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The nonlinear processes in active monitoring

M.S. Khairetdinov, G.M. Voskoboinikova∗

Abstract. One of the methods used to monitor the developing geodynamic pro-
cesses in seismic-prone zones is based on the regular sounding of a medium by
powerful seismic vibrators, with a subsequent analysis of the time dynamics of the
seismic field parameters.

Such a monitoring is accompanied by certain nonlinear processes taking place at
the stages of radiation and propagation of seismic oscillations. One of them is due to
peculiarities of constructions of different vibrators and the processes of their inter-
action with the underlying surface. Other processes develop in a medium of seismic
wave propagation. Such processes enrich a seismic wave field with additional lower
and higher frequency components. In this paper, it is shown that the allowance for
these processes increases the noise immunity of vibrational correlograms (analogs
of explosive seismograms), as well as their time resolution, contributing to an in-
crease in the accuracy of measurements of the arrival times types of the main wave
types.

A modern concept of the earthquake source development is similar to that of
development of a system of cracks. Broadening the spectra of the initial sounding
seismic oscillations also results from the vibroseismic sounding of fractured dila-
tancy media typical of earthquake-prone zones. The applicability of parameters
of the wave field nonlinearity in the form of possible prognostic characteristics of
the earthquake source development is justified. The results of analysis and con-
clusions presented in this paper are based on numerical calculations and experi-
ments.

The experiments were carried out when monitoring a 355-km long Earth’s crust
zone in the periods of the lunar-solar tides. It is shown that allowance for the ratios
between high and first harmonics of seismic wave fields provides invariance of the
positive results of monitoring with respect to inevitable seasonal and instrumental
fluctuations of the intensity characteristics of the radiation field. At the same time,
a high sensitivity of the relations to small variations of stresses in the Earth’s crust
is retained.

1. Introduction

The active vibroseismic monitoring of seismic-prone zones is aimed at fol-
lowing rheological characteristics of a medium when developing geodynamic
processes preceding natural disasters and anthropogenic catastrophes. Such
monitoring is based on a regular sounding of a medium by seismic oscilla-
tions of a recurrent form from low-frequency vibrators. Each act of sounding

∗Supported by the Russian Foundation for Basic Research under Grants 07-07-00214-a,
07-05-00858-a.



22 The nonlinear processes in active monitoring

is a vibrosession. Analysis of the medium response parameters is made on
the basis of the results of sounding [1, 2].

The identity of vibrosessions can be disrupted due to the influence of
some interfering factors: seasonal factors associated with the freezing-thaw-
ing of the ground under a vibrator, instrumental errors affecting the in-
tensity characteristics of the radiation field, etc. In this connection, there
arises a problem of providing invariance of informative parameters of a seis-
mic field with respect to these factors. On the other hand, it is known
that vibrosessions are accompanied by nonlinear processes, which manifest
themselves at the stages of radiation and propagation of vibroseismic oscil-
lations.

The problem of development of nonlinear effects in the process of acous-
tic wave propagation in elastic isotropic media has been studied for several
decades. In particular, a paper [11] dealt with investigation of nonlinear
effects, which occur in an elastic isotropic medium under the effect of finite
deformations and propagation of an elastic wave. This was considered by
a calculation of the cubic terms in the elastic energy. It is shown that the
interaction between longitudinal and transverse waves leads to the appear-
ance of the second harmonics in the transverse wave. The paper [8] presents
the basic order results of elastic theory by Murnaghan for the elastic wave
propagation in isotropic solids and a summary of major results of nonlinear
interaction of plane elastic waves. Important results on nonlinear effects
in wave propagation theory in an elastic isotropic medium are presented in
publications by other authors [3, 10,14].

The processes of propagation of seismic oscillations when monitoring
seismic-prone active zones are characterized by the fact that seismic waves
are passing through nonlinearly elastic fractured media [9].

Problems of investigating the nature of nonlinear processes and ob-
taining numerical estimates of the results of their manifestations in frac-
tured media are not only of a purely scientific interest, but also have prac-
tical applications aimed at increasing sensitivity and accuracy of vibro-
seismic monitoring technique. In connection with this problem, this pa-
per describes some results of experimental investigations whose purpose
is to estimate the nonlinear effects of radiation from some types of vi-
brators and propagation of seismic oscillations in a 335-km long Earth’s
crust area in the periods of lunar-solar tides. It is shown that the al-
lowance for the ratios between high and first harmonics of seismic wave
fields provides invariance of the positive results of monitoring with respect
to inevitable seasonal and instrumental fluctuations of the intensity char-
acteristics of the radiation field. At the same time, a high sensitivity
of the relations to small variations of stresses in the Earth’s crust is re-
tained.
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2. Nonlinear processes of radiation and vibroseismic
oscillations processing

Sounding a medium is accompanied by manifestation of the two types of
nonlinear processes: radiation and propagation. The nonlinear physical ef-
fects at the source-medium interaction result in occurrence of thelower and
the higher harmonics in seismic oscillations. As an illustration, Figure 1
presents spectral-temporal functions of the oscillations radiated by the two
types of vibrators [1]: the centrifugal vibrator CV-100 (Figure 1a) and the
hydro-resonance vibrator HRV-50 (Figure 1b) with amplitudes of a disturb-
ing force of 100 tons and 50 tons, respectively. In the first case, the presented
spectrum is associated with oscillations with linear frequency modulation
(the sweep signal) within 6.25–9.5 Hz and a duration of 600 s. In the second
case, we have 5–7 Hz and 1400 s, respectively. In both cases, the nonlinear
radiation effect is characterized by appearance of the second and the third
harmonics in the spectra.

Figure 1. Spectral-temporal functions of oscillations radiated by centrifugal
vibrator CV-100 (a) and hydro-resonance vibrator HRV-50 (b)

To estimate the level of nonlinear effects as related to the both types of
sources, Figures 2a and 2b show the histograms corresponding to the ratios
between the amplitudes of the second and the base harmonics (nonlinear
coefficients) of the vibrators HRV-50 and CV-100, respectively, at the dis-
crete radiation frequencies 6, 6.4, 6.5, 7.0, and 7.5 Hz. These ratios are
calculated for the spatial coordinates x, y, z of the wave field, where x and
y are horizontal components, and z is a vertical field component. One can
see from the histograms that the level of nonlinearity at certain frequencies
can attain 100 %. This effect is associated with some peculiarities of the
construction of a specific type of a vibrational source, the failure to meet
the condition of non-separability of this source with a medium, as well as
with its mechanical properties [7].
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Figure 2

Below, we present the results of the data analysis with allowance for
nonlinearity effects of the seismic wave field for the sounding mode with
broadband oscillations. The algorithm of calculation of vibrational seismo-
grams is based on the correlation convolution of the recorded seismic signals
with a reference signal, which repeats the shape of the sounding signal from
the oscillation source:

R(m) =
N∑
i=0

u(ti) ν(ti−m), m = 1, . . . ,M. (1)

Here u(ti) is a recorded seismic signal. The reference signal ν(ti) is formed
in the form of the functions ν1(ti) = A cos(ω0ti + βt2i /2) and ν2(ti) =
A cos(2ω0ti + βt2i /2) and β is the frequency sweep rate.

In the case under consideration, the signal ν1(ti) is within the sounding
range at basic frequencies (5.5–8.5 Hz) and ν2(ti) is at second harmonics
(11–17 Hz). Thus, we obtain vibrational seismograms corresponding to
different distances from the vibrator, namely, 0.3 km (Figure 3), 20 km,
and 50 km (Figure 4). The parameters of the seismograms are given over
each seismogram in the figures. Here, the amplitudes of dominant waves in
discrete units of the analog-to-digital converter are additionally presented.
Figure 3a presents the results of convolution in the frequency bands of 5.5–
8.5 Hz (base frequency) and Figure 3b gives the results in the frequency
bands of 11.0–17 Hz (second harmonics). Figure 4 presents the results of
convolution of the same signals, but associated with the sounding at dis-
tances of 20 and 50 km. It is clear that seismograms of the second harmon-
ics are characterized by a sharper arrival of the first (longitudinal) waves
(5 s at 20 km, 7 s at 50 km), which increases the accuracy in measuring the
arrival times of waves and their time resolution. From the point of view of
seismic physics, higher contrast in the arrival of P-waves is due to the fact
that they are saturated with high frequencies that are present in the second
harmonics domain.

The level of nonlinear effects determined by the ratio between the max-
ima of the secondary and the base seismograms is about 3 %.
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Figure 3. Vibrational seismograms for the base and the second harmonics at
a distance of 0.3 km

Figure 4. Vibrational seismograms for the base and the second harmonics at
distances of 20 and 50 km

3. Increasing the accuracy in determining wave arrival times
in vibrational seismograms with nonlinear processing

In the technology of deep vibroseismic sounding (DVS) of the Earth, there
are some difficulties in determining the wave arrival times in vibrational
seismograms obtained from a source located at a distance of hundreds of
kilometers. The difficulty is due to the following two factors: the limited
power and the range of work frequencies of vibrators in comparison to pow-
erful explosions. Here, the influence of external noise on the process of
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recording seismic oscillations manifests itself to a considerable degree. One
of the classical ways of avoiding these difficulties is a synchronous summa-
tion of vibrograms (vibrational seismograms) along the lineup axes and over
a series of repeating sounding sessions [4]. In this case, the dependence of
the amplitude of the total wave on the direction of summation creates an ef-
fect of directional sensitivity which, by analogy with antennas, can be called
directional characteristic (DC). An attempt to increase the accuracy of de-
termining the wave arrival time in vibrational seismograms with a limited
number of seismic receivers (n ≈ 5) brings up an idea of using the principle
of nonlinear processing, which forms the basis of the multiplicative antenna.
In this case, in contrast to antennas with linear processing, one can obtain
a more accurate resolution in the wave propagation direction with the same
number of antenna elements. In the case of n sensors, the output signal is
as follows:

• for nonlinear processing:

uΠ = u1 · u2 · · ·un ≈ Fne ·Ψ1(k, θ, d) (2)

• for linear processing:

uΣ = u1 + u2 + . . .+ un ≈ n · Fe ·Ψ2(k, θ, d), (3)

where Fe is a sensitivity characteristic in the DC direction of one sensor,
θ is the angle between the direction of wave arrival and the perpendicular
to the line of seismic receivers, k = 2π/λ is the wave number, d is one step
of the adjacent sensor located at a distance.

Obviously, vibrational seismograms obtained as a result of correlation
convolution (1) correspond to the zero phase signal and, hence, its arrival
time is determined by a maximum wave amplitude. The variance of the wave
arrival estimate in the direction of propagation θ is determined by the second
derivative [12] in the form Dθ = −1/(d2u(θ)/dθ2)

∣∣
θ0

, where θ0 corresponds
to the greatest sensitivity of the recording seismic receivers achieved in the
direction of the wave front propagation. The algorithm of the search for
this direction is based on the calculation of u∗Π = maxuΠ on a set of linear
travel time curves, whose angular location is within the angular window
initially chosen with allowance for the expected wave velocity. In this case,
the calculation is made using the exhaustive method. For a particular case,
when θ0 = 0 (perpendicular wave front incidence) F (θ0) = 1, at n � 1 for
nonlinear processing, Dθ1 has the order ∼ −1/n2, and for linear processing,
the order Dθ2 ∼ −1/n. Thus, the error in determining the wave propagation
direction, determined by the direction of the travel time curves of vibrational
seismic traces, for nonlinear processing (2) is by a factor of n smaller than
that for linear processing (3).
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Figure 5. Seismograms with linear (a, b, c) and nonlinear (d, e, f) processing

A high resolution of the nonlinear approach is illustrated for the process-
ing of vibrational seismograms obtained from the vibrator CV-100 at DVS
in the Degelen–Bystrovka direction (Figure 5).

The recording points were located at distances of 304, 342, and 371 km
from the source. The sounding was carried out by sweep-signals in the fre-
quency range of 5.85–8.0 Hz with a frequency sweep duration of 31 min 29 s.

At the top of Figure 5, one can see seismograms at the distances of
a) 371 km, b) 342 km, and c) 304 km obtained by linear summation of
seismic traces along travel time curves corresponding to the waves refracted
from the Moho boundary (VP = 8.1 km/s). At the bottom of Figure 5,
seismograms are for the distances of d) 371 km, e) 342 km), and f) 304 km
obtained by the nonlinear processing of the same vibrational seismograms
as in the case of the linear processing. A comparison of the results of both
types of processing shows that in the second case, the contrast of arrivals of
Pn-waves and the sharpness of their maxima is greater than in the first case.
For these distances, the arrival times tp are 56, 52.5, and 47.6 s, respectively.

4. The nonlinear processes in the source zones monitoring

Modern concepts of the earthquake source preparation based on the kinetic
theory of destruction developed by S.N. Zhurkov [15] and the multidisci-
plinary approach by A.S. Alekseev [2] consider the development of a system
of cracks resulting from the growth of the volume density of microcracks in
the destruction zone. On this basis, in [2] it was proposed to use a space-time
function Θ(x, y, z, t), with the help of which one can try to approximately
describe the density of cracks in a medium.
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The seismic method of observing longitudinal and transverse waves from
powerful vibroseismic sources with high metrological characteristics of am-
plitude, frequency, and phase of oscillations generated in a medium can
provide more detailed data about its structure with a time-varying fractur-
ing. It was proved for the recorded wave field in the far zone [1] that the
dynamic characteristics of the wave field are most sensitive to changes in the
characteristics of the medium elasticity. There is an additional argument for
the use of these characteristics: the medium fracturing is a physical basis
for the development of nonlinear processes of propagation of seismic oscilla-
tions in source zones. This shows that the parameters of nonlinearity of the
wave field that causes the appearance of high harmonics (enriching the ini-
tial sounding monochromatic oscillation), should be taken into account [6].
With allowance for this, it is important to relate the characteristics of the
wave field nonlinearity and the parameters of medium fracturing.

In [13], such a dependence was obtained for a model of fracturing that
develops in a homogeneous and isotropic medium with the module of elas-
ticity K1, µ1 and the density ρ1. The uniformly scattered and chaotically
oriented voids of a spheroidal shape are taken as initial model of fracturing.
The shape of the voids is determined by the parameter α, which is equal to
the ratio between the rotation axis length of a spheroid and the length of
its second axis. The distribution of the relative volume of voids between its
minimal value αmin and maximal value αmax is described by the function
ϕ(α). It is assumed that the length of an elastic wave with the highest
frequency propagating in the medium simulated is much greater than the
linear dimensions of the largest voids.

The equation of propagation of plane monochromatic elastic waves along
OX-axis in the medium simulated, when only longitudinal motions are
present in this medium (ux 6= 0, uy = uz = 0) is as follows:

ρ0
∂2ux
∂t2

−M0
∂2ux
∂x2

= B
∂ux
∂x

∂2ux
∂x2

. (4)

At the boundary condition ux(0, t) = Ux sinωt, the solution to the equation
in a second approximation has the following form [13]:

ux = Ux sinω
(
t∓ x

cP

)
−
(Ux

2

)2 B

M0
k2
Px cos 2(ω t∓ kPx), (5)

where

kp = ω/cp, B = −3ϕot
k0

p0

(
a
k2

0

k1
+

4
3
b
µ2

0

µ1

)
f(α0), M0 = k0 +

4
3
µ0.

The following relations for the effective elasticity module of the medium
with spheroidal voids are used:
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K(1) ≈ K0

[
1− ϕota

K2
0

p0K1
f(α0)ull

]
,

µ(1) ≈ µ0

[
1− ϕotb

K0µ0

p0µ1
f(α0)ull

]
.

Here
K0 ≈ K1(1 + ϕotaF )−1, µ0 ≈ µ1(1 + ϕotbF )−1,

a =
4(1− ν2

1)
3π(1− 2ν1)

, b =
8(1− ν1) · (5− ν1)

15π(2− ν1)
,

f(α0) =
ϕ(α)
ϕot

, F =
∫ αmax

α0

f(α)
α

dα, ϕot =
∫ αmax

α0

ϕ(α) dα;

ϕot is the initial value of the medium fracture porosity; ν1 is Poisson’s coeffi-
cient, K0 is the effective compression modulus of the microfractured medium,
and ull is the sum of diagonal components of the dynamic deformation ten-
sor.

It follows from (5) that in a fractured medium there appear harmonics
of doubled frequency. Their level is determined by the coefficient B, which
depends on the character of the medium fracturing, the Mach number M =
Uxω/cp, and the wave travel length x, in which case the level of the second
harmonic increases proportionally with x. This phenomenon was earlier
noted as accumulating nonlinearity in a nonlinearly elastic medium. With
allowance for (5), the coefficient of nonlinearity of the monochromatic wave
shape, determined by the ratio between the amplitudes of the base and of
the second harmonics, is as follows:

u2

u1
=

1
8
UxBk

2
Px

M0
. (6)

Equation (6) relates parameters of the wave field nonlinearity in the de-
struction source zone and the medium fracturing determined by the parame-
ter B, which depends on the sizes of fractures and their distribution density,
as well as on the medium elasticity modulus. Taking into account this
dependence and the modern concept of the earthquake destruction source
development as a system of cracks, it seems that the dynamic parameters of
wave field nonlinearity can be successfully used as a prognostic parameter
that characterizes this process.

According to equation (6), an analysis of the nonlinearity coefficient as
a function of the characteristics of the medium fracturing, the amplitude of
oscillation velocity Ux of medium particles, and the distance x was made.
The water-saturated fractured granite with the following elasticity param-
eters was chosen as medium: Young’s modulus E = 2.216 · 109 Pa, the
Poisson coefficient ν = 0.442, the static pressure p0 = 103 Pa, the frequency
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f = 10 Hz, and the propagation velocity of P-wave in granite Cp = 2500 m/s.
For these parameters, in Figure 6, diagrams 1 and 2 show the nonlinearity
coefficient of the monochromatic wave shape versus the ratio between the
ellipsoid axes describing an elementary fracture. In the process of construc-
tion, the axes were given by the parameters dmin, dmax, and dvert. The
first two parameters correspond to minimal and maximal horizontal sizes of
spheroids, and dvert is the linear vertical size.

A change in the ellipsoid sizes is described by a function of the form
ϕ(α) = 1/α, where α varies from αmin = dmin/dvert to αmax = dmax/dvert.
Diagrams 1–4 in Figure 6 consist of successively connected sections I, II, and
III with the following sets of parameters: αmin = 1, αmax = 10; αmin = 12,
αmax = 50; and αmin = 52, αmax = 150.

Diagrams 1, 2 were constructed for the path length x = 10 km, dia-
grams 3, 4 –– for x = 100 km. The vibroseismic oscillation velocity of the
medium particles Ux = 30 · 10−9 m/s corresponds to diagrams 1 and 3, and
the velocity of 70 · 10−9 m/s corresponds to diagrams 2 and 4.

Another relation for the “accumulation” of the nonlinear effect in media
with dissipation and absorption is determined by the dependence of the
second harmonic amplitude on a distance described by the relation [14]

a2 =
Kcxω

2a2
1

8c2
p,s

. (7)

Here x is the wave path length, Kc is the nonlinearity coefficient of the
medium determined by the expression Kc ≈ ρν(∆ν/∆p) ≈ (∆ν/ν)∆θ, in
which ρ is the density, ∆θ is a volume deformation variation, ∆p is a pressure
variation, a1 is the amplitude of the first harmonic, and cp,s is the velocity
of P- or S-wave. The value of this coefficient is Kc ≈ 103. As an illustration,
Figure 7 presents diagrams for the nonlinear effect “accumulation” versus a

Figure 6. The ratio between the sec-
ond and the first harmonics versus the
geometrical parameters of the medium
inhomogeneity

Figure 7. Coefficient of nonlinear dis-
tortions versus a distance at different
seismic velocities
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distance at given seismic velocities in a “source-receiver” distance range of
0.3÷ 355 km.

It follows from an analysis of Figures 6 and 7 that the ratio between the
second and the first harmonics can increase several times as the wave travel
path increases. The presence of maxima in the diagrams (see Figure 6)
probably indicates to the fact that nonlinear effects of wave propagation
predominate in inhomogeneous media with limited linear sizes of inhomo-
geneities.

The nonlinearity parameters of the wave field in the far zone are subject
to the influence of the nonlinearity effect of radiation by the vibrator [5].
Changes in the initial ratios between the second and the base harmonics
a02/a01 observed in the destruction source zone, depending on distance,
vary according to the following law:

af2(r)
af1(r)

=
a02

a01
exp[(α2 − α1)(r − r0)], (8)

where α1,2 ≈ 2.5 ·10−4f1,2 km−1 is the medium absorption coefficient due to
non-ideal elasticity, and r0 is a “source-receiver” distance near to the source
zone.

As an example, the dashed line in Figure 7 shows attenuation curve
(8) for the cases when f1 = 6.3 Hz and f2 = 12.6 Hz. It follows from
the presented curves and (7) that the development of nonlinear processes is
primarily associated with low-velocity waves, which include, in particular,
S-waves.

5. Results of experimental research

The manifestation of the nonlinearity effect was estimated with monochro-
matic signals on the basis of the amplitude ratios of the second and the
base harmonics of oscillations. The spectrograms for the mixture of useful
monochromatic signals and noise confirm the possibility of detecting both
types of harmonics at a “source-receiver” distance of 355 km (in this case,
the signal of the base harmonics at a frequency of 6.3 Hz and that of the
second harmonics at 12.6 Hz), presented in Figures 8a and 8b, respectively.

The parameters of the spectra are shown in the upper part of the figures:
m is the amplitude of the spectral peak at the frequency f and ρ is the ratio
between the amplitude m and the root-mean-square value of noise.

It follows from the spectrograms that the ratio between the maxima m of
both signals is 243.4/501.4 = 0.48. At the same time, calculated relation (8)
at this distance and frequency is 0.14. The difference is determined by the
contribution to the nonlinearity effect from the medium where oscillations
propagate.
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Figure 8. Spectrograms of the base (a) and the second (b) harmonics at
a distance of 355 km

It seems natural to take into account the contribution of high harmonics
to the informative index characterizing the dynamics of geodynamic pro-
cesses in the medium and, first of all, in seismic-prone zones. The effec-
tiveness of using these parameters is illustrated below for the geodynamic
processes developing in the Earth’s crust during the lunar-solar tides. The
amplitude ratios of the second and the base harmonics of oscillations were
recorded in the course of Earth’s soundings with the help of repeating (with
a period of three hours) sessions of sounding by monochromatic oscillations,
which were generated by a powerful seismic vibrator of the type CV-100.
Each session consists of sequentially radiated 20-minute oscillations at fre-
quencies of 6.3 and 7.0 Hz. These sessions were continuously repeated during
96 hours. The main objective of the experiment is described in detail in [4].
This paper investigates the possibilities of selecting a daily and a half-daily
periodicity in variations of the seismic field parameters for the lunar-solar
tides. The time series as estimates of the amplitudes of the base and the
second harmonics of oscillations, as well as their interrelations, were con-
structed with the use of the results of pre-processing of the seismic signals
records. Here, recordings with the components X, Y , Z were used. The cor-
responding results of data processing are the stages illustrated in Figures 9
and 10. In these figures, the abscissa axis represents the session number,
and the ordinate axis shows values of the ratios between harmonics.

As a comment to the diagrams presented, we should note that those in
Figure 9 reflect the ratios between the second harmonic of radiated oscilla-
tions and the base one at frequencies of 6.3 and 7 Hz. These data correspond
to parameters of the radiated seismic field in the immediate vicinity to the
source (at a distance of 30 m). It is seen that the greatest nonlinear effect
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Figure 9. The ratio between the second and the base harmonics in the source.
Sessions: 267–312

Figure 10. The ratio between the second (12.6 Hz) and the base (6.3 Hz)
harmonics at the 5th gauge. Sessions: 266–312

manifests itself at a sounding frequency of 6.3 Hz. Here, the ratio of har-
monics varies within 15–30 %, a sounding frequency of 7.0 Hz being within
5–10 %.

Figure10 shows similar ratios obtained at the receiving point at a distance
of 355 km from the source corresponding to the components X, Y , Z and
the sounding frequencies of 6.3 and 7.0 Hz, respectively. It follows from
the analysis of the obtained diagrams that the greatest values of the ratios
are with the components X and Z. Their values at different frequencies of
sounding are different. If these data are compared to those observed near the
source, it becomes obvious that the ratios of harmonics at such a distance
are, on average, higher. In particular, we have 45 % against 7.5 % at 7.0 Hz
and 50 % against 25 % at 6.3 Hz. The external noise affects fast fluctuations
of the ratios obtained (from session to session).

Obviously, the observed increase of the nonlinear effect should be related
to the contribution of the nonlinear processes of propagation of seismic os-
cillations to the medium. It follows from this assumption that in the mul-
tidaily dynamics of the nonlinear process, its connection with deformation
processes in the medium due to the lunar-solar tides should manifest itself.
It is known [16] that these processes are characterized by a daily and a half-
daily periodicity. Latent periodicity in the series was selected with the use
of the discrete Fourier transform employing the weight function to smooth
the edges of the observation series.
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Figure 11. Levels of radiated signals

The results of this selection for
the observation series corresponding
to the ratios between amplitudes of
the second and the first (base) har-
monics with sounding frequencies
of 6.3 are presented in Figures 11
(curve II). This curve is for the
observation series corresponding to
the component Z. For comparison,
the diagram shows the amplitude
spectrum of gravitational variations
fixed in the same period (curve I).
It follows that the daily periodicity
is confidently distinguished within
the time series a12.6(355)/a6.3(355).
The half-daily periodicity is weakly
expressed.

An advantage of the monitoring method proposed is its invariance with
respect to fluctuations of the radiated oscillations amplitude due to the
season, instrumental factors, etc. This was experimentally confirmed by
a comparative analysis of test recordings of radiated oscillations near the
source, as well as of the ratios between amplitudes of the secondary and the
base waves at a distance of 355 km. Graphs of the amplitudes of the base
harmonics close to the source depending on the session number (at a fre-
quency of 6.3 Hz and the components X, Y , Z) are presented in Figure 12.
One can see in this figure that some of the sounding sessions characterize
a sharp decrease in the oscillations levels caused by an “artificial” decrease
in the perturbation force amplitude of the original source-vibrator CV-100.
Despite this fact, the stability of the process of detecting half-daily and
daily periodicities at the remote recording point due to terrestrial tides was

Figure 12. The ratio between the second (14 Hz) and the base (7 Hz) harmonics
at the 5th gauge. Sessions: 266–312
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retained. However, the above periodicities are not distinguished in the am-
plitude graphs under the conditions of source radiation with allowance only
for the base harmonic at a frequency of 6.3 Hz. The reason for this is clear:
fluctuations of the radiation oscillations levels bring about the correspond-
ing fluctuations of the signal levels at the receiving point. At the same time,
when the property of the ratio between the second and the first harmonics
is taken into account (see Figure 9), it appears possible to detect the daily
and the half-daily periodicities.

6. Conclusion

1. The problem of increasing the information content when processing
seismic monitoring data with allowance for the nonlinear effects of
wave fields at the stages of radiation and propagation of seismic oscil-
lations in elastic media is considered.

2. The quantitative nonlinear characteristics are estimated for radia-
tion and propagation of the seismic wave fields generated by powerful
ground-based vibrators.

3. A statistical algorithm for the processing of observational data based
on the measurement of amplitudes of the second and the base har-
monics of seismic oscillations against noise and for calculation of their
ratios is proposed.

4. The invariance of the algorithm proposed to variations of the force
characteristics of radiation and high sensitivity to variations of the
rigidity parameters of a medium due to geodynamic processes are
proved. This is especially important for problems of the long-term
tracing of processes of preparation of disasters in seismic-prone zones.
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