancement before
earthquake up to the necessary magnitudes. With this re-
sult we can try to construct the model of interconnected
electromagnetic and plasma disturbances developing in the
ionosphere under inEuence of seismic process.

The diagram illustrating this model is presented in Fig. 6.
The chain of processes forming the seismo–ionospheric
coupling mechanism starts from the injection of radioac-
tive substances and charged aerosols into the atmosphere
(block 1, Fig. 6). This leads to an increase in atmo-
spheric conductivity and forming a vertical electromotive
force near the ground level. The growth of lower atmo-
sphere conductivity and appearance of additional elec-
tromotive force in the Earth–ionosphere electric circuit
is followed by a change in the vertical current and the
electric 1eld in the ionosphere (blocks 2 and 3, Fig. 6).
Further development is connected with the electric 1eld
growth in the ionosphere. It is shown that its enhance-
ment over the de1nite threshold value in the lower iono-
sphere results in an instability of the acoustic-gravity
waves (AGW) at the Brunt–Vaisala frequency (Sorokin
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Fig. 6. Diagram of the processes forming the atmosphere–
ionosphere coupling.

et al., 1998; Sorokin and Chmyrev, 1999b; Chmyrev et
al., 1999). The instability is followed by formation of
the horizontal periodic irregularities of ionospheric con-
ductivity with characteristic spatial scale l= �a=!gn(!g),
where a is the sound velocity, !g is the Brunt–Vaisala
frequency and n(!g) is the refraction index (block 4,
Fig. 6).

Due to high conductivity along the magnetic 1eld lines
the polarization electric 1elds connected with such irreg-
ularities are transferred into the upper ionosphere and the
magnetosphere. The correspondent 1eld-aligned currents are
carried by electrons while the carriers of transverse closure
currents are ions. Therefore, the electric 1eld propagation
along the magnetic 1eld lines and the generation of closed
currents is accompanied by local variations of plasma den-
sity. An estimate of the plasma density disturbances is given
as PN=N0 = 'icn(!g)E=!iaB (where 'i is the collision fre-
quency of ions, !i is the gyrofrequency of ions and B is
the geomagnetic 1eld magnitude). When a satellite moving
with the velocity vs crosses the periodic plasma irregular-

Fig. 7. The scheme of satellite observations of plasma density
inhomogeneities and ULF magnetic 1eld oscillations: 1. Earth-
quake zone; 2. Lower ionosphere; 3. Horizontal inhomogeneities
of ionospheric conductivity; 4. Field-aligned electric currents; 5.
Field-aligned plasma density inhomogeneities; 6. Satellite.

ities with the spatial scale l and the corresponding struc-
ture of 1eld-aligned currents, the Euctuations of plasma den-
sity and the transverse disturbances of geomagnetic 1eld
with the period Pt= �a=vs!gn(!g) are registered (block 5,
Fig. 6). The scheme of satellite observations of plasma den-
sity inhomogeneities and ULF magnetic 1eld oscillations
is presented in Fig. 7. The estimates give PN=N0 ≈ (1:6–
16)%; b≈ 5 nT; Pt≈ (0:3–3)s. These values in the order
of magnitude correspond to the satellite data (Chmyrev et
al., 1989; Bilichenko et al., 1990; Chmyrev et al., 1997).

Results concerning the excitation of small-scale plasma
inhomogeneities can be applied for explanation of modify-
ing the natural whistler characteristics before earthquakes
reported by Hayakawa et al. (1993). The physical mecha-
nism of ionosphere–magnetosphere whistler duct formation
in terms of above consideration is developed by Sorokin
et al. (2000).

Besides that the excitation of horizontal small-scale ir-
regularities of electric conductivity in the lower ionosphere
can be used as a basis for generation mechanism of electro-
magnetic ELF precursors to earthquakes. Such mechanism
associated with the emission into the upper ionosphere of
whistler mode waves is presented by Borisov et al. (2000).
These waves appear due to interaction of thunderstorm re-
lated EM radiation with small-scale plasma irregularities
excited in the lower ionosphere before earthquakes. EM
pulses are generated by lightning discharges and propagate
in the subionospheric waveguide with small attenuation in
ELF range. Plasma irregularities created above the seismic
zone are polarized by EM pulses. The induced nonstation-
ary polarization currents act as sources of whistler mode
waves.



1688 V.M. Sorokin et al. / Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 1681–1691

Other e3ects of the electric 1eld enhancement are con-
nected with additional source of the Joule heating in the
lower ionosphere, which alters the ionosphere thermal
balance determining the ionosphere temperature (block 6,
Fig. 6). The theory of F-layer deformation (block 7, Fig. 6)
was developed by Sorokin and Chmyrev (1999c). The ther-
mal energy injected in the lower ionosphere is transferred to
the top region. Process of thermal interchange in the upper
atmosphere determines the altitude distribution of the tem-
perature in this region. If the electric 1eld increases in the
ionosphere above the seismic region (Chmyrev et al., 1989)
by the quantity PE=6 mV=m=2×10−7 CGSE, then it
results in generation of the thermal Eux q=2:3 erg=(cm2 s)
and in the ionosphere temperature growth up to T ≈ 2000 K.
Calculations of the perturbed electron density altitude pro-
1les performed by (Sorokin and Chmyrev, 1999c) show
an increase in the maximum altitude and decrease in the
maximum value in the pro1les. This result is in agreement
with experimental data on the top-side ionosphere sounding
(Pulinets, 1994).

The calculations (Sorokin and Chmyrev, 1999c) give
an ion density enhancement in the upper ionosphere. Such
enhancement in the density of atomic oxygen ions [O+]
which are dominant in the upper ionosphere should be fol-
lowed with increase of the light ion densities reported by
(Boshkova et al., 1990) as a result of resonance reaction of
the charge exchange: O+ + H ↔ H+ + O.

7. Conclusion

The vertical distribution of atmospheric electric 1eld con-
nected with excitation of external currents near the Earth’s
surface and increase of atmospheric radioactivity at the
preparatory phases of earthquakes is analyzed. An injection
of charged aerosols and their vertical turbulent transfer in
atmosphere is considered as a possible mechanism of form-
ing the external currents. Relationship between the vertical
component of the electric 1eld in the lower atmosphere and
on the Earth’s surface is found. The electrodynamic model
presented above for the seismo–ionospheric coupling prior
to earthquake reduces numerous e3ects in space plasma to a
single cause—the increase of quasi-stationary electric 1eld
in the ionosphere. This 1eld is controlled by the lithosphere
processes through variations of the lower atmosphere dy-
namics and the electromotive force e3ected by the injection
of radioactive substances and charged aerosols into the
atmosphere.

Thus, the presented model describes the complete
causal-sequence chain of seismic induced processes begin-
ning from modi1cation of the lower atmosphere state to
excitation of the plasma density variations and ULF=ELF
magnetic 1eld oscillations, an elevation of the F-layer max-
imum and growth of the light ion densities localized in the
upper ionosphere. The theoretical results are in a reason-
able agreement with the available experimental data. The

model can be applied to studies of the ionospheric e3ects
of large-scale natural and technological disasters e3ecting
the electrophysical parameters of the atmosphere in the
near-ground layer.
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Appendix A.

Below we obtain the vertical distribution of the ion for-
mation rate as a result of absorption in the atmosphere of
the gamma radiation from the decay of radioactive elements
being constituents of the atmospheric radioactivity. Since
initial angular distribution of gamma radiation is isotropic,
then the number of quanta q� being generated in a unit
volume per unit time and per unit solid angle is equal
to q�= ,nr=4�, (,= ln 2=T; T is an e3ective half-life
period). The gamma radiation is absorbed due to Comp-
ton e3ect of air molecules on electrons. The distribution
function f(r; t; .) of quanta propagating with the velocity
v (|v|= c; c is the light velocity) is found from the transfer
equation (Leipunskiy et al., 1960):

@f
@t

+ v · ∇f=− f
/�

+ q�; (A.1)

where /�= l�=c (l� is the mean path length of a quantum),
. is an angle between the velocity vector and the z axis
aligned vertically upwards. For the exponentially inhomo-
geneous atmosphere with the scale H; l�= l�0ez=H (where l�0
denotes the mean path length on the Earth’s surface). In a
one-dimensional and stationary approximation we obtain:

f(z; .)

=
,

4�c cos .


∫ z

0
dz′nr(z

′)exp
{

H
l�0 cos .

(e−z=H − e−z′=H )
}
;

0¡.¡�=2;

−
∫ ∞

z
dz′nr(z

′)exp
{

H
l�0 cos .

(e−z=H − e−z′=H )
}
;

�=2¡.¡�:

(A.2)

The number of quanta in a unit volume n�(z) is determined
by integrating the distribution function (A.2) over the solid
angle:

n�(z)= 2�
∫ �

0
f(z; .) sin . d.: (A.3)
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As a result of the Compton e3ect in the air, the gamma
radiation generates a Eux of fast electrons whose concentra-
tion nk is found from the formula (Medvedev et al., 1980):

nk =
le
l�
n�=

le0
l
n�:

Moving in the air, the fast electrons loose energy and, as re-
sult of collisions, produce low-energy secondary electrons.
The absorbed energy of fast electrons in the air in a unit
volume is nk�; � is the energy of fast electron. 33 eV of the
absorbed energy is spent on creating an electron–positron
pair in the air (Massey et al., 1969). Hence, the number of
secondary low-energy electrons in a cubic centimeter pro-
duced during the life-time of fast electrons is nk1, where
1= �=33 eV. Thus, we obtain that the mean rate of secondary
electron production qa is determined by the equality:

qa = nk
1
/e

=
1n�
/�(z)

: (A.4)

Substituting (A.2), (A.3) into (A.4) and integrating over the
solid angle, we obtain the altitude dependence of the ion
formation rate under the action of the ionizing radiation of
atmospheric radioactivity with the vertical distribution of its
concentration nr(z):

qa(z)=
1,

2l�(z)

∫ ∞

0
dz′nr(z

′)E1[k(z; z
′)]; (A.5)

where k(z; z′)= (H=l�0)|e−z=H −e−z′=H |; E1(u)=
∫∞
1 (e−ux=

x) dx is the integral exponential function (Abramowitz and
Stegun, 1980).

Appendix B

Let us obtain an equation describing the external current
of charged aerosol particles injected into the atmosphere.
The charge of such particle q in the conductive atmosphere
decreases in time due to conductivity currents. Integration
of the continuity equation @�=@t= − div(�E) over volume
3 of aerosol particle gives:

dq
dt

=− 4��q: (B.1)

The vertical motion of aerosol particles includes the gravita-
tional settling with the velocity w and the turbulent transport
with the velocity 4(t):

dz
dt

=− w + 4(t): (B.2)

The particle dynamics can be described by the stochastic
di3erential equations for the probability distribution function
(Arnold, 1973). We believe that the velocity of turbulent
transport 4(t) in (B.2) satis1es to the relationships:

〈4(t)〉=0〈4(t)4(t′)〉=2K"(t − t′); (B.3)

where angular brackets note the statistical averaging.

Let us introduce the distribution function f(q; z; t) of
aerosol particles depending on the electric charge, altitude
and time. Under conditions (B.1)–(B.3) it is easily to obtain
(Arnold, 1973) the Fokker–Plank equation for the f(q; z; t):

@f
@t

− w
@f
@z

− 4��(z)
@
@q

(qf)=
@
@z

(
K
@f
@z

)
: (B.4)

Spatial and temporal dependencies of aerosol concentration
N (z; t), their electric charge �s(z; t) and current js(z; t) den-
sities are expressed as the moments of distribution function
f(q; z; t):

N (z; t)=
∫ ∞

−∞
f(q; z; t) dq;

�s(z; t)=
∫ ∞

−∞
qf(q; z; t) dq;

js(z; t) =−w
∫ ∞

−∞
qf(q; z; t) dq− K

∫ ∞

−∞
q
@f(q; z; t)

@z
dq

=−�sw − K
@�s
@z
: (B.5)

The equations for moments are obtained from (B.4) and
(B.5):

@N
@t

− w
@N
@z

=
@
@z

(
K
@N
@z

)
;

@�s
@t

+ 4��(z)�s =− @js
@z
: (B.6)
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