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Abstract—In order to develop a scientific-technical basis
for creating an automatically controlled seismic monitoring
system, this paper studies angular characteristics
peculiarities of the seismic signal components resulting from
the events with foci in the regional zone. Based on the
angular characteristics analysis, the approaches are proposed
for detecting and identifying automatically of the seismic
signal bulk waves arising as a result of high potential events
of technogenic and natural origin with foci in the regional
zone. The proposed approaches implementation makes it
possible to reduce the time of seismic record processing with
appropriate reliability.
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I. INTRODUCTION

Many processes that occur during the natural-
technogenic-social functioning of the Earth’s system, as
well as their mutual transformation, generate many
emergency situations (emergencies, ES) of natural,
technogenic and military origin. Among them, earthquakes,
nuclear weapons tests, tsunami, volcanic eruption, floods,
hurricanes, accidents at nuclear power facilities, warfare
conducting and others, are the most dangerous for the
Earth’s biosphere.

Over the past few decades of human activity, a
tendency has established to a sharp increase in the volume
and destructive power of various emergencies. This leads
to a worsening of socio-economic and ecological
consequences, thereby indicating the need to develop
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effective measures for the prevention and managing
emergencies of various nature on the Earth.

A promising direction for solving this problem is the
effective development of a system for detecting hazardous
factors at their inception stage, identifying the causes of
their manifestation, as well as an impact on them in order
to prevent emergencies. It can be implemented on the basis
of the classical control loop, schematically presented in
Fig. 1 [1-14].

This work is part of a planned scientific research set
aimed at developing a security system that enables
elimination or minimization to the maximum of losses
during emergencies. It is focused on studying the processes
of occurrence and propagation of seismic emergencies that
constitute or may constitute a serious danger to the society
life.

In order to create an automatically controlled system
for the detection and identification of the seismic signal
bulk waves resulting from high potential events of
technogenic and natural origin, the angular characteristics
peculiarities of the components of seismic signal from the
events with foci in the regional zone are studied in the
paper. Thus, one of the main stages of processing a seismic
signal detected according to the seismic observation results
using a three-component seismic station (TCSS) is the
identification of the main seismic waves types.

Based on the results of the seismic waves types
identification, it is possible to obtain the following
information about the seismic source parameters:
a) azimuth on the seismic event center — as the ratio of the
first entry components of the seismic signal on horizontal
channels; b) distance to the seismic event center — as the
difference in the time of bulk seismic waves entry; c)
identification of the seismic source nature — natural
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(earthquake) or technogenic (explosion) origin, by
comparing the energy characteristics of the extensional and
transverse seismic waves; d) seismic event intensity — is
assessed based on data on the amplitude and period of soil
vibration for each of the main seismic waves types, as well
as by the distance to the seismic event source.

The task of detecting and identifying the main seismic
waves types for an event in a regional zone (for distances
A=100-+500km) is very difficult, since the entry of the
next wave type of a seismic signal occurs against the
background of the previous wave tail.

At present, the seismic waves types identification in the
institutions of the Main Center for Special Control of the
State Space Agency of Ukraine (SSAU) is performed by

the operator according to the analysis results of the total
seismic signal. The accuracy of determining the seismic
signal components and their parameters depends on the
operator qualification level. In addition, approaches to
determine the types of waves in manual processing cannot
be controlled automatically.

Thus, the issue of methodological approaches
development for detecting and identifying the main seismic
waves types in an automatic mode in order to increase the
decision-making efficiency relative to a seismic event, as
well as timely warning of relevant bodies and services is
acute.
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Fig. 1.

Il. UNRESOLVED ISSUES

Currently, the automatic identification algorithms of the
seismic signal components, which are based on the
frequency characteristics of the main seismic waves types,
are widely used for three-component seismic station [15—
25]. However, seismic detectors with a wide frequency
range are required for their implementation. For the
currently existing network of seismic observations at the
Main Center for Special Control of the State Space Agency
of Ukraine, the seismic detectors of this type account for
less than 25% of the total quantity.

Due to the seismic observation network peculiarities of
the Main Center for Special Control of the State Space
Agency of Ukraine, today there is an acute question of
methodological approaches development for identifying the
main seismic waves types resulting from hazardous events
of technogenic and natural origin in the nearest zone on the
basis of additional information criteria. As such criteria, the
angular characteristics of the seismic signal components
are promising.
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I1l. MAIN PART

Currently, the angular characteristics are calculated
only for the first seismic wave entry (P—waves) — the
azimuth of the seismic wave entry o and the angle of the
wave exit to the daylight surface y, which are used to
calculate the location of the seismic event source (SES).

To calculate the values of azimuth and the angle of the
seismic wave exit according to the observation results of
the three-component seismic station, the values of signal
levels that arise on the P-wave in the channels oriented
north-south Ay, east-west Ay, compression-rarefication

A; are used. The calculation is performed according to the
expressions:

1)

A
a =arctg—,
Ay

where o« — azimuth of the seismic wave entry;
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y =arctg A, )

VA + AZ

where y — angle of the seismic wave exit to the daylight

surface.

However, this approach can be used only for surface or
near-surface (H <15km) seismic sources. For sources
with significant depth, such as, for example, earthquakes in
the Vrancea region (Romanian part of the Carpathians)
with depth of foci H =80+170km, the use of this
approach, when processing measurement information in
automatic mode, can lead to erroneous determination of the
seismic event source location. This is conditioned by the
fact that the information about the azimuth and the angle of
the seismic signal exit to the daylight surface, obtained
from the results of processing of the first seismic signal
entry at the observation point (OP), determines the
parameters of the seismic signal propagation path, but does
not determine the seismic event source (SES) location on it

(Fig. 2).

Seismic wave
propagation path

A<A

EARTH

Fig. 2. The scheme of an error occurrence when
determining the SES position based on the angular
characteristics assessment result of the first seismic signal
entry

SES’

Fig. 3. Signalogram from seismic events with
the same angular characteristics — a=a', y=%", and
different distance from SES to OP — A<A’, which
corresponds to the difference between the time of the bulk
waves entry t <t’
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Figure 3 shows the examples of recording seismic
signals with the same angular characteristics for different
seismic event sources (a¢=a', y=y"). Wherein, the

distances between the observation points and the epicenters
of seismic events are different (A<A4'), which
corresponds to the difference between the time of bulk
waves entry (t <t’).

To increase the accuracy of determining the seismic
event source location according to the observation results
of three-component seismic station, it is necessary to use
additional information about the distance between the
observation point and the event epicenter A. Such
information can be obtained by detecting and identifying
the main seismic signal components, with subsequent using
a residual time curve.

From the seismic event epicenter (earthquake or
explosion), the soil elastic vibrations are propagated in all
directions. These vibrations are propagated over
considerable distances from the epicenter and are an
important source of information for identifying a seismic
phenomenon and assessing its parameters.

According to the nature of the soil movement during
the seismic waves propagation, they are divided into bulk —
extensional (P ), transverse (S) and surface — L,-

Rayleigh waves and L, - Love waves.
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Fig. 4. The nature of the soil displacement for different seismic
waves types

In P-waves, compression and rarefication of soil
particles occurs in the direction of wave propagation
(Fig. 4,a). In Fig. 4, the areas of compression and
rarefication are indicated by arrows. For S-waves, the soil
displacement occurs perpendicular to the direction of wave
propagation (Fig. 4, b). Along with bulk waves, surface
waves can also propagate over the Earth. These waves are
of two types: Rayleigh waves (L;) and Love waves ( Lq).

In a Rayleigh wave, the soil particles are displaced in a
vertical plane oriented along the direction of wave
propagation, and their trajectories are ellipses (Fig. 4, c). In
a Love wave, particles move in a horizontal plane,
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transversely to
(Fig. 4, d).

After the seismic waves types are determined and the
time of their entry is estimated, the distance from the
observation point to the seismic event focus is assessed
using a residual time curve. Fig. 5 demonstrates a residual
time curve — a dependency graph of the wave propagation
time from the source to the seismic detector on the
epicentral distance for the nearest zone.

A slight difference in propagation time, as a result of
small distances, leads to the fact that each subsequent
phase of the seismic signal occurs against the background
of the previous wave tail, which makes it difficult to
identify the seismic signal components in automatic mode.

Given the peculiarities of the soil particles displacement
for each of the main seismic waves types for the event with
foci in the regional zone, the angular characteristics of
these waves will depend on the seismic source position
relative to the observation point as follows: P-wave — since
the soil particles vibration occurs along the propagation
direction, so the azimuth of the seismic wave entry
coincides with the azimuth on the seismic source; S-wave —
due to the fact that soil vibration during this phase occurs
perpendicular to the direction of wave propagation,
therefore, the calculated azimuth of the wave entry will
differ from the actual one by 90°; L,-wave — a surface
wave with elliptical polarization, oriented perpendicular to
the propagation direction, therefore, the calculated azimuth
will also differ from the actual one by 90°; Lq-wave - a
surface wave with elliptical polarization in the propagation

direction, therefore, the calculated azimuth will coincide
with the actual azimuth on the seismic source.

the direction of wave propagation
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Fig. 5. Residual time curve of different seismic waves types for
a regional zone

Thus, the identification of the seismic signal
components can be implemented using the peculiarities of
their angular characteristics, such as searching for areas of
a seismic signal recording, for which the conditions are
satisfied (apmyp)u(ap+90°myp), where o, and yp

— are angular characteristics of P-wave.

For the seismic events with foci in the regional zone, it
is expedient to be limited to detection and identification of
only bulk waves, since for a group of surface waves, due to
relatively small distances, the difference in the time of
surface waves entry between themselves and the S-wave is
insignificant, which leads to a complex wave pattern.

Fig. 6a shows the vertical component of the signal
seismic recording from an earthquake at the territory of
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Romania with the focus in the Vrancea region (09/03/2019,
M =45), which was recorded by the Malin seismic
station (Zhytomyr region), as well as the calculation results
of the second interval azimuth distribution for areas of
recording, corresponding to P and S-waves.

As can be seen from the seismic recordings, for the
background (Fig. 6 b) the azimuth distribution does not
have a clearly expressed maximum. As for bulk waves,
there are clearly expressed maxima, and the difference
between the maxima is = 90° (Figs. 6 c, d).
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Fig. 6. The vertical component of the seismic signal from an

earthquake in the Vrancea region (a) and normalized values of
azimuth distribution for areas of recording: b — background; ¢ —
P-wave; d — S-wave

The difference error between the calculated azimuths is
conditioned by the fact that the S-wave enters in the tail
part of the P-waves. Similar differences in the azimuths of
the P and S-waves entry were observed for other seismic
sources of both natural and technogenic origin.

The orthogonality peculiarities of the calculated
azimuths for bulk waves can be the basis for the seismic
signals automatic identification algorithm.

Given the foregoing, the algorithm for the automatic
processing of measurement information at the three-
component seismic station output, using the angular
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characteristics peculiarities, will include the following
stages: 1 stage — signal detection; 2 stage — assessing the
first entry angular characteristics (P-waves) — «, and yy;

3 stage — search for areas of a seismic signal recording with
angular characteristics, corresponding to the S-wave —

ap+90° and y,; 4stage — assessing the distance to a

seismic source using a residual time curve; 5 stage —
assessing the seismic source coordinates; 6 stage -
assessing the seismic source parameters — time, magnitude
and seismic event type.
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Fig. 7. The results of determining bulk waves for a seismic signal from an earthquake in the Vrancea region: a — vertical component
. b _
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Fig. 7 shows the results of determining bulk waves
based on the angular characteristics analysis for a signal
from an earthquake in the Vrancea region that occurred on
January 31, 2020 with a magnitude of M =5.1, the focus
depth is 145 km.

For the first entry (P-wave), the angular characteristics
ap and y, were assessed. Based on the these assessments

results, a search was made for areas of recording, for which
the angular characteristics correspond to the conditions:

3 la=a,
f(a)_{o,aiap )
3 lLa=a,+90°
W(a) Bl {O,a # ap +90° “)
1!7:7/17
= 5
a(») {O,y% (5)
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Azimuth and exit angle is calculated by the formulas (1,
2). The decisions on the appropriate seismic signal phases
are made in accordance with:
for P-wave

Fla.y)=f(a)-a(y), (6)
for S-wave
Qla.y)=wl(a)-a(y). (7)

As it can be seen from Fig. 7, based on the angular
characteristics estimation of the first entry (P-wave), the
signal phase has been determined that corresponds to the S-
wave. The time difference between the P and S-waves
entry, calculated by this algorithm, is 1 minute 6 seconds,
which coincides with the results obtained using a residual
time curve.

Thus, the methodology presented in the work for
processing the seismic signal from emergencies sources of
various origins allows, within the framework of the

PI1C SKT 20727



proposed algorithm, to diagnose the seismic phenomenon
in automatic mode based on a comprehensive analysis of
the geographic coordinates of the seismic wave source, its
nature and type, amplitude-frequency characteristics and
other parameters. It is performed with an increased degree
of reliability and a significant time reduction in the
processing information on hazard and making managerial

decisions aimed at minimizing the emergency
consequences.
IV. CONCLUSION
A relation has been established between the

characteristics of the seismic signal main components
depending on the events with the foci in the regional zone,
as well as between the angular characteristics of the
seismic event focus relative to the observation point.

The bases are formed and an approach is proposed for
detecting and identifying the seismic signal components in
an automatic mode, depending on the angular
characteristics peculiarities of the seismic signal
components.

An algorithm has been developed for the automatically
controlled processing of measurement information at the
three-component seismic station output using the angular
characteristics peculiarities of the seismic event focus
determined in the work.

Implementation of the proposed approaches makes it
possible with appropriate reliability to significantly reduce
the time of processing a seismic record as compared to
manual processing.
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