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Abstract. The Balkans, including Bulgaria, is one of the most seismogenic zones in
Europe. The relatively small depth of the hypocentres of earthquakes - up to 60-70
km, could greatly increase the effects on the ground surface. In conditions of relative-
ly high population density and high urban constructions, even a moderate magnitude
earthquake could lead to increased unfavourable consequences - destruction and human
loses.

The global impacts of atmospheric and oceanic processes, tidal deformations of the
earth‘s crust, as well as the less well-studied processes in the Earth‘s crust, are asso-
ciated with accumulation and slow dissipation of tectonic energy in the lithosphere.
These processes are the ,,participants® in the formation of the random process, where
the traditional apparatus of spectral analysis is less effective.

The usage of fractal analysis for decipher the structure of seismic noise is a good enough
alternative. Since the early 1990s, the method is used in both: turbulence analysis and in
financial and medical time series studies.

The development of new methods for earthquake forecasting based on data from ge-
ophysical and, in particular, seismic monitoring, is one of the priority goals of Earth
science. Seismic records of twenty-three Balkan Peninsula stations were analyzed,
at distances of 1 to 500 km far from the earthquake on 23.09.2016, 27.12.2016 and
28.10.2018 with magnitude more 5.5 in seismic zone Vranchea. For the analysis, the
Lubusin method was used for fractal analysis of scalar time series.

A scientific goal is to detect common signals ignoring the ,,individual® behavior of the
clements of the monitoring systems.
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Introduction

Microseismic oscillations in a wide frequency range are one of the most widespread
objects of geophysical studies. This is due to their accessibility, the presence of numerous
regional and global seismic networks, and the well-developed practice of seismic obser-
vations. Even an approximate review of the literature, devoted to analysis of microseisms,
apparently cannot be made.

This is particularly true for the analysis of high frequency (HF) microseisms (from
0.01 to 100 Hz and higher, up to seismoacoustic waves). The widespread occurrence of HF
microseismic observations is due to the relative simplicity and mobility of instrumenta-
tion, free from rigid requirements on long-term stability of sensors that can by no means be
neglected in problems of low frequency (LF) geophysical monitoring. McNamara and Bu-
land [2004] presented results of detailed research into microseismic background of natural
and industrial origin in the frequency band 0.01-16 Hz, including the construction of esti-
mators for the temporal (diurnal and seasonal) and spatial distribution of power spectrum
properties. With an increase in the period of microseismic background oscillations studied,
the role of atmospheric and oceanic waves, as main sources of microseisms, becomes
predominant. Berger et al. [2004] presented a review of the use of IRIS broadband seismic
stations for the study of background microseisms. Microseismic oscillations in the period
range 5—40 s were studied by Stehly et al. [2006], who established their oceanic origin.
Continuously observed microseismic oscillations at periods of 100-500s were examined
in Friedrich et al., [1998]. These oscillations are generated both by weak earthquakes and
by processes in the atmosphere, although the atmospheric effects are predominant.

The effect of atmospheric processes (movement of cyclones) and oceanic waves,
generated by them, as well as the impact of the waves on the shelf and coasts, contributes
most to the energy of the LF microseismic background.

The origin of an LF seismic hum with a predominant period of 4 min was studied in
Rhie and Romanowicz [2004, 2006]. A significant correlation was established between
the intensity of these oscillations and the oceans wave height, caused by storms, and
it was shown that the hum intensity is independent of the Earth’s seismic activity: the
authors presented an example of a seismically quiet time interval (January 31— Febru-
ary 3, 2000) characterized, however, by anomalously high amplitudes of microseismic
background in the vicinity of the 4-min period. As a possible mechanism of excitation of
such oscillations, they proposed the perturbation of the gravitational field by high waves,
resulting in the excitation of LF seismic waves on the seafloor. The main regions of ex-
citation of these oscillations are suggested to be the northern Pacific Ocean in winter and
the southern Atlantic Ocean in summer.

Low frequency oscillations of microseismic background and the Earth’s gravitation-
al field with periods of a few tens to a few hundreds of minutes arising, due to the litho-
sphere—atmosphere coupling, were considered in Linkov, [1987]. It is important that the
source of such oscillations is supposedly slow wavelike deformations of the lithosphere.

The present paper generalizes the experience, accumulated in studies of microseis-
mic background in the (LF) range of periods from 1 to 300 min, observed in time inter-
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vals, preceding a few strong earthquakes [Oynakov, Aleksandrova 2019; Oynakov E., et
al. 2019 ].

This frequency range is the least studied and occupies an intermediate position be-
tween LF seismology and investigations of slow geophysical processes, such as gravity
field variations, crustal strain and tilt variations, and so on. The range includes various
modes of the Earth’s free oscillations, excited by strong earthquakes; however, in the
present paper, the main attention is given to the background behavior of microseisms.
Note that this background contains continuous arrivals from near weak and far strong and
moderate earthquakes.

In this paper, the main emphasis is placed on the study of synchronization effects,
appearing in a joint multidimensional analysis of information from several stations. The
synchronization effects of the microseismic background are also examined, as a means
for detecting new precursors of strong earthquakes.

Method and Theory

Let F be some random fluctuations in the time interval [¢-0 /2, t + ¢ / 2] (Figure 1)
with duration ¢ and the reach of the random process for this interval - u (¢, 0) (difference
between the maximum and minimum amplitude values) and calculate the mean value of
its power degree q: M (6, q) = [(u, (¢, 9))7].

A random signal is scale-invariant [Taqqu, 1988] if M (8, g) ~ 6 when 6—0, that
is, the following limit exists:

. [InM(3,q)
p(q)—glgi—ln(g) j (1)

If p(g) is a linear function p(q) = Hq, where H = const, 0 < H <I, the process is
called monofractal. In the case where p(g) is a nonlinear concave function of ¢, the signal
is called multifractal. To estimate the value of p(g) using a finite sample x(¢), = 0,1,...,N -/
we used the method, which is based on the approach of detrended fluctuation analysis
(DFA) [Kantelhardt et al., 2002]. Let us split the entire time series into non-overlapping
intervals of length s:

I(A‘) — . _ N
¢ —{t.l+(k—1)sStSks,k—l,....{?} )

and let
()= (ke 1=1 s 5
be a part of the signal x(), corresponding to interval I'". Let p{*")(¢) be a polynomial

of the order m, best fitted to the signal p(*(¢). Let us consider the deflections from the
local trend:
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A" () =y (8) - pi™ (£), t=1,...,8 4
and calculate the values

N/s q

[ E (rlnax Ayf:"'") - rlnin Ay,(:"") (®)* )j
<t<s <t<s
Zm) (q’s) _| Nkt ~

N

)

1
that can be regarded as the estimate of (M (6s,q)); . Let us define the function /4(g) as a
coefficient of linear regression between ln(Z " (q,s)) and In(s): Z™(q,s)~ s"? fitted
for scales range §,,;, <8 <s,,... Itis evident that (¢) = gh (¢) and, for a monofractal sig-
nal, i(g) = H = const . The multifractal singularity spectrum F(a) is equal to the fractal
dimensionality of the set of time moments ¢ for which the Holder — Lipschitz exponent
is equal to o i.e. for which |x(#+38)—x(¢)|~| 5", 8—0 [Feder, 1988]. The singulari-
ty spectrum can be estimated using the standard multifractal formalism, which consists
in calculating the Gibbs sum: multifractal formalism, which consists in calculating the

Gibbs sum:
N/s

q
— (s,m) ; (s,m)
W(q.s)=> (max Ay, (#)—min Ay;"" (2) (6)
I<t<s 1<t<s
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Fig. 1. Illustration of the multifractal spectrum of the singularity, where: F(a) — the multifractal

spectrum of the singularity or fractal dimension of the set of times t; Ao — width of the carrier of
F(a); a* — a general exponent Hurst
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and in estimating the mass exponent 7(¢g) from the condition W(g, s) ~s*?. From (6) it
follows that 7(q) = p(q) -1= gh(q) -1. In the next step, the spectrum F(a) is calculated with
the Legendre transform:

F(a)zmax{rnqin(aq—r(q)),O}. (7

If the singularity spectrum F(a) is estimated in a moving window, its evolution can
give useful information on the variations in the structure of the “chaotic” pulsations of the
series. In particular, the position and width of the support of the spectrum F(a), i.e., the
valuesa o ,Aa=a —a . anda’, such that F(a*) = max F(a), are characteristics
of the noisy signal. The value a* can be called a generalized Hurst exponent and it gives
the most typical value of Lipschitz-Holder exponent. Parameter Aa, singularity spectrum
support width, could be regarded as a measure of variety of stochastic behavior. In the
case of a monofractal signal, the quantity Ao should vanish and a.* = H. Usually F (a") =1,
but there exist time windows for which F () < 1. Estimates of minimum Holder-Lip-
schitz exponent min a are mainly positive. Nevertheless negative values of min o are
quite possible as well for time fragments which are characterized by high-amplitudes
spikes and steps.

Used data

This article explores the time interval of 01.08.2016. - 30.12.2016, involving three
seismic events with M > 5.5:

— the earthquake of 23.09.2016; T =11:11:20 GMT; with coordinates 45.71°N /
26.62°E; Mw = 5.7; h =92 km;

— the Vrancea earthquake on 27.12.2016; T =11:20:56.3 GMT; with coordinates
45.72°N / 26.61°E; Mw = 5.6; h =91 km;

— the Vrancea earthquake on 28.10.2018; T = 00:38:15 GMT; with coordinates
45.7°N / 26.4°E; M w=5.5; h = 150 km.

For the study, vertical component records (Z) of 23 seismic stations (Table 1), with
records of 100 reports per second (i.e., 8 640 000 reports for 24 hours) are used. In order
to obtain 1/2-minute low-frequency noise time series, the average values of the original
recordings at successive time intervals of 3000 reports calculated for each station — 1/2
minute time series are obtained for all 23 stations.

Eight of the seismic stations - PLOR, PLOR1, PLOR2, PLOR3, PLOR4, PLORS,
PLORG6 and PLOR7 (Local Ploeschina network), located in the epicentral region (average
20 km from the epicentres of the two earthquakes) of the Vrancea seismic zone, VRI and
DRGR stations are located at distances of 30 and 450 km respectively from the earth-
quake epicentres. All ten listed seismic stations are part of the seismic network of Roma-
nia. The seismic stations PRD, AVR, BOZ, DOB, NEF, and ROIA, are part of the Prova-
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Table 1. Seismic stations used in the study. The last 3 columns represent the time intervals and the
number of 24-hour seismic records, used in the research.

Period Period Period

01.08.16 | 24.09.16 06.09.18
SEIMNC | Digitizer L‘ZE,‘I{]“)de L"‘(‘%g)“de Sensors 23.09.16 | 30.12,1.6 | 30.10.18

Number Number Number

of 24 hour | of 24 hour | of 24 hour

records records records
AVR DAS 9AF3 | 43,1178 | 27,6685 | GEOPHON 54 98 53
BOZ DAS 98B6 | 43,1044 | 27,4786 | GEOPHON 54 98 53
DOB DAS 9C9D | 43,1790 | 27,4628 | GEOPHON 54 98 53
PRD DAS 990A | 43,1602 | 27,4099 | GURALP 54 98 53
NEF DAS 986E | 43,2644 | 27,2753 |[SI3 54 98 53
ROIA | DAS9913 | 43,0934 | 27,3778 | GEOPHON 54 98 53
PSN DAS A646 | 43,6376 | 28,1359 | KS2000/60s 54 98 53
PVL DAS 990C | 43,1227 | 25,1732 | CMG 3ESPC/120 54 98 53
MPE DAS A625 | 43,3560 | 23,7401 |[SI3 54 98 53
SZH DAS 9901 | 43,2653 | 25,9762 | CMG 3ESPC/120 54 98 53
ORH DAS9DI18 | 43,7263 | 23,9664 |[SI3 54 98 53
VLD DAS9B2E | 43,6899 | 23,4356 |[SI3 54 98 53
VRI Altus-K2 45,8665 | 26,2764 | CMG3ESP 54 98 53
DRGR | Altus-K2 46,7917 | 22,7111 | KS54000 54 98 53
PLOR | Q330 26,6498 | 458512 |STS2 54 98 53
PLOR1 | Q330 45,8520 | 26,6466 |CMG-40T 54 98 53
PLOR2 | Q330 45,8502 | 26,6437 | CMG-40T 54 98 53
PLOR3 | Q330 45,8539 | 26,6454 | CMG-40T 54 98 53
PLOR4 | Q330 458512 | 26,6498 | CMG-40T 54 98 53
PLOR5 | Q330 45,8455 | 26,6635 | CMG-40T 54 98 53
PLOR6 | Q330 45,8419 | 26,6415 |CMG-40T 54 98 53
PLOR7 | Q330 45,8603 | 26,6405 |[CMG-40T 54 98 53

1242 2254 1219

dia Local Seismic Network (LSN-Provadia). They are at an average distance of 400 km
from the epicenters of the two earthquakes, the PSN, PVL, MPE, SZH, ORH and VLD
seismic stations are part of the seismic network of Bulgaria and located at approximately
370 km, 430 km, 470 km, 380 km, 420 km and 460 km from the epicenters, respectively.

With the used methodology, three informative fractal statistics are estimated at con-
secutive time intervals of 2880 report (1 day) for 1/2-minute time series for each station.
The estimation of the values of the noise statistics is made after the separation of the
low-frequency trend using an 8th-order polynomial. Trend filtering is required to elimi-
nate the effects of tidal and temperature deformations of the Earth‘s crust in the seismic
noise variations and also represents a necessary procedure for studying the noise’s statis-
tical characteristics. The usage of an orthogonal polynomial enables the stability of the
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trend evaluations at the reading points. In this case, the order of the polynomial (8th) was
chosen as the smallest one after numerical experiments, thus allowing the elimination of
the day-to-day variations for the intervals of one-day duration (Lyubushin, A. A. 2007).
The question of the regularity of the transition in such a low-frequency domain of seismic
signal recordings naturally arises.

It should be noted that the development of seismological apparatus did not consider
its use for continuous seismic recording over a more extensive frequency range beyond the
earthquake signal frequencies, and is not assumed that seismic sensors could also be used
as the usual inclinometer, i.e., to register the change of signal in the tidal band frequencies.
Following numerical experiments (Lyubushin AA, 2008), we believe that in solving ge-
ophysical monitoring tasks and investigating earthquake preparation processes, there is a
theoretical possibility for broader use of seismological equipment that exceeds the formal
operating frequency limitations, which is traditionally used to study individual earthquakes.
Fig. 2 shows the graphs, illustrating this consideration. Continuous, uninterrupted seismic
noise recordings of the taken eight stations and a 1-hour discretization step are made. From
the initial recordings at a sampling rate of 100 Hz, the average value was calculated at con-
secutive time intervals with a length of 360,000 reports, which is 1 hour. In this way, the
traditional for gravimetry frequency range is provided. If adhering to the traditional view of
such a procedure, the transition to an hourly discretization step seems unacceptable.

Moreover, if we look at the power spectra of the temporal variations of the seismic
noise (Oynakov E. et al.2019), recorded with the instrumentation used (Table 1), we see
the manifestation of tidal 12 and 24-hour spectral extremum, even separation of different
tidal harmonics at sufficient length of time series. This example shows that the signal,
recorded with modern seismometers, contains low-frequency components, significantly
exceeding the formal limits, specified in their technical passports by the manufacturer. It
is these undocumented and poorly understood capabilities of seismometers that could be
used in this study.

It should also be pointed out that all of the used noise statistics are dimensionless
and do not depend on the scale of the output data. That significantly reduces their depend-
ence on the fact that different seismometers have been installed at the seismic stations.

Results - Hurst exponent

The interest towards the positive value of the Hurst exponent estimate (H> 0) is
related to the fact that for self-similar processes it is in the interval 0 <H <1 (Kantelhardt,
Jan W, et al., 2002). Therefore, H (1)> 0 represents a sign of self-similar fractal behav-
ior of low-frequency seismic noise, indirectly. It is of our interest to separate those time
windows, as for all simultaneously analyzed processes, the Hurst exponent is positive,
which is a sign of low-frequency synchronization — a possible sign of a future earthquake.

The results obtained show that 2 to 4 days before the earthquake on October 28,
2018, with Mw = 5.5 and 2 to 3 days before the earthquake on October 18.2018 with
MW = 3.7, the Hurst index has a high value (Fig. 2).
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Fig. 2. Graphs of the change in the Hurst (H) metric for different stations combina-
tion, calculated in a time window 1 day and 1 hour displacemen; the red dotted line
shows the moment of the earthquake - 28.10.2018 (Vrancha, T ;=00:38:15; 45.7 /
26.4; M = 5.5) and the earthquakes that occurred in the analysed area.
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To verify that before earthquakes of magnitude higher than Mw = 5.5 in the seismo-
genic zone of Vrancea, the Hurst () exponent increases, both significant earthquakes in
2016 were examined. Fig. 3 shows a graph of the synchronous maximum of H in the pe-
riod 01.08-30.12.2016, for the stations of the Local Ploeschina network. From the graph,
we can summarize that 12 days before the earthquake on September 23, 2016, and 8 days
before the earthquake of December 27, 2016, the values of H have increased.

the exponent of Harst to PLOR, PLOR2,PLOR3, PLOR4, PLOR5

T
I

1

]
L
1

-
1

]
= el

72 h ~ 2day B

the exponent of Harst
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I L S ——

o 500 929000 1295 1500 2000 2195 2500 2651 3000 3323 3508675
t, hours

Fig. 3. Graph of the change of H> 0 for PLOR, PLOR2, PLOR3, PLOR4, PLORS stations; the
red dashed lines show the moments of the earthquakes that occurred in the analysed area in the
period 01.08-30.12.2016 — 08.09.2016 (Mw = 4.1); 09.23.2016 (M = 5.7); 10.31.2016 (Mw = 4);
11.19.2016 Mw =4.1); 11.30.2016 (Mw = 3.5); 12.17.2016 (Mw = 3.9) and 12.27.2016 (Vrancea,
T,=00:38:15; 45.7N, 26.4E; Mw = 5.6). The text boxes show the time from H maxima to the earth-
quake moments in minutes and days.

Fig. 4 presents in detail the graphs of the Hurst exponent evaluations for DRG,
MPEP, VRI stations in the period 23.09-30.12.2016 before the earthquake of December
27,2016 (Vrancea, Mw = 5.6). The zero of the time axis corresponds to T = 00:00:00
(GMT) on 23.09.2016. It can be noted that the maximum of the Hurst exponent is
present not only before the earthquake of 27.12.2016 but also ~ 9 days before the earth-
quake of 17.12.2016, T =11: 16: 05 (GMT) with coordinates 45.5°N, 26.47°E and Mw
=3.8.

Fig, 5 shows in detail the graphs of the Hurst indicator evaluations for stations
AVR, DRGR, MPEP, NEF, ORH, PRD, PSN, ROIA, SZH, VRI before the earthquake of
23.09.2016. (Vrancea, Mw = 5.7). The zero of the time axis corresponds to 23.08.2016,
00h00m (GMT). Three more seismic events occur in the analysed period (01.09.2016;
T,=07:49: 21; 45.67°N, 26.33°E (Mw = 3.9); 08.09.16; T = 17: 03: 02; 45.67°N, 26.53°E
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Fig. 4. Graph of the change of H> 0 for DRGR, MPEP, VRI stations in the period 24.09-30.12.2016.
The red dashed lines show the moment of the earthquakes that occurred in the analysed area -
17.12.16; T,= 11: 16: 05; 45.50°N, 26.47°E (Mw = 3.9);) and 27.12.2016 (Vrancea, T =12:38:15;
45.7°N, 26.4°N; Mw = 5.5). The text boxes show the time from H maxima to the earthquake mo-
ments in minutes and days.
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Fig. 5. Graph of the change of H> 0 for AVR, DRGR, MPEP, NEF, ORH, PRD, PSN, ROIA, SZH
and VRI stations in the period 23.08-23.09.2016. The red dashed lines indicate the time of the earth-
quakes that occurred in the analysed area — 01.09.2016; T =07: 49: 21 (GMT); 45.67°N, 26.33°E
(Mw =3.9); 08.09.2016; T =17: 03: 02; 45.67°N, 26.53°E (Mw =4.1); 16.09.2016; T = 09: 10: 57;
45.65'N, 26.59°E (Mw = 3.7) and 23.09.2016 (Vrancea, T =23:11:20; 45.71°N, 26.°%; Mw = 5.7).
The text boxes show the time from H maxima to the earthquake moments in minutes and days.

(Mw = 4.1)); 16.09.2016; T =09: 10: 57; 45.65°N, 26.59°E (Mw = 3.7)) and it can be
noted that 3 to 5 days before each event there is a synchronous maximum of H for all
stations. The figure also shows that the Hurst indicator for all stations is H>0.
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Results- Singularity spectrum width

The parameter 4a = o, -0, . (Feder E., 1991), also called the width of the singular-
ity spectrum, represents one of the important multifractal characteristics and assessments
for the variety of random signal behavior. The statistically significant decrease in the
average value of Aa reflects the decrease in the degrees of system’s freedom, generating
a signal and thus enables the determination of the time of preparation of an earthquake.

Fig. 6 presents a graph of the overall assessment of the parameter Ao for all stations
on the PLOR LAN (i.e., the average value of Aa). For each station, Aa is calculated in
consecutive non-intersecting windows with a length of 24 hours and a shift of 1 hour
over the entire time interval (06.09-30.10.2018, 52 days), after which the average value
for the local area network is obtained. One feature of the smoothed Aa schedule are the
minimums 4 days before the earthquakes on 28.10.2018, respectively, which, as we have
indicated above, measures the number of hidden degrees of freedom of the stochastic
systems. The other earthquakes in the analyzed time interval are preceded by a minimum
of the width index of the singularity spectrum from 1 to 4 days.
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Fig. 6. Diagram of the mean values of parameter Aa, for stations - DOB, DRGR, MPE, ORH, PVL,
SZH, VLD, VRI, between 06.09 and 28.10.2018. Combined with the graphs of all the earthquakes
that occurred in the Balkan Peninsula in the period 06.10 - 28.10.2018.

Fig. 7 presents a graph of the overall assessment of the parameter Aa for all stations
on the PLOR LAN (i.e., the average value of Aa). For each station, Aa is calculated in
consecutive non-intersecting windows with a length of 24 hours and a shift of 1 hour
over the entire time interval (01.08-30.12.2016, 22 days), after which the average value
for the local area network is obtained. One feature of the smoothed Aa schedule are the
minimums in the 59400 and 199700 minutes, 13 and 10 days before the earthquakes
on 23.09.2016 and 27.12.2016. The other earthquakes in the analyzed time interval are
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preceded by a minimum of the width index of the singularity spectrum from 6 to 7 days.
We may also note a large minimum of Aa at 95040 minutes, which precedes the earth-
quakes at 109796, 119710, and 131759 minutes, and can be assumed to be related to them.

PLOR, PLORZ2, PLOR3, PLOR4, PLORS
0.65 T ¥ T

. -
| = I|MW=5,7 | == =z =xn
osl- | /A 1 I 1 | L | el 1-
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Fig. 7. Graph of the average values of the parameter Aa, for stations from the local area network
Ploeschina. The dashed line indicates all earthquakes, occurrences in the analyzed area for the pe-
riod. The beginning of the abscissa is 06.10.2018 — 00:00 hours (GMT).
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Fig. 8. Graph of the average values of the parameter Aa a) for stations - AVR, NEF, ORH

in the interval 01.08 to 24.09.2016. b) for stations - DRGR, PRD, PSN, VRI in the interval
01.08 to 24.09.2016. The red dashed lines mark the moments of the earthquakes
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Fig. 8 a), b) shows the evolution of the width parameter of the spectrum of sin-
gularity Ao for the interval 23.08-23.09.2016 for different station combinations. The
Ao parameter for each station is calculated for the same length of the time window (24
hours = 2880 reports) and the same displacement (1 hour = 120 reports). Minima of Aa.
can be determined both 6-7 days before the earthquake with Mw = 5.7 (23.09.2016)
and 3-5 days before the earthquakes, falling within the studied time interval. It should
be added that a study on the evolution of the width of the spectrum of singularity before
the earthquake of December 27, 2016, was also conducted. (Mw = 5.6) in the period
23.08-23.09.16 and the results are identical, i.e., 6-10 days before the earthquake, there
is a minimum of Aa, and 3-4 days before the weaker earthquakes, falling within the
analyzed interval.

Results - Spectral Coherence Assessment

For assessing the synchronization effects of the results, measuring of the low-fre-
quency microseismic background for several seismic stations, is used the spectral meas-
ure of coherence, proposed by Lyubushin (1998). It is constructed as a module of the
product of the component canonical coherence.

>

l(r,w)=ﬁ|vj(r,w)

where m>2 is the total number of jointly analyzed time series (the dimension of the mul-
tidimensional time series), ® is the frequency, 1 is the time coordinate of the right edge
of the scandent time window, v, (7, ®) is the canonical coherence of the jth scalar time
row that describes the relationship between that row and the other ones. The inequality
0<| (7, ) | <1 is satisfied. The closer the value of \vj (7, )| is to one, the higher linearly
are connected the variations of the jth order of frequency ® in the time window with
coordinate t to the similar variations in other lines studied. Accordingly, measure 0<
Mz, w) <1 describes the effect of the overall coherent (synchronous, collective) behavior
of all signals.

Fig. 9 a) shows the behaviour of the spectral measure of coherent behaviour A(t,
) of the seismic signal for stations PLOR1-PLOR?7, in a time window 20160 half min-
ute reports (7 days) with 720 reports (6 hours) shift for the time interval 06.09.2018 —
30.10.2018 (the abscissa timestamps indicate the right end of the time window). From
the result we can conclude that the signal synchronization of all stations has a maximum
of all frequencies in 24000 minutes, which is ~ 5 days before the earthquake which is in
30278 minutes (28.10.18, Mw = 5.5) and b) shows the behaviour of the spectral measure
of coherent behaviour A(t, ®) of the seismic signal for stations MPE; NEF; ORH; PSN;
PVL; ROIA; SZH ; VLD. From the result we can conclude that the signal synchronization
of all stations has a maximum from 19000 to 21000 minutes, which is ~ 9 to 7 days before
the earthquake.
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Fig. 9. Frequency-time diagram of the evolution of A (T, ®) (spectral measure of coherent
behaviour) for PLOR1-PLOR?Y stations a); end MPE; NEF; ORH; PSN; PVL; ROIA; SZH;
VLD stations b).

Fig. 10 shows the behaviour of the spectral measure of coherent behaviour A(t, ®)
of the seismic signal for stations PLOR1-PLOR?7, in a time window 20160 half min-
ute reports (7 days) with 720 reports (6 hours) shift for the time interval 01.08.2016 —
30.12.2016 (the abscissa timestamps indicate the right end of the time window). From
the result we can conclude that the signal synchronization of all stations has a maximum
of all frequencies in 30000 minutes, which is ~ 40 days before the earthquake which is in
77711 minutes (23.09.16, Mw = 5.7) and maximum in 14000 minutes - ~ 50 days before
the earthquake in 214520 minutes (December 27, 2016, Mw = 5.6).
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Fig. 10. Frequency-time diagram of the behavior of A (t, @) for PLOR1-PLOR?7 stations.
The beginning of the time axis corresponds to 00:00 (GMT) on 01.08.2016 (analyzed time
interval from 01.08 to 30.12.2016)
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Fig. 11 shows the behaviour of the spectral measure of coherent behaviour A(t, ®)
of the seismic signal for; MPE; NEF; ORH; PSN; PRD; ROIA; SZH; VLD; VRI stations,
in time window 20160 half minute reports (7 days) with 720 reports (6 hours) shift for the
time interval 23.09 - 30.12.2016 (abscissa timestamps indicate the right end of the time
window). The signal synchronizations of all stations start from 20000 minutes and reach
a maximum of 24000 minutes, which is ~ 15 days before the earthquake on December
27,2016 (Mw = 5.6).
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Fig. 11. Frequency-time diagram of the behavior of A (1, ®) for MPE; NEF; ORH; PSN; PRD;
ROIA; SZH; VLD; VRI stations, for the time interval 23.09.-30.12.2019. The moment of the
earthquake of 27.12.2016 shown with an arrow.

Fig. 12 shows the behaviour of the spectral measure of coherent behaviour A(t, ®)
of the seismic signal for MPE; NEF; ORH; PSN; PRD; ROIA; SZH; VLD; VRI stations,
in time window 20160 half minute reports (7 days) with 720 reports (6 hours) shift for the
interval time 23.08 - 23.09.2016 (abscissa timestamps indicate the right end of the time
window). The signal synchronizations of all stations start from 30,000 minutes and reach
a maximum of 36,000 minutes, which is ~ 6 days before the earthquake on September 23,
2016 Mw = 5.7).
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Fig. 12. Frequency-time diagram of the behavior of A (t, ®) for MPE; NEF; ORH; PSN; PRD;
ROIA; SZH; VLD, VRI stations, for the time interval 23.08.-23.09.2019. The moment of the
23.09.2016 earthquake is shown above with an arrow.
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Conclusions

The study of the Hurst exponent shows that it increases about 7-8 days before earth-
quakes with Mw> 5.5. High H values were indicated 3 to 5 days before other smaller
magnitude seismic events (3.5<Mw<5).

The analysis of the development of the width of the spectrum of singularity Aa
shows that earthquakes with Mw>5.5 in the analyzed time interval are preceded by min-
imums from 10 to 13 days and minimums of 2 to 7 days before earthquakes with smaller
magnitude (3.5<Mw <5).

The spectral time diagram of the spectral measure of coherent behaviour of the seis-
mic signal for epicentral stations, estimated in a time window of 10080 minutes (7 days),
with a 360 minutes (6 hours) shift, for the time interval 01.08 - 30.12.2016, shows syn-
chronization of the stations from 40 to 50 days prior to the earthquakes in Vrancea with
Mw> 5.5. For stations at a greater distance — from 6 to 15 days before the earthquakes
(time window 2880 reports, 120 reports shift).

We can conclude that the analysis of the fractal and multifractal parameters of the
microseismic field in the minute time range of discretization can provide valuable infor-
mation about the process of earthquake preparation and the effects, leading to the accu-
mulation of stress in the lithosphere.
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Bapunanus na napamerpure Ha ¢GOHOBHS CeU3MHYEH IIIYM B eTana Ha
NMOArOTOBKATA HA CHJIHU 3eMeTpeceHHsl B CeM3MHYHA 30HA BpaH4a

E. Oiinaxos, 1. Anexcanaposa, 1. ConakoB

Pe3tome: [oGamHuTe BB3AEHUCTBHS HAa aTMOC(EPHU M OKEAHCKH IMPOIECH, NPUIUBHU
JeopMaluy Ha 3eMHaTa Kopa, NIOOATHUAT CeM3MUYEH MPOLIEC, KaKTO U M0-caabo mpoy-
YEHUTE MMPOIIECH B 3MHATa KOpa ca CBbP3aHU C HaTpyIBaHe U 0aBHO pa3ceiiBaHe Ha TEeK-
TOHUYHATA eHeprus B IuToc(epara. Tesu mporecH ca ,,ydacTHUIUTE BbB (POPMUPAHETO
Ha CIy4yaiHus mpolec, 3a KOHTO U3CIeIBaHEeTO ¢ TPAJUIIMOHHUAT arapar 3a CleKTpajieH
aHaJIM3 ce oKa3Ba cliabo e(eKTHUBEH.

W3nomn3Banero Ha (pakraneH aHaiu3 3a IelludpupaHe Ha CTPYKTypaTa Ha Ceus-
MUYHHS IIYM € J0CTaTh4HO J00pa antepHarisa. OT Hauanoro Ha 90-Te TOJJMHU Ha MUHA-
TSI BEK METOIBT CE M3I0JI3Ba KAKTO B aHAIM3a Ha TYpOYJIEHTHOCTTA, Taka ¥ BbB (DUHAH-
COBUTC U MEJUIIUMHCKUTE U3CIICIBAHNUA HAa BPEMCBUTE CCPUH.

Pa3paboTBaHeTo Ha HOBM METO/IM 32 MPOTHO3MPAHE HA 3€METPECEHHsITa, OCHOBAHH
Ha JaHHU OT I‘eO(bI/I?;I/I‘IeH 1 B YaCTHOCT CEU3MHUYCH MOHUTOPUHI, € C€ANH OT IPUOPUTET-
HUTE IeJIM Ha HayKaTa 3a 3eMsATa. AHAIM3UPAHU ca CEU3MHYHHUTE 3alHCH Ha JBAJECEeT
U TPU CEU3MHUYHH CTaHIMHU Pa3MOJIOKEHH Ha TEPUTOPUATA Ha balkaHCKUS MOIyoCTpOB
Ha pasctossHusa oT 1 g0 500 km ot 3emerpecenusara ot 23.09.2016 r, 27.12.2016 . u
28.10.2018 1., ¢ MarHUTyaU MoBeUe OT 5,5 B cem3MuuHaTa 30Ha BpaHya. 3a ananuza ce
M3M0MI3Ba MeTObT Ha JI0OymHH 3a (pakraneH aHaIN3 Ha CKaIapHUTE BPEMEBU CEPHU.

Hayyna 11e7 € 1a ce OTKpUsAT OO CUTHAIN, UTHOPUPAIIHN ,,MHAUBUAYATHOTO  TIO-
BEJICHUE Ha €JIEMEHTUTE HAa CUCTEMHTE 32 MOHUTOPHUHT.

KaouoBun AYMHU: UHIUKATOPU Ha 3€METPECCHHUA, CCU3MHUYCH IIYM, (bpaKTaJ'[eH aHaJIn3
Ha CEU3MHYCH LIYM
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buaronapnocru: ToBa npoyusaHe € IpOBEACHO B paMkuTe Ha Hanmonannara Hayu-
Ha mporpama ,,Miaan y4eHd W JOKTOpaHTH , ogoOpeHa ¢ Pemenne Ha MuHHCTEpCKHA
ceBer Ne 11 / 17.08.2018 1. u momkpeneHo oT MHHHUCTEPCTBOTO Ha 0OPa30BaHHETO W
Haykara (MOH) na bearapus , kakto 1 B pamkute Ha Hanmonanaata Hay4gHa mmporpama
,,OTIa3BaHEe Ha OKOJIHATa Cpea M HaMaJsIBaHE HA PUCKOBETE OT HEXKENaH! ChOUTHS U IPH-
ponuu OeacTBusA, omobpeHa ¢ Pemenne Ha Munucrepckust cbBet Ne 577 /17.08.2018 .
Y TOAKperieHo 0T MUHHUCTEPCTBOTO Ha oOpazoBanueTo u Haykara (MOH) nHa bearapus
(Cnopazymenue Ne J1O-230 / 06-12-2018 ).
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