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Abstract—The results of unique experiments on synchronous recording of oscillations of earth’s surface with
three laser interferometers—deformographs spaced at a distance of 6740 km, obtained during 2016—2020, are
considered: two 100-m laser deformographs (Fryazino, Moscow oblast) and one 18-meter (Karymshina site,
Kamchatka krai). It is shown that frequency-stabilized and thermocontrolled lasers, as well as systems for
registering shifts of the compensation and modulation type interferogram provide an absolute instrumental

resolution of 0.1—0.01 nm.
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INTRODUCTION

Among the experimental methods and tools used
for the study of geophysical processes, a special place
is occupied by measuring systems with spatially spaced
instruments. One of the important tasks of detecting
and identifying seismic (acoustic) phenomena, which
can be qualified, for example, as precursors or indica-
tors of the processes of preparation and development
of a major earthquake, is the ability of the system to
emit a weak useful signal at the level of background nat-
ural and anthropogenic interference. These questions
come to the fore when there is a problem of accurately
determining the parameters of a weak earthquake or
seismic event of artificial origin. Measurements of the
deformation of a solid earth, such as expansion and
contraction, inclinations and shifts of the earth’s crust,
are fundamental methods of research in geophysics
since they provide primary information about the
movements of the geological environment for scien-
tific analysis. These instrumental methods [1—3]
together with classical gravi-inertial seismic moni-
toring systems open up new possibilities of combined
processing of simultaneous measurement of displace-
ments and deformations of the earth in the seismic wave
field [4, 5]. Improving the accuracy of seismic processes
registration, the study of the nature and time dynamics
of seismic-deformation wave fields become especially
fruitful when using spatial separated systems of syn-
chronously operating devices [6—9].

This paper presents the results of unique experi-
ments, including synchronous registration of seismic-

deformation oscillations of the earth’s surface with
three laser interferometers located at a distance of
6740 km from each other and installed in the aseismic
(Moscow oblast) and seismically active (Kamchatka
krai) zones. Preliminary results of the experiments
were presented at the 11 International Conference
STRPEP-2020 in Paratunka [10]. This publication
provides a detailed description of the methods and
tools used, as well as an extended analysis of the data
recorded, and the results obtained.

1. LASER-INTERDIMENSIONAL
INSTRUMENTS AND METHODS
FOR MEASURING LINEAR
AND SHEAR DEFORMATIONS

Wave disturbances excited by a source of any phys-
ical nature in a solid medium can be represented as a
non-stationary vector field of spatial displacements &,
(k=1, 2, 3) of medium particles. Displacements cause
changes in pressure or deformation of the medium
depending on its rheological, mechanical, and other
physical properties.

The simplest problem of detecting an acoustic wave
in a liquid or gas medium is solved by measuring the
temporary changes in pressure at certain point x; (k =
1, 2, 3) inside this medium using, for example, a
microphone, a microbarograph, etc. A spatially dis-
tributed system of acoustic sensors is used to record
the direction and coordinates of the source.
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Fig. 1. Optical circuits and orientation in the space of un equal-arms (a, ¢) and equal-arms (b) interferometers—deformographs:
(1) laser, (2) collimator, (3) light-splitting plate, (4) triple-prism reflector, (5) mirror, (6) protective tube, (7) mirror galvanometer
or modulating electromechanical (piezo-ceramic) converter, (§) photoreceiver.

Other conditions occur in an elastic, solid environ-
ment. Equation of motion

9%, Jor’ = 49’ [ax,dx,,
+ 9%, [ox] (k,m =1,2,3)

in the left part contains the second time-derived com-
ponent of the displacement vector of particles, and in
the right, a combination of second space-derived dis-
placements in a given plane, for example, x; = 0 () and
g are dimensional combinations of Lamé constants
and material parameters of the medium).

In seismology, the three components of the accel-
eration vector in the left part (1) are measured by
accelerometers. A three-component sensor with a
known pattern can determine the intensity of the wave
and the azimuth of the source of the oscillation.
Source localization is performed using longitudinal
and transverse volume waves (so-called primary (P)
and secondary (S) seismic waves). The amount of
information received from a single sensor here
increases in comparison with the acoustic sensing
method.

Objective—Improving the efficiency of recording
elastic waves in a solid medium: We use laser interfer-
ometers that measure the stresses (deformations) of
the medium in the right side of Eq. (1), which are
described by a second-rank tensor — six independent
components. The number of registered parameters
and equations for their calculation is also increasing.

(1)
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Then, we use a multi-component laser strain gauge
antenna, consisting of a system of spatially spaced
laser interferometers [6, 8], which allows us to fully
realize the advantages of the developed method of
geophysical monitoring.

In this study, we use laser interferometers—defor-
mographs that record changes in length A/ of the
selected basis with length /, the relative linear defor-
mation is defined as € = Al/l. Instruments with a
length of 18 and 100 m are installed in two observation
points, differing from each other in seismic and tec-
tonic activity. Interferometers at the Fryazino Beam-
Waveguide Site (underground beam-waveguide site)
[10—15] are located in the aseismic zone of the Mos-
cow syneclise [16]. The power of the sedimentary
cover in the area of the landfill is 1400—1600 m, a large
section of the crystalline foundation lowered to a
depth of 3—4 km, the aulacogen near Moscow is
located 20—30 km from the installation site of interfer-
ometers [10, 16]. A remote laser interferometer—
deformograph works in a seismically active region in
the tectonic fault zone off the eastern coast of Kam-
chatka [17, 18].

In experiments, two types of laser interferometers
are used (Fig. 1). Unequal-arm interferometers (see
Figs. 1a, 1b) measure the linear deformation, which
determines the changes in the length of the large shoul-
der and is expressed in fractions of the laser wavelength.
The equal-arm interferometer (see Fig. 1b), built
according to the classical Michelson scheme, mea-
Vol. 68

No.7 2023


GE 70
Карандаш

GE 70
Карандаш

GE 70
Карандаш


798

sures the difference of deformations in two mutually
perpendicular directions, which corresponds to the
transverse deformation of the shift parallel to the
hypotenuse of the triangle formed by the shoulders of
this interferometer.

At the Fryazino Beam-Waveguide Site (hereinafter,
Fryazino Site) data were obtained using two 100-m
instruments (see Figs. 1a and 1b), NRI1100 unequal-
arm interferometer [ 15] and RI100 equal-arm interfer-
ometer [11], the distance between them is 400 m.
Lasers, optical, and electronic units are located under-
ground at a depth of about 1.5—2 m. Light beams pass
through an air-filled underground steel pipe, which is
partly connected to the atmosphere.

An NRII8 18-m laser unequal-arm interferometer
(see Fig. 1b) is installed on the surface of the earth on
the Kamchatka Peninsula (Karymshina site of complex
geophysical observations [17, 18]). The optical elements
are mounted on casing pipes of two 5-m dry wells
located at a distance of 18 m from each other. The opti-
cal path is shielded by a sealed pipe, which is protected
from wind and precipitation by a special shelter.

Frequency-stabilized and temperature-controlled
lasers with a wavelength of A = 632.8 nm are used. In
unequal-arm interferometers, residual frequency
instability Av causes error in measuring deformations:

e=Al/l = Av/v. )

The relative long-term frequency instability of Av/v
for the lasers used is ~10-° during hours and days. The
short-term accuracy of the interferometer is improved
in the thermal control schemes of the optical length of
the laser and the interferometer [19]. The absence of
forced modulation of the laser resonator reduces
short-term (1—10 s) instability to 10~'> when installing
devices in underground line conditions, which corre-
sponds to a measurement error of 0.01—0.1 nm for
interferometers with a length of 10—100 m. With such
measured values, reverse optical scattering effects
become important, which reduce the real accuracy of
measurements by orders of magnitude. The limit on
the level of optical feedback of the laser and interfer-
ometer is [20]

DG < K,/7, (3)

where K; = [,/l is the ratio of laser lengths /; and inter-
ferometer /, ¢ is the transmittance of the laser mirror,
G is the reflectance of the interferometer mirrors, rep-
resenting the TEM,, amplitude of the wave, and D, is
the parameter of enhancing the feedback effect, depen-
dent on laser frequency stabilization method [20].

The interferogram shifts are measured by a record-
ing system (in three versions) that converts the length
change of interferometer A/ into an electrical signal
(Figs. 2a, 2b). Samples of these signals for instruments
NRI100, RI100, and NRI18, their processing results,
and examples of earthquake recording are shown in
Figs. 3 and 4.
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The NRI100 is equipped with a compensation
recording system (see Fig. 2a), containing a transpar-
ent-reflective lattice (raster) as an interferogram posi-
tion sensor and an actuator in the form of low-inertia
mirror galvanometer 7, moving the image of the inter-
ferogram along the raster [21]. Photoreceiver &, ampli-
fier UPT 9, and integrator /0, connected to the mirror
galvanometer, form an automatic control system with
static and astatic links in the feedback circuit. The
analog output is proportional to the offset of the inter-
ferogram, its period A/2 = 316.4 nm is the calibration
scale. The frequency range of this system model is lim-
ited from the top (~100 Hz), the record resolution is
0.01—0.001 nm in the 1 Hz band [22]. The dynamic
range extension provides an automatic zero-point
reference when the galvanometer mirror is deflected
to the edge of the grid (Fig. 3a, curve /), the transfers
are removed during processing (Fig. 3a, curve 2;
Fig. 4a).

In RI100 in the Fryazino Site (see Fig. 2b) a registra-
tion system of a modulation type is applied. Electrome-
chanical modulator 7is powered by a sinusoidal voltage
of reference frequency /2, 13 and generates an interfer-
ence signal. Calculation of the phase difference within
0—2m and accounting for transitions through 27 is per-
formed by a personal computer at the processing stage
with a system resolution of 0.1—1 nm (Figs. 3b, 4b).

In the NRI18 registration system in the Karymshina
Site (see Fig. 2b) to isolate the interference signal,
piezoceramic modulator 7is used, connected to a refer-
ence generator of sinusoidal voltage 12, 13. The phase
difference between the reference (/2, 13) and mea-
surement (&8, 9, 14, 15) channels is measured by phase
detector /7 and the number of transitions through 27
is calculated on the PC as the difference between the
measuring and reference counters (see Fig. 2¢, /6 and
18 respectively). The basic accuracy of the recording
system is A/4 = 158 nm, or A/2 = 316 nm, depending
on the setting (Figs. 3c, 5g). The linearization of the
phase detector output improves the system resolution
to 0.1—1 nm.

To digitize the signals in the three described sys-
tems, 12—16-bit ADCs with a sampling frequency of
up to 2 kHz are used, the results are received and accu-
mulated in the PC.

In interferometers—deformographs with an air-
filled protective tract, there are errors associated with
changes in the refractive index of air, which are deter-
mined by the temperature, humidity, and pressure of
the surrounding atmosphere. The contribution of the
first two factors in thermostable underground prem-
ises is not significant, but variations in atmospheric
pressure affect the operation of interferometers of any
design [14, 23]. In this case, the Usignal at the output
of the laser interferometer registration system is
expressed by ratio

U = AAI + BAp, 4

Vol. 68 No.7 2023
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Fig. 2. Functional block diagrams of systems for registration of unequal-arms (a, c) and equal-arms (b) interferometers—defor-
mographs: (/—6) elements of NRI100, RI100, and NRI18 interferometers (see Fig. 1), (7) modulator, (§) photoreceiver,
(9) amplifier, (10) integrator, (/1) ADC, (12) reference frequency, (/3) modulating voltage generator, (/4) band filter, (/5) sine-
meander converter, (/6) measuring counter, (/7) phase detector, (/8) reference counter, (/9) LF.

where Alis the increment of the length of the deformo-
graph, Ap is the variation of atmospheric pressure,
coefficient A is the sensitivity of the interferometer to
deformations, and B is its baric error. For example, for
the NRI100 interferometer according to Fig. 3a, factor
a =2 % 10® V/mm. Coefficient B according to the cal-
culations [14] for the sealed interferometer varies
between

B, =3.6x20 mV/mbar =72 mV/mbar,  (5a)
and for free atmosphere,
B, =72 V/mbar. (5b)

It is important to note that coefficient B, (5a) for an
interferometer—deformograph with a sealed protective
pipe decreases only by ~4 times (to B, = 20 mV/mbar)
when it is replaced with a vacuum [23]. At the same
time, with a partial connection of the measuring arm
of the interferometer with the external atmosphere

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

(B, < B < B,) and measuring the deformation of the

order of the tide in a solid earth € = Al// ~ 10-8—10~7
both components in the ratio (4) become close in
absolute value and the device equally effectively regis-
ters a linear combination of deformation of the earth’s
surface and variations in atmospheric pressure. This
property of the interferometer—deformograph pro-
vides an interesting opportunity to study the features
of deformation-baric processes and their relationship
with geodynamic phenomena responsible for both the
processes of preparation and development of large
earthquakes [24, 25], and their impact on the earth’s
atmosphere [24, 26].

2. RESULTS OF SYNCHRONOUS
SEISMIC OBSERVATIONS

Let us analyze the largest earthquakes simultane-
ously recorded by interferometers in the Moscow
region and Kamchatka in 2016—2020 (Table 1).
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Fig. 3. Initial records of interference signals (/) in Fryazino for NRI100 (a) and RI1100 (b), and in Karymshin for NRI18 (c);

results of processing of the corresponding signals (2).

A feature of seismograms for interferometers and
deformographs of any type is a slight amplitude of
short-period volume P-waves in comparison with
records of standard seismic channels [4]. The long-
period surface waves of Rayleigh (R) and Liava (L)
have large amplitudes and are recorded with interfer-
ometers with sufficient accuracy (Figs. 4a, 4c).

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

The amplitude of the deformation of the medium
decreases with the increase in the length of the seis-
mic wave directly proportional to the speed of its
propagation in the medium [4, 6]. The velocities of
volume P-waves are significantly higher than the
velocities of the local microseisms, which makes it dif-
ficult to allocate P-waves against the background of
Vol. 68
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and local earthquake on March 14, 2016 off the East coast of Kamchatka, M,=4.5 (c).

interference. At the same time, volumetric teleseismic
waves at the point of registration always have large exit
angles [27], and therefore the interferometer with a hor-
izontal arm, having a narrower directivity diagram [6,
11], is again in a less favorable situation compared to a
standard pendulum-type seismometer. Therefore, the
sensitivity and instrumental accuracy of instruments for

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

measuring relative deformations € = Al// in the seismic
wave field, when calculated on absolute displacements
&, of individual particles of the medium, should be
comparable with the corresponding parameters of the
standard seismic devices. To date, these conditions are
being implemented in the most advanced laser-interfer-
ometric instruments and installations [1, 4, 5, 28].

No. 7
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Fig. 5. Fragments of synchronous registration of the earthquake where M,, = 7.8 (south-west of Sumatra, 2016), made in Fryazino
on the NRI100 (a) and vertical Z-component seismic receiver SNG-11 [29] (b) and Karymshina on the NRI18: The signal at the
output of the phase detector (c), the difference in the readings of the measuring and reference meters in nm (d) and the units of
the number of pulses (e), the variation of atmospheric pressure in Karymshina (f).

2.1. Registration and Allocation
of Short-Period Volume P-Waves

Preliminary results of the March 2, 2016 earthquake
(see Table 1) laser interferometers in the Karymshina and
Fryazino sites are considered in our previous publica-
tions [10, 25]. Below, we give a more detailed analysis of

the experimental material obtained and clarification of
the results of detailed data processing.

Fragments of earthquake records are shown in Fig. 5.
The first 3 min of recordings contain the introduction
of the volumetric longitudinal P-wave. Recordings of
long-period surface L- and R-waves for 30—40 min

Table 1. Data of the Unified Geophysical Service of the Russian Academy of Sciences (USGS) and the United States Geo-
logical Survey (USGS) on earthquakes

(S%té) (US (:IF sll;’l]; GS) Latitude Longitude Magnitude: District
’ M,, USGS/ M, EGS
yy-mm-dd hhemm:ss (USGS/ EGS) | (USGS/ EGS) | M,, / M (USGS/ EGS)
2016-03-02 12:49:48 4.95°S 94.3°E M, 7.8 Southwest of Sumatra,
Indonesia
12:49:46 4.78° S 94.26° E M, 7.5
2017-09-08 04:49:19 15.0° N 93.9°W M, 8.2 101 km South of Tres Picos,
Mexico
04:49:19 15.0° N 93.69° W M;8.3 Coast of Chiapas, Mexico
2020-01-28 19:10:24 19.42° N 78.8° W M, 7.7 The Caribbean Sea (NNW from
Lucia, Jamaica)
19:10:25 19.54° N 78.8° W M7.7 Region of Cuba (between Cuba
and Jamaica)

See links: EGS—/www.ceme.gsras.ru/cgi-bin/new/catalog.pl; USGS—//earthquake.usgs.gov/earthquakes/.
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after the entry of the volume waves are given in the
right columns of Figs. 5a, 5b, and 5d.

It turned out to be unexpected that the digital sys-
tem of registration of the NRI18 interferometer in the
Karymshina Site (see Figs. 5c¢ and 5d), having less
accuracy in conditions of low level of microseismic
interference, due to its nonlinear properties, recorded
the entry of volumetric waves with a greater sensitivity.
Spectral-time analysis of the data allows you to more
accurately determine the arrival times, microstruc-
ture, and frequencies of the emitted waves (Fig. 6).

Time synchronization of remote tools was carried
out on radio signals of the exact time with an error of
1 s. Comparison of the results with the data of the
nearest seismic stations, Obninsk (OBN) and Pet-
ropavlovsk-Kamchatsky (PET) of the Unified Geo-
physical Service, Russian Academy of Sciences, is pre-
sented in Table 2. The arrival times of the P-wave are
consistent with these data and correspond to epicenter
distances: As A increases, the time of the wave travel
from the hypocenter to the point of registration
increases proportionally. Estimates for average propa-
gation speeds: 12.15 km/s (Fryazino) and 12.22 km/s
(Karymshina) are consistent with the classical model

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

of the Jeffries—Gutenberg Earth [30, 31] and coincide
with the estimates of seismic data of the Obninsk and
Petropavlovsk-Kamchatsky stations with an accuracy
of 1.07 and 0.74%, respectively.

The spectral composition and temporal (phase)
structure of the selected wave packets are interesting.
P-waves recorded in the Fryazino Site at 13:01:25 UTC
(see Fig. 5a), in the spectral-time diagram consists of
several interfering components in the range of 0.52—
1.58 Hz) (Fig. 6a). At the same time, three out of five
components, 0.68, 1.06 and 1.36 Hz, appear with a
delay of ~30 s relative to the P-wave containing two
leading components of 0.52 and 1.58 Hz. The three
lagging components can be interpreted as scattered
SV- and PS-exchange waves [30, 31], excited by the
main P-wave when it is reflected and passing through
the boundaries of the interface, in this case, the near-
Moscow aulacogen [16] at 20—30 km from the point of
installation of the devices, as well as the Mohorovicic
discontinuity, lying at a depth of ~45—48 km. In con-
trast to the bottom longitudinal P-wave, SV and
PS-waves contain significant tangential components
of the displacements of the earth’s surface and are well
recorded by horizontal interferometers. This is espe-
Vol. 68
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Fig. 7. Fragments of records of the earthquake where M|, = 8.2 (2017, Mexico), made by NRI100 (a) and RI100 (b) in Fryazino:
Arrival of volume waves (left), registration of surface waves (right).

cially evident in the spectral-time diagram in the
Karymshina Site (Fig. 6b). The phases of the SV- and
PS-waves delayed by 20—40 s (group component in
the region of 1.2—1.5 Hz) are six to eight times more
intense than the main P-wave.

The spectral-temporal diagrams (see Figs. 6a, 6b)
clearly distinguish lower-frequency PcP-wave phases
reflected from the Earth’s core [30, 31] with arrival times
of 13:02:12 UTC (Fryazino site) and 13:02:30 UTC
(Karymshina site), which are represented by spectral
components in the region of 0.29 and 0.37 Hz. The
possibility of separating these waves using the tech-
nique used is very interesting due to the fact that Jef-
freys’ hodographs for P- and PcP-branches at epicen-
ter distances near A = 80° practically merge [30, 31].

A different situation is observed in the allocation of
volumetric waves from the larger earthquake of M,, =
8.2 (Mexico September 8, 2017) (see Table 1). This
powerful seismic event was recorded by NRI100 and
RI100 Fryazino interferometers located at a distance
of 0.4 km from each other [11, 15] (Fig. 7). Displace-
ments A/ at the time of the arrival of the P-wave
(05:02:51...52 UTC) do not exceed 100—200 nm for
the NRI100 interferometer (see Fig. 7a) and are at the

level of microseismic interference on the record of the
RI100 interferometer (see Fig. 7b). This is explained by
the magnitude of the epicenter distance of ~10 930 km
(A ~ 98.5°) for the Fryazino Site, which is located at
the boundary of the shadow zone for both the direct
P-wave and for reflected and scattered waves [30, 31].
As a result, both instruments detect interfering beams
of weak diffracted waves of each of these types (see
Figs. 7a, 7b).

Synchronous records of the earthquake of Janu-
ary 28, 2020 (Caribbean Sea), obtained by interferom-
eters in the Fryazino and Karymshina sites are shown in
Fig. 8. The time in the source, 19:10:24...25 UTC, is
indicated by the vertical arrows. The epicenter dis-
tance to both points of observation is 1300—1600 km
longer than for the earthquake off the coast of Sumatra
in 2016 (see the beginning of this subsection), and the
trajectory of the volume waves is respectively closer to
the shadow zone. The estimated time of arrival of the
P-wave on the recordings is indicated by vertical lines.
Its arrival is almost indistinguishable in Fryazino in
connection with the high level of the microseism (a),
and to allocate the wave is possible considered above
by the method of spectral-time analysis. The intro-

Table 2. The time of the arrival of the P-wave from the earthquake of March 2, 2016 (Southwest of Sumatra M,, = 7.8/ M;=7.5;
1y = 12:49:48...46 UTC) according to laser deformographs at Fryazino, Karymshina and seismic stations Obninsk and Petropav-

lovsk- Kamchatsky (www.ceme.gsras.ru/)

Site Epicentral distance, A, deg Arrival time (UTC), Run time
km hh:mm:ss
Fryazino 8470 76.31 13:01:25 11m37s
Karymshina 8740 78.74 13:01:45 11 m57s
Obninsk 8510 76.67 13:01:35.8 11 m48s
Petropavlovsk-Kamchatsky 8760 78.92 13:01:50.4 12m02s
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS  Vol. 68 No. 7 2023
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Fig. 8. Synchronous recordings of the earthquake where M,, = 7.7 (2020, Caribbean), made by NRI100 (a) and NRI18 (b) and
variations in atmospheric pressure, respectively in Fryazino (c) and Karymshina (d).

duction of a P-wave in Karymshina falls on a nonlin-
ear section of the characteristics of the registration sys-
tem with a small value of conversion coefficient A4 (see
formula (4)), and the amplitude of the measured oscil-
lations becomes less than the resolution of the regis-
tration system 1—0.1 nm, which on an 18-m base cor-
responds to the magnitude of relative deformations of
the order

e=AlJ1~107"...107""

2.2. Low-Frequency and Ultra- Low- Frequency
Seismic Deformation Oscillations

The results of recording low-frequency (long-
period) waves from the earthquakes in question (see
Table 1) shown in the right-hand columns in Figs. 5a—
5g and 7, in the right-hand parts of Figs. 8a, 8b, and 9.

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

Surface waves in Fryazino and Karymshina (see
Figs. 5a, 5d) for the highest amplitude of the wave
trains have characteristic periods of 40—50 s (L-waves)
and 15-25 s (R-waves). The Basic Accuracy and
Recording Scale in Fig. 5g is expressed in units of
A/2 =316 nm. The surface transverse L-wave does not
contain a vertical displacement component and is not
present on the seismic Z-channel record (see Fig. 5b
on the right). The R-wave, containing vertical and
horizontal components, on this record has a notice-
able although insignificant amplitude due to a sharp
drop in the amplitude-frequency characteristic of the
seismic channel in the range of periods greater than
10 s (the intrinsic frequency of pendulum SNG-11 is
5 Hz [29]). The time of arrival of the most intense L-
and R-wave trains in Fryazino and Karymshina are
respectively 13:23:30...50 and 13:37:10...40 UTC. Tak-
ing into account the epicenter distances of each item
Vol. 68
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1500 nm (a)
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UTC
200 nm (b)
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UTC

Fig. 9. Synchronous recordings of surface waves caused by the M,, = 7.7 earthquake (January 28, 2020): Registration by the
NRI100 interferometer in Fryazino (a), registration by the NRI18 interferometer in Karymshina, basic accuracy A/4 = 158 nm (b).

(see Table 2) estimates of the average propagation speeds
of these waves are obtained: V; = 4.17—4.30 km/s and
Vi =2.96—3.06 km/s, which agree well with the values
of group velocities of L- and R-waves by independent
seismic and strain-metric measurements [31, 32].

A comparison of the surface L- and R-waves from
the Mexican earthquake where M,, = 8.2 on Septem-
ber 8, 2017, recorded by two interferometers at the
Fryazino radial range, is given in the right part of Fig. 7.
Maximum L-wave amplitudes for the RI100 interfer-
ometer (Fig. 7b on the right) at 05:42 UTC reach a
value of 20.2 microns. This is about twice the maxi-
mum amplitude of L-waves of 10.5 microns on the
recording of the interferometer NRI100 (Fig. 7a left).
The estimated amplitude ratio for the directivity dia-
grams of the RI100 and NRI100 interferometers in the
transverse wave field is 2 : 1 [6, 11], which corresponds
with an accuracy of ~4% to the experimentally obtained
value.

Surface L- and R-waves from the earthquake
where M,, = 7.7 in the Caribbean Sea on January 28,
2020, recorded in Fryazino and Karymshina from
19:40 to 20:00 UTC are completely different (see
Figs. 8a and 8b). Although the difference in epicenter
distances for these points is only a few percent, wave
trains differ at the time of their maximum amplitudes
at 19:55—19:58 UTC (Fig. 9): characteristic periods of

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

fluctuations in Fryazino and Karymshina—30 and
35 s, respectively. This is due to the difference in the
phase velocities of these waves [31] and the geology of
the medium on the path of their propagation: The sig-
nal from the Caribbean comes to Fryazino across the
Atlantic and the western part of Eurasia, while in
Karymshina the wave passes along the sides of the
Pacific and North American tectonic plates.

Except for the standard long-wave L- and R-waves
in Figs. 5 and 8 see special ultra-long-period (ultra-
low-frequency) oscillations with characteristic periods
of 10—40 min. The amplitude of these oscillations is
three to four times greater than the amplitude of L-
and R-waves, which indicates their possible baric ori-
gin. To date, we have accumulated experience that
indicates the connection of the observed deformation-
baric processes with the activity of tropical cyclones in
the oceans, often preceding strong earthquakes and
acting here as their trigger mechanism [25, 33].

The earthquake of March 2, 2016 (Sumatra, M,, =
7.8) can be associated with the development of the
powerful tropical cyclone Winston (highest category
5 SSHWS) in the South Pacific in February 2016 and
the completion of its activity on March 3, 2016 off the
coast of Australia. The Caribbean earthquake on Jan-
uary 28, 2020 (see Fig. 8) on the border of the North
and South American plates is accompanied by a very
Vol. 68
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Fig. 10. Synchronous recordings of microseismic deformations and their spectral-time diagrams obtained in Karymshina (a) and

Fryazino (b) on January 28, 2020.

rare phenomenon, the development of the subtropical
cyclone Kurumi off the coast of Brazil (South Atlan-
tic) from January 22—26, 2020, and its accelerated
movement across the boundary of the plate section
toward the African tectonic plate.

For both earthquakes (Figs. 5, 8) there is a correla-
tion of the ultra-long-period oscillations recorded in
Fryazino and Karymshina with a characteristic delay
of 7—8 min. Confirmation of the baric origin of the
detected waves is the correlation of the signals of laser
interferometers—deformographs and variations in
atmospheric pressure (Figs. 5f, 8c, 8d). Estimates of
strain-baric coefficient B (4) for both instruments in
relative units vary within 1-3 x 107 GPa~!.

2.3. Study of Synchronous Recordings
of Microseismic Deformations

Microseisms continuously and everywhere excite
the earth’s crust in the frequency range from 1072 to
102 Hz. In a range of periods of more than 1 s, they are
caused by oceanic surf, wind, and large meteorologi-
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cal disturbances in the oceans. Microseisms in the fre-
quency range above 1 Hz are usually excited by tech-
nogenic sources and form spatially distributed par-
tially coherent seismic fields. The study of the
properties and behavior of broadband microseismic
oscillations is considered as a possible method for
studying the precursors of earthquakes [13, 25, 34].

The laser interferometer allows you to examine the
characteristics of the microseism in wide ranges of fre-
quencies and amplitudes. At the same time, the system
of spatially spaced laser interferometers is able to
determine the coherent properties of detected micro-
seismic fields. During 2016—2020, laser interferome-
ters in Fryazino and Karymshina performed several
sessions of synchronous measurement of microseis-
mic deformations. Examples of analysis of data
obtained 18 h before the M,, = 7.7 earthquake in the
Caribbean Sea (see Table 1), shown in Fig. 10.

The registration system of the NRI18 interferome-
ter (Karymshina) in linear mode records 4—6 s storm
microseisms (see Fig. 10a left). Their relatively large
amplitude of 10—20 nm is explained by the proximity
Vol. 68
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(30—40 km) of the surf on the Pacific coast. The
usual amplitudes of 4—6 s of storm microseisms from
the Atlantic, recorded in the Moscow region (1000—
1200 km to the oceanic coast) are units of nanometers
for a laser interferometer of the same length, installed
in a deep tunnel [3]. Synchronously working 100-m
interferometers in Fryazino records 0.3—0.4 s of tech-
nogenic microseisms (see Fig. 10b on the left). Their
amplitudes increase to 200—300 nm during the day
and decrease several times during the night period.

The results of the spectral-temporal analysis of
high-frequency microseisms are shown in (Fig. 10
right). In Karymshina (see Fig. 10a, right), the peaks
at 4.5, 9.1, and 14 Hz are highlighted. The narrow and
intense peak of 22 Hz is quite coherent and is due to
the resonant properties of the device design. On the
spectrograms of the interferometer in Fryazino (see
Fig. 10b right), the following peaks are detected: 0.27,
0.49, and 0.59 Hz. The split spectral peak at a fre-
quency of about 1.9 Hz is isolated at the top of the
spectrogram in Fig. 10b and shows here moderate
coherent properties. It should be noted that the
strong splitting of this spectral peak was observed
using the same 100-m laser deformograph before the
large M,, = 8.3 earthquake in Chile on September 16,
2015 [25].

CONCLUSIONS

The results of unique experiments on synchronous
registration of seismic deformation oscillations of the
Earth’s surface with three laser interferometers with
measuring bases of 18—100 m, spaced at a distance of
6740 km. The methods used and the results achieved,
according to the data published to date, are original
and obtained for the first time.

Used as radiation sources, frequency-stabilized
and thermocontrolled lasers together with recording
systems of compensation and modulation types, mea-
suring interferogram shifts, provide an absolute
instrumental resolution of 0.1—0.01 nm on interfero-
metric bases up to 100 m.

The effectiveness of the proposed methods is
demonstrated by the examples of the registration of
remote earthquakes M,, = 7.7—8.2 and the isolation of
volume and surface waves used in seismology. The
results of spectral analysis of data obtained in the ses-
sions of synchronous observations during 2016—2020
were compared with the data of regional and global
seismic services. The development of the proposed
methods can be useful for the detection and identifica-
tion of precursors of major seismic events and other
natural hazards.
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