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INTRODUCTION
For experimental researches of an acoustic channel of the lithosphere-ionosphere interaction, a method of the acoustoelectromagnetic (AE) monitoring of the ionosphere is an effective one. Using the ground-based facility, this method
includes such physical technologies as the permanent short wave electromagnetic (EM) sounding of the ionosphere by
different methods and its periodical operated dosed acoustic excitation. That allows periodically getting the EM
responses of the ionosphere on the standard acoustic excitation on the basis of which it is possible to estimate the
ionosphere’s current status. By taking into account this information, it is possible to detect the acousto-ionospheric
disturbances (AID), caused by influence of natural infrasonic excitations, which accompany preparation and passing of,
for example, such natural cataclysms, as earthquakes. At practical realization of the АE-method, the authors used the
ground-based operated parametric acoustic emitter, the highly sensitive decameter radio telescope (RT) URAN-3 and
special short-wave radio transmitters. The task of modeling of acoustic excitation of the ionosphere on the basis of the
use of the multilayered earth model is considered in the report.
PROBLEM STATEMENT
A few mechanisms of lithosphere-ionosphere interaction at the earthquakes are being considered. Some researchers [1]
prove an acousto-gravitational mechanism of lithosphere-ionosphere interaction at the earthquakes. Other researches [2]
assert that at the earthquakes, the nature of excitations transfer to ionosphere is of electromagnetic one. In spite of a
large number of experimental investigations, only in some works there were attempts to explain theoretically the
disturbances, which are observed in the atmosphere and ionosphere and which are caused by the lithosphere sources. As
a rule, in theoretical works the acoustic waves, inside gravity waves, non-linearity of medium, influence of viscosity,
stratification of zonal wind on the propagation of waves have been considered separately. Such models cannot explain
all spectrums of atmosphere and ionosphere disturbances, caused by lithosphere sources.
In a light of a rapid development of computer engineering, investigation of propagation of atmosphere waves by
numerical solving of nonlinear equations of hydrodynamics began [3]. Application of numerical methods allows taking
into account compatible many factors, which influence the propagation of acousto-gravitational waves in the real
environment and therefore increase the modeling reliability. However, numerical methods in comparison with analytical
ones have some limitations, which are connected with possibility to obtain only special calculated results, an obstacles
of conducting a qualitative analysis because of the absence of theoretical correlations between investigated values,
unhandiness etc. An approach, which bases on the employment of environment’s multilayer model, is deprived of such
limitations. Such approach is a natural one, taking into account the atmosphere’s height stratification (including
ionosphere heights) according to the acoustic, electrical, thermo dynamical and other parameters. It is easy to describe
wave processes in the atmosphere and ionosphere by this approach. Besides, such approach gives wide possibilities to
vary models in each layer preserving their adequacy to real processes and possibilities to get solutions in the form of
analytical correlations.
A number of works are devoted to questions of multilayer modeling of the process of inside and gravitational waves
propagation [4]. The main feature of the present work is cumulative consideration of processes of propagation of
ground acoustic excitation to the ionosphere, electromagnetic sounding of the ionosphere by decameter EM radiation
and technologies of registration, receiving and processing of signals using the RT URAN-3. Two-stage algorithm of
determination and identification of AID using the RT URAN-3 is suggested. On the first stage, determination of AID
according to the results of ionosphere’s monitoring on the basis of application of Bayes recognition procedure, which is
one of the most effective in case of complex systems diagnostic, is conducted. A set of informative parameters is very
important for the Bayes procedure. Based on these parameters, their classification and a-priori probability of their
appearance at the acoustic excitation and in the case of its absence is conducted. A-priori probabilities of the selected
features (informative parameters) in a received signal are determined on the basis of preliminary multiple sounding of

the ionosphere with and without the acoustic excitation. These probabilities are correct regularly depending on the time
of day, season, and solar and geomagnetic activity and by the operator command. On the second stage, after the
detection of AID, an identification of parameters of ionosphere heterogeneities, according to the data that have been
observed using the RT URAN-3, is conducted based on correlations, received by mathematical modeling. Such
identification connects the measuring parameters with characteristics of ionosphere heterogeneities.
For the modeling of acousto-ionosphere interaction, an adaptive approach is used. It foresees creation of the system’s
parametric model, reception of ionosphere response from the acoustic excitation as on the basis of the model, so
experimentally and minimization of a disparity between a model and experimental response by selection of the model’s
parameters. The structure of the model of lithosphere-ionosphere interaction includes:
- the models of acoustic influence on ionosphere (hydrodynamic, photochemical, electrostatic, electromagnetic
and other models);
- the models of acousto-ionosphere disturbances (changing of electronic concentration, plasma waves);
- the models of methods of registration of acousto-ionosphere disturbances parameters (radio-astronomy,
inclined sounding and dispersion methods).
At the selection of coordinate system, we will take into account the geometry of mutual location of main elements of the
system of ionosphere’s AE monitoring. The on-ground acoustic emitter, decameter RT URAN-3 (highly sensitive
receiving system) and the transmitting terminal are located at the same meridian. Therefore, let us direct axis z vertically
up, axis y – along the meridian, and we will be limited by two-dimensional case of wave’s propagation in the ZY plane.
SOLUTION
Let us consider the simplest two-layer model. Let’s assume, that the acousto-gravitational wave [4, 5], which transforms
in an acoustic one in the top layer, propagates in the base layer. By applying an integral Fourier transform by variable y,
and using boundary conditions (equalities of pressures and their derivatives on z) at interface z=0, we should get the
solution for transforms as follows:

It is considered that Fourier transform of the primary field looks like: P0 2π δ (α + k sin θ 0 ) .
Let’s note that the solution of this equation, which conforms to the wave process in the form of inhomogeneous plane
wave, reflects the exponential growth of excitation’s amplitude with the height and the frequency’s disperse dependence
from the wave vector direction. According to this disperse dependency, only LF waves are able to propagate up at the
angle to horizon (moreover, with the increase of angle the frequency decreases according to the cosine law). Note that
increasing of the layers number causes no difficulties, as during the joint of the equations solutions at the border of two

adjacent layers we will get the linear relations between complex amplitudes, which can be presented in the recurrent
matrix form [7]. So, the increasing of layers results in increasing of number of co-factors in the product of matrix.
Modeling of the Electromagnetic Sounding of Acoustically Excited Ionosphere.
Acousto-gravitational waves cause oscillations of electronic concentration in atmosphere and these oscillations can be
detected by methods of ionosphere’s radio sounding. The get expressions for the field of acousto-gravitational waves
define changes of plasma inductivity. For the modeling of processes in the ionosphere layers, we have used several
scenarios that conform to the observed dominating effects and appropriate possible LF processes. The simplest scenario
is a propagation of plane monochrome acoustic wave in the ionosphere layer, which forms periodic modulation of
inductivity. In this case, the task of EM sounding reduces to the propagation of EM field in the heterogeneous nonstationary medium. Due to the significant frequency diversity of the excited acousto-gravitational and registered EM
fields, we get differential equation in partial derivatives with slowly variable factors. To solve these equations we will
apply a quasi-stationary method, which allows presenting a solution in the form of series of derivatives of slowly
variable factors.
Let’s consider the radio-astronomy (RA) method (with an incident plane TM-wave) in frameworks of the two-layer
model of medium. Time dependency e −iωt will be omitted here and below. Quasi-stationary approximations, received
by join method, will be the following:

E0 (α , z ) =

γ 1 − jk cos θ e −γ 0 z
e
2π δ (α + k sin θ e ) ,
γ1 + γ 0

E1 (α , z ) = −

jk cos θ e + γ 0 −γ 1 z
e
2π δ (α + k sin θ e ) .
γ1 + γ 0

Here E0 (α , z ) , E1 (α , z ) – Fourier transforms; ex – field components in the base and top layers correspondingly,
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γ 0,1 = − j k0,1 − α 2 , k0,1 – wave number in the base and top layers, Re γ 0,1 > 0 . The wave number of the top
layer k1 holds the information about ionosphere heterogeneities.
For the more general three-layer model expression of Fourier transform of the observed field remains in the form of:

E0 (α ) =

2 2π γ 1 ( jk cos θ e − γ 2 )δ (α + k sin θ e )
(γ 0 − γ 1 )(γ 2 − γ 1 )e

− (γ 1 + γ 2 ) z1

− (γ 0 + γ 1 )(γ 2 + γ 1 )e

(γ 1 −γ 2 ) z1

e − jkz1 cos θ e −γ 2 z1

This expression allows investigating the dependencies of the transmission coefficient and conditions of reception from
parameters of layers, and in addition – to take into account the wave properties of ionosphere at the acoustic excitation.
Another class of models deals with the method of inclined sounding. The specific of modeling in this case lies in taking
into account the sounding source. For assigning the structure of the sounding field, let’s consider the antenna in the
form of long conductor, which is located perpendicularly to meridian. In this case, we have E-component along the
conductor and two H-components in the plane, which is perpendicular to the conductor (TM-wave). So, from here, let’s
analyse of propagation of waves of this type. The Fourier transform of the sounding field we write down as:

Em (α , z ) = − j 2π e

jα y 0

em j

k 2 −α 2 ( z 0 − z )

2 k2 −α 2

.

Here: if z < z0 take sign “-“, if z > z0 – sign “+”, y0 , z0 are the coordinates of antenna’s location in meridian plane
ZY. For the two-layer medium with border, which is distant from the antenna within h0, the Fourier transform of the
observed field looks like:

E0 (α , z ) = E− (α , z = − h0 ) −

(γ 0 + γ 1 )eγ 0 h0 (∆E ′ + γ 0 ∆E ) + (γ 0 − γ 1 )e −γ 0 h0 (∆E ′ − γ 0 ∆E ) + 2γ 0 ( E+′ + γ 1E+ )
2γ 0 (γ 0 + γ 1 )
′

Here: ∆E = E− (α , z = − h0 ) − E+ (α , z = − h0 ) , sign “ ' ” means derivative by z, ( E+ + γ 1E+ ) is calculated at z=0. In
a way, similar as for the RA-method, we will receive an expression for the three-layer model. These expressions are a

basis for receiving of the inverse dependencies of parameters of the medium model (ionosphere heterogeneities) from
the observed informative parameters.
Modeling of information technologies of reception of decameter radiation by the radio telescope URAN-3
The task of diagnostics of ionosphere using the RT URAN-3 is reduced to determination of the ionosphere’s simulated
functions according to the results of observations. The model of the locked-on narrow-band signal can be presented as:
e(t ) = R(t ) cos(ω 0t + ϕ (t )) .

Here R (t ) and ϕ(t ) – slowly variable functions, which, in the case of diagnostics of ionosphere are called as the
ionosphere’s modulatory functions [8].
Signal e(t ) may be represented as two mutually orthogonal (quadratic) components Wc = R (t ) cos ϕ(t ) and

Ws = R(t ) sin ϕ(t ) , which are the basis for determination of the ionosphere’s modulatory functions. A single-point
and spatial-spaced receptions are distinguished. In the case of single-point reception, ϕ(t ) can be presented as:
ϕ(t ) = Ω(t )t + ϕ0 ,
and Ω(t ) can be integrated as Doppler frequency shift caused by movable ionosphere heterogeneity.
The most general and informative method of investigation of processes in the ionosphere, which conforms the abilities
of radio physical facilities on the base of the RT URAN-3, is a method of spatial-spaced reception [8]. Its important
advantage is that in this case it is possible to work with the received signal in the framework of the model:

r

r r
e(t ) = R(t ) cos(ω 0t + k (t )r + Ω(t )t + ϕ ) ,

r

where R (t ), k (t ), Ω(t ) – slowly variable modulatory functions of ionosphere moreover k (t ) can be interpreted as a
wave vector of the received wave. In this case, it is possible to define slow variations of the direction of wave
propagation, and also spatial length and speed, which also slowly vary. These slow variations can be interpreted by an
influence of ionosphere excitation’s motion. Based on the experimentally defined modulatory functions of ionosphere
and mathematical correlations of the appropriate field, we can identify the parameters of the ionosphere heterogeneities.
CONCLUSIONS
The ideology of modeling of acousto-gravitational channel of lithosphere-ionosphere interaction at earthquakes and
technologies of remote diagnostics of the induced ionosphere excitations using radio physical complexes on the base of
decameter radio telescope URAN-3 are presented. The results of investigations can be used for development of acoustoelectromagnetic method of ionosphere diagnostics. The work has been done in the framework of the project STCU1681.
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