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Abstract—The paper presents a physical model of the electrodynamic effect on the ionosphere of natural and
artificial processes that occur in the near-Earth atmospheric layer and are accompanied by the transfer of
charged aerosols in the atmosphere. These processes include the preparation of earthquakes and typhoons, dust
storms, and nuclear accidents. The model is based experimentally on satellite and ground-based records of
plasma and electromagnetic perturbations, measurements of the injection of soil gases into the atmosphere, and
atmospheric radioactivity data. The ionosphere is subject to actions of the conduction electric current flowing
in the atmosphere—ionosphere circuit. Its source is an extraneous current formed by vertical turbulent transfer
of charged aerosols and their interaction with atmospheric ions during the injection of radioactive substances
and modification of atmospheric conductivity. Changes in the electric field of the ionosphere induce the devel-
opment of plasma and electromagnetic phenomena. The model suggested relates ionospheric and electromag-
netic perturbations to the dynamics of charged aerosols in the lower atmosphere.
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1. INTRODUCTION

Numerous observations of anomalous plasma and
electromagnetic phenomena in the ionosphere above
the regions of seismic and meteorological activity [1-
15] are evidence that intense processes in these regions
influence the state of the circumterrestrial plasma dur-
ing periods of from several hours to several dozens of
days. The results of experimental studies performed on
satellites show that processes in the Earth’s lithosphere
are related to electromagnetic and plasma perturbations
in the ionosphere. These results were discussed in sev-
eral reviews [16-21]. It can be suggested that iono-
spheric effects arise as a result of the simultaneous
actions of various factors, such as acoustic waves, elec-
tric fields, electromagnetic radiation, chemically active
substances, etc. An important role in the formation of
these factors is played by aerosols of the lower atmo-
sphere, which influence its conductivity and generate
extraneous electric currents. Seismic activity is accom-
panied by the injection of soil aerosols into the atmo-
sphere. Meteorological processes are related to the
dynamics of aerosols existing in the atmosphere.

An analysis of satellite data showed the presence of
electromagnetic perturbations over a broad spectral
interval. These perturbations are localized within a
magnetic field tube conjugated with the seismic focus
of an impending earthquake. Data on electromagnetic
radiation spikes in extremely and very low-frequency
ranges in the ionosphere were obtained in [4-6, 11, 22].
Electromagnetic radiation spikes at ultralow frequen-

cies in the ionosphere were recorded in [3, 23]. In addi-
tion, electromagnetic radiation in this frequency range
was recorded on satellites and in seismically active
regions simultaneously [24], which showed that these
phenomena were related to an increase in seismic activ-
ity. The reliability of the results obtained by recording
electromagnetic radiation in the ionosphere was sub-
stantiated by statistical analyses of large arrays of satel-
lite data on tens and hundreds of earthquakes [13, 25].
The amplitude of geomagnetic pulsations of magneto-
spheric sources in the ultralow-frequency range
recorded on the Earth’s surface was found to decrease
several days before an earthquake [26]. Perturbations of
the DC electric field in the ionosphere and the lower
atmosphere related to seismic activity [3, 16, 27-31]
and electron density fluctuations of up to 10% with 1
Hz periods in the ionosphere above the region of earth-
quake preparation [14] were also observed. The pres-
ence of electron density fluctuations in the ionosphere
above seismic regions was substantiated by ample sat-
ellite data [32]. Changes in the ionic composition and
temperature of the plasma in the upper ionosphere and
perturbations of the height profile of the ionospheric F
region were recorded [33, 34]. An analysis of satellite
photographs of the Earth’s surface in the infrared (IR)
frequency range showed the presence of stable and
unstable components of the anomalous IR radiation
flux above active crust faults; this flux corresponded to
an increase in the temperature of the near-Earth layer
by several degrees [35-38]. In addition, seismic activity
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growth caused the appearance of anomalous airglows at
557.7 and 630 nm [39]. Immediately before earth-
quakes, optical phenomena in the form of lightning
flashes and glows were observed [40]. Simultaneously
with electromagnetic and plasma phenomena in the
ionosphere, an increase in the concentration of certain
gases (e.g., H,, CO,, and CH,) by several orders of
magnitude, an increase in atmospheric radioactivity
(related to such radioactive elements as radon, radium,
uranium, thorium, and actinium and their decay prod-
ucts), and an increase in the injection of soil aerosols
were observed [41-45]. The influence of dynamic pro-
cesses in the lower atmosphere on the ionosphere was
substantiated by satellite observations of electric field
perturbations and plasma density fluctuations above
typhoon development regions [46, 47].

A joint analysis of observation results led us to con-
clude that seismic and meteorological activity stimu-
lates the development of intense processes in the lower
atmosphere. Seismic waves, chemically active and
radioactive substances, and charged aerosols act simul-
taneously on the lower atmosphere. Heating of the
lower atmosphere, sharp changes in its electrophysical
parameters, the generation of acoustic waves, and the
formation of extraneous electric currents occur. The
acoustic action on the ionosphere appears because of
the propagation upward of infrasonic waves [48]. Pro-
cesses in the lower atmosphere (seismic waves, atmo-
sphere heating, and the injection of gases) result in the
generation and propagation upward of internal gravity
waves, which perturb the ionosphere [49]. The forma-
tion of ultralow-frequency radiation on the Earth’s sur-
face by lithospheric sources is considered in [50, 51],
along with the possibility of its penetration into the
ionosphere, in [52]. Numerous studies of the nature of
atmosphere—ionosphere interactions aimed at deter-
mining their mechanism have been performed. For
instance, the physical processes of formation of cur-
rents in the lithosphere and propagation of their radia-
tion into the ionosphere were considered in [52-54]. In
[55-57], acoustic actions resulting in ionospheric per-
turbations and the generation of geomagnetic pulsa-
tions were discussed. One of the important problems of
atmosphere—ionosphere interactions is the search for a
chain of processes related to acting factors and identifi-
cation of a set of observed effects of a common nature.
This approach was applied to construct the electrody-
namic model of the action on the ionosphere. The elec-
tric field near the Earth’s surface experiences substan-
tial changes days or weeks before an earthquake. The
possibility of predicting earthquakes by recording an
increase in conductivity and a decrease in the electric
field in the atmosphere close to the Earth’s surface
caused by an increase in the concentration of radon was
discussed in [28]. Estimates were made based on the
simple model of changes in the conduction of an atmo-
spheric column. Several possible mechanisms of atmo-
spheric electric field strengthening before an earth-
quake were discussed in [58]. Ionosphere modification
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was shown to be related to an increase in the injection
of radon and metallic aerosols in the region of the seis-
mic focus [59]. The mechanisms of penetration of elec-
tric fields into the ionosphere and perturbation of its
electrophysical parameters were analyzed in [60-62].

The electrodynamic model is based on the assump-
tion that the ionosphere is influenced by changes in the
electric current in the closed atmosphere—ionosphere
circuit. The electric current that flows from the iono-
sphere to the Earth’s surface is a closed circuit portion
with electromotive force locations in regions with thun-
derstorm activity [63]. Current in the closed circuit
changes because of the appearance of additional extra-
neous currents and load resistance variations. Extrane-
ous currents and the main load resistance (~80%) are
concentrated in the near-Earth atmospheric layer sev-
eral km high. It is this layer where the most intense
hydrodynamic, thermodynamic, chemical, and other
processes occur. These processes change the electro-
physical parameters of the atmosphere and cause the
formation of an extraneous electric current. For this
reason, current in the closed circuit is most sensitive to
changes in the characteristics of the lower atmosphere
[64—68]. It follows that current changes are responsible
for electrodynamic relation between the lower atmo-
sphere and ionosphere. This stimulates plasma and
electromagnetic processes in the ionosphere observed
by satellites [14, 68—72]. Local perturbations close to
the Earth’s surface have no substantial influence on ion-
ospheric currents. Significant changes appear when the
lower atmosphere conduction level varies or vertical
extraneous current forms simultaneously over regions
with horizontal scales comparable with the height of
the lower ionosphere boundary. The characteristic time
of such changes must be on the order of or longer than
the time of the establishment of this conduction level by
atmospheric processes over such a horizontal scale.

The electrodynamic action of seismic and meteoro-
logical processes on the ionosphere depends on
changes in the electric current value in the global atmo-
sphere—ionosphere circuit [47, 66, 73—75]. Its source is
extraneous electric current formed as a result of the
convective transfer upward of charged aerosols in the
lower atmosphere. In regions of typhoon development,
atmospheric aqueous and salt aerosols are transferred.
In regions of crust faults, aerosols are injected into the
atmosphere with soil gases. The intensity of injection
sharply increases as seismic activity grows before
earthquakes and volcanic eruptions. Calculations show
that the electric field of the current that flows in the ion-
osphere can reach values of 10 mV/m observed on sat-
ellites. Electric field strengthening in the ionosphere
stimulates the development of plasma and electromag-
netic effects recorded by satellites [68]. The instability
of acoustic-gravitational waves in the lower ionosphere
develops. This results in the formation of horizontal
conduction inhomogeneities, the generation of longitu-
dinal currents into the magnetosphere, and the forma-
tion of plasma layers in it [69]. When a satellite
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Fig. 1. Electric field measurements on (a) the Interkosmos-
Bolgariya 1300 satellite above the forthcoming earthquake
epicenter and (b) the Kosmos-1809 satellite above the
WINONA typhoon.

traverses this perturbed region, plasma density fluctua-
tions and magnetic field oscillations are recorded. The
interaction of conduction inhomogeneities with elec-
tromagnetic field of lightning discharges results in the
emission of extremely low-frequency radiation into the
magnetosphere observed on satellites [76] and mag-
netic field oscillations in the ultralow-frequency range
[77, 78]. Electric field strengthening in the ionosphere
modifies its vertical profile related to plasma drift [79]
and ionosphere heating by electric current [80]. Below,
we consider the influence of the perturbation of the
electrophysical characteristics of the lower atmosphere
on the ionosphere. This action is caused by the dynam-
ics of charged aerosols in seismic and meteorological
activity regions. The horizontal scales of these regions
are of tens and hundreds of km, and the characteristic
range of process periods is from tens of hours to tens of
days.

2. ELECTRIC CURRENT
AND FIELD PERTURBATION
IN THE ATMOSPHERE-IONOSPHERE CIRCUIT

In [68, 72], an electrodynamic model of earthquake
precursors was formulated. This model allows several
electromagnetic and plasma effects that arise because
of electric field strengthening in the ionosphere above a
seismically active region to be explained. The electric
field of the ionosphere should reach a value of about
10 mV/m. Such fields were for the first time observed
experimentally using satellites at low latitudes above
the focus of a forthcoming earthquake [3] and above
tropical typhoons [81, 82]. Examples of satellite data
are shown in Fig. 1. Field measurements on the Interko-
smos-Bolgariya 1300 satellite (January 12, 1982) are
presented in Fig. 1a. The satellite intersected the mag-
netic field tube first in the southern and then in the
northern hemisphere. Each magnetic tube crossing was
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accompanied by an electric field burst with an ampli-
tude of about 5—-8 mV/m. The diameter of the magnetic
tube cross section was of about 300 km. The earthquake
occurred at 17.50.26 UT. The arrow marks the instant
when the satellite flew above the epicenter [3]. Similar
field bursts of a 20-25 mV/m amplitude (Fig. 1b) were
observed when the Kosmos-1809 satellite flew above
the WINONA typhoon on January 17, 1989. The arrow
indicates the instant when the satellite crossed the
typhoon epicenter latitude [46]. The relation between
the atmospheric electric field and seismic activity and
possible mechanisms of the penetration of the field into
the ionosphere were studied in several papers [28, 33,
58, 83]. The calculations performed in these works
showed that the field in the ionosphere reached a value
of 0.1-1.0 mV/m if its vertical component on the
Earth’s surface was above 1-10 kV/m simultaneously
over a horizontal scale of from tens to hundreds of km.
The data of surface measurements of the vertical elec-
tric field component before earthquakes are evidence
that the duration of electric field bursts with several
kV/m amplitudes is 1-3 h, and these bursts are likely
fairly local in character [31]. According to these data,
field bursts with a 0.5 kV/m amplitude and a 1-2 h
period were observed 8—10 h before earthquakes. lono-
spheric precursors are observed during several days or
tens of days [19]. For this reason, such field bursts can-
not be the source of ionospheric precursors. Field
changes with periods of a day or longer have ampli-
tudes not exceeding 100 V/m. The identification of field
changes with periods of several days, however, requires
data collected during a large time interval to be ana-
lyzed. Experimental data lead us to the following con-
clusions. Field strengthening in the ionosphere to val-
ues on the order of 10 mV/m over a period of several
days or tens of days is related to changes in its vertical
component on the Earth’s surface by no more than
100 V/m. A model of electric field perturbation by con-
duction currents in the atmosphere and ionosphere was
considered in [47, 73]. The source of these conduction
currents was an extraneous electric current. It appeared
because of the injection of charged aerosols into the
atmosphere with soil gases, the transfer of these aero-
sols upward, and their gravitational sedimentation with
charge relaxation. It follows that the time scales of
extraneous current variations and the injection of soil
gases into the atmosphere should coincide. Strengthen-
ing of the injection of gases and accompanying ele-
ments into the atmosphere is observed during several
days or even weeks before an earthquake. Estimates of
the electric field in the ionosphere obtained using this
model give values on the order of 10 mV/m.

2.1. Equations Describing the Electric Potential
in the lonosphere

Let us consider the generation of an electric field
perturbation by an extraneous current j, in the Earth—
ionosphere layer. We wish to obtain a system of equa-
Vol. 1
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Fig. 2. Scheme of an atmosphere—ionosphere electric circuit
portion: (/) Earth’s surface, (2) conducting ionosphere
layer, (3) extraneous electric currents, (4) conduction cur-
rents in the atmosphere, (5) conduction currents in the ion-
osphere, and (6) field-aligned current.

tions that determine the potential ¢ of electric field per-
turbation E = -V . For this purpose, we introduce Car-
tesian coordinates (x, y, z) with the z axis directed ver-
tically upward, as is shown in Fig. 2. The homogeneous
magnetic field B is directed at the angle o with respect
to the x axis. The z = 0 plane coincides with the ideally
conducting Earth’s surface. We assume that the electric
field potential is zero on this plane, @|._, = 0. The layer
0 < z < z; is the atmosphere, whose conductivity 6(z)
depends on the altitude z. The z = z; plane coincides
with the thin conducting ionosphere characterized by
the integral conductivity tensor with the components X,
and Xy (the Pedersen and Hall conductivities, respec-
tively). For slow processes with characteristic times 7 >
1/o, the potential ¢ is found from the current continuity
equation and the Ohm law,
V(j+j,) =0, j=oE=-coVeo.

The formation of an extraneous current in the atmo-
sphere is related to turbulent transfer upward of charged
aerosols injected from the soil into the atmosphere,
their gravitational sedimentation, and neutralization.
Strengthening of seismic or meteorological activity
increases the injection of aerosols into the atmosphere
together with soil gases and their transfer in the lower
atmosphere. These processes cover regions with the
horizontal scale r;, on the order of tens or hundreds of
km. Let & be the spatial scale of conductivity changes
in the atmosphere. At r, > h, we then find from the
equations given above that

LoPEd_jwal-0 @

for such processes. Here, r is the radius vector in the
(x, y) plane.
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Fig. 3. Coordinate systems used to derive boundary condi-
tions.

Let us obtain the boundary conditions for the poten-
tial @ on the z = z; plane, which coincides with the thin
conducting ionosphere. The potential of electric field
perturbation in the ionosphere is found from the conti-
nuity equation and generalized Ohm law,

Vj=0, j=6E=-6Vo,

where 6 (z) is the conductivity tensor of the ionosphere.
In the approximation of a stratoinhomogeneous
medium, this tensor is assumed to depend on the height
z above the Earth’s surface only. Let us introduce aux-
iliary coordinates (x', y', z') with the z' axis directed
along the geomagnetic field B (see Fig. 3),

X'=xsina—zcoso, Yy =y, Z =Xxcoso +zsind.

In these coordinates, the conductivity tensor takes the
form

Gp 65 0
G = _GH GP 0 >
0 0 ¢

and the potential @ satisfies the equation

d(_0d ,

dop do doy do
—d—ZCOS(XE-Fd—ZCOS dy' =

z = Z'sin0 — x'cosqL,
where A is the Laplace operator with respect to the
(x', ") coordinates. The inequality 6, > Gp, 65 holds

in the ionosphere at z > 80 km. The passage to the
0 — oo limit yields
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—_ = 07

d7'
9 3 dcp dp do do
8_z‘ = Op(z )AL(p—d—cosocd—+d—Zcosocd—y,,

z = Z'sin0— x'cosa,

where j, is the longitudinal current flowing in the mag-
netosphere between conjugated ionosphere regions.
The first equation is the condition that geomagnetic
field lines be equipotential, and the ¢ potential is there-
fore independent of z'. The second equation determines
longitudinal current changes caused by its spreading
over the ionosphere. Let us integrate the second equa-
tion along the geomagnetic field line over z' from the
lower ionosphere boundary (z = z;, z' = z; + xcosQ) to
its upper boundary (z = z; + d, 7' = z; + dsind. + xcos Q)
at constant x' and y'. We assume that 6, = 65 = 0 at the
upper and lower ionosphere boundaries. The integra-
tion yields

Ji(zy +dsino+ xcosa) — j,(z; + xcoso)

dz7 1
= Amjm(z) 9%, = o

In the (x, y, z) coordinates, this equality takes the form
j||(x + dCOt(X, Y, 24 + d) —j"(X, Y, Zl)
1 e, (p)

.
sin o\ gin® o 9x” ay

where X, = ﬁi G p (2)dz is the Pedersen integral conduc-

tivity of the ionosphere. Because transverse conductiv-
ities are zero at the lower and upper ionosphere bound-
aries, the longitudinal current is related to the vertical
current component as

jll(Z =zy) = j||(Z =z,+d) = j/sina.

If the characteristic horizontal perturbation scale € is
fairly large and the o angle is not too close to zero, € >
d/tano., we obtain the boundary condition in the “thin”
ionosphere approximation (that is, as d — 0) that
determines the jump of the vertical electric current
component in the passage through the ionosphere,

lﬂpaw

jz(Z] +0)_jz(zl_0) = ZP( .2 ) )
sin"odx” 9y’ 1=, (2.2)

The other boundary condition in the thin ionosphere
approximation is the potential continuity condition,
(2.3)

0(z;+0)-0(z,-0) = 0.
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Current continuity conditions (2.2) in conjugated iono-
sphere regions have the form

az
jmsin(x+6162—(p i
¢

1 2’9
= Xp = 2t 21 ’
Tli=z-0 sin"o dx”  dy
—jmsinoc+c51d

d 1 ¢ 2
7, =Xy — Tt T3 )
oz -0 sin o dx dy
where j,, is the longitudinal electric current in the mag-
netosphere, @,(x, y) = ¢(x, y, z = z;) is the horizontal
potential distribution in the ionosphere, and 6, = 6(z =
zp) is the conductivity of the atmosphere at the lower

ionosphere boundary. The solution to (2.1) at j, = 0 in
the conjugated atmosphere has the form

S0
..o P OG(Z)'

71—

d
Gld(zp

The boundary conditions on the z = z; plane that follow
from these equalities are

(plz:O = 0’
(2.4)

1 g,
=22p — (P21 + (pzl —
Zli=z-0 sin“o dx”  dy p

According to the boundary condition, electric cur-
rents flow in the ionosphere in the horizontal direction.
The appearance of a horizontal electric field component
in the ionosphere is related to these currents. The solu-
tion to (2.1) that satisfies the @[, _ o = 0 condition has the
form

_ helrz
o(r.2) = [22Dajir )jo( 5
0 } (2.5)
i = 8O _p(pl(r)’ jelr2) |

where j,(r) is the atmospheric conduction current at the
lower ionosphere boundary. The conduction current
generated by the extraneous current in the lower atmo-
sphere flows from the atmosphere into the ionosphere.
The € and p values have the meaning of the electromo-
tive force of the extraneous current and electric resis-
tance of the atmosphere column of unit area between
the Earth and ionosphere. Substituting (2.5) into
boundary condition (2.4) yields an equation for deter-
mining the horizontal distribution of the ionosphere
potential @,(x, y). This equation has the form

1 ¢, 9 1 1(1)
.2 (pzl + (pzl oy 0,(r) = _JZ]Z .
sin"o0 dx~  dy PP P
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Estimates show that, at [ < 10® m, that is, virtually
always, the second term on the left-hand side of the
equation obtained is negligibly small. It follows that the
equation for ionosphere potential distribution can be
written as

Lo azgplgr) BTG S
y

2%,

If the geomagnetic field is vertical and o0 = /2, this
equation coincides with the Poisson equation. Geomag-
netic field tilt causes ionosphere potential “stretching”
in the meridian direction. The equations obtained can
be used to calculate the electric field of extraneous cur-
rents with arbitrary horizontal distributions and arbi-
trary atmosphere conductivity vertical distributions.
This approximation is valid if the horizontal scale of
currents exceeds the altitude of the lower ionosphere
boundary. Let us pass from the (x, y) variables to the
new independent variables (§ = xsinc, y) and trans-
form (2.6) into the two-dimensional Poisson equation.
The solution to this equation can be obtained using the
method of Green functions,

2 2
sin"o. 0dx

oo oo

[ Glx=x, y=yjitx, yydedy,
2.7

1
¢i(x,y) = _4TZP

—o0—0co

G(x,y) = sinoln(x*sin’c +y%) .

The electric field components in the ionosphere are
obtained according to the equations

Ex(x’ y) = _a(Pl(x’ y)/ax,
Ey(x,y) = =00,(x, y)/dy.

Substituting potential distribution (2.7) into equalities
(2.8) yields the distribution of the horizontal electric
field components in the ionosphere,

2.8)

oo oo

1 1 ' . 1 Al \ '
Eny) = =5 [ [Kux=x,y=30ji(x, y)dedy,
P

o oo

1 ] "o 1 ] { 1
E(x,y) = 21—75—2—'[ JK},(x—x,y—y)Jl(x,y)dxdy,
P (2.9)
.3 .
xsin ¢ sino
K.(x,y) = 57—, K,(xy) = —‘2—2—_——2
x“sin o+ y x“sin" oL+ y

Equations (2.9) were used to calculate the spatial elec-
tric field distribution in the ionosphere.

2.2. Electric Field Limitation on the Earth’s Surface

The surface data are evidence that electric field
changes lasting for several days or tens of days
observed simultaneously over distances of several tens
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Fig. 4. Scheme of feedback formation between an extrane-
ous current and electric field: (/) positively charged aero-
sols, (2) negatively charged aerosols, (3) soil gases, and
(4) Earth’s surface.

or hundreds of km do not exceed several tens or hun-
dreds V/m. The reason for this limitation can be the
existence of a feedback between vertical electric field
component perturbation and extraneous currents on the
Earth’s surface that cause this perturbation [47]. Such a
feedback is caused by the presence of a potential barrier
at the Earth-atmosphere boundary to crossing this
boundary by a charged aerosol particle moving upward.
Charge movement upward occurs because of the vis-
cosity of soil gases that emerge into the atmosphere.
For instance, if a positively charged particle emerges
from the Earth into the atmosphere, the Earth’s surface
gets charged negatively, and the electric field that
appears, which is directed downward, impedes particle
emergence to the surface (see Fig. 4). At the same time,
this field stimulates the emergence of negatively
charged particles onto the surface.

The vertical electric field component in the atmo-
sphere E, = —d@/dz is determined by potential (2.5),

E(r,z) = (%[jl(r)—je(r, I,
s (g (2.10)
. _ JelT, 2 Z
Ji(r) = o(2) dZ[JG(z)] .
0 0

We assume that an extraneous current is formed as a
result of the injection of positively (j,) and negatively
(j,) charged soil aerosols into the atmosphere,

Je(X:,2) = J,(x,¥)5,(2) = Ju(x, ¥)s,(2),
5,(2z=0) =5,(2=0) = L.

The s,(2) and s,(z) functions describe the altitude dis-
tribution of extraneous currents. Substituting the
above equality into (2.10) yields an equation for the
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Fig. 5. Dependence of the f function on the vertical electric
field component on the Earth’s surface: (/) positively
charged particles and (2) negatively charged particles.

vertical electric field component on the Earth’s sur-
face, namely,

Eo(x,y) = alg[jl(x, )= ¥) + a1,

i y) = é[j,,(x, Wk, — (I, ],

EZO(X’ y) = Ez(xa Y. 2= O),

(2.11)

6y = 6(z=0), k,, jd G(Z)

Extraneous currents of positively and negatively
charged aerosols depend on the vertical electric field
component on the Earth’s surface as required by the
feedback mechanism,

Jp(X¥) = Jpo(X, ) F(E(x, Y)/E,,),
jn(x9 y) = jnO(x7 y)f(_Ezo(x7 y)/Ecn)v

where j,(x, y) and j,o(x, y) are determined by the inten-
sity of the injection of charged aerosols without the
influence of the field on them. Qualitatively, the
SIEHE,) function, which characterizes this influence,
should have the form shown in Fig. 5. It follows from
this figure that, after the negative field E, reaches its
critical value (E,,), it blocks the flow of positively
charged particles. Accordingly, a positive field blocks
the flow of negatively charged particles. The critical
field can be estimated in the order of magnitude from
the balance equation for viscous, gravity, and electro-
static forces,

E., = (6nMR,V-m,g)leZ,,

cp
E (6mMR,V —-m,g)leZ,,

cn
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where 1 is the viscosity of air, V is the velocity of the
upward movement of soil gases in earth, R, , is the

radius of aerosol particles, m,, , = (4/3)7:R2,nu is the

mass of particles, and W is their density. The viscous
force of soil gases that rise in the Earth acts on a particle
in an upward direction. The gravity force is directed
downward. The electrostatic force, which appears as a
result of the emergence of a positively charged particle
onto the surface, is directed downward. For simplicity,
we assume that positively and negatively charged aero-
sols have equal sizes and masses, E,, = E,,, = E,.. To per-
form calculations, let us specify the functional depen-
dence f on electric field as f = (1 + E/E,)""* (Fig. 4).
Using this dependence in (2.11) yields

o imtxn(-1)(1+ %Ziz)
e y>(k§" - 1)(1 _w) }

Given j,, and j,, this equation allows us to calculate the
vertical electric field component on the Earth’s surface.
After solving (2.12), we can determine the horizontal
distribution of the conduction current that flows from
the atmosphere into the ionosphere. It follows from
(2.11) and (2.12) that

EZO(x9 y) =

E.(x, 12
o(x )’)) kp

jl('xa y) = %[_]po(X,y)(l + 5

c

E.o(x, y))m
— 5 "n]

(2.13)
e y)(l -

c

Let us consider the dependence of the electric field on
the Earth’s surface on the extraneous current that gen-
erates this field. We assume that the altitude depen-
dences of extraneous currents and the conductivity of
the atmosphere are described by the equations

sp,n = eXp(_Z/hp,n)’ G(Z) = GOeXP(Z/h)’

where £, , is the vertical scale of the spatial distribution

of extraneous currents in the atmosphere. It follows
from (2.11) that

h hh hh,

- 2 - P - "
p=g- k Go(h, + 1)’ kn = S A )

Let us rewrite (2.12) in the dimensionless form

E 12 E 1/2
E.=-EJ|[1+ 20) —B( ZO)} ,
z0 cJ|:( Ec Ec

— p_kn.@
p_kpij
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The dependence of the vertical electric field component
on dimensionless current J on the Earth’s surface,

J = ij(p_kp)/GOEcp
= jpohp/GOEC(h+hp) = 0'8jp0/GOEC

is shown in Fig. 6. It follows from this figure that the
vertical electric field component does not exceed

E.,, = —-E.(1-B)/(1+B)

irrespective of the current value. The calculations were
performed for j,/j,0 = 0.64 and B = (h + h,)j,o/(h +
h,)j,o = 0.8. We then obtain E,,, = -0.2E,. Let us esti-
mate the critical field. With 1 =1.72 x 10 g/(cm s),
V=0.01 cm/s, R =5 x 107 cm, u = 1.5 g/cm?, and
Z =100, the calculations give E. = 0.015 CGSE =
450 V/m and 6,E, = 10 nA/m?. It follows that the verti-
cal electric field component on the Earth’s surface can-
not exceed the value E_,, = 90 V/m.

3. THE FORMATION OF EXTRANEOUS
ELECTRIC CURRENTS

Various mechanism can be responsible for the for-
mation of extraneous currents in the near-Earth atmo-
spheric layer [64—66]. One of these is the intensifica-
tion of the injection of charged soil aerosols into the
atmosphere or changes in meteorological conditions at
a stable altitude distribution of aerosols. It was men-
tioned in several works [41] that, several days before
the main seismic impact, the concentration of metal
ion-containing soil aerosols in the atmosphere can
increase by one or two orders of magnitude. The quasi-
stationary distribution of aerosols can be formed as a
result of turbulent transfer upward and gravitational
sedimentation. Turbulent transfer occurs because of a
vertical horizontal wind gradient when wind kinetic
energy transforms into the energy of turbulent pulsa-
tions and because of the thermal instability of the atmo-
sphere when a negative temperature gradient exceeds
its adiabatic gradient. Turbulent vortices transfer aero-
sols from altitudes where their concentration N is high
to altitudes with a low aerosol concentration. Equilib-
rium is attained when the vertical flux of aerosols is bal-
anced by their gravitational sedimentation at the rate w
(841,

Nw = -K Q]_\’
0z
Let us estimate the transport coefficient K of monodis-
perse aerosols. The rate of gravitational sedimentation
is proportional to the weight mg of an aerosol particle,
w = bmg, where m is the mass of the particle, g is the
free fall acceleration, b = 1/4nnR is the mobility of
aerosols [85], n is the viscosity of air, and R is the
radius of the aerosol particle. The data reported in [86]
show that the altitude distribution of soil aerosols can
be represented as N = Nyexp(-z/H,). It follows that the
effective turbulent transport coefficient can be written
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Fig. 6. Extraneous current dependence of the vertical elec-
tric field component on the Earth’s surface.

in terms of the scale of the altitude distribution of soil
aerosols, K = wH,,. Let us obtain an equation for extra-
neous currents formed by charged aerosols injected into
the atmosphere. The charge of an aerosol particle g in
the conducting atmosphere decreases with time
because of charge balancing by a conduction current.
The integration of the continuity equation dp/dt = —-VGE
over the particle volume yields

dq

— = -4nog.

dt 1

The rate of the vertical transport of aerosols is the sum
of the rate of gravitational sedimentation w and a ran-
dom component &(7) related to turbulent transport,

dz

T w+&(1).

The method for describing the dynamics of particles
determined by stochastic differential equations is based
on the use of the probability distribution function [87].
We assume that some system is characterized by the
“coordinates” x; found from the equations of motion

dx;
T a;(x;) + (1),

where (1) is a random function. Assuming that
Gi(1) =0, (&i(nE(r)) = 2D;8,8(t~1),

we can obtain the Fokker—Plank equation for the prob-
ability distribution function f(x;, x,, ..., f) of a random
process [87],

¥ e D . (. Of
Lo Y sr@n = Xar(osh)

The angle brackets denote statistic averaging. Let the
turbulent transport rate () satisfy the equation

(E(n)y =0, (&(NE(r)) = 2Kd(t—1").
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We introduce the distribution function f{q, z, t) of aero-
sol particles with respect to the electric charge and alti-
tude. This function has the meaning of the probability
that a particle has the charge ¢ at time ¢ and altitude z.
If K weakly depends on the altitude, the kinetic equa-
tion for the f distribution function takes the form
QO f

5

z

L& —ano) ) - (3.1)

Jat 0z
The space-time distributions of the concentration of
aerosols, N(z, 1), their electric charge density, p.(z, ?),
and extraneous current related to their motion, j (z, f),
can be written in terms of the moments of the f(g, z, 1)
distribution function,

oo

NGt = [f(g.20dq. paan = [af(q.2.0dg,

— —oco

(3.2)

jez 1) = =w [ af (.2, )dg

ap,
dz

[ 9.z
—quf(%—;t)dq=—pew—l(

The equation for the moments that follows from (3.1)
and (3.2) has the form

ON ON _ O°N 9p, dj.
—-w=— = K—, —+2 = —=—.
o Vo T RGE 3 TR = o)
The last equality in (3.3) is the equation

9P,

Y +4nop,+Vj, =0
in the one-dimensional approximation. This equation
describes the density of extraneous charges and current
in a conducting medium. Changes in the number of
extraneous charges in a distinguished volume are deter-
mined by two processes: (1) electromotive force-
induced transfer through the surface that bounds this
volume and (2) a decrease in the extraneous charge
caused by its relaxation into the environment with con-
ductivity ¢. For instance, if the total flux of extraneous
charges through the surface bounding the volume is
zero, Vj, = 0, the number of these charges in the volume
decreases according to the law p, -~ exp(—4mot). Extrane-
ous charges relax in a conducting medium in time
~1/4nc. If the process is fairly fast (t < 1/41G), charges
fail to relax, and the continuity condition takes the form
dp./ot + Vj, = 0. Otherwise, if extraneous charges are
formed at a low rate (¢ > 1/4no), the extraneous charge
density is related to the extraneous current as 4nGp, +
Vj. = 0. This equality means that, in the stationary state,
the disappearance of extraneous charges in the volume
as a result of relaxation is balanced by their transfer
through the boundary surface. We assume that the char-
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acteristic time of the processes under consideration is
longer than the relaxation time 1/47c. Equations (3.2)
and (3.3) can then be used to obtain the equation that
describes the altitude distribution of the extraneous cur-
rent in the quasi-stationary approximation,

k) - )iz t)}
dzl4no(z) Oz
w0t juz)
4no(z)K 0z K
If the vertical scale of changes in the concentration of
aerosols is smaller than the scale of conductivity

changes, estimates can be obtained by (3.4) with 6(z) =
G,. The solution to (3.4) then has the form

Je(z, 1) = j(0,t)exp(-z/H)),

(3.4)
0.

where
H; = 1/{(w/2K) + [(w/2K)? + 415/K]"2}.

In the quasi-stationary approximation, the altitude
extraneous charge distribution corresponding to the
extraneous current has the form

Pe(z, 1) = p.(0,t)[exp(~z/H;) — H;8(2)],

where 8(z) is the Dirac delta function. Extraneous cur-
rent and charge values on the Earth’s surface are deter-
mined by the equality

je(07 t) = 475609«:(0, t)HJ

It follows from the results obtained that extraneous cur-
rents and charges are distributed at lower altitudes than
aerosols are, because charged aerosols are transported
in a conducting medium and their charge relaxes. To
estimate the extraneous current value, we assume that
particles are injected with equal charges, g, = g_ = Ze,
where Z is the number of electrons. Let the relative
fraction of charged aerosolsbe A, _=N, _/N.The extra-
neous current on the Earth’s surface is determined by
the concentration of aerosols,

Jo(0,1) = 416, Ze(h, ~A)H,N(0,1). (3.5

It follows from (3.5) that, if A, > A_, the extraneous cur-
rent is directed upward. The field on the Earth’s surface
is directed downward.

4. ELECTRIC FIELD CALCULATION RESULTS

Let us consider electric fields generated by extrane-
ous currents related to the dynamics of charged aero-
sols in the lower atmosphere. We select the large-scale
axially symmetrical extraneous current distribution

2 2
Jr.2) = uoexp(~E Joxp( 5L ).
j l

Such a current distribution corresponds to the vertical
transport of aqueous aerosols in typhoon regions.
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According to (2.6), the potential of the ionosphere sat-
isfies the equation

1 9’ 9’ 2., .2
22 S8 - _penp(-25Y )
sin“ot dx~  dy l

La /h 74 172
A = JeOJ'eXP(—Z ys J dz_|
ZEPO 6(z) 06(1)
Let us pass to the dimensionless variables

E=x/l, =yl y=-¢lAl.
Equation (4.1) then takes the form
2 2
Loy, oy
an

4.1)

_ _E ),
Sin20ca§2 = exp(-§-n")

The Fourier transform of the y function

Uis.m) = [ W& n)exp(~isE)dg

dZ\TI s - S o
T2 = Jrexp(- - n)
dn” sin o

The solution to this equation, which decreases as
|E| — o, has the form

Tsino
K

\Tj(san) = - [g(n,s)"‘g(—n,s)],

1 s, Jsin ) ( sl )
= - + rf +1M |
g(s:m) 4exp(4tan2a sina.)S \Zsino n
The spatial distribution of the dimensionless potential
is determined by the inverse Fourier transform of this

solution. The electric field components satisfy the
equations

oo

E = Eosin(xJ-sin(sE_,)[g(n, s)+g(-m, s)]ds,
0

oo

E, = —E,[cos(s8)[g(n, 5) ~g(=n, $)Ids,  (42)
0
E, = -E/tano, E; = johlI2Zp(h+h;).
The horizontal electric field component in the iono-
sphere, E(r, ¢) = (Ei + Ef )1/2, calculated by (4.2) for

various ¢ = arctan(y/x) values is shown in Fig. 7. The
¢ = 0 angle corresponds to the magnetic meridian
plane, and the ¢ = 1/2 angle, to the transverse direction.
The calculations were performed using the altitude
dependence of atmosphere conductivity in the form
0(2) = oyexp(z/h). We then have A = j,oh;/2Ep(h + h)).
The extraneous current is induced because of vertical
atmospheric convection, which acts as an electrostatic
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Fig. 7. Dependences of the E, electric field component in
the ionosphere on the horizontal coordinate.

generator. Air moving upward transfers small posi-
tively charged particles, whereas gravitational sedi-
mentation transfers negative charges downward. The
index of charge separation in unit cloud volume is
dQ/dt =1 C/(km? min) ~ 10~!! C/(m? s). Clearly, vertical
convective movements in typhoon regions are charac-
terized by smaller indices; their values are not known
exactly. We assume that, at altitudes of z, = 10 km, the

mean charge separation index is of ~4 x 1072 C/(m? s).
Estimates then give j,, ~ (dQ/df)z, ~ 4 X 10° A/m?. The
plots presented in Fig. 7 were calculated for / = 100 km,
h=5km, h;=10km, X, = 10'2 cm/s, and o = 20°. The
calculation results show that the electric field compo-
nent in the magnetic meridian plane is much smaller in
magnitude than the component in the perpendicular
plane. The horizontal distribution of the radial electric
field component E, calculated by (4.2) for the same set
of parameters at various magnetic field tilt angles o is
shown in Fig. 8. It follows from this figure that the dis-
tribution depends on « substantially. The spatial struc-
ture of the field has two maxima with a very small com-
ponent in the magnetic meridian plane (in the center of
a typhoon) when the field tilt angle is smaller than 20°.

Seismic and volcanic activity is accompanied by the
injection of charged aerosols with soil gases into the
atmosphere. These aerosols form extraneous electric
currents. Feedback then appears between extraneous
currents and the electric field on the Earth’s surface.
Calculations will be performed using the horizontal
distribution of extraneous currents in the form

Jo(r) = jo0exp(=r1ry),  ju(r) = jueexp(=r’/ry),
jp() = 411:(508thle)0, jn()/jpo = 064
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Fig. 8. Spatial distribution of the horizontal electric field component in the ionosphere at various geomagnetic field tilt angles.

The altitude dependences of extraneous currents and
atmosphere conductivity are described by the equations

S, = €xp(=z/h,,), ©(z) = Gyexp(z/h).

Substituting (2.13) into (2.6) yields the following equa-
tion for the horizontal electric field component in the
ionosphere:

( 1 _8_2_ + a_z)(p (_x y) = _____1__
sinodx” 9y’ nr 2p%p
) Ez (r) 12 . Ez (r) 172
X[kapo(”)(l + EOCP ) —kano(’”)(l _Eo_m) }
4.3)
Ex(xa )’) = _a(Pl(xa y)/ax’ Ey(x7 Y) = _a(Pl(x7 )’)/a)’

The vertical component of the electric field in the
Earth—ionosphere layer reads as
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Fne) = (%[(%_SP(Z))JQO(F)(I ¥ Ej.g_(f_))”z

cp

_ (%’ — sn(z))jno(r)(l - E%p_(_’”_))l/z}

cn

The horizontal distributions of the vertical electric field
component on the Earth’s surface and horizontal elec-
tric field component in the ionosphere calculated by
(4.3) and (4.4) are shown in Fig. 9. The calculations
were performed for h, = 20 km, i, = 15 km, = 5 km,
1o =100 km, N,y = 8 X 10° cm™, Z, = 100, 6, = 2 X
104 s7!, £, =2 x 10" cm/s, and E, = 0.015 CGSE =
450 V/m. It follows from Fig. 9 that the horizontal field
component in the ionosphere reaches values on the
order of 10 mV/m, whereas the vertical field compo-
nent on the Earth’s surface is no larger than 100 V/m.
Calculations show that the field value on the Earth’s
Vol. 1
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Fig. 9. Spatial distributions of the (a) horizontal electric field component in the ionosphere and (b) vertical field component on the

Earth’s surface.

surface is limited substantially by its feedback rela-
tion with extraneous currents. The field in the iono-
sphere reaches a maximum at a distance on the order
of the size of the region covered by an extraneous
current. The horizontal size of the region where the
vertical electric field component on the Earth’s sur-
face is amplified is three times larger than the hori-
zontal scale of the distribution of extraneous cur-
rents. Inside this region, the field virtually does not
change as the distance varies.
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5. PLASMA AND ELECTROMAGNETIC EFFECTS
RELATED TO AN INCREASE IN ELECTRIC
FIELD IN THE IONOSPHERE

Electric fields in the ionosphere above the region
with intense seismic and meteorological processes
appear because of the flow of conduction currents in the
atmosphere—ionosphere global circuit. Their source is
large-scale extraneous electric currents formed by ver-
tical transport of charged aerosols in the lower atmo-
sphere in the region where these processes develop.
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Our calculations of electric fields are evidence that their
value in the ionosphere can be as high as several dozens
of mV/m units. Such fields can stimulate the develop-
ment of plasma and electromagnetic effects.

5.1. Instability of Acoustic-Gravitational Waves
and the Formation of Horizontal Conductivity
Inhomogeneities in the Lower lonosphere

An increase in the electric field results in the insta-
bility of acoustic-gravitational waves in the ionosphere
[69, 70]. This instability is related to the transformation
of the Joule heat of ionospheric currents into wave
energy. It is assumed that there is strong heat exchange
in a plasma, which equalizes the temperature of elec-
trons to that of ions and molecules. Such a plasma is the
commonly used model of the ionosphere with a station-
ary heat balance. This balance is responsible for its con-
stant temperature. According to [88], the ionosphere
can be treated as a continuous medium with a tensor
conductivity in the low-frequency approximation. The
propagation of small acoustic-gravitational waves in
this medium is accompanied by the perturbation of con-
ductivity and, therefore, currents. Under certain condi-
tions, these perturbations are sufficiently strong for the
Joule heat of perturbed currents to increase the ampli-
tude of acoustic-gravitational waves. The source of
energy for this instability is the electromotive force of
the extraneous electric field. Field energy transforms
into the energy of waves without disturbing the heat
balance of the medium. The stability of acoustic-gravi-
tational waves in an external electric field will be ana-
lyzed on the assumption that the magnetic field B is
directed along the z axis, and the electric field E, along
the x axis. We shall use the equations of motion, conti-
nuity, conservation, and ideal gas state in the gravita-
tional field g. The gas is characterized by the velocity v,
density p, pressure p, and temperature 7,

pdvldt = - Vp+pg+ (1/c)[jB],
op/dt+ Vpv = 0,
pc,dT/dt = dpldt+ JE, p = pRT.

We shall also use the Ohm law for the current density j
in the ionospheric plasma,

j =0E+0,E| +6,[BE|/B,
E, = E+[vB]/B.

Let us consider the horizontal propagation of a plane
wave along the x axis. Small velocity v, density p,,
pressure p;, and temperature 7, perturbations with
respect to their stationary values vy, P, po, and T, in the
isothermal conducting exponentially inhomogeneous
ionosphere satisfy the equations

p,(9/9t + w,)U = —0P/9x,
p,0W/ot = —9P/dz+ P/2H — gR,
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ORIt + p,(dU/dx + OW/dz— W/2H) = 0, (5.1)

(9/9t + ®,)[(9/dt — ®,) P — a’(d/dt + ®,)R
+(y-1Dgp,W]+ w,m,P + aZOJmu)IR = 0.

Equations (5.1) contain the field variables
172

U= (pO/ps)llzle’ W = (pO/ps) Vi
172

P = (pO/pa) pl?
R = (po/p,) *p1s po = piexp(—z/H),

where p; is the density of the atmosphere at some level
corresponding to z = 0. The notation used in (5.1) is

o, = 2o+ 1)(y- 1)6P0E2/2a2p0,
@, = Y(Y = 1)OpE 12a’°pq,

0, = GP0B2/62p0, Cl2 = YRT(),

m

where 7yis the ratio between the specific heat capacities,
R is the universal gas constant, and Gy is the Pedersen
conductivity of the unperturbed ionosphere. The
o coefficient characterizes the ratio between the rela-
tive changes in the density of ions and gas density in the
wave. If o = 0, conductivity perturbation is only deter-
mined by a change in the frequency of collisions
depending on the density and pressure (or temperature).
At o = 1, changes in the density of ions coincide with
the relative change in the density of the gas as a whole.
At o > 1, conductivity perturbation is largely deter-
mined by changes in the density of ions. In the lower
atmosphere, we have Gy, ~ p; the ®;, ®,, and ®,, values
are therefore independent of the altitude z. The equa-
tions given above then make up a system with constant
coefficients. The ®, value has the meaning of the ratio
between the specific power of currents caused by iono-
sphere conductivity perturbation in an electric field and
the energy density of the acoustic wave. It determines
the characteristic time of external field source energy
transformation into the kinetic energy of the wave. The
®,, value characterizes wave damping caused by mag-
netic viscosity.

Let us consider the appearance of instability for the
example of the horizontal propagation of a plane wave
along the x axis in a homogeneous medium, when the
term containing the free fall acceleration can be
ignored. We assume that the unknown values depend on
the coordinates and time by the law exp(—iw¢ + ikx). The
dispersion equation then takes the form

s o(w+in,)[o+i(on, - n,)]

. (5.2)
a [(D + ((Dm + ('01)]

The Fourier transform of the perturbation fixed in space
at the initial time contains components with real wave
vector values. The time dependence of perturbation is
determined by complex frequencies. If ® = o' + i,
Vol. 1
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where I' < ', Eq. (5.2) yields ®' = ak and I' = —(®,, —
o, — 0,)/2. If ®,, > , + ®,, then I' < 0 and the wave
turns damped. At ®, = ®, = 0, the damping of the wave
is determined by the parameter ®,, = GpyB?/c*py, which
characterizes induction deceleration; its value was
found in [89]. If ®,, < W, + ®,, we have I" > 0, which
corresponds to instability. The equality ®,, = ®, + ®,
determines the critical field value,

aB 2 172
5= e neerren) -

(5.3)

If the field is lower than critical, the initial perturbation
fades out, and if it is higher, wave amplification occurs.
Let us estimate E,. Substituting a = 3 X 10* cm/s, B =
0.3 Oe, c =3 x 10" cm/s, Y= 1.4, and o = 2 into (5.3)
yields E; = 2.6 x 10”7 CGSE = 7-8 mV/m.

Let us consider the horizontal propagation of an
acoustic-gravitational wave along the x axis on the
assumption that d/dz = 0. Substituting the exp(—iwt +
ikx) coordinate and time dependence of the unknown
values into system (5.1) yields the dispersion equation

(O

where Q)Z = yg/4H is the boundary acoustic frequency,
03; = (y— 1)g/yH is the Brunt—Vaiisala frequency, and

®; = 0.0 + 3)/y. At g = 0, (5.4) transforms into
Eq. (5.2), which describes the propagation of an acous-
tic wave in a homogeneous medium. Let us introduce
the complex refractive index k = (n + ix)®/c into (5.4).
If the electric field is such that absorption can be
ignored, we obtain from (5.4)

n(0) = ﬁ{mz(m)+Bz<w>]”2+A(co)}“2,
(5.5

1 2 2 12 12

#(0) = Grosl14%@) + B )" - A"

Equation (5.5) contains
A(®) = (0 — 0, ) (@ — @ ) — (0 — ©3)0,0,,
B(®) = (0 — ®, )0, + (07 — ®; )(® - 03 )0/,

Q(w) = {2[(w? - wz )+ wzoﬁ]}m.

The n = n(®) and » = »(®w) dependences calculated by
(5.5) in the vicinity of the ®, frequency are shown in
Fig. 10. It follows from this figure that the absorption
coefficient is negative and maximum in magnitude at
the @ ~ ®, frequencies. This means that the amplitudes
of waves with frequencies of about ®, exponentially
increase during wave propagation and rise above the
background to produce a periodic structure. Along with
density and pressure oscillations, conductivity oscilla-
tions occur in the wave. It follows that wave instability
is accompanied by the formation of horizontal periodic
ionosphere conductivity inhomogeneity with the scale
€ ~ /2, where A is the length of the wave with an ® ~ o,
frequency corresponding to the extremum » value. At
these frequencies, the refractive index reaches a maxi-
mum, n(®,), which means a decrease in the phase wave
velocity compared with the velocity of sound, v, =
a/n(®,) < a. The horizontal conductivity inhomogene-
ity scale is
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(g]_()z _ (o + im,,,){ooz[(n +i(m,—m)]-(0+ imm)wz + imz(og}

(o{(oz[(o +i(0,+0)]-(0+ icom)(oi,}
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(5.4)

€ =\2 =nv/o, = talon(o,). (5.6)

It follows that the instability of acoustic-gravitational
waves under the action of an external electric field
causes growth of plasma density perturbation and the
formation of horizontal conductivity inhomogeneities
with characteristic scale (5.6) in the ionosphere.

5.2. The Formation of Longitudinal Currents
and Plasma Inhomogeneities
in the Upper lonosphere and Magnetosphere

Horizontal conductivity inhomogeneities change
ionospheric electric fields and form plasma layers
along the magnetic field [69, 70, 90]. A high conductiv-
ity along magnetic field lines results in electric field
propagation into the upper ionosphere and magneto-
sphere. This causes the formation of an electric circuit,
which includes longitudinal currents that transfer the
electric field along magnetic field lines and longitudinal
current-closed transverse currents caused by Pedersen
conductivity. Note that longitudinal currents are carried
by electrons, whereas ions are transverse current carri-
ers. It follows that electric field propagation along mag-
netic field lines and the appearance of closure currents
are accompanied by local changes in plasma concentra-
tion. A conductivity change in the E ionosphere layer in
the presence of an extraneous electric field therefore
results in the appearance of an electric polarization
field. The propagation of this field into the upper iono-
sphere causes changes in plasma concentration at these
altitudes. Whereas an acoustic-gravitational wave prop-
agates along the x axis, conductivity inhomogeneities
related to its instability are extended along the y axis.
We assume that the electric field E is situated in the
(x, y) plane and the magnetic field B is directed along
the z axis. When a conductivity inhomogeneity with the
amplitude AGp ; moves in the E ionosphere layer in the
form of an isolated band of width € = A/2 extended
along the y axis, plasma inhomogeneities extended
along the magnetic field are formed in the upper iono-
sphere [91]. The horizontal velocity of band movement
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Fig. 10. Frequency dependences of the (a) refractive index
n and (b) absorption index x of the acoustic-gravitational
wave propagating horizontally in an electric field. Calcula-

tions were performed for y=1.4, g = 103 cm/s, H=10% cm,
Opo=5x10%s7, py=5x 10713 g/em?, E=3 x 1077 CGSE,
and 0, = 2 X 102 57!, Curve / corresponds to o = 0.2
(@/0, = 1.4 X 1072, w3/0, = 2.7), and curve 2, to o = 1
(@/0, =3 x 1072, 03/0, =3.9).

along the x axis coincides with the velocity of the
acoustic-gravitational wave and equals v, = a/n(®,,
;). The magnetosphere lies above the ionosphere. The
magnetosphere is characterized by the Alfven velocity
v, or wave integral conductivity X, = ¢?/4mtv,. The con-
ducting band in the E ionosphere layer results in the
appearance of the electric polarization field AE, which
is transferred along magnetic field lines into the upper
ionosphere and changes the plasma concentration in it.
Because ions can move in a horizontal direction in an
electric field, we can integrate the stationary continuity
equation for ions along x at the boundary of the band to
obtain N(v; — v,) = No(v;g — V), Where n, v; and n, v,
are the equilibrium concentrations and velocities of
ions inside and outside the band. The velocity of ions
can be determined using the equations of motion of ions
and electrons,

mdv,/dt = —eE —(e/c)[v,B]—mv,v,,
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where m and M are the masses of the electron and ion;
v, and v; are the frequencies of collisions of electrons
and ions; and v, and v; are the velocities of electrons
and ions, respectively. In the quasi-static approximation
(9/dr = 0), these equations yield

Vix = Vex(l - ViEx/miEyO)/(l + vlz/o‘)lz )7

where v,, = —E (/B is the drift velocity of electrons and

E.=E,, + AE, is the electric field inside the band. The

relative concentration is determined by the equation
N (1-VE JoEg) - (1 +Vio)v,/v,,

No  [1=Vi(E,+AE)®E, ) —(1+ Vo) v,/v,,

The electric polarization field of band E is determined
from the condition of the continuity of transverse iono-
spheric currents and longitudinal currents in every ion-
osphere layer [91],

E. = ZroEyo [(1 +

2P0+2w)Ex0 + Xp—Zpo
X, +X, }

2o Ey() 2o

where X, and X, are the integral conductivities of the
lower ionosphere, X, is the integral wave conductivity of
the magnetosphere, and X is the integral conductivity of
the upper ionosphere. This equality was obtained bearing
in mind that the conductivity of the upper ionosphere
was much lower than the conductivity of the E layer. The
relative change in plasma concentration in the upper ion-
osphere above the enhanced conductivity band in the
E layer is therefore determined by the equation

N _1+D-v,/v,
Ny 1+D,-v,/v,’
where
D, =V,E /0L, D,=V/0)[(Zpy+Z,)E/(Zp
+ ZW)E'yO + (ZH - 2:HO)/(ZP + Zw)]? Vex = _CEyO/B'
We assume that the electric field is directed along the x
axis; that is, Eq = 0. The equality %, = 2p, holds to a
fairly high accuracy in the ionosphere. If AXp/Zp, =
AGp/Gpy and V,cE o/, v,B < 1, the change in plasma
concentration AN = N — N, can be estimated by the
equation
AGpV,cE,
Cpo®,;V,B(2+AGp/Gpy)

AN _
Ny

This ratio tends to its limiting value

AN _ ViCEXO
N, 20v,B

_vien(0,)E,,
2m,aB

(5.7)

as the relative conductivity perturbation AGp/Gp
increases. Equation (5.7) can be used to estimate the
order of magnitude of the amplitude of plasma inhomo-
geneities caused by the perturbation of E ionosphere
level conductivity. The altitude dependence of ratio
(5.7) is described by the function v; = v,(z). It follows
Vol. 1
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that the appearance of a horizontal spatial structure of
the conductivity of the ionosphere results in the forma-
tion of plasma layers extended along the geomagnetic
field. The transverse size of these layers coincides with
the scale of the horizontal spatial structure of conduc-
tivity.

5.3. Electromagnetic Perturbations in the Extremely
Low-Frequency/Ultralow-Frequency Range

As was mentioned above, satellite data on strength-
ening of extremely low-frequency radiation on the eve
of an earthquake were reported repeatedly. Some mech-
anisms of the generation of such signals have been dis-
cussed during the past years (e.g., see [11, 17]). Calcu-
lations showed that these generation mechanisms
caused effects much weaker than those observed exper-
imentally over the spectral range covering several hun-
dred Hz. A new mechanism related to whistle-mode
radiation in the upper ionosphere generated as a result
of the transformation of pulsed extremely low-fre-
quency noise on small-scale conductivity inhomogene-
ities in the lower ionosphere was presented in [76].
Electromagnetic pulses in the extremely low-frequency
range are excited by lightning discharges and propagate
in the subionosphere waveguide with weak absorption.
The existence of small-scale plasma inhomogeneities
was substantiated experimentally in [14, 17]. The
mechanism of their formation is related to the instabil-
ity of acoustic-gravitational waves as the electric field
in the ionosphere increases [69, 70, 90].

The lowest eigenmode of the subionosphere
waveguide (the so-called TM mode) has the weakest
absorption at frequencies below 1 kHz and can there-
fore propagate through large distances. Because of the
high conductivity of the Earth near the Earth’s surface,
the electric field of this mode is directed vertically. A
horizontal electric field component appears as the alti-
tude increases. Its value approaches the amplitude of
the vertical component over the spectral range 100-
1000 Hz at altitudes of from 115 to 120 km, at which
the conductivity of the ionosphere is maximum. The
horizontal electric field component induces polariza-
tion currents on conductivity inhomogeneities. These
currents depend on the wave frequency and are sources
of extremely low-frequency waves that propagate in the
whistle mode into the upper ionosphere and magneto-
sphere along magnetic field lines. The horizontal Fou-
rier components of the E, , electric field of whistle
waves excited by the horizontal j, , polarization current
components related to conductivity inhomogeneities
satisfy the equation

82E o 4
2_E - _(.]x+ l.]))
07 e c

where E=E, +iE,,n = 0,/(00,)"” is the refractive index
of whistle waves 0, = (47'Ce2N/m)1/2 is the plasma fre-
quency, and ®, = eBO/mc is the gyrofrequency of elec-
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trons. The radiating currents are determined by the per-
turbations of the Hall and Pedersen integral conductiv-
ities,

= ASE)+ASLE), j, = AZ.E) - AT,E.,

where ES and E?, are the horizontal electromagnetic

noise components in the waveguide. This equation can
be used to find the spectral intensity of the electric £
and magnetic B fields of the extremely low-frequency
radiation in the upper ionosphere,

C
B = nE.

It follows from this equation that the intensity of radia-
tion depends on the frequency, because the horizontal
electric field components in the ionosphere and the
refractive index of whistle waves are frequency-depen-
dent.

According to the data reported in several papers [8,
12, 92], an increase in electromagnetic oscillations of
the noise character in the ultralow-frequency range (f =
0.01-10 Hz) can be observed in the vicinity of the epi-
center of the forthcoming earthquake. According to [8],
an increase in ultralow-frequency noise over the range
0.01-5 Hz was observed approximately 10 days before
an earthquake of an M ~ 7 magnitude at a distance of
about 50 km from the epicenter. The perturbation
amplitude was of 50-100% of the mean unperturbed
noise level. In [52-54], this phenomenon was explained
in terms of the suggested mechanisms of the formation
of sources of this radiation situated in the lithosphere
and related to earthquake preparation. In [77, 78], an
alternative mechanism of the generation of ultralow-
frequency oscillations was presented. This mechanism
should be taken into account to interpret land-based and
satellite data. It involves the generation of gyrotropic
waves in the lower ionosphere by a noise electromag-
netic field in the presence of ionosphere conductivity
horizontal inhomogeneities related to the instability of
acoustic-gravitational waves caused by an increase in
the electric field. These waves observed in [56] propa-
gate in a thin lower ionosphere layer over the Earth’s
surface in low and medium latitudes with weak damp-
ing and at phase velocities of from tens to hundreds of
km/s. Some geophysical effects related to the genera-
tion and propagation of gyrotropic waves in the hori-
zontally homogeneous ionosphere were considered in
[93-95]. A theory of these waves in the medium-lati-
tude ionosphere was developed in [96]. Various electro-
magnetic radiation sources generate electromagnetic
noise in the ultralow and geomagnetic pulsation fre-
quency range. Polarization currents appear in the
region of horizontal ionosphere conductivity inhomo-
geneities under the action of this noise. These currents
are the source of gyrotropic waves. The appearance of
such sources with a horizontal spatial scale of 10 km

L+ (EYN(AZ,) + (A1,
(5.8)
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results in the formation of narrow-band electromag-
netic radiation on the Earth’s surface with a character-
istic frequency of about 1-10 Hz.

The suggested mechanism of the formation of nar-
row-band radiation can be illustrated by considering a
simplified model of coherent radiation of gyrotropic
waves propagating in the horizontal direction parallel
with the geomagnetic field in a thin plane conducting
ionosphere layer. The conductivity tensor of the iono-

sphere can be written as 6 = 6, (z) + 6, (x, y, z), where
G, is the conductivity tensor of the unperturbed iono-

sphere and G, is its perturbation, and the electric field,
in the form of the sum E = E, + E,, where E,, is the field
in the absence of conductivity perturbations (G, = 0)
and E, is the field that appears in the presence of iono-
sphere conductivity inhomogeneities. We assume that
the perturbation is weak, |6| < |6,|, and ignore sec-
ond-order terms. The approximate equation for E; then
takes the form

41t . OE
[VIVE]+= I 760" =

4TC an
5

Let us introduce relative Hall and Pederson conductiv-
ity perturbations on the assumption that they are inde-
pendent of y and z,

h(x) = 05(x,2)/0po(2), p(x) = Opi(x,2)/0py(2).
In order to solve this system of equations, we shall use
the model of the ionosphere in the form of two layers
with different conductivity types [77]. According to this
model, Pederson conductivity is nonzero in the upper
layer and Hall conductivity is nonzero in the lower
layer. The equations are then divided into two systems
of equations each describing fields in the corresponding
layers. We assume that the unknown values depend on
the x coordinate and time ¢ as exp(—i®t + ikx). Exclud-
ing the E, component yields the equation for the E|
component in the layer with Hall conductivity,

TEn [(4"]‘:’) O1u(2) -k |E,,

dz c

- —2(4“]?) 620(2) fulk, 2).

c

The equation for the layer with Pedersen conductivity
is obtained the same way,

dzEyl N [47510)

- Grol2) - k}
Z

c

AMO () falk. ).

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

In these equations,

o

j exp (ikx)h(x)Eyo(x, 2, ©)dx,

—oo

Ju(k,2)

oo

[ exp(ikx) p(x) Eyo(x, 2, @)dx.

—oo

fP(k’ Z)

On the assumption that the width of the layers is much
smaller than the gyrotropic wave length, we can obtain
the boundary conditions for the E, field component and
its vertical derivative across the corresponding layer
after integrating these equations in z. By allowing the
distance between the layers to tend to zero, we obtain
the boundary conditions that relate the tangent electric
field component to its vertical derivative above and
below the ionosphere,

dEyl 1 (O] 2 .
{ dz } + e—az[(z) + l(,l)V:|Ey1
1

- _ e_f[z(%’)zf,,(k, 0) + iV £k, 0)],

(5.9

{E, } = 0.

Here, braces denote jumps of the corresponding values
in the passage through the ionosphere. The notation
used in (5.9) is as follows:

C2J.GP0(Z)dZ )
o _ c
V= = > a= o 1/2°
4n J Crodz 4n[€ j Gi,odzj
2
j oo(2)dz
£ = =
Oy

where G, is the maximum Hall conductivity value.
Using the solution for the electric field above and below
the conducting layer and taking into account boundary
conditions (5.9), we obtain

2
E(0,k) = —E,(0)—2 80
O —y(k)+ivok
. (5.10)
H(k) = J.a'xh(x)exp(ikx),

where 0)3 (k) =2€a*kf’. Let us write the relative Hall
conductivity perturbation in the form A(x) = C(x)coskyx,
where the C(x) = Aexp(—|x|/L) envelope changes slowly
Vol. 1
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over the scale A, = 27/k,,. The spatial distribution of the
scattered field spectrum is obtained by applying the
inverse Fourier transform with respect to k in (5.10) and
taking into account the quasi-periodic character of
changes in A(x),

B, (x, ®) _ (w/g)z ‘
B(®) Al +(qL)z{eXP(—le/L)[sm(kolxl)
—(gL)cos (kolx|) 1+ iexp[i(ky+ q)|x[1},

q = (o - (o(z] + ivmk(z))/2(oou.

5.11)

u = dog(ky)/dky, Q = (Liogu)"”,

Estimates show that a =4 x 10* m/s and v =2 x 103 m?/s.
Let us calculate the relative spectrum of the amplitude
of oscillations when the characteristic size of the per-
turbed ionosphere region, 2L, is of hundreds of kilome-
ters and the spatial perturbation scale d = A/2 = Tk, is
of tens of kilometers. We assume that L = 10° m, x =0,
and the relative Hall conductivity perturbation is A =
0.1. The |B,,(x, ®)/B,o(m)| relative spectrum of geomag-
netic oscillation amplitude perturbations calculated by
(5.11) is shown in Fig. 11. It follows from this figure
that the relative perturbation is maximum in the
ultralow-frequency range, and its value reaches 20—
25% of the unperturbed value in the epicenter. The per-
turbation amplitude at the maximum decreases as the
distance from the epicenter increases because of the
damping of gyrotropic waves. The frequency of the per-
turbation spectrum maximum decreases monotonically
as d increases.

The appearance of horizontal conductivity inhomo-
geneities in the ionosphere has a substantial influence
on the characteristics of geomagnetic pulsations of
magnetosphere sources in the ultralow-frequency
range. These pulsations recorded on the Earth’s surface
appear as a result of the transformation of guided
Alfven waves into electromagnetic vibrations in the
lower ionosphere when the waves propagate downward
from the magnetosphere. In addition, they transform
into an isotropic hydromagnetic wave, which propa-
gates upward into the magnetosphere from the region
of transformations. When horizontal conductivity inho-
mogeneities appear in the ionosphere, the processes of
transformation and field penetration in the ionosphere
change, which influences the characteristics of geo-
magnetic pulsations [97]. We assume that the homoge-
neous magnetosphere consisting of an electron-ion
plasma is bounded from below by a thin conducting
ionosphere. The Earth—ionosphere nonconducting
layer is bounded by the plane ideally conducting
Earth’s surface. In Cartesian coordinates with the z axis
directed downward, the homogeneous magnetic field B
is directed along the z axis. Let a thin conducting iono-
sphere layer characterized by the integral Pedersen
2p(x, 1) and Hall X,(x, f) conductivities,

2p (X, 1) = Xp o+ AXp (X, 1),
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Fig. 11. Relative spectrum of the amplitude of geomagnetic
oscillations constructed for different spatial scales of hori-
zontal ionospheric conductivity inhomogeneities: d = (1) 15
and (2) 30 km.

coincide with the z = 0 plane, and the ideally conduct-
ing Earth’s surface, with the z = /4 plane. We assume
that electric field wave components are independent of
the y coordinate. Because plasma conductivity along
the magnetic field is high, we have E_ ~ 0 for the vertical
field component. The electric field can be written in the
form

mdkm

E(x,z,t) = o ;l—?t)E(k,z,u))exp(ikx—icot).

oo

The tangent electric field component is zero on the ide-
ally conducting Earth’s surface, and the jump of the
tangent magnetic field component equals surface cur-
rent in the ionosphere. These boundary conditions were
used in [97] to obtain the integral equation for deter-
mining the horizontal electric field components in the
ionosphere,

K(k, ®)E(k, 0, ®)

T (5.12)

= 2kuE>,<(k)—4n—2(JJ CﬁAZ(k—k’)E(k’, 0, m),
¢ 2n
where
E
E = By, E, = | 7,

E, 0
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ko |k ke as o [AZe AT,
ky ks AZ, AZ,

kl = kp+kl+ikCOSh(kh), k2 = kP+kA’

kP,H = 4752}’,1-1(0/6'2, ky = 47'CZA0)/CZ,

¥, = ¢’l4Tu.

Here, u = By//4mp is the Alfven velocity, p is the den-
sity of the magnetospheric plasma, and E,, is the ampli-

tude of the incident guided Alfven wave. The magnetic
field of pulsations on the Earth’s surface is calculated
by the equation

b.(k, h, ») = —i{k/[wsinh(kh)]}E,(k, 0, ®). (5.13)

Let the distribution of the amplitude of the incident
guided Alfven wave along the x coordinate be E.(x) =
E.exp(ikx). Substituting the solution to (5.12) for
small conductivity perturbations into (5.13) and apply-
ing the inverse Fourier transform, we obtain

B ickkyk, . .
b.o(x, h,w) = ZE*a)x(kx)sinh(kxh)eXp(lkx —iot),
LK 5 kexp(zkx imt)
b (x, h,®) = 4E," _[d s Osondy. O

X{AZp(k -k )M, (k) - A2y(k—k )M, (k,)},

where
MM)=%%@%MHML
Lk, (k, — 2],

My(k) = x(k) = ky(k)ky + k.

(k )
The index 0 labels the unperturbed field component val-
ues, and the index 1, their perturbations.

Let us consider the influence of ionospheric pertur-
bations on the parameters of the geomagnetic pulsa-
tions of a magnetospheric source for the example of
moving conductivity inhomogeneities. According to
[98], ionosphere inhomogeneities cause substantial
perturbations largely of Pedersen conductivity. We can
therefore leave the first term only under the integral
sign in (5.14). The spatial distribution that models ion-
ospheric conductivity perturbation will be written as

2

k _ 2
ASp(x) = 2A2P0[cos o (p] exp( X 2),
2 4L

where AYp, is the mean amplitude of perturbations, k,
is the wave number of periodic perturbations, ¢ is their
arbitrary phase, and L is the horizontal spatial scale of
the perturbed region. Let us determine the relative spec-
tral distribution of the amplitude of geomagnetic pul-
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sations on the Earth’s surface averaged over the period
of oscillations in the form B(w) = ({|b./b,o|*)"?. Equa-
tion (5.14) gives
fufat fs

f1+ 13

172

B(Q) = 1-¢

(5.15)

I,

12

in the center of the perturbed region at x = 0. Here,

A, Zp
= - = 1 2'—

R S S E S T
b, T _ <
2T, I+ Z) TN dmu’

Q=9 ¢, = k.h.
u

The M (x) function in (5.15) is the unit function, N(x =
0) =1, and n(x < 0) = 0. It follows from (5.15) that
Blw=0)=1-¢, B(®— ) =1-¢(a, + D/(a, + 1),
and P(w) decreases as the frequency lowers. In the
nightly ionosphere with X5, < X,, we have € = AX,/Z,,
a; = 1, and a, < 1. In the daytime ionosphere with
Zpo > Xy, € < AXpy/Z, and @, = a, > 1. The depen-
dence of B on v = /2w calculated by (5.15) for the
nightly ionosphere is shown in Fig. 12 (solid line). The
following values were used in the calculations: h =
100km, 2, =0.39S,%,=043S,2,=0.19 S, AZ, =
0.22 S, and the characteristic horizontal scale of
changes in the incident wave field A, = 1000 km. For
comparison, calculations for wave passage through the
vertically stratified ionosphere under normal wave inci-
dence conditions are also shown in Fig. 12 (dashed
line). The frequency dependences are similar for these
models. The calculated values deviate from a smooth
curve in the second case because of a finite ionosphere
thickness. Calculations show that the appearance of
conductivity inhomogeneities in the nightly ionosphere
decreases the amplitude of geomagnetic pulsations as
the frequency increases, whereas, under daytime condi-
tions, their amplitude changes insignificantly.

5.4. Perturbation of the lonosphere

The heat flux ¢ emitted by a thin conducting layer
with the integral conductivity X in the horizontal elec-
tric field E equals g = XE? in the order of magnitude.
With £ =3 x 10'2-3 x 103 cm/s and E =6 mV/m =2 X
107 CGSE, we obtain g = 0.1-1.0 erg/(cm2 s). One of
the main sources of ionosphere heating is short-wave
solar radiation (A < 1026 A) [99]. The supply of heat
caused by the absorption of this radiation at an altitude
Vol. 1

No. 2 2007



PLASMA AND ELECTROMAGNETIC EFFECTS IN THE IONOSPHERE RELATED 157

above 100 km is approximately several erg/(cm? s).
Depending on the solar cycle, it can change several
times in either direction. It follows from the estimates
made above that the Joule heat of ionospheric currents
in the region of earthquake preparation constitutes a
substantial fraction of the total heat balance of the ion-
osphere. It follows that this source of heat has a deter-
mining action on the state of the ionosphere. Heating
the ionosphere by currents increases the scale of the
altitude distribution of the ionosphere components and,
therefore, the altitude F2 layer profile. Apart from the
other possible mechanisms, this mechanism should
contribute to the observed ionosphere response to the
processes of earthquake preparation [80].

The ionosphere is isothermal at altitudes exceeding
200 km, and there is a positive temperature gradient
over the altitude range 100-200 km. Because of heat
conductivity, the presence of the temperature gradient
generates a heat flux directed downward. The Joule
heat source is localized in the lower ionosphere layers
(120-150 km). The heating of the upper ionosphere
layers situated above the current layer can then only
occur if gases move in the vertical direction. This effect
can be estimated using a simple model of the release of
the Joule heat of ionospheric currents in a thin layer
coinciding with the (x, y) plane and situated at the
height z = z;. The magnetic field is directed along the z
axis. The stationary one-dimensional movement of a
gas in the plane-layered inhomogeneous ionosphere,
which appears because of the action of a heat source, is
then described by a system of equations of motion, con-
tinuity, heat transfer, and state,

dpv _

dv dP
av._ _ab apv p = kB=
pvdz dz P dz 0, kM’

dT _ d dT
PV = CTZ[%(T)d—Z}wS(Z—Zl),

where p, P, T, and v are the density, pressure, tempera-
ture, and velocity of the gas and d(z — z;) is the Dirac
delta function. In these equations, g is the free fall
acceleration, c, is the heat capacity at a constant pres-

sure, k is the Boltzmann constant, »(7) = v €pc,/3 =

%9/ 1/T is the heat conductivity coefficient, T}, is the
temperature of the atmosphere close to the Earth’s sur-
face, v = (8kT/mM)'? is the mean velocity of mole-
cules, € is the free path of molecules, and ¢y, is the heat
capacity at a constant volume. This system of equations

can be used to determine the altitude temperature distri-
bution

T(z) = Toll = (JT\/To-1)2lzy I M(z-2y)
+TM(z;-2),

where Nn(z) is the Heaviside unit function. The
dependence of the temperature 7, of the isothermal
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Fig. 12. Relative spectral distribution of the amplitude of
geomagnetic pulsations on the Earth’s surface when hori-
zontal conductivity inhomogeneities appear in the nightly
ionosphere. The solid line is the model of the oblique inci-
dence of an Alfven wave onto a thin conducting ionosphere
layer, and the dashed curve is the model of the normal inci-
dence of an Alfven wave onto the ionosphere of a finite
thickness.

ionosphere on the heat flux ¢ is described by the
equation

To\N T,

It follows from the continuity equation that the mass
flux I, = pv = const is constant and independent of z. Its
dependence on the temperature 7; of the ionosphere is
determined by the equation

):ﬂ_ g* :%fﬁ_T_O.
q* 4

A gas is gradually heated as it approaches the z = z;
plane where the source of heat is situated. As a result,
the flux of heat transferred by the moving gas increases.
At 7 < z;, this flux is balanced by the heat flux caused
by heat conductivity. At z > z;, the heat flux caused by
gas movement remains constant. This process charac-
terizes heat exchange in the upper atmosphere and
determines the altitude temperature distribution in it.
The ¢ — 0 approximation corresponds to the transi-
tion to the isothermal atmosphere 7y — T, in which
there is no vertical mass transfer, I, = 0. The vertical
mass transfer velocity satisfies the inequality v <

@ , where H = kT/Mg. The left-hand side of the
equation of motion can then be ignored, and the density
can be determined using an approximate hydrostatics
equation. The model of the heat balance of the iono-
sphere based on its heating by the vertical mass flux as
a result of heat release in its lower layers can be used to
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determine the temperature as a function of the heat flux.
This flux is the sum of the heat released in the absorp-
tion of solar radiation predominantly in the lower iono-
sphere layers and the Joule heat of ionospheric currents
flowing at approximately the same altitude.

Changes in the altitude distribution of ionization in
the ionosphere at a given spatial electric field inhomo-
geneity on the Earth’s surface were considered in [100].
It was assumed that the modification of the ionosphere
was caused by plasma drift. As follows from the elec-
trodynamic model, an increase in the electric current
and field in the ionosphere above a seismic region and
plasma drift increase the release of Joule heat. The ver-
tical flux of neutral particles related to heat release in
the lower ionosphere and an increase in the temperature
of the ionosphere influence the formation of the F2
layer [80]. This influence is caused by collisions
between ions and neutral particles and an increase in
the vertical scale of their altitude distribution. The dif-
fusion and photochemical processes play approxi-
mately equal roles at the layer F maximum. In its upper
region, the altitude distribution of ions is largely deter-
mined by diffusion. The relation between the velocities
of ions, v;, and molecules, v, is found from the station-
ary equations of motion

eNE—-kTdN/dz—mNg + mNv (v;,— v,)

+mNv,,(v,-v,) =0,

—eNE —kTdN/dz — MNg —mNV,(v,— v,)
+MNV,-n(Vn—Vi) = Oa

where v, is the frequency of collisions between parti-
cles a and b. As v, ~ v, the conditions m < M and
mv,,/JMv,,(m/M)'? < 1 yield

v; = v, — D(dN/Ndz + 1/2H),

where D = 2kT/Mv;,, is the ambipolar diffusion coeffi-
cient and 7 is the temperature of the ionosphere. This
equality allows the flux of ions G = v;N to be written as

G =-D(dN/dz + N/2L),

where L = H/(1 —v,,v,/g). Because v,, ~ p and v, ~ 1/p,
L is independent of z.

The character of F2 layer modification can be deter-
mined using the model of the daytime ionosphere
[101]. According to [101], the role played by diffusion
in the formation of the upper F2 layer region can be
analyzed ignoring recombination. This approximation
significantly simplifies calculations, but the main qual-
itative characteristics of the upper ionosphere remain
unchanged. The concentration of ions is determined by
the equation [80]

d?N/dz* + [2L + H)/2LH]dN/dz + NJ2LH
+ (Ao/Do)exp[—2(z — hy)/H] = 0,
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where A, and D, are the ion formation function and dif-
fusion coefficient at some altitude s, below the altitude
of the F layer maximum. The 4, altitude corresponds to
the level where the roles played by recombination and
diffusion become equal. Below A, photochemical equi-
librium is observed. At z > h, the solution to this equa-
tion has the form

y = Moy 2LH(G+ 1/M)
=B, ¥ T aL-mp,

where [ is the linear recombination coefficient at the
h, altitude,

U(z) = (1 + d)exp[—(z — ho)/2L] — dexp[-2(z — ho)/H];
0 =2LH?*B,/(4L — H)D,;
V(2) = expl—(z — ho)/2L] — exp[—(z — ho)/H].
At z < hy, we have

_ 7&0 Z—ho
N = ECXP(T)

The calculated altitude profile of the F ionosphere layer
is shown in Fig. 13. It follows from this figure that an
increase in heat release in the lower ionosphere
increases the height of the layer maximum and
decreases the concentration of electrons at this altitude.
The modification of the altitude distribution of the con-
centration of ions occurs in such a way that this concen-
tration increases in the upper ionosphere. An increase
in the concentration of [O*] atomic oxygen ions, which
are the majority ions in the upper ionosphere, at these
altitudes should be accompanied by an increase in the
concentration of light ions. It is important for the for-
mation of hydrogen ions that the ionization potentials
of atomic oxygen and hydrogen are almost equal. This
means that the resonance charge exchange reaction O* +
H — H* + O occurs easily. It was for the first time
shown in [102] that the distribution of the concentration
of hydrogen ions [H*] in the upper ionosphere should
obey photochemical equilibrium laws. The resonance
recharging reaction establishes this equilibrium in such
a way that the ion concentrations satisfy the equality
[H*] = (9/8){[H]/[O]}[O"]. This means that an increase
in the concentration of atomic oxygen ions in the upper
ionosphere should be accompanied by an increase in
the concentration of light ions.

Along with the rearrangement of the altitude profile
of the higher ionosphere above a seismically active
region, we observe lower ionosphere perturbation with
the formation of sporadic layers [103, 104]. The critical
frequency of the sporadic E layer, f,E,, reaches 8-
9 MHz in daytime. This value corresponds to a concen-
tration of electrons of 10% cm=. High-altitude rocket
measurements in the medium-latitude ionosphere
showed that the concentration of electrons in the spo-
radic layer was 2 X 10° cm™, and the electric field in

V(z),
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this layer reached 10 mV/m [105]. A model of the for-
mation of an anomalous sporadic E layer based on the
effect of the atmospheric electric current flowing into
the ionosphere was considered in [106]. This current
stimulates the appearance of a longitudinal current,
which flows from the ionosphere into magnetosphere,
and transverse current, which flows over the conducting
ionosphere layer. The atmospheric current transfers
ions into the ionosphere, and the longitudinal current,
which balances electric charge, transfers electrons into
the ionosphere. As a result, plasma concentration in the
lower ionosphere increases. The ionosphere electric
field in the vertical magnetic field (o0 = m/2) is described
by the equation

2V [2(x, ME@, Y)] = ji(x, ).

The j,(x, y) =j(x, y, z=z;) conduction current that flows
into the ionosphere transfers positive ions moving in
the atmosphere upward. The source of the conduction
current is an extraneous current formed in the lower
atmosphere as a result of the transfer of charged aero-
sols. Longitudinal current electrons move downward
from magnetosphere to meet positively charged ions
that move from the atmosphere. These particles
increase the plasma density in the lower ionosphere. In
the stationary approximation, the concentration of ions
in the lower ionosphere is given by the equation

g—-YN° - VNv = 0, (5.16)

where g is the rate of lower ionosphere ionization, 7 is
the recombination coefficient, and v is the drift velocity
of ions in the electric field. The yN? term in (5.16)
describes particle loss in the lower ionosphere. Let us
consider the equation of motion of the ions related to
the j; = eNv horizontal ionosphere current,
¢E+°[VB]-Mvv = 0,
where e is the charge of the electron, E is the horizontal
electric field component, c is the velocity of light, M is
the mass of the ion, and v is the frequency of collisions

between ions and molecules. This equation yields the
Ohm law in the form

ji = €NV = GPE’

f@ =B/ + B,
where B = ®,/v and w; = eB/Mc is the gyrofrequency of
ions. Outside the perturbed region, (5.16) takes the

form g — yN(2) = 0. For the axially symmetrical electric
current distribution in the atmosphere j, = j,(r), we
obtain

6p,=8f(@N, g= ez/M(’)iv

E(r)jdzf(z)N(r, 7) = %Wj.r’jl(r')dr',
0

2
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Fig. 13. Altitude profiles of the F ionosphere layer corre-
sponding to two heat flux values released in the conducting
ionosphere E layer when an electric current flows in it.
Curve [ corresponds to the unperturbed ionosphere state
with an electric field of 3 mV/m, and curve 2, to the iono-
sphere perturbed by electric field growth up to 9 mV/m.

Y[Ng(z) - N*(r, 2)]

gf(z){E( D) 4w, o LED 4

(5.17)

i

Nonlinear equations (5.17) were used to calculate
the spatial ion concentration and electric field distri-
butions. The spatial electron concentration distribu-
tion for electric current flowing into the ionosphere
is shown in Fig. 14. The corresponding horizontal
distribution at the lower ionosphere boundary was
selected to be
W) = joexp(r' 1), r = x4y’

The calculations [106] were performed for j,, = 2 X
10°A/m?> and € = 100 km. The calculation results
show that atmospheric electric current flowing into the
ionosphere causes the appearance of a layer with an
enhanced concentration of electrons in the lower iono-
sphere.

Note that, along with molecular ions (NO*, O,

O;* ), long-lived metal ions (Fe*, Mg*) exist in the
lower atmosphere. The concentrations of molecular
ions (N), metal ions (), and electrons (1) can be found
using the equations

No.2 2007
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Fig. 14. Spatial distribution of the concentration of electrons in the lower ionosphere when an electric current flows into it from the
atmosphere.
ON dN,
W"‘VNVZQ_'YN”’ d—Z=—P(Z)N1, g-YN(N+N,) =0,
oN, E
— — e cos X
—E')'i""VNlVl =¢,-Y\Nin, n=N+N,, p(2) = T — [ - +B(z)Ey].
1 +B7°(z)sin" LS

where g and g, are the effective ion formation rates and
Y, ¥; and v, v, are the recombination coefficients and
velocities of molecular and metal ions, respectively.
The lifetime of metal ions is much longer than the life-
time of molecular ions. This equation can therefore be
simplified in the stationary approximation as

V(val) = O, n = N+N1 (5.18)

The mean velocity of metal ions (v,) is found using the
equation [107]

q—-YNn = 0,

dv

1
NlMld_tl = Nle{E+E[V1B]}—Vp1—N1M1V1V1,

where M, and T is the mass and temperature of metal
ions, v, is the frequency of collisions of metal ions and
molecules, and p = N,kT (k is the Boltzmann constant).
For slow processes, we have

B, e [E*B] ,2B(E*B)
= ¢ lgx
Vl 1+B%M10~)1 +Bl B + 1 Bz )
oy (5.19)
kT 1 eB 0,
* = _— = — = —
E E e Nl 5 (01 MIC, BI(Z) V](Z)

in the stationary approximation. Equations (5.18) and
(5.19) in conjunction with yield [106] the condition of
disappearance of the longitudinal electric field in the
ionosphere, EB = 0,
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A solution to this equation has the form

Ni(2) = Nmexp{—jpmdz},

2

12

o = O

(5.20)

}Nl(z)dz = N,

21

where N is the total content of metal ions in a column
of unit cross section. This equation can be used to cal-
culate the altitude distribution of the concentration of
metal and molecular ions at a given electric field distri-
bution in the lower ionosphere. The potential of this
field @, (x, ¥) = ¢,(x, y, z = z;) satisfies the equations

2V [Ee(x, y, )V 9,1 = —ji(x, y),

$ = EP/sinzoc X/ sino

’

—Xylsino Xp

where j,(x, y) is the horizontal distribution of the con-
duction current flowing from the atmosphere at the
Vol. 1
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Fig. 15. Altitude distribution of the concentration of elec-
trons in the lower ionosphere under the action of metal ions
in an electric field; the dashed line is the altitude distribution
of molecular ions; o = 40°.

lower ionosphere boundary. This equation is simplified
in the horizontally homogeneous ionosphere,

1 99, ¢, 1,
+ = J1(x%, y),
sino. 0x 9y’ 2%,

O(x,y,2) = O[x—(z—2z¢)tana, y, z;].

Equation (5.21) can be used to calculate the spatial
electric field distribution in the ionosphere. The alti-
tude distribution of the concentration of electrons
calculated by (5.20) and (5.21) with the use of the
IRI-90 ionosphere model is shown in Fig. 15. In
Fig. 16, the calculated horizontal distribution of the

(5.21)

i
150
v, km

——

100

5.0E + 004 2.5E + 005 4.5E + 005
n,,, cm=>
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height of the electron concentration maximum is pre-
sented. It follows from the results obtained that the
presence of metal ions in the lower ionosphere
causes the appearance of a thin (about 3 km thick)
electron concentration layer when electric current
flows into the ionosphere. This layer is recorded as a
sporadic E layer.

6. AN ELECTRODYNAMIC MODEL
OF ATMOSPHERE-IONOSPHERE COUPLING

According to the electrodynamic model, an increase
in the electric field in the ionosphere can be caused by
an increase in the conductivity of the lower atmosphere
as a result of intense radioactive substance outbursts
from a seismic focus at the stage of earthquake prepa-
ration. Such outbursts have been repeatedly observed
several days or weeks before the main seismic impact.
The time dependence of the concentration of radon in
soil gases and natural water was measured in [43]. An
intense burst of radon was observed approximately a
week before the earthquake. The concentration of
radon then increased by factors of 2.5 and more than
1.5 in gases and water, respectively. Measurements
were taken at a distance of 300 km from the epicenter.
The concentration of radon was also measured in [44]
(see Fig. 17). According to [44], the concentration of
radon increased approximately fourfold during five
days before an earthquake. It is noted in [44] that a sta-
tistical analysis of the data obtained during three years
of observations for about 300 micro earthquakes (M < 4)
in south-east Germany shows that 75% of the earth-
quakes were preceded by a substantial increase in the
concentration of radon. It can be suggested that, simul-
taneously with radon, other radioactive elements are
injected into the atmosphere. In addition, such injec-
tions should not necessarily be related to radon. An

200

50

6.5E + 005

Fig. 16. Spatial distribution of the maximum of the electron concentration layer; o = 40°.
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Fig. 17. Time dependence of the concentration of radon in
natural water. The symbol corresponds to the earthquake
instant.

increase in the concentration of soil aerosols containing
metal ions in the atmosphere related to seismic activity
was reported in several works [33, 41]. It follows from
the model under consideration that these processes,
which are responsible for extraneous currents and
increase the conductivity of the lower atmosphere,
cause an increase in the electric field in the ionosphere.
This suggestion finds support in the data obtained in
[108] after the Chernobyl accident. It was found that
intense injections of radioactive substances into the
atmosphere were accompanied by changes in the phase
and amplitude of superlong wave signals along the
propagation path crossing the accident region. The cal-
culations performed in [109] show that such perturba-
tions of the characteristics of the propagation of super-
long wave signals can appear because of electric field
growth in the ionosphere.

According to the calculations mentioned above,
changes in the electrophysical state of the lower atmo-
sphere cause an electric field increase in the ionosphere
and stimulate several effects observed experimentally.
An example is the satellite observations reported in [3,
14]. The data on ultralow-frequency geomagnetic field
oscillations over the frequency range 0.1-8 Hz and the
vertical quasi-stationary electric field £ component
obtained on the Interkosmos-Bolgariya 1300 satellite
during 15 min before the earthquake of January 12,
1982 at 17.50.26 UT [3] are shown in Fig. 18. An
increase in the electric field to 3—7 mV/m and the
appearance of ultralow-frequency geomagnetic field
oscillations with an amplitude of 3 nT were observed in
two regions, above the epicenter and in the magneti-
cally conjugated region. The results of extremely low-
frequency/very low-frequency measurements aboard
KOSMOS-1809 near Spitak showed [14] that intense
extremely low-frequency radiation was generated over
the longitude range <6° and latitude range 2°—4° about
the epicenter. The intensity of radiation was about
10 pT at a 140 Hz frequency (a 25 Hz band) and about
3 pT at 450 Hz (a 75 Hz band). In the same region,
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Fig. 18. Ultralow-frequency geomagnetic field oscillations
and vertical quasi-stationary electric field component
recorded on the Interkosmos-Bolgariya 1300 satellite. The
upper part is a map of the trajectory portion over which
measurements were taken.

small-scale (4 to 10 km along the orbit) plasma density
inhomogeneities with the relative amplitude AN/N = 3—
8% were observed. These inhomogeneities were
induced in the same regions as anomalous extremely
low-frequency radiation. An example of such measure-
ments is shown in Fig. 19. The existence of plasma den-
sity perturbations above seismically active regions was
substantiated in [32]. An increase in the ionosphere
electric field observed above the region of earthquake
preparation results in the instability of acoustic-gravita-
tional waves [69, 70]. The development of instability is
accompanied by the appearance of horizontal iono-
sphere conductivity inhomogeneities, whose interac-
tion with the electric field in the ionosphere is a source
of radiation of guided Alfven waves into the magneto-
sphere. These waves form longitudinal electric currents
and plasma layers extended along the geomagnetic
field. The transverse spatial size of these layers coin-
cides with the scale of the horizontal spatial structure of
conductivity. Let us consider numerical estimates. At
an altitude of 1000 km, the summed frequency of ion
Vol. 1
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Fig. 19. Density fluctuations and extremely low-frequency radiations recorded on the Kosmos-1809 satellite on January 20, 1989.
The dashed lines bound the perturbed ionosphere region. The arrow marks the instant of satellite crossing the epicenter.

collisions with ions and molecules is v, = v, ;, ~ 0.5 s™!
[110], and the gyrofrequency of ions is ®; ~ 30 s~!. For
the velocity of sound a = 3 X 10* cm/s, perturbed elec-
tric field value E =9 mV/m =3 x 10’ CGSE, B =0.3 Oe,
n= 1-10, and ®,= 2 x 102 s, we obtain € =~
na/w,n(w,) = 4-40 km and AN/N, = 1.6-16%. When a
satellite moving at the velocity v, ~ 10° cm/s crosses
plasma inhomogeneities of horizontal scale € ~ 4—
40 km, plasma density fluctuations with the period
At=4L/v, = ma/von(o,) ~ 044 s are observed.
Because these inhomogeneities are formed by longitu-
dinal currents, geomagnetic oscillations with the same
period are recorded when they are crossed by a satellite.
Their amplitude b is b = (7t/c) EXpg|ACp/(26 py + AGp)] ~
5 nT. These estimates are in agreement with the satellite
data. To summarize, the effect of crossing longitudinal
currents by a satellite moving at the velocity v; is
recorded as density fluctuations and ultralow-frequency
geomagnetic field oscillations with equal periods. A
scheme of such measurements is shown in Fig. 20.

Geomagnetic oscillations in this frequency range
are recorded on the Earth’s surface in regions of earth-
quake preparation [12, 93]. Along with oscillation
sources that appear in seismic focus formation regions,
there are sources situated in the ionosphere. These are
polarization currents related to the appearance of hori-
zontal conductivity inhomogeneities and their interac-
tion with the background electric field. This interaction
generates gyrotropic waves, which propagate in the
horizontal direction and form geomagnetic oscillations
in the ultralow-frequency range on the Earth’s surface
[77, 78]. The relative perturbation spectrum of geomag-
netic oscillations is shown in Fig. 11. Relative perturba-
tion has a maximum in the ultralow-frequency range,
and its value amounts to about 40% of the unperturbed
value. The frequency at the maximum decreases as the
horizontal scale of inhomogeneities increases. The
amplitude of perturbation at the maximum decreases as
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the distance from the epicenter increases because of the
damping of gyrotropic waves. The appearance of inho-
mogeneities in the night ionosphere causes geomag-
netic pulsation depression in the ultralow-frequency
range; these pulsations appear because of the incidence
of guided Alfven waves from magnetosphere sources
situated above [97]. According to [76], extremely low-
frequency emission in the upper ionosphere arises
when pulsed electromagnetic radiation from lightning
discharges propagating in the Earth—ionosphere
waveguide is scattered by lower ionosphere conductiv-
ity inhomogeneities. The amplitudes of whistles in the
upper ionosphere vary substantially depending on
lightning activity. The magnetic field of whistles
reaches a maximum of B = 1-2 pT over the frequency
range 200-500 Hz. These characteristics correspond
with the experimental data [4, 13, 14]. The estimates of
the characteristic transverse size (~10 km) and plasma
layer density inhomogeneities (AN/N, ~ 10%) obtained
earlier led the authors of [111] to suggest that small-
scale plasma structures excited this way could play the
role of waveguides or ducts that canalized whistle
waves along the external Earth’s magnetic field. The
ducts are plasma inhomogeneities extended along the
geomagnetic field. Their transverse spatial scale is of
about 10 km, and the relative change in the plasma den-
sity above the background value is of about 10%. The
appearance of such structures above the epicenter
region in the ionosphere increases the probability of the
emergence of magnetospheric whistles into the Earth—
ionosphere waveguide and changes the dispersion char-
acteristics of signals recorded on the Earth’s surface.
The influence of seismic activity on the propagation of
magnetospheric whistles was observed in [10]. The sta-
tistical analysis performed there showed that the char-
acteristics of the anomalous propagation of whistles at
medium latitudes, such as an increase in dispersion and
appearance frequency, were consequences of seismic
activity. Possible mechanisms of this influence were
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Fig. 20. Scheme of satellite observations of (a) plasma density inhomogeneities and (b) ultralow-frequency geomagnetic field oscil-
lations: (/) horizontal ionosphere conductivity inhomogeneities, (2) plasma density inhomogeneities extended along the geomag-

netic field, (3) longitudinal electric currents, and (4) satellite.

discussed in [10]. It was, in particular, suggested that
seismic activity influenced the trapping of whistles in
the waveguide or caused the formation of a waveguide
as a result of the action of acoustic or internal gravita-
tional waves on the ionosphere. This suggestion was
substantiated experimentally [14] by satellite observa-
tions of small-scale plasma density inhomogeneities

logN [cm]

40

2
30 50

Fig. 21. The concentration of hydrogen ions measured
along three Interkosmos-24 satellite orbits (L is the invari-
ant latitude). Curves /, 2, and 3 correspond to flights over
the Asian, Mediterranean, and West European regions. The
orbit altitude was 800-2400 km. The arrow indicates the
instant when the satellite was closest to the epicenter in the
Asian region.
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and extremely low-frequency radiations correlated with
them above seismic regions (see Fig. 19).

At the stage of earthquake preparation, large-scale
changes in the state of the ionosphere were observed
several days before the main seismic impact. The data
presented in [33], where the altitude electron concen-
tration distribution in the upper part of the F2 layer was
measured using a spaceborne ionoprobe (the Interkos-
mos-19 satellite), can serve as an example. It follows
from these data that the state of the ionosphere changes
substantially on the eve of an earthquake. Namely, the
altitude of the F2 layer maximum increases from
approximately 280 to 360 km, and the maximum elec-
tron concentration value decreases from 3 x 10° to 10° cm™
one day before the earthquake. It was shown above that
an increase in the electric field and related release of
Joule heat in the lower ionosphere increased its temper-
ature and mass flux [80]. This influenced diffusion pro-
cesses that formed the F layer and changed its charac-
teristics. By way of example, let us perform calcula-
tions using the heat flux value related to the heating of
the lower ionosphere by solar radiation, g, = 1 erg/(cm?s).
The integral Pedersen conductivity and the ionosphere
electric field value can be set equal to Xp = 1.4 X
103 cm/s and E, = 3 mV/m = 107 CGSE, respectively.
The heat flux is then g = 1.14 erg/(cm? s). Bearing in
mind that ¢g* = 0.2 erg/(cm?” s), we find that such a flux
should heat the ionosphere to 7= 1440 K. Suppose that
the electric field above the region of the forthcoming
earthquake increases by AE = 6 mV/m = 2 X
Vol. 1
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Fig. 22. Example of records of two electric field components, electron concentration, and electron concentration variations obtained
on the Kosmos-1809 satellite during three flights above the HARRY typhoon region. The vertical arrow is the instant at which the
satellite was closest to the typhoon center.
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Fig. 23. Spectra of the time dependences of electron con-
centration perturbations obtained during three satellite
flights: solid curve taken on January 27, 1989, dashed line,
on February 10, 1989, and dotted line, on February 13,
1989.

107 CGSE. This would cause the appearance of a g =
2.3 erg/(cm? s) heat flux and an increase in the temper-
ature of the ionosphere to 2100 K. The N(z) depen-
dences are shown in Fig. 13. Curve / corresponds to the
unperturbed ionosphere state with an electric field of
3 mV/m, curve 2, to the ionosphere perturbed by an
increase in the electric field value to 9 mV/m. It follows
from these plots that an increase in the electric field
increases the altitude of the F layer maximum and
decreases the concentration of ions at this altitude. The
character of changes in the altitude profile of the F layer
is similar to that observed in probing the ionosphere
from a satellite. The other recordable characteristics of
the upper ionosphere state are the ionic composition
and the concentration of light ions. The concentrations
of hydrogen ions H* measured along three orbits of the
Interkosmos-24 satellite (June 20, 1990) are shown in
Fig. 21. It follows from these data that the concentra-
tion of hydrogen ions reaches 6 x 103 cm™ at the small-
est distance from the epicenter and 2 X 10° cm™ at a
large distance, in the West European region. This shows
that, close to an earthquake during its preparation, the
concentration of ions increases approximately three-
fold. The results obtained using the one-dimensional
model cannot be quantitatively compared with the
experimental data. They however show that the mecha-
nism of resonance recharging should cause an increase
in the concentration of light ions above the region of
earthquake preparation and should be taken into
account in the interpretation of satellite data.

The electrodynamic model of the action of typhoon
formation processes on the space plasma can serve as a
basis for the search for the precursors of the cata-
strophic typhoon development stage and creation of a
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space system for typhoon monitoring [112]. This model
allows satellite electromagnetic and plasma measure-
ment data to be related to the electrophysical and mete-
orological characteristics of the lower atmosphere at
the typhoon formation stage. The model reduces
numerous effects observed in the space plasma to a sin-
gle origin, a change in the conduction current flowing
in the atosphere—ionosphere circuit. Its value and the
value of the corresponding electric field are determined
by the extraneous current that appears in the lower
atmosphere and changes in the conductivity of the
atmosphere in the typhoon formation region. At the ini-
tial typhoon formation stage (before the catastrophic
phase), vapor condensation above the ocean surface
occurs with the redistribution of charge carriers and
changes in their mobility, which, together with vertical
convection, produces the effect described above in the
ionosphere—Earth electric circuit. It follows that per-
turbed current transfers the action of atmospheric pro-
cesses responsible for the formation of typhoons into
the ionosphere. The response of the ionosphere to these
actions can be controlled by a measuring complex
aboard a spacecraft, similar to the diagnostic complex
for studying short-term earthquake precursors. Studies
of electric field perturbations and electron concentra-
tion in the ionosphere above typhoon development
regions were performed in [46, 47, 81, 82]. An example
of data on two electric field components (E, and E,),
electron concentration N,, and electron concentration
variations dN, obtained by the Kosmos-1809 satellite
during three flies above the HARRY typhoon on Febru-
ary 10 and 13, 1989 [47] are shown in Fig. 22. The ver-
tical arrow indicates the time moment when the satellite
was at a minimum distance from the typhoon center,
~1.5° east of it. Figure 22a shows that electric field and
electron concentration perturbations are observed
above the typhoon region. Similar results were obtained
three days later in the same region (Fig. 22c). At the
same time, at a large distance from the typhoon center
(~12000 km), perturbations were absent (Fig. 22b).
Electron concentration variations appear because satel-
lites cross plasma inhomogeneities extended along the
magnetic field. Spectral analysis was used to determine
the spatial scale of these inhomogeneities. The spec-
trum calculated for the time dependences of electron
concentration perturbations is shown in Fig. 23. The
spectrum contains two maxima at frequencies of 0.04
and 0.07 Hz, which corresponds to periods of 25 and
14 s. At a ~8 km/s satellite velocity, this gives spatial
inhomogeneity scales along the orbit of ~200 and
110 km. The spatial scales of inhomogeneities across
the magnetic field are 20-40 and 10-20 km, respec-
tively. Similar results were obtained for other typhoons;
they are in agreement with the electrodynamic model
described above.
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Fig. 24. Schematic representation of the electrodynamic model of the action of seismic and meteorological processes on the iono-

sphere.

7. CONCLUSIONS

The ionosphere, stratosphere, and troposphere make
up a unified medium, the physical phenomena in which
are related to each other. According to the model pre-
sented, intense processes in the lower atmosphere and
lithosphere influence the plasma electrodynamically in
the ionosphere. Such phenomena include the prepara-
tion of earthquakes, volcanic eruptions, typhoons,
lightning activity, and technogenic catastrophes. The
electrophysical parameters of the lower atmosphere are
related to the development of chemical, radiation, and
hydrodynamic processes in it with the participation of
charged aerosols. The action of seismic and meteoro-
logical phenomena on the lower atmosphere at early
stages of their development causes the appearance of
vertical extraneous currents and changes in the conduc-
tivity of its near-Earth layers. The electrodynamic
model of the action of such phenomena on the space
plasma is a combination of plasma, hydrodynamic, and
electromagnetic processes that occur in the atmosphere
and ionosphere. A scheme of these processes is shown
in Fig. 24. It is assumed that the source of the processes
constituting the model is an increase in the injection of
active substances into the atmosphere and their convec-
tive transfer upward. Such substances contain charged
aerosols, radioactive elements, radon in particular, their
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decay products, and some gases. Their concentration
increases severalfold on the eve of an earthquake or
during volcanic eruption preparation. The altitude
redistribution of the density of charged aerosols and an
increase in the concentration of ionization sources
result in the formation of extraneous currents and
changes in the conductivity of the lower atmosphere.
This perturbs the vertical electric current flowing
between the ionosphere and Earth. An increase in the
current in the ionosphere increases the electric field in
it. Numerous later plasma and electromagnetic effects
observed experimentally are determined by the change
in the electric field in the ionospheric plasma. An
increase in field in the conduction region of the lower
ionosphere initiates the dissipative instability of acous-
tic-gravitational waves at the Brunt—Viisila frequency.
Instability results in the formation of horizontal peri-
odic inhomogeneities of ionosphere conductivity. The
interaction of these inhomogeneities with an electric
field is accompanied by the generation of oblique
Alfven waves propagating upward. As a result, moving
longitudinal current and plasma density layers are
formed; these layers are extended along the geomag-
netic field. When a satellite crosses these layers, plasma
density fluctuations and ultralow-frequency magnetic
field oscillations are recorded. Horizontal ionosphere
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inhomogeneities are the source of extremely low-fre-
quency radiation in magnetic field tubes because of the
scattering of electromagnetic pulses from lightning dis-
charges by them. They generate gyrotropic waves,
which form geomagnetic oscillations in the ultralow-
frequency range on the Earth’s surface. In addition, the
appearance of inhomogeneities in the nightly iono-
sphere results in the depression of geomagnetic pulsa-
tions of magnetospheric sources. The appearance of
plasma layers causes the formation of whistle ducts in
the upper ionosphere, which change the dispersion of
whistles and the frequency of their appearance on the
Earth’s surface. Other consequences of an increase in
the electric field are plasma drift, an increase in the fre-
quency of collisions of electrons, and lower ionosphere
heating because of Joule heat release. An increase in the
frequency of collisions of electrons changes the ampli-
tude and phase of superlong-wave signals during their
waveguide propagation. Plasma drift and changes in the
heat balance of the ionosphere are accompanied by a
resonance recharging-induced increase in the concen-
tration of light ions. The inflow of atmospheric conduc-
tion current into the ionosphere perturbs plasma density
in the lower ionosphere and causes the formation of an
anomalous sporadic E layer. To summarize, the model
under consideration relates several observed values
recorded by land-based and satellite methods to an
increase in the stationary electric field in the iono-
sphere. This increase is caused by the intensification of
ionizing factors and space charge separation processes
in the lower atmosphere as seismic or meteorological
activity grows.

The data obtained show that the electrodynamic
model can be used as a scientific basis for the search for
possible precursors of the catastrophic phase of
typhoons, the creation of a method for controlling an
increase in volcanic activity, and the prediction of
strong volcanic eruptions dangerous for aircraft flights.
The intensification of the injection of aerosols with soil
gases into the atmosphere is accompanied by an
increase in the temperature of near-Earth atmospheric
layers. For this reason, satellite observations should
include measurements of electromagnetic fields in var-
ious spectral ranges augmented by simultaneously tak-
ing photographs of the Earth’s surface in the optical
range.

The main conclusions are as follows:

(1) The reason for several plasma and electromag-
netic phenomena observed during periods of seismic or
meteorological activity increase (several days to tens of
days) is electric field strengthening in the ionosphere to
tens of mV/m units.

(2) Satellite data are evidence of the existence of
such fields in the ionosphere, whereas, according to the
land-based data, there are no visible changes in the
electric field on the Earth simultaneously over distances
of tens or hundreds of kilometers during earthquake
preparation.
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(3) Such properties are characteristic of the field of
conduction current flowing in the atmosphere—iono-
sphere circuit. Its source is extraneous electric currents
formed as a result of vertical convective transport of
charged soil aerosols in the atmosphere. Aerosols get
into the atmosphere from soil because of the intensifi-
cation of the injection of soil gases when seismic activ-
ity increases. Field limitation is determined by the feed-
back relation between extraneous currents and the field
on the Earth’s surface. This feedback is caused by the
appearance of a potential barrier to the transfer of a
charged particle from soil into the atmosphere.

Because of limitations in field changes on the Earth,
which can be smaller than background perturbations,
satellite methods for recording fields related to seismic
activity have advantages over land-based methods. In
addition, field strengthening in the ionosphere can be
controlled by recording plasma and electromagnetic
effects caused by its response to this strengthening. The
conclusion can be drawn that, because of electric field
strengthening of a seismic origin, the ionosphere is a
more effective field sensor than land-based measure-
ment devices.
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