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Abstract. The geomagnetic storm class G3 was recorded on November 3—4, 2021 on
the ground-based magnetometers. Using time series of the data corresponding to the
horizontal geomagnetic component, the spectral characteristics in the ULF range for
the data collected at Panagjurishte (Bulgaria) and Conrad (Austria) observatories are
obtained. To obtain the degree of correlation between the X and the Y components at
both stations the coherence analysis is used. It was found that the X components have
a very high degree of correlation for the entire studied period in the frequency range
0.03125-16 mHz and are fully synchronous in phase. The Y components have signif-
icant differences in phase and values of coherence for different frequency ranges. The
dynamic spectra depict similar behavior along the X and Y components during the
storm. The geomagnetic variations at both observatories were affected at different time
scales. The main difference is that the spectral characteristics appear on time scales
200-400s, where disturbances appear simultaneously along the X component at Panag-
jurishte and along the Y component at Conrad.

Key words: ULF geomagnetic variations, storm, spectral analysis, coherence.

Introduction

The geomagnetic storm is a disturbance of the Earth’s magnetosphere caused mostly
by solar wind (fully ionized plasma) blow shock and rarely by direct links between the
Sun’s magnetic field and the Earth’s magnetic field. The Earth’s magnetic field is meas-
ured by satellite and ground-based equipment. These natural phenomena are widely stud-
ied during the last few decades (Lakhina and Tsurutani, 2016). Their spectral character-
istics, the impact on the ionosphere (Blagoveshchensky and Sergeeva, 2018; Dahal et al.,
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2022), the electromagnetic pulsations during the storms (Chamati, M., 2018; Marin et al.,
2014) as well as a solar wind properties (Borovsky, 2020) are of particular interest. The
large-scale spatial structure of the solar wind are studied (J. Borovsky and Denton, 2006;
J. E. Borovsky and Denton, 2006). Alteration (lasting a few seconds) in the direction of
the interplanetary magnetic field and accompanied by sudden changes in the velocity vec-
tor of the solar-wind plasma are also investigated (Gosling et al., 2011, 2009; McComas
et al., 1998). Statistical analysis of the latitudinal distributions of the horizontal geomag-
netic variations for period of three years are performed (Watermann and Gleisner, 2009).

Data set

A tri-axial induction magnetometer operates at the Geomagnetic Observatory
Panagjurishte (PAG), Bulgaria (42.51N/24.18E) as part of the acquisition system that
records original data sets for the ULF geomagnetic field variations associated with X
(north-south), Y (east-west), and Z (down/vertical) directions. They are sampled at 100
Hz and organized into data files with a duration of one hour. With the aid of software
packages, it performs timely verifications of the data files and converts them into data
files, sampled at 1 Hz.

The flux-gate magnetometer that operates at Conrad Observatory (WIC), Austria, is
a part of the International Real-time Magnetic Observatory Network INTERMAGNET).
Its coordinates are 47.93N/15.86E. The provided data are sampled at 1s along the three
directions (X, Y, and Z).

The data set for the values of the local K index (Metodiev, M. and Trifonova, P., 2021)
was downloaded from: http://www.niggg.bas.bg/observatories-bg/geomagnetic-observato-
ry-pag/%D0%BB%D0%BE%D0%BA%D0%B0%D0%BB%D0%BD%D0%B8-%D0%-
BA-%D0%B8%D0%BD%D0%B4%D0%B5%D0%BA%D1%81%D0%B8/

The data set for the values of the global K index was taken from: https://www.space-
weatherlive.com/en/archive/2021/11/03/kp.html

Methods

The spectral analysis is performed on the basis of the Wavelet Morlet analysis.
Wavelet coherence is used as a measure of the correlation between two time series that
contain data for geomagnetic field variations and is based on Matlab software.

Results and discussion

On November 3—4, 2021, the geomagnetic storm class G3 due to the coronal mass
ejection (CME) on the sun arrived on Earth around 19:30 UTC. The value of the solar
wind speed increased from 500 km/s to 750 km/s, according to OMNIWeb (https://om-
niweb.gsfc.nasa.gov/form/dx1.html). On Figure 1, the records of the geomagnetic field
variations along the X and Y directions from different types of magnetometers located at
mid-latitudes—Panagjurishte, Bulgaria, and Conrad Observatory, Austria—are presented.
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Figure 1. Geomagnetic variations along the X and the Y components on November 3-4, 2021, PAG
(Bulgaria) and WIC (Austria) stations.

Kp index

Kindex, PAG

Figure 2 shows the values of the global Kp index on the top panel (https:/www.
spaceweatherlive.com/en/archive/2021/11/04/kp.html) and the local K index values on
the bottom panel (Metodiev, M. and Trifonova, P., 2021) calculated for the Geomagnetic
Observatory Panagjurishte on November 3—4, 2021.
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Figure 2. Kp and K index (PAG), November 3-4, 2021
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The Kp index reached 8 - an extremely high value on November 4, 2021 in the
time interval 09-12 UTC. During the same time, the K index at Panagjurishte was 6.
The local K index values at WIC station are not available, but according to the inter-
active geomagnetic activity map provided by the INTERMAGNET web site, the local
geomagnetic index in the vicinity of Austria stations is very close to that calculated at
PAG station.
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Figure 3. Wavelet coherence, X components (PAG and WIC stations), November 3-4, 2021
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Figure 4. Wavelet coherence, Y components (PAG and WIC stations), November 3-4, 2021
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On Figures 3 and 4, the wavelet coherence is obtained as a measure of the corre-
lation between the X components of the two stations (PAG and WIC) along with the Y
components. As it is clearly visible, the X components of the two geomagnetic stations
have coherence values in the frequency range 0.03125-16 mHz that vary between 0.8 and
1. With black arrows, the direction of the phases is presented. It is fully synced without
offset at most frequency ranges. For the Y components (Figure 4), the coherence values
differ from those of the X components and remain the same with frequency ranges of
0.25-0.5 mHz and 4-16 mHz, but the phases during the analyzed days are not synced at
high frequency ranges. This means that the intensity of the disturbance is, as usual, great-
er in the north-south direction.

Dynamic spectrum, X component, PAG station
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Figure 5. Dynamic spectrum, X component, PAG station, November 3-4, 2021

Dynamic spectrum, X component, WIC station
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Figure 6. Dynamic spectrum, X component, WIC station, November 3-4, 2021

Figures 5 and 6 depict the dynamic spectra for the X components for the two sta-
tions—PAG and WIC. Their spectra are calculated for time scales of 1-900s or frequency
ranges of 1 mHz-1 Hz, which correspond to ULF geomagnetic pulsation periods. Time
series from the PAG and WIC stations are detrended from linear trends and then analyz-
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ed. On the two figures simultaneously, it is visible that the solar wind reached the Earth
at about 19:30 UTC on November 3, 2021, when the largest in intensity disturbance is
observed. For the PAG station they cover all investigated periods/frequencies, but for the
WIC station disturbances appears in the period range 180-900s. The time of appearance
is the same for both stations, and they are simultaneous with changes in the K and Kp
indexes. At Panagjurishte Observatory at about 22:00 UTC powerful disturbances with
periods varying in 200-400s (Pc5 range) are recorded. The differences are probably due to
the use of different types of measuring instruments or weaker penetration of disturbance
from the north direction.

Dynamic spectrum, Y component, PAG station
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Figure 7. Dynamic spectrum, Y component, PAG station, November 3-4, 2021
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Figure 8. Dynamic spectrum, Y component, WIC station, November 3-4, 2021
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Figures 7 and 8 present the dynamic spectra obtained for the Y components for the
analyzed geomagnetic stations.

While, both stations show some similarities, they displayed discrepancies as well.
The disturbances recorded at WIC (Figure 8) are stronger than at PAG (Figure 7). At time
scales 200400 (PcS range), disturbances similar to those observed at PAG station along
the X component, also appear along the Y component at WIC station at the same time.

That may be due to the fact that at geographic latitude 47.93N, the penetration of
the disturbance along the direction east-west is more pronounced than at latitude 42.51N.

Conclusions

On November 3—4, 2021, the geomagnetic storm class G3 disturbed the Earth’s
magnetosphere and was recorded from the magnetometers located at the ground-based
observatories. The series of data for the geomagnetic field variations along the X and the
Y directions recorded in PAG and WIC observatories are analyzed. Wavelet coherence
analysis shows full synchronization in the phases and values of coherence in the frequen-
cy range 0.03125-16 mHz between the X directions of the two stations and differences
along the Y components that are expressed in phase offset and partial synchronization
across frequency ranges and time of appearing. The obtained dynamic spectra for the X
and Y components show simultaneous disturbances in time scales ranging from 1-900s,
which correspond to K and Kp index values. The main difference between the spectra
of the stations is that the powerful disturbance in time scale 200-400s (Pc5 range) is ob-
served in PAG station along X direction, but not in WIC station along X direction. This
can be seen at WIC station along the Y axis. These discrepancies for the different com-
ponents of the two stations may be due both to the use of different types of instruments
which measure geomagnetic field variations and also to the different penetration of the
disturbance at different latitudes.
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I'eomarunTHata Oypst o1 3-4 HoemBpH 2021: cieKTPaJIHU XapAKTePUCTUKHU B
YATPA-HUCKOYECTOTEH THATIA30H, MOJY4€eHH 32 CPeTHH reorpad cKu MPUHH.

M. Illamatu

Pe3tome. [comarautrata Oyps ot xiac G3 e peructpupana Ha 3-4 HoemBpu 2021 T. oT
Ha3eMHH MarHUTOMETpPH. V3Moa3Balikyi BpEMEBH PENOBE OT JAHHU 34 XOPH30HTAIHUTE
T€OMarHUTHU KOMIIOHEHTH, Cca MOJTy4eHH CHeKTpaaHnTe xapakrepuctuku B ULF nuama-
30Ha 3a obcepBaropuure [lanartopume, benrapus, u Konpan, Asctpust. 3a momydaBaHe
Ha CTETIEHTA Ha KOpeIanus Mex1Iy X KOMIIOHEHTUTE U Y KOMIIOHEHTHTE Ha JIBETE CTaH-
NN, € MPUIOKEH KOXePeHTEH aHaIM3 Ha 0a3ara Ha yeiBuer TpaHchopmarusi. OT HETo
ce yCTaHOBsBa, ye X KOMIIOHEHTHTE Ha JBETE CTAHIIMM MMaT MHOTO BHCOKA CTEICH Ha
KOpEeNaIwsl 3a [eNns 3CleIBaH Imepron B yecToTHuA auana3oH 0.03125-16 mHz u ca
HaITBJIHO CHHXPOHHH 110 (pa3n. Y KOMIOHEHTHTE UMaT 3HAUYUTEIHU Pa3InKu BbB (pazara
1 CTOWHOCTHTE HAa KOXEPEHTHOCT 3a Pa3JINYHUTE YECTOTHHU JUana3oHu. {WHAMUYHUTE
CIIEKTPH M300pa3saBar MoJ00HO MoBeIeHNe 10 X U Y KOMIIOHEHTHTE TI0 BpeMe Ha OypsTa.
['eoMarHUTHUTE BapHalny, 3alIUCAHU B JIBETE 00CEPBATOPHH, CA 3aCETHATH B PA3IMIHA
BpeMeBH ckaii. HabmromaBa ce efHOBpeMEHHA I0sIBa Ha CMYIIEHHE 10 X KOMITIOHEHTa
B [lanartopume u mo Y xommoneHTa B Korpax oOcepBaTopusiTa BEB BPEMEBUTE CKaJH
200-400 cexyHmm.
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Abstract. On May 1%, 2020, at the Geomagnetic Observatory in Panagjurishte, Bulgaria, the
unusual ultra-low frequency (ULF) geomagnetic noise was recorded by a tri-axial (X, Y, and
Z directions) induction magnetometer. The time series from April 1, 2020 till May 1, 2020 are
examined. Applying the detrended fluctuation analysis (DFA), the DFA exponent is calculat-
ed for the time series along the three geomagnetic directions, and the results show an unusual
decrease in values of the DFA exponent in time scales 10-180s and 10-900s that starts after
April 29, 2020. Through Magnitude-Squared Coherence analysis, the correlation and phases
between every two geomagnetic components are obtained for the time series on May 1, 2020,
under very low geomagnetic activity levels. The high values of the coherence and phase full
sync for the X and Z components are observed, in the time period 04:00-20:00 UTC, at a
frequency range 0.125-0.25 mHz. The present study does not rule out that the considered
disturbances have a lithospheric origin.

Key words: ULF geomagnetic variations, DFA analysis, Magnitude-Squared Coherence, Pa-
nagjurishte.

Introduction

ULF variations of the geomagnetic field are an integral part of studying the interre-
lationships in the magnetosphere, ionosphere, atmosphere, and lithosphere systems.

The National Geoinformation Center (NIGGG, BAS) (Miloshev et al., 2019) col-
lects various types of geo-information data, which are linked with many natural phenom-
ena for example the geomagnetic storms, sub-storms and ULF pulsations (Blagovesh-
chensky and Sergeeva, 2018; Borovsky, 2020; Chamati, 2020; Chamati and Andonov,
2021; Nose et al., 1998), lithospheric geodynamic processes (Aleksandrova et al., 2021;
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Oynakov et al., 2021a, 2021b; Popova et al., 2021; Trifonova et al., 2021), geomagnetic
field elements (Metodiev and Trifonova, 2020) the air quality, the climate and etc.

The interactions between the lithosphere and the magnetosphere systems are poorly
investigated despite the numerous scientific studies in the field. An unsolved problem is
whether there is a direct or indirect relationship between earthquakes and the disturbanc-
es/variations in the Earth’s magnetic field. The main task here lies in separating the differ-
ent types of disturbances based on their origin. In order to be able to give at least a partial
answer to the question of the previously mentioned connections, a good knowledge of
the subject area and systematic studies of different types of geo-parameters are required.

For example, many authors have conducted research on this topic, linking it with
hard-to-explain peculiar geomagnetic field disturbances (Alperovich et al., 2003; Anag-
nostopoulos, 2021; Fraser-Smith, 2009; Gotoh et al., 2003; Nenovski et al., 2013), total
electron content (TEC) in the ionosphere (Akhoondzadeh, 2012; Zhao and Hao, 2015),
ground water level (He and Singh, 2019) and many other parameters.

Data set

A tri-axial induction magnetometer operates in the Geomagnetic Observatory Pa-
nagjurishte, Bulgaria (42.51N/24.18E) as part of an acquisition system that records origi-
nal data sets for the ULF geomagnetic field variations associated with X (north-south), Y
(east-west), and Z (down/vertical) directions. They are sampled at 100 Hz and organized
in files with a duration of one hour. With the aid of software packages, it performs verifi-
cations on the data files and converts them into data files, sampled at 1 Hz.

The data sets for the values of the local K index (Metodiev, M. and Trifonova, P.,
2021) were downloaded from: http://www.niggg.bas.bg/observatories-bg/geomagnetic-
observatory-pag/%D0%BB%D0%BE%D0%BA%D0%B0%D0%BB%D0%BD%D0
%B8-%D0%BA-%D0%B8%D0%BD%D0%B4%D0%B5%D0%BA%D1%81%D0
%B8/

Methods

The detrended fluctuation analysis (DFA) (Peng et al., 1995) over the time series of
geomagnetic field variations is applied. This method is very helpful for determining long-
range correlations in time series over various time scales. Moreover, Wavelet coherence
is used as a measure of correlation between two time series that contain data for geomag-
netic field variations and is based on Matlab software.

Results and discussion

On May 1, 2020, the Geomagnetic Observatory in Panagjurishte recorded an un-
usual “noise” in ULF variations of the geomagnetic field (Figure 1). They are mainly
manifested along the vertical direction, which starts at about 03 UTC and lasts almost
until the end of the day.
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Figure 1. ULF variations along the X, the Y and the Z components on May 1, 2020.

Figure 2 shows the values of the local K index (Metodiev, M. and Trifonova, P.,
2021) calculated for the Geomagnetic Observatory Panagjurishte on May 1, 2020. The
values vary between 0 and 2, which indicate a very low level of geomagnetic activity. The
values of the planetary K index have the same values.

Kindex
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Time UTC, 1 May 2020, Panagjuriste, Bulgaria

Figure 2. K index, May 1, 2020, Panagjurishte, Bulgaria

Next, the DFA is applied to a time series with recorded data along the three main di-
rections (X, Y, and Z) of the ULF geomagnetic field variations. The analysis is performed
for the time period April 1, 2020, to May 1, 2020. For each geomagnetic component, for
the time scales 10-180s and 10-900s, the DFA exponent is calculated. The results are pre-
sented in Figure 3. On the first panel, the DFA exponent calculated for the Z component is
shown. Comparison with values of DFA index for the X and the Y components pointed to
a decrease of values of DFA exponent (Z component) after April 29, 2020. This decrease
of the values indicates that correlations in time series weakened and its self-affinity is
changed. The reasons for this decrease in DFA can be due to perturbations with sources in
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the Earth’s magnetosphere, ionosphere, lithosphere, or anthropogenic. The fact that they
are predominantly observed in the vertical component of the magnetic field, these vari-
ations strengthens the hypothesis that the sources are most likely of either lithospheric,
anthropogenic, or mixed origin. To shed some light on the issue of “noise” observed of
the vertical component in the time series of data for May 1, 2020, the magnitude-squared
coherence, as a measure of correlation between two signals based on wavelet analysis,
was obtained.
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Figure 3. The DFA exponent calculated in time scales 10-180s and 10-900s for the Z, X and Y
components, Panagjurishte, 21.04.2020-01.05.2020

Figure 4 shows the changes in magnitude-scored coherence between X and Z di-
rections for May 1, 2020. The coherence has values ranging from 0 to 1 and covers wide
ranges of frequencies from 0.015625 mHz to 512 mHz. Figures 5 and 6 show the coher-
ence for the (X, Y) and (Y, Z) components for the same frequency band. With black ar-
rows, the phases are marked. Figure 4 depicts four interesting facts, which is not observed
on Figures 5 and 6. Indeed,

1 - High coherence values close to 0.9 in the time interval 04-20 UTC. This one time
interval can be divided into three subintervals: 04—11 UTC, 11-15 UTC, and 15-
20 UTC.
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2 - The coherence’s first subinterval has values around 0.9 and covers the frequency
range 0.125-0.25 mHz. The black arrows show that the phases of the geomagnet-
ic “noise” along the X and Y directions are different.

3 - full synchronization in phases is observed in the second subinterval after about
11 UTC, but only at 0.125 mHz. For the frequency interval of 0.25-0.5 mHz, the
coherence is close to 0.

4 - The phases of geomagnetic “noise” along the X and Z components reach full
synchronization at 0.125-0.25 mHz in the third subinterval (after 15 UTC).
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Figure 4. May1, 2020, PAG station, X and Z components

The reasons of this unusual geomagnetic noise, recorded along the vertical (Z) com-
ponent might have different sources. Here, any simultaneous disturbances, recorded along
the three geomagnetic directions at frequency interval 0.125-0.25 mHz, are not observed
and this makes the possibility that they have a magnetospheric origin unlikely. From the
lithospheric point of view, the one earthquake was recorded at this day. It occurred at
11:01:39 UTC on May 1, 2020 and has a magnitude of Mw=4.6, a depth of 18 km, and an
intensity of lo/Imax=5.5. The epicenter has geographic coordinates 42.23N/24.87E, and
its distance from Panagjurishte Geomagnetic Observatory is about 65 km in east-south-
cast direction. The unusual perturbations observed in the vertical component coincide
well with the time the earthquake occurred. The facts that have been discussed cannot
rule out the possibility that the cause of the disturbances on the Z component could be the
preparation of the earthquake or that the observed effects are a co-seismic effect.
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Figure 5. May1, 2020, PAG station, X and Y components
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Conclusions

On May 1, 2020, an unusual geomagnetic “noise” along the vertical (Z) component
was recorded at the Geomagnetic Observatory Panagjurishte. The detrended fluctuation
analysis and wavelet magnitude-squared coherence are performed, and the low levels of
local and global geomagnetic activities are discussed. The specific decrease in the DFA
index values calculated for the Z component in time scales 10-180 s and 10-900 s is ob-
tained after April 29, 2020. The coherence wavelet analysis shows that on May 1, 2020,
a high level of coherence between X and Z components was observed between 04 and
20 UTC. The phases of these two directions are going to differ initially, but after 11 UTC
they are going to be fully synchronized. As this disturbance doesn’t appear to be in the
horizontal direction, it is possibly not of magnetospheric origin. The vertical direction of
the disturbance cannot rule out the possibility that the cause of the disturbances on the Z
component could be the preparation of the earthquake or that the observed effects are a
co-seismic effect.
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Hscaensane Ha ULF reomarnuren mym, 3anucad Ha 1 maii 2020 .
B ['eomarauTHa oocepBaropus ,,Ilanarropnme*

M. IllamaTtu

Pe3tome. Ha 1 maii 2020 1. B reomarHuTHaTa oOcepBaropus B [lanartopuie, bbarapus,
HeoOWYaeH reoMarHuTeH MIyM Ha cBpbX-HUCKa yectoTa (ULF) e 3anmcan ot Tpukomio-
HeHTeH (X, Y 1 Z) MHAYKIIMOHEH MarHUTOMEThp. AHAIN3UPAHH Ca BPEMEBUTE PEIOBE OT
nmaHHA 32 repuona 1 anpw - 1 mait 2020 r. [Ipraraitku (uryKTyallnOHEH aHalu3 C eld-
muH#paHe Ha TpeHna (DFA) e m3uncnena DFA ekcrioHeHTaTa 3a BpeMEBHS Pell 32 TPUTE
TEOMarHUTHH MTOCOKH. Pe3ynTarure moka3BaT HeoOOMUYaliHO HaMalsIBaHe Ha CTOHHOCTUTE
Ha DFA excnonenrara BbB BpemeBuTe ckainu 10-180s u 10-900s, koeto 3amousa cien
29 ampun 2020 1. 34ricneHn u onpeesieHu ca KOXePEeHTHOCTTa | (ha3uTe Ha TeOMarHHT-
HUSL ITyM 1ocpecTBoM Wavelet aHaimu3, 3a BCEKH JIB€ MAarHUTHU HAIIPABJICHHUS, TIPH yC-
JIOBUSITA HA HICKA F€OMarHUTHA aKTUBHOCT. BHCOKM CTOWHOCTH Ha KOXEPEHTHOCT (OKOJIO
0.9) B wacoBus unrepBas 04:00-20:00 UTC u mbieH ¢a3oB cHHXPOH 0e3 OTMECTBaHE
BBB (hazute (11:00-20:00 UTC) mexny komnoneHTnTe X u Z ce HaOmromaBaT Ha | maif
2020 r., B uectotHus quanaszon 0,125-0,25 mHz. B3 ocHOBa Ha U3BBPILEHUS aHAIN3 32
HaOJIIOJaBaHUTE M aHAIN3UPAHH CMYIIEHHS, HE MOXeE JIa C€ U3KIII0YN Bb3MOXKHOCTTA T
Jla IPOMU3XO0XK/IAT OT JIUTOC(HEPEeH N3TOUHHK.
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AlcTpakT. B HacTosmoro mpoydBaHe € HM3CIeOBaHA CEM3MUYHOCTTA Tpe3 2022 T
[IpencraBeHo e pasmpeneneHHETO Ha emuieHTpuTe Ha 202 3eMeTpeceHus, ¢ MarHu-
Tyn M>2.5, HaOmonaBaHu mpe3 pas3riexkIaHus Iepruoj Ha TepuTopusTta Ha bbiarapus
U ONM3KUTE OKOJHOCTH (B IEPUMETHP, OrpaHHyYeH OT reorpadcka mupuHa ¢=41°
- 44.5°N u reorpadcka gpmkuHa A=22° - 29°E), peructpupanu ot Hanmonannara
Omneparusraa Terxemerpuuna Cucrema 3a Censmonornuna Uuapopmanus (HOTCCHU).
Ompenenenn ca NPOCTPAHCTBEHHUTE, TBHIOOUYMHHHE W €HEPTeTUYHH MapaMeTpH Ha pas-
IIeXKJaHUTE 3eMeTpeceHusTa. B uscnenBanus nepuos ce HabmonaBaT MPOSIBU B OUTH
BCHYKM CEM3MOICHHH 30HHM Ha CTpaHaTa, Karo € OTYeTeHa Hal-BUCOKAa aKTHBHOCT B
I0ro3arajHara 4acT OT TepuTopusiTa Ha benrapus.

KurouoBu nymu: bbirapus, 3eMeTpeceHue, CeM3MUYHOCT.

BonBenenne

3eMeTpeceHneTo € MPUPOIHO SBJICHUE, OMPEACTIAIIO Ce OT TosiM Opoil (akTopH,
KOWTO HE MOTarT Ja ObIaT HeIOCPEACTBEHO HAOMIOAaBaH!. 3a CeM3MUYHO 3aCTPAIICHUTE
o0nacTy, 3eMeTpeceHHATa MPECTaBIIABAT HEIeINMa YacT OT OKonmHata cpena. Edexrure
OT TO3M THII chONTHA ca QYHKIHS Ha penuna (HaKTopH, BapUpPaIlN B IIUPOKU TPAHUIIH,
KOWTO MOTar Aa ObJaT aJleKBaTHO MOJICIHPAHN Bb3 OCHOBA Ha (PH3MUECKU CHOOPAKECHHS
1 HaJXK/THA CEM3MOIOTUYHH HAOJIIOICHN .

bankaHCKUAT MOJIyOCTPOB € €IUH OT aKTUBHUTE palloHH B Auno-XuMajdailcKus
cem3MuyeH rosc. OCHOBHATA YacT OT 3€METPECEHHsATa B TO3HM PAaHOH ca ¢ ABIOOYNHA
o 60-70 km. CpaBHHUTETHO MajKaTa ABIO0YMHA HA 3€METPECEHHATA CHIIHO yBeINYa-
Ba CTETEHTA Ha BB3/ICHCTBHE BbPXY 3€MHATa IIOBEPXHOCT. MeXIUHHO(OKYCHU CHONTHS
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(¢ apaooumna 100-200 km) ce renepupar camo B paiioHa Ha Bpanua u XeneHcKara apka.
XeneHcKaTa apka ce CUMTa 3a CJIOKHA 30Ha Ha cyOayKius Ha AdpukaHckaTa Tuioda moj
EBpoasuarckara. [onsimara qpa004rHa Ha 3eMeTpeceHusITa B pailona Ha BpaHua cuitHO
YBEJINYaBa IUIONITa HA Bb3CHCTBIUE.

Bbearapus e pasmonokeHa B MapTHHAJIHUTE YacTH Ha EBpoa3narckara KOHTHHEH-
TanHa 1uioya u Ha Ereiickara mukporoua. Ha teputopusita Ha beirapus ce Hamupa
ceBepHara rpaHMlia Ha CeM3MUYHO akTuBHara Ereiicka excreHznonHa 3o0Ha (Solakov et
al., 2019). uenrpannara 4act Ha BajKaHCKHUS MOJIyOCTPOB, KOWTO OT TEKTOHCKA TIIC/-
Ha TOYKA € 9acT OT KOHTWHEHTaIHaTa rpannna Ha EBpasus. Tasu rpanuma ce Hamupa
Mexay EBpomneiickus koHTHHEHT (Mmu3uiicka miatdopma) Ha ceBep U O(HOIUTOBHUTE
crpykrypu (Bapaap u Mamup-Ankapa) Ha 1or. HEOTEeKTOHCKUTE IBMKEHUS Ha baikaH-
CKHS TTOIYOCTPOB Ca KOHTPOJIUPAHH OT EKCTCH3MOHAIHHUS KOJIAIC Ha KbCHUS alMUNACKH
OpOTEeH W ca TOA BIUSHUETO, KaKTO Ha MPOLECHTe, mpoTnyammu 3ax Erelickara apka,
Taka M Ha CIOKHUTE BEPTHKAIHHW M XOPU3OHTAIHU IBIKCHHUS B [[aHOHCKHS pernoH
(Solakov et al., 2019). Ot ceusmosornyHa rieaHa Touka bearapus € pasmnojoKeHa B
Anmo-Xumanaickusi CeM3MUYEH TOsIC, KOUTO Ce XapaKTepu3upa C BUCOKA CEM3MHUUYHA
AKTUBHOCT.

Bbrrirapus e crpana xapakrepusmpania ce ¢ yMepeHa Cen3MHYHa akTUBHOCT. [Ipe3
BEKOBETE HA TEPUTOPHATA HA CTpaHATa Ca TEHEPHUPAHU HIKOJIKO CHIIHH 3€METPECEHHS.
[IppBOTO MOOpPE MOKYMEHTHpAHO 3eMETpeceHHe Ha TepuTopusaTa Ha bearapus e 3eme-
TpeceHueto ot | B. p.H.e. B UepHo Mope kpaii rpaa KasapHa. B roro3anagna boirapus
Ha 4 anpun 1904 1. € perucTpupaHo U €IHO OT HAN-CUITHUTE TUITMTKH 36METPECEHHUsS Ha
TepUTOpHsITa HAa KOHTHHEeHTaHa EBpomna ot 20- Tu Bek (B HavanoTo Ha 20 Bek oT 1901 10
1928 1. Ha TepuTOpHUATA HA CTPAHATA C€ Pean3upar 6 CUIIHUA 3eMETPECEHHUS C MAaTHUTY/]
IO cen3MuueH MOMEHT M >6.0).

Hauanoro Ha Obsrapckara censmoiiorus natupa ot 1891 r. u e mocraBeno ot Crac
Baros. ITo ToBa Bpeme Toii € qupekrop Ha [lenTpanna mereoponorunyna cranius B Co-
¢us. Cnac BaroB opranusupa Mpexa oT KOPECIOHICHTH 32 HaOIIoieHue Ha YCETeHNTe
3emeTpecenns B bearapus (Watzof S., 1902). I[Tepuoabt Ha ObATapckaTa HCTOpUYECKA
epa 3aBbpiiBa 1pe3 1905 r., koraro cemsmorpad st Trit Omorri-Boch e MoHTHpaH B I1Bp-
Bara cemamosiornuHa cranims B rpaa Codusi.

HannoHamHuAT MHCTUTYT 110 Teodu3nka, reoaesus u reorpadus (HUT'TT) — BAH
OCBIIECTBABA HEMPEKHCHAT MOHUTOPHHT Ha CEM3MHYHOCTTa upe3 Hammonanxna cens-
muyHa Mpexka — HOTCCU. HOTCCH e ocHoBana B kpast Ha 1980 r. B Hauanoro na-
HHUTE OT CEM3MUYHNATE CTAaHIINH Ca MIPelaBaHU B PEATHO BPEME Upe3 aHAJOTOBH TeJe-
(hOHHM JTHHHMH A0 IEHTHpA 3a JAHHH, a MapaMETPUTE Ha PETUCTPUPAHUTE CEU3MUIHH
crOUTHS ca omeHsBaHU pbUHO. [Ipe3 2006 . KaKTO CEM3MOJIOTHYHATA MpeXKa, Taka U
MH(POPMAIIHOHHHSAT LIEHTHP Ca MOJCPHU3UPAHH ChC ChBPEMEHHO LU(POBO 000py/IBaHE
W € opraHu3upaHa aproMatudHa oopadorka Ha garuu (Christoskov, 2019). B uenrspa
JIAHHUTE Ce ChOMPAT B peajHo BpeMe OT 26 ObJIrapcku CTAaHIIMU U PEANLA CTAHIUH OT
CBCEIHU CTPAHHU, KOETO MOBHUIIABa TOYHOCTTA Ha XUIOIEHTPATHUTE OLIEHKH. MexIy
2005 n 2010 . MOYTH BCUYKH CTAHIIMH Ca MOJIECPHUZHPAHU U OOOPYABAHU C IIHUPOKO-
neHToBu cenamomMerpu. Jlanaute B Harmonanaus CensmonoruueH nentsp B HUITT -
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BAH ce npenasar B peaino Bpeme. Cien ToBa Te ce apxuBupar BB popmar PASSCAL
Y JOIIBIHUTENHO B MIMPOKO m3moy3BaeMus popmar miniSEED. Jlanaute ce 06pabot-
BaT aBTOMAaTUYHO (Pa3Mo3HaBaT Ce CHOTBETHUTE CUTHAIN M CE OLIEHSABAT MapaMeTPHUTE
Ha 3eMeTpeceHnero) ot mporpamara Seismic Network Data Processor - SNDP. Ilpe3
MTOCJIETHUTE TOAWHU OpOSAT Ha CEU3MUYHHUTE CTAHIIMM HApacTBa 3HAYUTEIIHO U B Kpas
Ha 2019 1. e 40. B MOMEHTa CEM3MOJIOTHIHUSAT EHTHP € MOJIEPHUBHPAH ChC COPTyep
SeisComP3 3a peanHo BpeMeBH TpaHcep U aBTOMaTHIHA 00paboTKa Ha JaHHU, KOUTO
Ce M3I10J13Ba IHPOKO B CEU3MOJIOTHYHATA OOIIHOCT U eHTpoBete 3a nanHu (Christosk-
ov, 2019).

Bucokara 4yBCTBUTENHOCT Ha cer3Morpadure mo3BolisiBa perucTpupane u oopa-
60TKa Ha oM Opoil pernOHAIHY U JIOKAJTHH 36METPECCHUS. YCTAaHOBEHH Ca Pa3InIHH
10 MarHUTYJ JOJHM TPAroBe 3a HAASKIHO OMpPEAesTHE Ha PETHOHAIHU W JOKAIHU 3e-
METPECEHUS: C MATHUTY]I TI0 CeM3MHUeH MOMEHT Mw=2.5 3a TepuTopusita Ha bbarapus,
Mw=3.0 3a nienrpasHara 4act Ha bankannte 1 Mw=5.0 3a pernoHaaIHU CHOUTHS.

Tpsi6Ba na ce oTOemeKH, Ue ¢ MOBUIIaBaHe KAYeCTBOTO HA PErHCTpaIUsITa Ha ChOU-
THATA, Ce TTON00pPsIBa aHAIN3A HA PA3MPEICICHUETO UM B POCTPAHCTBOTO, BPEMETO U CE
MIPEOoCTaBs BB3MOKHOCTH 3a IPUJIaraHe Ha MO-CI0KHHA METOIN KaTo OIEHKA Ha MOJETO
Ha Hampexenue (Hapes ¢ Apyru ucienaBanus B Simeonova 2015 u Protopopova 2020) u
OIIEHKAa Ha MMapaMeTpUTe Ha CEM3MHUYHIS N3TOYHHK C TOMOIITA HA CIIEKTPATHUTE XapaK-
TepUCTHKH (KakKTo ca npeacraBend B Raykova 2019, 2020a, 20200).

Hacrosimara padota cbabpika 000011eHa HHPOopMAaIHs 32 Pe3ysITaTuTe 0T 00padoT-
KaTa U MpeABAPUTETHAS aHAJIN3 Ha U3XOJHUTE NaHHU 3a peructpupanute or HOTCCU
cemsMUYHU crouTHs 3a 2022 roanHa.

Mertonosorust npu 00padoTka Ha JaHHUTE

OCHOBHUTE KHHEMATHYHH TTAPAMETPH U MAarHUTYbT HA 3eMETPECEHUSITA CE OLICHSI-
BaT MOCPECTBOM aJIalTallks Ha IMUPOKO pasnpocTpanenus npoaykt HYPO71 (Solakov,
1993). Ilo Hacrosimem MarauTynbT Mp ce omnpenens o ¢gopmynara (Christoskov et all,
2011a, b):

A
M, =log - +0,5(A)+5S,, (1)

max

A Vmax
KBJETO | — = A ¢ ammutynara B um, 7' € meprosia B CEKYHAH (), a v, € MakK-
max 7[

cuMaiiHa ckopocT B P-(hazara, perucrpupana Ha BepTHUKaJIHATa KOMIIOHEHTA Ha HIMPOKO-
JIEHTOBHUS ceusMorpad Ha enULEHTPAIHU Pa3CTosAHUs Mo-Manku ot 10°, o, (A) e kanu-
OpoBbuHa QYHKIMS; 1 §; € j CTAaHLMOHHA MATHATY/HA KOPEKLIHSL.

B Hacrosimero uscnensane M, ce Tpancdopmupa B H0-HaJeKAHATa U HO-LIKPO-
KO M3M0JI3BaHa MarHUTYHA CKajla M, KOeTo OM MO3BOJIMIIO Ch3AaBAHETO HA EIMHEH U
XOMOTE@HHU3HMPaH KaTajor Ha 3eMEeTPECEHHsITa, HEOOXOANM 3a HaJIeK/JHA OLICHKA Ha CeH3-
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MUYHUSI Xa3apT Ha TEPUTOPHSATA HA CTPAHATA U OKOTHOCTHTE. MarHutyasT Mp ce TpaH-
chopmupa B Mw upe3 dpopmysara (Solakov et al, 2018):

M, =0.93 x M, +031. ©)

IIpocTpaHcTBEeHO — BpeMeBO H €HEPTeTHYHO pa3npeaeeHne
Ha 3eMeTpeceHUusATa

Ha ¢wurypa 1 e npencraBeHO MPOCTPAHCTBEHOTO PasIpe/eiieHHe Ha eNHIEHTPHU-
TE Ha 3eMeTpeceHusTa peannsupanu mnpe3 2022 r. M3Baakara ceabspika 202 cpOuTHS, B
MarHuTyeH unrepsai 2.5<M_ <4.5, renepupanu B NPOCTPAHCTBEH MPO30PEL ¢ KOOP/IH-
Hat 41° — 44.5° N u 22° — 29° E. Ha kaprara ca n300pa3eH 1 aKTUBHUTE Pa3JIOMHU B
pasniexxaanara reputopust o ganuu or: GEM Global Active Faults (https://github.com/
GEMScienceTools/gem-global-active-faults).

e Mw25 @ Mw28 ® Mw3l @ Mw34 @ Mw37 @ Mw4,2

e Mw26 @ Mw29 @ Mw32 @ Mw3.5 (b Mw3.8 A ceusMuuHM CTaHUMM HOTCCU
* Mw27 @ Mw3.0 ® Mw33 @ Mw36 —— Pa3OMHN TMHIN

@ur. 1. EnuienTpaita KapTa Ha 3eMETPECEHUATA pealM3uPaHu Ha TEPUTOPUATA HAa CTpaHara u
npuiexamuTe 3eMu 3a 2022 1.

Qurypa 1 wirocTpupa HEpaBHOMEPHO MPOCTPAHCTBEHO paslpeleeHHe Ha CeH3-
MudHOCTTa B bparapus. Haif-ronsma xoHIeHTpaus Ha 3emerpecenns 3a 2022 1. ce Ha-
OxronaBa B Foro3anaJ Hus paiioH Ha crpaHata. [logpoOeH aHann3 Ha CEM3MUYHOCTTA B OT-
JETHUTE CeN3MHUYHY 30HHU € TPYIHO Jla C€ U3BBPIIH IOpaIy HeIOCTaThYHOTO KOJIUIECTBO
CHOWTHSA M TECHUSI MATHUTY/ICH AUAIa30H Ha 3eMETPECEHHATA.
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= N N
o o

-

Bpoit semeTpecerus
o o o o

Anyapu Anpun HOonn OktomBpu [OekemMBpu
Meceu

®ur. 2. BpemeBo pasnpeselicHHe Ha 3eMETPECEHUSTA PEalU3UpaHd Ipe3
2022 r. Ha TepuTOpUATa Ha BBATApHs U OKOITHOCTHTE M.

®durypa 2 wiocTpupa pasnpeieIeHUeT0 Ha CEM3MUYHOCTTa BbB BPEMETO CIOpEN
Opost Ha crOUTHATA 1O Mecenn. Haif-rosiM Opoif 3eMeTpeceHrs ce HaOIIoIaBaT Ipes
MECELUTE SIHyapH U allpul, a Hali-MaJIKo Mpe3 IOHU U HOEMBPH.

IIpe3 mecew anpui € perucTpupaHo U Hall-CUIIHOTO 3a TepuTopusiTa Ha bbirapus
3emetpecenue. 3emerpecerneto ot 04.04.2022 . ¢ enuneHTHP B Onm3oct g0 rpan [po-
Baist. CrOMTHETO € ¢ MarHuTyl M =4.2, nbiGounHara Ha ornuimero 10 km u makcu-
MaJiHaTa MHTEH3UBHOCT B enuieHTpanHara 3ona: [ =4.5 crenen MSK64. 3emerpece-
HUETO e OMJI0 yCeTeHO B paiioHa Ha rpan [IpoBanust, kakTo u BEB BapHra, Illymen u Pyce.
Ha ¢urypa 3 ca npencraBeHn Bb3ICHCTBHATA OT 3eMETPECEHUETO YCTAHOBEHH Clie]| 00-
clle/IBaHe Ha 3acerHarara o01acT U OLIEHEHH 110 MHTEH3MBHOCTHATa ckaina MSK64.
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Legend: Intensity (MSK-64)
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@ur. 3. Cen3sMu4HU Bb3/eHCTBUSA OT Hal-cwiHOTO 3a 2022 I. 3eMeTpeceHue
(M, 4.2), peanmsupano Ha 04.04.2022 r. B GmuzocT jio rpaj [posaus.
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Ot npocresiBaHeTo Ha MArHUTYJUTE Ha CHOUTHSATA BbB BPEMETO IPEJCTABEHO Ha
¢urypa 4 morar aa ce orOeexar 1 MeceliTe, B KOUTO ca HaOJII0IaBaHN 3eMETPECEHUSITA
C Hail-BUCOKU MarHUTY/IHH OLICHKH.

bposT na semMeTpecennsTa rpynupann B MarHUTYIHH HHTEpBanu: My, = 2.5-3.0 ca
161 cpbuTHs, ¢ MaTHUTYZ B WHTEpBaJIa M, = 3.1-3.5 ca 30 cpbuTHsA U ¢ MarHUTYA B
unepana My, = 3.6-4.0 ca paennsupanu 10 cu6utns u camo enHo crdutne ¢ M, = 4.2
(¢wur. 4). Tyx HyIeBOTO HUBO TPSIOBa J]a CE€ CUNTA 32 OTHOCHUTEIIHO, UMAWKH MPEIBU, e
HE ca B3€TH I10J] BHUMaHHE 3eMETPECEHUsI C MArHUTYIH 1OJ 2.5.

4.5 L ! I I I . I I
L3
& 4
- - -
= — — —_—
3.5 . o g : z
= - - - - - -
E - -
2 3 i
2.5/
2 ' ' ' 1 ' t
Anyapwn Anpwvun HOnw OkTromBpU Dexkemepu
Meceu

@ur. 4. MarauTyiHo — BpeMeBO pasmpeiesieHHe.

35 T T T -
Anyapwn Anpun Onn OktomBpn  [OekemBpn
Meceu

T T

Legend: .2.5=Mw<3.0 e 31=Mw=35 g Mw=36

@ur. 5. Pasnpenenenue Ha Opost CbOUTHUS criope] IbI00YMHATA.

I'padmkara Ha TBIOOYMHHOTO paslpenesieHre Ha Gurypa 5 mokasBa, ue TMO-TOJsI-
MarTa 4acT OT CHOMTHATA Ce pealn3nupar B quamazoHa oT 5-20 kM xpidounHa. bpost Ha
CHOMTHATA HE HaMaJIsBa IJIABHO C yBeIMUaBaHe Ha IBJIOOYNHATA. B chIoTo Bpeme Opo-
SIT Ha 3eMETPECCHUATA PeaM3upaHy Ha IhI00OUYnHA 5-15 kM e Hah-romsM. Pasmpenere-
HHUETO Ha MATHUTYANTE HAa ChONTHATA B IBJIO0OYNHA MO3BOJISBA /1A C€ OTOEIEKH N3BECTHA
audepeHnuanys Ha AIOOYNHHNTE ,,6TaXN " C HApACTBaHE HA MArHUTY/A - MAKCUMYMH-
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Te MOTaT Jia ce MPOCIEAST 3a HHTepBaia Ha abjioounHara ot 5 10 20 kM. [lo-cunHuTe
CBHOUTHSI, HAIPUMEP € MarHuTy M >3.5, nmar 1en6ounna B iuanasona 10-20 k. Beny-
KU OTHUILA Ca Pa3IoJIOKEHH B 3eMHATa Kopa.

3aKJaoueHmne

Teputopusita Ha bearapus, pa3nonoxkeHa B H3ToyHara yacT Ha baikaHckus nmomy-
OCTpPOB € TUITMYEH MIPUMEP 3a PailoH XapaKTepU3Upall] CE C BACOK CEM3MHUUHA OMACHOCT.
[Ipe3 BekoBeTE HA TEPUTOPHSITA HA CTPAHATA Ca HAOIIOMABAHN CUITHU 3eMETPECEHUS, KaTo
€IHO OT TSIX € Hall-CUJTHOTO 3eMeTpeceHre B KoHTuHeHTanHa EBpona npe3 20-1tu Bek.

Or npencrasenust ananus Ha 202 3eMeTpeceHusTa ¢ MarHuTy M >2.5, Bb3HUKHA-
su B bearapust u okonHoctute mpe3 2022r., MoXke Ja Ce HaIpaBAT CJICAHUTE 3aKITIOUCHUS:

e 2022 1. ce XxapaKkTepu3Hpa ChC cjaba CeM3MUYHOCT - JOMHUHHUPAT CHOUTHUS C Mar-
vutyn nox 3.0, caMo equHaeceT 3eMEeTPEeCeHUs ca ¢ MarHuTy/ Haa 3.5, kKato
Hal-CUJIHOTO OT TAX € ¢ MarHuTyj 4.2.

® TPOCTPAHCTBEHO-BPEMEHHOTO paslpeesieHue Ha 3eMeTpeceHusTa B brarapus
1 OKOJTHOCTHTE € HEPaBHOMEPHO;

® XUMOLEHTPUTE Ha 3eMETPECEHUTa ca Pa3MOJIOKEHH OCHOBHO B FOpHaTa Kopa
(o 20 xm). Haii-ronssm Opoii 3eMeTpeceHus ca PeruCTPUPaHH B AbIOOUMHHUS
cinoit mexny 5 u 15 xm;

e HaONIO/IaBaHaTa CEM3MHMYHA aKTHBHOCT 3a pasliie/laHusl MEpUOJl € MO-HHCKa B
cpaBHeHue ¢ m3MuHanuTe roaunu. [pes 2022 r., ca perucrpupanu 202 cp0uTHS
¢ MarHuTya M >2.5, KO€TO € M0-MaJIKo CPaBHEHO ¢ 258 perucTpupanu ChOMTHs
322021 r. (Popova et.al. 2021).

BaaromapHocT: ABTOpHUTE M3pa3sBar cBouTe OmaromapHocTH KM E. Botes, bi.
Bbabauxona, T. nues, P. Benxos, I1. Kupunos u B. Kamenos xouto ca padormmm 8 HOT-
CCH npe3 2022 1.
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SEISMICITY ON THE TERRITORY OF BULGARIA AND THE
ADJACENT LANDS RECORDED BY NOTSSI IN 2022

M. Popova, E. Oynakov, Y. Milkov, V. Buchakchiev

Abstract. Spatial and temporal distribution of the seismicity observed on the Bulgarian
territory in 2022 is presented. The list includes 202 earthquakes with magnitude Mw>2.5,
observed in Bulgaria and the surrounding area within latitude 41°- 44.5°N and longitude
A=22°-29°E which are registered by the National Operating Telemetry System for Seis-
mological Information (NOTSSI). 2022 is characterized by weak seismicity - dominated
by events of magnitude less than 3.0. Only eleven earthquakes had magnitudes larger than
3.5, the strongest of which happened on the 04.04.2022 with Mw=4.2. As observed in the
previous years, the highest activity is reported in the southwestern part of the territory of
Bulgaria.
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Abstract. The present study aims to illustrate the work in real time and in the condi-
tions of geomagnetic storm of the developed empirical model for forecasting the crit-
ical frequencies of the ionosphere for the territory of Bulgaria. The task of creating
a methodology for determining the critical frequencies is the main activity after the
completion of the work of the “Plana” ionospheric station for the vertical sounding.
For this purpose, a team from Department of Geophysics at the National Institute of
Geophysics, Geodesy and Geography (NIGGG) — Bulgarian Academy of Sciences
developed a method for determining the critical frequencies of the ionosphere based
on Total Electron Content (TEC) data. The methodology allows continuing the prepa-
ration and publication of forecasts for the radio wave propagation on the territory
of Bulgaria, which are used by governmental institutions and are freely available to
radio amateurs through the website of the NIGGG. In the present work, a compari-
son is made between the critical frequencies of the ionosphere obtained by TEC for
Bulgaria and the data from the vertical sounding at Rome station (RO041, 41.9°N,
12.5°E). The choice of this ionospheric station is related to the fact that this station
is located at the geographic latitude coinciding with the latitude of Sofia, which sug-
gests similar characteristics of the ionosphere. The difference in local time is also
reported. The comparison between the data of the Rome ionospheric station in and
those determined according to the TEC data for Bulgaria shows that the deviations
are close to those obtained in the comparison with the data of Plana ionospheric sta-
tion for the period 1995-2014. The described results show that the created empirical
model for reconstruction of the critical frequencies by TEC data on the basis of a
previous period allows predicting the current state of the ionosphere even in the con-
ditions of geomagnetic disturbances.

Key words: Geomagnetic activity, lonosphere, Critical frequencies, Total Electron
Content, Forecasting.
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Introduction

One of the main tasks related to determining the parameters of a given radio path
requires the knowledge of the most essential ionospheric characteristics obtained from the
ionospheric stations by the vertical sounding of the ionosphere. Due to the absence of a
station for vertical sounding of the ionosphere, an empirical model has been developed
(Bojilova and Mukhtarov, 2021; Mukhtarov and Bojilova, 2021a), which allows to calculate
estimated values of the critical frequency of the ionospheric F region (foF2) by TEC data
(Mukhtarov et al., 2021b). The method published in (Bojilova and Mukhtarov, 2021) for
determining the critical frequency of the ionosphere foF2 from TEC data is based on the
linear-quadratic relationship between the two ionospheric characteristics established by re-
gression analysis. The values of TEC (which is an integral of the electron concentration by
height above a certain point on the Earth’s surface) are formed predominantly at heights
close to the height of the maximum electron density, which uniquely determines the critical
frequency. This is the maximum radio frequency that is reflected by the ionosphere during
vertical propagation of radio waves. For this reason, the relationship between TEC and foF2
values turns out to be sufficiently stable and allows the critical frequency of the F region to
be calculated from the TEC data with accuracy acceptable for practical purposes. The fea-
tures of the diurnal and seasonal variability of the values are reflected in the model.

By comparing the measured and modeled values for the period 1995-2014, it was
found that the Root Mean Square Error (RMSE) of the model foF2 values is about
0.5 MHz (Mukhtarov and Bojilova, 2021a). It is well known that the main changes in
the ionosphere are related to changes in solar extreme ultraviolet, ultraviolet radiation
and geomagnetic activity. It is geomagnetic activity and geomagnetic storms that cause
anomalies in the variations of the elements of the Earth‘s magnetic field (Metodiev and
Trifonova, 2021). Also these effects cause anomalies both in the ULF RANGE (Chamati,
2020; Chamati 202 1a; Chamati, 2021b) and not least in the ionosphere and the radio com-
munication frequency range (Mukhtarov et al., 2011; Mukhtarov and Pancheva, 2012,
Bojilova and Mukhtarov, 2020).

Everything described so far gives reason to make a comparative analysis, illustrating
the reliability of the proposed methodology for reconstructing foF2 based on TEC data
for Sofia and data from the vertical sounding of the ionosphere based on Rome data. The
obtained results confirm that the proposed dependency sufficiently accurately manages to
solve the tasks set by the Ministry of Defense and the practical needs of environmental
technologies (Lakov et al., 2018; Ivanova et al., 2018, Syrakov et al., 2013; Gadzhev et
al., 2015).

Data and methods

Due to the lack of vertical sounding data on the territory of Bulgaria, in the present
study a comparison was made between the modeled values of foF2 over Bulgaria with
those measured at the Rome station (RO041, 41.9°N, 12.5°E). A comparison of the coor-
dinates of this station with the coordinates of the Plana station (SQ143, 42.6°N, 23.4°E)
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shows that the two stations have practically the same geographic latitude with a difference
in longitude 10.9°. This means that the local times at these two stations differ by 44 min-
utes. When comparing hourly values, this difference can be taken as one hour. The data
for the ionospheric station Rome (Station Code: RO041, 41.9°N, 12.5°E) are taken from
the GLOBAL IONOSPHERE RADIO OBSERVATORY (GIRO) freely available to users
at the following link: https://giro.uml.edu/didbase/scaled.php. Data from GPS satellite
navigation has wide application in geophysics and geodesy (Vassileva and Atanasova,
2016; BacuneBa u Aranacoa, 2016; Atanasova et al., 2021). The data for the critical
frequencies over Bulgaria are calculated by an empirical model from TEC (Bojilova and
Mukhtarov, 2021; Mukhtarov and Bojilova, 2021a). To solve the task of forecasting foF2
according to TEC were used data from Center for Orbit Determination in Europe (CODE)
- ftp://ftp.unibe.ch/aiub/CODE/. In the examples of geomagnetic storms shown, the Kp-
index is received from: Goddard Space Flight Center: https://omniweb.gsfc.nasa.gov/.

Results

In the next few examples, various comparisons are made between the data for Rome
and the reconstructed data for Sofia. The purpose of this analysis is to show that the pro-
posed methodology for reconstructing critical frequencies based on TEC data for a given
past period is sufficiently good and reliable for forecasting the ionosphere over Bulgaria
in real time and during geomagnetic storms.

12 —
2012

Rome

10 | 4= == == Sofia

+

foF2 [MHz]

Jan Mar May Jul Sep Nov

Fig. 1. Monthly medians of the critical frequency foF2 at sta-
tions SQ143 and RO041 for 2012.

Fig. 1 shows a comparison between the monthly hourly medians of the two stations
for 2012. For the selected year, there are measured values from Rome- Italy and Sofia-
Bulgaria. In the figure the data from Rome has been shifted by one hour, which approxi-
mately compensates for the difference in local times.
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The year 2012 occupies approximately the same place in 24" Solar Cycle as 2022
occupies in the next one. As can be seen from Fig.1 the medians of the two stations are
sufficiently close in value to justify the use of the Rome station data to estimate the pre-
diction during 2022.

2012

Deviations [MHz]|
=3
-
|

J—=f— Mean deviation
. *—0—@RVS
0.2 —
.
0 —
-0.2
U RN DL DL L DL D DL B L B
1 2 3 4 5 6 7 8 9 10 11 12

Fig. 2. Means and standard deviations between the data of sta-
tions SQ143 and RO041 for 2012.

Fig. 2 shows the mean deviation and RMSE between the SQ143 data and RO041
for each calendar month for 2012. It can be seen from Fig.2 that the mean deviation of the
data from Bulgaria compared to the data from Rome for 2012 is 0.068 MHz and RMSE
is 0.742 MHz. These deviations are calculated based on all hourly values for that year.

2022
Rome

10 |4 + Sofia

foF2 [MHz]

LN AN A
Jan Mar May Jul Sep Nov

Fig. 3. Monthly medians of reconstructed critical frequency
foF2 for Bulgaria and RO041 data for 2022.
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Fig. 3 shows the behavior of the monthly hourly medians from the Rome iono-
spheric station and the reconstructed values for Sofia in 2012. The figure shows the good
coincidence between the two data types. The monthly medians also show a distinct sea-
sonal variability of foF2 characterized by lower values of critical frequencies in summer
and their increase in winter conditions. The physical explanation of the obtained result is
due to the so-call winter anomaly in the ionosphere. In particular, the winter anomaly is a
phenomenon consisting in the fact that mid-latitude hourly median daytime foF2 value is
greater in winter than in summer conditions at approximately the same solar activity level
(Yasyukevich, et al., 2018).

0.8 — W
0.6 —S

)
E 2022
= N o} Mean deviation
£ 04— ®—@—@RMS
R
>
8 02
-
0 —
-0.2
L UL DL DL L L DL DL DL B B
1 2 3 4 5 6 7 8 9 10 11 12

Fig. 4. Means and standard deviations between reconstructed crit-
ical frequency foF2 for Bulgaria and the measured data of RO041
for 2022.

Fig. 4 shows the behavior of the mean deviations and RMSE for each calendar
month from 2022 for data from Rome and Sofia. The data for Sofia are model values
derived from TEC. The mean deviation calculated on the basis of the hourly values is
0.06OMHz, and RMSE is 0.741MHz. These values practically coincide with the analo-
gous ones in 2012, which means that the deviations between the foF2 values for the two
stations in both cases are dominated by the natural heterogeneity of the ionosphere and
not by the inaccuracy of the reconstruction. The obtained acceptable errors give reason
to analyze cases of geomagnetic storms as an additional conformation about the validity
and significance of the proposed methodology for reconstructing the critical frequencies
based on TEC data for the territory of Bulgaria.

The behavior of the reconstructed critical frequencies for Bulgaria compared to the
critical frequencies measured in Rome during ionospheric disturbances from geomagnet-
ic origin is shown in Fig. 5 and Fig. 6. The two disturbances in March 2022 (see Fig. 5)
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Fig. 5. Course of the reconstructed critical frequencies for Bulgaria and
measured in Rome station from 7 to 15 March 2022.

and May 2022 (see Fig. 6) are relatively weak. During the first geomagnetic storm, the
geomagnetic activity index Kp reaches 4 on 11 March and reached to 6 on 13 March (see
Fig. 5 top panel). All this indicates that the considered geomagnetic storm is of Minor
type. From Fig. 5 it follows that during the anomalies the deviation between the two
types of ionospheric data increased. This phenomenon is explained in the first place by
the different character of the variations in TEC and foF2 during such type of anomalies.
As an integral quantity, TEC also depends on the behavior of the electron density above
the maximum, which is inaccessible for vertical sounding of the ionosphere and where
physical processes differ from those at lower heights (Mukhtarov and Pancheva, 2012).
The different local time has an additional influence on the differences. It is well known
that the ionospheric response to geomagnetic disturbances has a significant dependence
on the local time (Mukhtarov et al., 2013).
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Fig. 6. Course of the reconstructed critical frequencies for Bulgaria and
measured in Rome station from 25 to 30 May 2022.

In Fig. 6 shows a comparison of the behavior of the ionosphere based on data from
Rome and reconstructed values for Sofia. The one shown in Fig. 6 critical frequency
response illustrates the behavior of the two types of ionospheric data during the weak
geomagnetic disturbance in summer conditions. From the top panel of Fig 6 it can be seen
that the Kp index reaches to 5 on 27 and 28 May 2022. At the moment of the first max-
imum during 27 May, the critical frequencies begin to increase relative to the average,
but subsequently there is a sharp decrease, which is essential for radio communications.
In general, the response is predominantly negative, which is characteristic of the season
during which the storm occurs. Analogous to Fig. 5 during the anomalies the deviations
of both types of data increase.
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Summary

In the present investigation, a comparison of the obtained model values of the crit-
ical frequency of the ionospheric F region for Bulgaria and the data of vertical sounding
from the Rome ionospheric station is presented. The use of data from the Rome iono-
spheric station for control the forecasting of the ionosphere over Bulgaria is due to the
fact that Rome station is the only nearby working station at geographic latitude coinciding
with the territory of Bulgaria. The detailed analysis presented in the article of the values
of the critical frequency foF2 reconstructed by TEC data for Bulgaria in 2022 shows that
in the absence of data from vertical sounding of the ionosphere, the use of the empirical
model for preparing radio wave propagation forecasts by TEC data is justified due to the
accuracy sufficient for practical needs. A comparison of the resulting mean and RMSE
errors shows that the values are of sufficiently good accuracy for practical purposes. From
the comparison of the reconstructed data in 2022 with the data from the same type (by
geographic location) station Rome. It is found that the differences are the same compared
to the differences between the data from the vertical sounding in Sofia and Rome in 2012.
The created model based on regression analysis between data from the vertical sounding
and TEC for the period 1995-2014 turns out to be sufficiently accurate during the next
11-year cycle of solar activity. In addition, the behavior of foF2 during two geomagnetic
storms in 2022 is considered. The presented comparison between the Rome data and the
reconstructed Sofia data shows the good similarity and the clearly expressed seasonal re-
sponse of the ionosphere under conditions of geomagnetic disturbances. All the obtained
results show that the model created and published on the website of the National Institute
of Geophysics, Geodesy and Geography for forecasting the critical frequencies based on
TEC data for the territory of Bulgaria sufficiently accurately and satisfactorily manages to
reconstruct and describe the behavior of the ionosphere above the country.
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IIporuo3upaneTro HAa KPUTHYHUTE YeCTOTH HA HoHOCcpepaTa
Hajg bbarapus npe3s 2022

II. Myxrapos, P. boxxuinosa

Pe3rome: Hacrosimara pabora nma 3a el Aa WIoCTpupa padorara B peaHo BpEME U B
YCIIOBHUSITA HA TEOMArHUTHU Oypy Ha pa3paboTeHHs: eMITMPUUCH MOJIEJ 3a IIPOTHO3HUpPAHE
Ha KPUTHYHNTE YECTOTH Ha HoHOC(epara 3a TepuropusaTa Ha bearapus. 3anadara 3a cb3-
JlaBaHe HAa METO/IMKA 3a ONpeJIeNITHE Ha KPUTHYHUTE YECTOTH € IOCTaBeHa CIie]] IIpeKpars-
BaHETO Ha paboTara Ha HOHOC(epHaTa CTaHIHA ,,[ [Tana™ 3a BepTUKAITHOTO COHAUpPAHE Ha
HoHOC(epaTa. 3a Ta3u el KOJEKTHB OT JemapTaMeHT ,,J eodmsuka“ npu HannonamHus
uHCTUTYT 10 [eodusmka, ['eonesms u ['eorpadus (HUI'TT) xem Bbearapckara akagemus
Ha HAayKUTE Pa3poO0TH METO[ 3a OIPEAEIIHE Ha KPUTHYHUTE YECTOTH Ha HoHOoc(epara
M0 JTaHHW Ha TOTAaTHOTO enekTpoHHO chabpikanue (TEC). MeTtonukara mo3BoinsiBa ma
Ob/1e TPOABIKEHO M3TOTBSIHETO M MyOIMKYBaHETO Ha MPOTHO3HM 32 PA3MpPOCTPAHEHNE Ha
PaaMOBBIHUTE Ha TEPUTOPUATA HA BbIrapus KOUTO ce MON3BaT OT IbP)KaBHH OpPTaHU
W ca JOCTBITHU 33 PaguoMo0uTenH mocpenctsoM MHTepHeT cTpanumara Ha HUITT. B
HacTosiara paboTa € HalpaBeHO CpaBHEHHE MEXIy omnpeneneHnute nocpeactsom TEC
KPUTHUYHH YECTOTH Ha HOHOC(epara 3a bearapust n JaHHUTE OT BEPTHKAIHUS COHJIAX B
crarnusg Rome (RO041, 41.9°N, 12.5°E). 300pbT Ha Ta3u HOHOC(EpHA CTAHIIUS € CBBP-
3aH C TOBA, Ue TsI C€ HaMupa Ha reorpad)cka IHUPUHA ChBIAJAIIA ¢ Teorpad)ckara MmupruHa
Ha Codust, KoeTo mpearmonara OJIM3KA XapaKTepUCTHKH Ha HoHOcdepara. OTueTeHa €
pasnuKara B JJOKQJIHOTO BpeMe. CpaBHEHHETO MEX/y JaHHHUTE HA HOHOC(EepHA CTaHIH
Pum u onpenenennte mo TEC nanam 3a brirapus mokas3sa, 4e OTKIIOHEHUATA ca OIMH3KH
JI0 TE€3H, OJIyYeHU TIPH CPABHEHMETO ¢ JaHHHUTE Ha HoHoc(epHa cranuus [lnana 3a me-
puoma 1995-2014 r. OnmcanuTe pe3yaATaTH IMOKa3Bar, Y€ Ch3AaCHUAT CMITMPHICH MOIET
3a PEeKOHCTpyHpaHe Ha KpUTHUHKUTE YecToTH 1o naHHu Ha TEC Ha Ga3ara Ha mpeaxoJieH
MIepHO]I TIO3BOJISIBA /1A CE MIPOTHO3UPA M aKTYaJIHOTO ChCTOSIHME Ha HoHOC(epara 10pu 1
B YCJIOBHSITA HA TEOMarHUTHH CMYILEHHS.
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Abstract. Magnetic variations show different records at each observatory. They depend
mainly on the latitude of the observatory and the local time. This paper reports the
definitive geomagnetic data obtained at Panagjurishte Observatory in 2018, prepared
in the form of local geomagnetic indices and absolute time-series of daily mean values
plots. 2018 is the penultimate year of Solar cycle 24, which is well into its decreasing
phase (https://www.swpc.noaa.gov/products/solar-cycle-progression). It had a “dou-
ble-peaked” solar maximum, with the first peak reaching a sunspot number of 99 in
2011 and the second peak in April 2014 with 101.

On the 24" of May 2018 the observatory was struck by a severe lightning storm.
This damaged both systems, and they were sent out for repair. In the aftermath of this
event, the observatory lost its capability to record data until the beginning of August
2018.

Calculated indices show that 2018 had 19 days with “storm”- level conditions
of the geomagnetic field, but only moderate levels have been reached. The maximum
K-index level reached during the period is K=6, recorded in four separate events. This
weak activity is reasonable due to the fact that the sunspot numbers that year continued
to decline.

Verification of data quality is performed according to “TAGA guide for magnetic
measurements and observatory practice” and due to the missing data this year is labeled
as “incomplete”.

Key words: PAG observatory, geomagnetic variations, geomagnetic activity, local geo-
magnetic indices, daily mean values, 2018.

Introduction

The Geomagnetic observatory in Panagjurishte (PAG, 24.177°EN, 42.515°N) is
established in 1937 — the first on the Balkan Peninsula and unique in Bulgaria and
during more than 80 years performs absolute measurements of the geomagnetic field
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elements and continuous registration of their variations (Buchvarov, 2006). In 2007, the
PAG observatory was equipped with digital systems for the recording of geomagnetic
field elements’ variations. Three different magnetometers are installed, which operate
in a 24/7 regime: two tri-axial fluxgate magnetometers model FGE (DTU Space) — one
of the standard type in which the three fluxgate sensors are mounted on a 12x12x12 c¢cm?
marble cube placed on a three legged aluminum base, and a second version, in which
the marble cube is suspended in two crossed phosphor-bronze strips to compensate any
tilt of the sensor foundation. The third instrument is a three-axial search coil magnetom-
eter used for studies on the longitudinal propagation of ULF signal (Chamati, 2020). It
provides real time measurements at a sampling period of 0.01s which are integrated at
a period of 1 s.

Thus, the observatory implemented the technical requirements and was joined to
the INTERMAGNET (International Real-time Magnetic Observatory Network), which
establishes a global network of cooperating digital magnetic observatories, and facil-
itates data exchanges and geomagnetic products in close to real time. Preliminary re-
corded time series and local geomagnetic K-indices are published on the NIGGG web
page (http://data.niggg.bas.bg/magn_datal/dailymag_bg.php) and automatically reported
to INTERMAGNET. The present paper provides definitive geomagnetic data that are
checked and processed to comply with the IAGA standards for observatory practices.

Local geomagnetic indices (K, A , XK) calculated at PAG observatory.

Geomagnetic irregular variations, or so called geomagnetic disturbances, are driven
by the solar wind. Globally, they are evaluated by the Kp-index which is predicted and
later on determined by the world data centers (Matzka et al., 2021a). It is a 3-hour qua-
si-logarithmic scale developed to measure magnetic activity, ranging from 0 to 9, with 0
indicating completely quiet conditions and 9 representing extreme magnetic activity. It is
intended to measure geomagnetic disturbances outside the normal diurnal quiet time vari-
ations (Sq). In order to have a somewhat consistent scale of magnetic activity between
observatories at high latitudes, where field variations can be quite large in amplitude,
and those at low latitudes, each observatory is assigned its own set of amplitude ranges
corresponding to the various K-index levels. By definition, the K-limit scales for all ob-
servatories are proportional to the Niemegk scale (Matzka, 2021b).

The eight three-hourly K numbers (after Bartels, 1939) are calculated by a computer
code (FMI method, Sucksdorff et al., 1991) from the digital recordings of the three com-
ponent flux-gate variometer FGE.

The local equivalent daily amplitude index Ak [nT] is determined by converting K —
indices into eight 3-hour equivalent linear amplitudes «a,, and calculating the mean value.
The ranges of the individual K numbers at PAG observatory and the 3-hour equivalent
amplitude a,, which is assigned for each K value, are defined in Metodiev and Trifonova,
2019. 2K is the daily sum of the eight K numbers.

The calculated local geomagnetic indices (K, Ak, 2K) at PAG observatory for 2018
are presented in Table 1.
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Table 1. Local geomagnetic indices (K, A, 2K) calculated at PAG observatory in 2018.

Activity Indices

Day K Ak [nT] 2K
01-Jan-18 3 3 2 3 3 2 1 2 11 19
02-Jan-18 2 1 1 1 1 2 3 1 6 12
03-Jan-18 0 1 1 2 1 1 1 1 3 8
04-Jan-18 1 1 2 1 0 1 2 1 4 9
05-Jan-18 1 2 2 2 1 1 1 3 6 13
06-Jan-18 1 1 1 1 1 0 0 1 2
07-Jan-18 1 1 1 1 1 1 2 1 4
08-Jan-18 1 2 3 2 4 3 2 2 11 19
09-Jan-18 3 2 2 2 2 2 2 2 8 17
10-Jan-18 1 1 1 2 1 1 1 0 3
11-Jan-18 1 1 1 1 1 0 1 1 3 7
12-Jan-18 1 1 2 1 1 2 1 1 4 10
13-Jan-18 0 1 2 2 2 2 3 3 8 15
14-Jan-18 4 3 3 2 2 2 1 2 11 19
15-Jan-18 3 2 2 1 1 3 2 2 8 16
16-Jan-18 2 1 2 2 1 1 2 2 6 13
17-Jan-18 0 1 1 1 1 0 0 1 2 5
18-Jan-18 0 1 1 1 0 1 1 1 2 6
19-Jan-18 2 2 2 1 1 1 3 3 8 15
20-Jan-18 3 2 2 2 1 2 2 1 7 15
21-Jan-18 2 1 2 3 3 2 3 3 11 19
22-Jan-18 2 2 2 2 1 3 4 3 11 19
23-Jan-18 2 2 1 2 1 1 1 0 4 10
24-Jan-18 0 0 1 1 3 3 2 4 9 14
25-Jan-18 3 2 2 2 2 3 2 2 9 18
26-Jan-18 2 2 3 1 0 1 2 3 7 14
27-Jan-18 3 2 1 2 1 2 2 2 7 15
28-Jan-18 0 1 1 1 2 1 2 3 5 11
29-Jan-18 1 1 1 2 1 1 2 1 4 10
30-Jan-18 0 2 1 1 1 0 1 0 2 6
31-Jan-18 0 0 1 2 2 2 1 3 5 11
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01-Feb-18 2 0 0 1 1 1 2 2 4 9
02-Feb-18 2 1 0 1 1 1 1 0 3

03-Feb-18 0 1 1 1 1 1 2 2 4 9
04-Feb-18 1 1 1 1 1 1 3 1 5 10
05-Feb-18 2 2 2 2 3 3 2 1 9 17
06-Feb-18 0 1 1 2 2 1 1 3 5 11
07-Feb-18 1 1 1 1 2 1 0 1 3

08-Feb-18 1 1 1 1 1 0 1 3 4

09-Feb-18 2 2 1 0 0 0 1 3 4 9
10-Feb-18 1 2 1 2 2 2 2 1 6 13
11-Feb-18 0 1 1 1 1 2 1 0 3

12-Feb-18 0 1 1 2 1 0 3 1 4

13-Feb-18 0 1 1 1 0 0 0 2 2

14-Feb-18 1 1 1 0 0 0 1 3 3 7
15-Feb-18 2 1 3 2 2 5 3 3 15 21
16-Feb-18 2 2 3 2 1 2 2 3 9 17
17-Feb-18 3 3 2 2 3 2 2 3 11 20
18-Feb-18 3 2 2 2 3 4 3 3 14 22
19-Feb-18 3 3 2 2 3 3 4 3 15 23
20-Feb-18 3 0 1 1 2 1 1 0 4 9
21-Feb-18 0 0 1 2 1 1 1 1

22-Feb-18 2 1 1 2 3 3 5 4 16 21
23-Feb-18 2 3 3 4 2 2 4 3 15 23
24-Feb-18 3 2 2 2 1 1 1 2 7 14
25-Feb-18 0 1 1 1 0 3 3 2 6 11
26-Feb-18 2 1 2 1 1 2 1 4 8 14
27-Feb-18 4 4 1 3 4 2 2 1 15 21
28-Feb-18 2 2 2 2 2 2 2 2 7 16
01-Mar-18 1 1 1 1 2 1 3 3 7 13
02-Mar-18 3 0 0 0 0 0 1 2 3 6
03-Mar-18 1 0 1 2 2 1 3 3 7 13
04-Mar-18 2 2 1 1 2 2 2 1 6 13
05-Mar-18 2 1 1 1 1 2 2 1 5 11
06-Mar-18 1 1 1 1 1 2 1 1 4 9
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07-Mar-18 0 0 0 1 0 1 3 1 3

08-Mar-18 0 1 2 1 1 0 2 1 3

09-Mar-18 3 2 1 2 1 2 3 4 11 18
10-Mar-18 4 3 2 1 2 2 3 3 12 20
11-Mar-18 2 1 1 0 0 1 2 1 3

12-Mar-18 1 0 1 1 1 1 1 1

13-Mar-18 0 0 1 1 1 1 1 1 2

14-Mar-18 1 1 1 1 2 4 4 3 11 17
15-Mar-18 4 2 2 2 1 4 4 3 15 22
16-Mar-18 3 3 2 3 4 4 3 4 19 26
17-Mar-18 4 2 2 2 2 2 2 4 12 20
18-Mar-18 2 1 0 2 4 4 5 6 25 24
19-Mar-18 4 3 3 1 2 2 3 4 15 22
20-Mar-18 2 2 1 1 1 1 3 2 6 13
21-Mar-18 1 1 1 1 1 1 3 2 11
22-Mar-18 1 2 0 0 1 2 3 3 6 12
23-Mar-18 4 2 2 3 2 2 4 4 16 23
24-Mar-18 2 2 1 2 1 3 2 3 8 16
25-Mar-18 3 3 2 3 2 3 3 5 17 24
26-Mar-18 3 2 2 3 4 4 12 18
27-Mar-18 2 2 3 2 2 2 0 1 7 14
28-Mar-18 1 1 1 1 0 1 1 1 3 7
29-Mar-18 0 1 1 2 2 2 2 2 5 12
30-Mar-18 1 2 2 2 2 2 1 1 6 13
31-Mar-18 3 2 1 2 2 2 1 1 7 14
01-Apr-18 1 1 2 2 2 2 2 2 6 14
02-Apr-18 2 1 1 1 1 2 2 2 5 12
03-Apr-18 1 2 1 1 0 1 0 1 3 7
04-Apr-18 0 0 2 2 1 2 2 2 5 11
05-Apr-18 3 2 1 1 1 3 3 2 9 16
06-Apr-18 1 1 2 2 1 2 1 1 5 11
07-Apr-18 1 1 1 1 1 2 1 2 4 10
08-Apr-18 1 1 1 1 0 1 3 3 6 11
09-Apr-18 1 1 2 2 2 3 3 5 13 19
10-Apr-18 2 3 3 3 3 3 3 4 16 24
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11-Apr-18 4 2 2 1 2 1 2 2 16
12-Apr-18 1 2 2 2 2 2 3 3 9 17
13-Apr-18 4 1 2 1 1 1 3 4 11 17
14-Apr-18 2 1 0 2 2 2 2 2 6 13
15-Apr-18 2 1 1 1 1 1 1 3 5 11
16-Apr-18 1 1 1 1 0 0 0 2 2 6
17-Apr-18 2 1 1 0 0 1 1 2 3

18-Apr-18 1 1 1 2 2 3 2 1 6 13
19-Apr-18 0 0 1 2 0 1 1 1 2 6
20-Apr-18 4 3 5 5 3 4 6 4 36 34
21-Apr-18 3 2 2 2 2 4 3 2 12 20
22-Apr-18 1 1 1 1 2 1 1 1 4 9
23-Apr-18 3 1 1 1 1 1 3 3 8 14
24-Apr-18 0 1 1 2 2 2 3 2 6 13
25-Apr-18 2 2 1 1 1 0 0 2 4 9
26-Apr-18 2 1 1 1 1 1 1 2 4 10
27-Apr-18 2 1 2 2 1 3 2 2 7 15
28-Apr-18 2 1 1 1 1 1 1 0 3 8
29-Apr-18 0 1 2 2 2 2 1 1 5 11
30-Apr-18 2 2 1 1 2 2 2 0 5 12
01-May-18 0 1 1 1 1 0 1 1 2 6
02-May-18 2 2 1 2 1 1 1 1 5 11
03-May-18 1 1 1 2 1 1 2 2 5 11
04-May-18 1 0 1 1 1 1 2 2 4 9
05-May-18 1 1 2 4 4 5 5 20 22
06-May-18 5 3 3 3 3 3 4 4 22 28
07-May-18 4 3 3 2 3 3 2 3 15 23
08-May-18 2 3 2 2 2 4 4 2 13 21
09-May-18 3 2 2 2 2 2 4 3 12 20
10-May-18 3 2 2 2 2 3 2 3 10 19
11-May-18 1 3 4 1 3 2 4 4 16 22
12-May-18 2 3 1 2 1 2 2 3 8 16
13-May-18 1 2 2 2 3 3 3 3 11 19
14-May-18 1 1 1 2 1 1 1 2 4 10
15-May-18 0 2 1 1 1 2 2 2 5 11
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16-May-18 0 0 0 1 1 1 2 2 3 7
17-May-18 3 2 2 3 2 2 2 3 10 19
18-May-18 2 1 1 2 1 1 1 1 4 10
19-May-18 1 1 1 1 1 1 2 1 4

20-May-18 1 2 1 1 1 1 0 0 3

21-May-18 0 1 1 1 1 0 0 1 2 5
22-May-18 0 1 1 2 2 2 2 2 5 12
23-May-18 2 3 2 3 2 2 1 2 9 17
04-Aug-18 1 2 1 1 1 1 1 1 4 9
05-Aug-18 1 2 1 2 2 2 1 2 6 13
06-Aug-18 1 2 1 1 1 1 2 1 4 10
07-Aug-18 2 3 2 2 3 2 3 2 10 19
08-Aug-18 1 1 1 2 2 2 2 1 5 12
09-Aug-18 2 1 2 2 1 1 1 1 5 11
10-Aug-18 2 2 1 1 1 2 1 1 5 11
11-Aug-18 2 2 3 2 3 2 3 4 13 21
12-Aug-18 2 1 1 2 2 2 2 2 14
13-Aug-18 1 1 1 2 1 1 1 2 10
14-Aug-18 1 0 0 2 1 1 0 1 6
15-Aug-18 2 1 2 3 3 3 4 3 13 21
16-Aug-18 4 2 1 3 3 2 2 2 11 19
17-Aug-18 3 3 2 2 1 1 3 4 12 19
18-Aug-18 2 3 3 2 2 3 2 2 10 19
19-Aug-18 2 2 1 1 1 3 3 3 9 16
20-Aug-18 3 3 2 2 3 3 4 2 14 22
21-Aug-18 3 1 2 2 1 1 1 2 6 13
22-Aug-18 2 1 2 1 2 2 1 3 14
23-Aug-18 2 1 1 0 1 1 1 2 9
24-Aug-18 0 1 1 2 3 1 1 1 10
25-Aug-18 1 2 3 3 3 2 4 4 15 22
26-Aug-18 5 6 5 4 5 5 5 3 45 38
27-Aug-18 2 2 2 3 4 5 5 3 22 26
28-Aug-18 4 2 2 2 2 1 1 1 8 15
29-Aug-18 3 2 1 1 1 2 2 2 14
30-Aug-18 1 1 1 1 0 0 2 3 9
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31-Aug-18 1 1 1 2 1 2 3 1 6 12
01-Sep-18 1 1 1 1 2 1 3 2 6 12
02-Sep-18 2 2 1 2 1 2 2 2 6 14
03-Sep-18 1 1 1 2 2 2 2 3 7 14
04-Sep-18 1 2 2 1 2 2 3 3 8 16
05-Sep-18 3 2 1 2 3 2 2 1 8 16
06-Sep-18 2 1 2 1 1 1 2 2 5 12
07-Sep-18 2 2 2 1 1 1 1 1 5 11
08-Sep-18 1 0 3 2 0 1 1 2 5 10
09-Sep-18 2 1 2 1 2 2 2 3 7 15
10-Sep-18 0 1 1 1 2 5 5 5 20 20
11-Sep-18 4 4 5 5 3 3 4 3 28 31
12-Sep-18 2 1 1 2 1 3 3 4 10 17
13-Sep-18 4 3 3 3 3 3 2 3 16 24
14-Sep-18 3 2 2 2 2 2 4 4 13 21
15-Sep-18 2 1 2 2 2 1 1 3 7 14
16-Sep-18 1 2 2 2 1 1 1 2 5 12
17-Sep-18 2 2 2 2 2 3 4 3 12 20
18-Sep-18 3 1 1 2 0 1 1 1 5 10
19-Sep-18 1 2 2 1 1 1 0 0 8
20-Sep-18 0 1 1 1 1 0 0 0 4
21-Sep-18 0 1 1 1 1 1 2 4 11
22-Sep-18 5 3 3 3 4 3 4 4 24 29
23-Sep-18 3 2 1 2 3 2 3 3 11 19
24-Sep-18 3 2 2 2 1 2 2 2 8 16
25-Sep-18 2 2 1 3 3 3 4 3 13 21
26-Sep-18 1 1 1 1 2 3 2 3 14
27-Sep-18 1 1 1 2 2 1 1 3 12
28-Sep-18 3 2 2 1 0 1 1 3 13
29-Sep-18 3 2 2 2 3 2 2 3 10 19
30-Sep-18 1 2 1 1 1 1 2 2 5 11
01-Oct-18 0 1 1 2 4 3 3 3 11 17
02-Oct-18 3 2 2 1 1 1 3 0 13
03-Oct-18 1 1 1 2 1 1 2 3 6 12
04-Oct-18 2 1 0 1 2 2 2 2 12
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05-Oct-18 2 2 2 3 3 2 1 3 10 18
06-Oct-18 3 1 1 1 1 1 0 0 4 8
07-Oct-18 0 1 1 3 4 5 5 5 24 24
08-Oct-18 3 3 3 2 4 4 2 2 15 23
09-Oct-18 3 1 3 3 3 4 3 4 17 24
10-Oct-18 3 1 1 2 3 4 6 3 21 23
11-Oct-18 3 2 1 2 2 3 3 2 10 18
12-Oct-18 1 2 1 2 1 2 2 3 7 14
13-Oct-18 1 2 1 1 3 5 5 3 18 21
14-Oct-18 2 1 1 2 1 2 2 3 7 14
15-Oct-18 3 2 1 2 2 3 3 3 11 19
16-Oct-18 2 0 1 2 2 2 1 1 5 11
17-Oct-18 0 1 1 1 0 0 0 0 1 3
18-Oct-18 0 0 1 1 1 0 1 0 2 4
19-Oct-18 0 1 1 1 1 0 1 1 2 6
20-Oct-18 0 0 1 1 1 1 1 1 2 6
21-Oct-18 0 1 1 2 2 2 2 2 5 12
22-Oct-18 3 1 1 1 2 2 2 2 7 14
23-Oct-18 1 1 1 2 1 1 0 1 3 8
24-Oct-18 1 1 1 2 0 1 2 2 4 10
25-Oct-18 1 2 1 1 1 3 3 3 8 15
26-Oct-18 2 2 1 2 1 1 3 3 8 15
27-Oct-18 1 1 2 1 0 0 0 0 2 5
28-Oct-18 2 0 1 1 0 0 1 1 2 6
29-Oct-18 0 1 1 1 0 1 1 1 2 6
30-Oct-18 1 1 1 1 0 1 1 1 3 7
31-Oct-18 1 0 0 1 1 2 2 2 4 9
01-Nov-18 1 1 2 2 1 1 1 2 5 11
02-Nov-18 3 0 1 2 1 1 1 1 5 10
03-Nov-18 2 2 1 1 1 0 1 2 4 10
04-Nov-18 1 1 2 2 1 3 5 5 17 20
05-Nov-18 4 4 4 4 3 4 5 3 27 31
06-Nov-18 2 3 1 2 2 2 1 2 7 15
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07-Nov-18 2 2 2 1 1 1 3 3 8 15
08-Nov-18 3 3 2 3 1 1 2 2 9 17
09-Nov-18 1 1 1 2 1 3 4 4 11 17
10-Nov-18 2 2 2 4 2 2 4 4 15 22
11-Nov-18 3 2 1 1 1 1 3 2 7 14
12-Nov-18 2 2 2 2 2 1 3 3 9 17
13-Nov-18 2 1 1 2 1 1 1 1 4 10
14-Nov-18 0 1 1 1 1 1 2 1 3 8
15-Nov-18 0 0 1 2 0 1 0 1 2 5
16-Nov-18 1 1 1 1 1 1 0 0 2 6
17-Nov-18 1 1 1 2 0 0 0 0 2 5
18-Nov-18 0 1 0 1 1 1 1 2 3 7
19-Nov-18 2 1 1 2 0 2 1 3 6 12
20-Nov-18 2 3 2 1 0 2 1 1 6 12
21-Nov-18 2 3 2 0 0 1 4 8
22-Nov-18 1 0 2 1 1 1 1 3 7
23-Nov-18 1 1 1 1 0 0 1 1 2 6
24-Nov-18 1 1 1 1 1 2 2 2 5 11
25-Nov-18 1 1 1 2 1 1 0 1 3 8
26-Nov-18 1 1 0 1 0 0 0 1 2 4
27-Nov-18 1 1 1 1 2 2 3 2 6 13
28-Nov-18 1 1 0 1 1 1 1 2 3 8
29-Nov-18 2 0 0 1 0 0 0 2 2 5
30-Nov-18 1 0 1 0 0 0 1 0 1 3
01-Dec-18 0 1 1 2 2 4 4 2 10 16
02-Dec-18 2 1 1 2 2 4 3 4 12 19
03-Dec-18 2 1 1 2 3 3 3 2 9 17
04-Dec-18 4 2 2 2 4 3 2 2 13 21
05-Dec-18 2 1 2 1 2 1 1 3 6 13
06-Dec-18 2 2 2 1 2 1 1 1 5 12
07-Dec-18 1 2 2 2 2 3 4 3 11 19
08-Dec-18 2 2 2 2 2 3 2 2 8 17
09-Dec-18 2 1 2 2 2 3 3 4 11 19
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10-Dec-18 223 |2]2]2]2]1 8 16
11-Dec-18 1223 ]1]3]3]2 9 17
12-Dec-18 21121 4 10
13-Dec-18 ol 1o 1]1]1]o0]o 2 4
14-Dec-18 1ol 1| 1]o]1]o0]1 2 5
15-Dec-18 tjlo| 1| 1]1]1]1]o 2 6
16-Dec-18 Tlo | 1| 1|1 ] 1]1]1 3 7
17-Dec-18 1|l 2]2]2]1]2]3]2 7 15
18-Dec-18 21|11 l2]2]3]1 6 13
19-Dec-18 22221 ]2]2]2 7 15
20-Dec-18 3222 1]2]3]3 10 18
21-Dec-18 201|211 ]ol]2]1 4 10
22-Dec-18 L1111 ]o]1]1 3 7
23-Dec-18 tlo| 1| 1] 1]o]1]1 2 6
24-Dec-18 L1111 ]o]1]2 3 8
25-Dec-18 L2111 ]1]2]2 5 11
26-Dec-18 olo| 1|1 ]2]1]1]o0 2 6
27-Dec-18 1|1 ]o| 1|1 ]1]2]3 5 10
28-Dec-18 413 4|3 4a|3]5]3 24 29
29-Dec-18 22223 ]2]3]3 10 19
30-Dec-18 222212 ]3]3]1 9 17
31-Dec-18 . J0 S U S U S T A O OO A O O 5 11

Geomagnetic disturbances and local K-index.

In Table 2 are given days with K-indices equal to or larger than 5 which means
geomagnetic storm conditions. Indices above the “threshold” value are marked in red.
For 2018, there are 15 days with K-index > 5 and 4 days with K-index > 6 . In addition,
for the time period when the observatory was not functioning, there was one day with
storm conditions, as shown by the planetary K index — Kp. According to the data for
the Kp index from the Word Data Center for Geomagnetism, Kyoto such a day was the
1% of June, 2018 when Kp-index=5 was obtained (https://wdc.kugi.kyoto-u.ac.jp/kp/
index.html) .
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Table 2 Days with K-index > 5 registered in 2018 at the Panagjurishte observatoryError!
Not a valid link.

DD{{%M' 00-03 | 03-06 | 06-09 | 09-12 | 12-15 | 15-18 | 18-21 |21-24 | Ak [nT] | ZK
15-Feb-18 2 1 3 2 2 5 3 3 15| 21
22-Feb-18 2 1 1 2 3 3 5 4 16| 21
18-Mar-18 2 1 0 2 4 4 5 6 25| 24
25-Mar-18 3 3 2 3 2 3 3 5 17| 24
09-Apr-18 1 1 2 2 2 3 3 5 13 19
20-Apr-18 4 3 5 5 3 4 6 4 36| 34
05-May-18 1 1 2 4 4 5 5 200 22
06-May-18 5 3 3 3 3 3 4 4 22| 28
26-Aug-18 5 6 5 4 5 5 5 3 45| 38
27-Aug-18 2 2 2 3 4 5 5 3 22| 26
10-Sep-18 0 1 1 1 2 5 5 5 20 20
11-Sep-18 4 4 5 5 3 3 4 3 28| 31
22-Sep-18 5 3 3 3 4 3 4 4 24| 29
07-Oct-18 0 1 1 3 4 5 5 5 24| 24
10-Oct-18 3 1 1 2 3 4 6 3 21| 23
13-Oct-18 1 2 1 1 3 5 5 3 18] 21
04-Nov-18 1 1 2 2 1 3 5 5 17] 20
05-Nov-18 4 4 4 4 3 4 5 3 27| 31
28-Dec-18 4 3 4 3 4 3 5 3 24| 29

In Fig. 1, the annual mean values of D [min], I [min], H [nT], X [nT], Y [nT], Z [nT]
and F [nT] registered at PAG observatory from 1948 up to 2018 are plotted. The increas-
ing trend is maintained in an almost linear form and a constant gradient

Conclusions

Continuous registration of the geomagnetic field components gives the sum of all
field contributions from internal and external (to the Earth) sources. A straightforward
separation of the individual contributions is impossible, and many scientific studies deal
with different aspects of this problem (Mandea nad Korte, 2010). Furthermore, there are
also effects from additional sources which could influence the magnetic records such as
thunderstorms (Chamati and Andonov, 2021).
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An approximate description of the strength of different external variations, however,
is provided by geomagnetic indices. A quantitative measure of 2018 local geomagnetic
activity in the form of a 3 hour K-index is published here, based upon the range of fluctu-
ations in the PAG observatory records. Table 2 shows that the number of data values hav-
ing disturbed the geomagnetic field in 2018 is decreasing to 19 (+1 for the period where
the Observatory was not functioning). For comparison, in 2017, there were 50.

The most active period began on August 26 and ended on August 27. The strongest
events during 2018 were on March 18 and August 26 with the largest K-index 6. The
observed activity is quite reasonable because 2018 is already at the tail end of the 24"
Solar cycle.

The data are checked and verified according to IAGA requirements (Jankowski and
Sucksdorft, 1996).

The secular trend of declination (D), inclination (I), horizontal (X and Y), and verti-
cal (2) field components, as well as the total field intensity measurement at Panagjurishte
observatory up to 2018, is plotted in the next figure:
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Tlopuien pokiian 3a Ha0JII0ABAHATA FEOMATHMTHA AKTUBHOCT B
OocepBaropus ITanaropuire npe3 2018

M. Meronues, I1. Tpudponosa

Pe3rome: 3anucure Ha MArHUTHUTE BapHallMK NIOKA3BAT Pa3IMuHU CTOMHOCTH U TIOBE/Ie-
HUE BbB Besika oOcepBaropus. Te 3aBUCST OCHOBHO OT reorpadckara mupHHa Ha o0cep-
BaTOpHATA U MECTHOTO BpEME.

Tasu crarusi npeacTaBs OKOHYATEIHUTE TEOMArHUTHU JIaHHH, NOJIyYeHn B o0cep-
Bartopus [lanartopuiie npe3 2018 1., u3rorBenu nox Gopmara Ha JOKaJTHA T'€OMArHUT-
uu unaekcu. [Ipe3 2018 r. CapHYeBHAT UKD 24 Bedye ¢ KbM cBOst Kpaii (https://www.
swpc.noaa.gov/products/solar-cycle-progression). Toii ce xapakTepu3upa ¢ ABOCH CI'bH-
4YeB MaKCHMYM, KaTo IIPH I'bPBUSI MK € JOCTUTHAT Opoi Ha cibHuUeBHTE TIeTHA 99 npe3
2011 r., a BB BrOpus nuK npe3 anpui 2014 . 6post Ha netHata € 101.

W3uucnennTe nHAEKCHU MOKa3Bar, ue npe3 2018 r. uma 19 guu ¢ ycnoBus, onpeesns-
IT¥ HUBO ,,0yps’* HA TEOMAarHUTHOTO T0JIe, HO Ca JIOCTUTHATH caMo yMmMepeHu HuBa. Camo
3a yetupu aHM, Ha 18 Mapt, 20 Anpun u 26 Asryct u 10 OxromBpu 2018 1. € n3uncieH
K-unnexc 6. ToBa ¢ ouakBaHO U pa3dupaeMo mopaau (akra, ue OPOsST HA CIIbHUCBUTE
neTHa mpe3 Tasu 4acT oT CIrbHYEBHS LIMKBJI IIPOIbIDKABA J]a HAMAJISIBA.
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Abstract. Composite Abstract: The spatial-temporal distribution of seismic
activity in Bulgaria and adjacent regions was studied using a homogeneous
earthquake catalog from 1981 to 2019. The catalog comprised 1024 earth-
quakes with Mw>3.2, collected from the Bulgarian Seismological Network.
To isolate primary and secondary shocks and background events, four de-
clustering methods were employed: Gardner-Knopoff (1974), Gruenthal
(pers. Comm.), Reasenberg (1985), and Urhammer (1986). The catalog con-
sists of ecarthquakes in Bulgaria and the surrounding areas (41° — 44°.6N,
22° —30° E; 1024 events), with a completeness magnitude Mc = 3.2. After
declustering, the number of events in the final catalogs varied for each meth-
od. The cumulative distribution was analyzed, and mainshocks, foreshocks,
and aftershocks were identified for specific events. The study emphasized the
importance of declustering in seismic analysis but recognized limitations in
data completeness, quality, and algorithmic constraints. The results provided
valuable insights for seismologists and specialists studying seismic phenom-
ena and seismic risk assessment.The methods were applied using the ZMAP
software

Keywords: Catalog, declustering, completeness
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Introduction

The spatial-temporal distribution of seismic activity and tectonics in Bulgaria, as
well as in various parts of the world, have been statistically and physically studied by
many authors, and some significant results have been obtained (e.g. Solakov, Simeonova,
1993, Boncev et al., 1982, Utsu 1971, Habermann 1983, Frohlich and Davis 1993, Wie-
mer and Wyss 2000, Ambraseys 2002, Kutoglu and Akcin 2006, Kutoglu et al., 2008,).
Bulgaria has a well-defined fault network and established seismicity history. The territory
of the country is a high seismic risk zone (I. Aleksandrova, et al., 2018). Over the centu-
ries, Bulgaria has experienced strong earthquakes (Watzof, 1902, Shebalin et al, 1974 and
other). In the early 20th century (from 1901 to 1928), five earthquakes with a magnitude
greater than or equal to M>7.0 occurred in Bulgaria (Solakov D., et al., 2011). However,
after 1928, no damaging events occurred in Bulgaria, which may cause non-profession-
als to underestimate the risk of earthquakes. The earthquake in 1986 with a magnitude
of Mw = 5.6, which occurred in central northern Bulgaria (near the town of Strazhitsa,
studied in Oncescu et al., 1990), is the strongest event of the 20th century after 1928. In
2012, a moderate earthquake with a magnitude of Mw = 5.6 and an epicenter between the
towns of Pernik and Radomir caused moderate to severe damage in the epicentral zone.
In addition to seismic activity in the Balkans, earthquakes in Greece and Turkey have an
impact on the region. Declustering the earthquake catalog is an essential step in analyzing
seismic activity as it allows for the separate identification of mainshocks, foreshocks, and
aftershocks. This is achieved by removing dependent and repeating events that are char-
acteristic of seismic regimes. Mainshocks are events with higher magnitude and serve as
a starting point for analyzing seismic activity in the region. Identifying them is crucial
as they provide information about the primary seismic events that can lead to significant
destruction and risks to the population and infrastructure.

Data

The database used in this study is taken from the presented homogeneous earthquake
catalog for Bulgaria and adjacent regions, covering the period from 1981-2019 (Solakov
D., Simeonova S., Raykova Pl., Aleksandrova I., 2020; D. Solakov et al., 2020). The
catalog includes instrumental seismicity (Solakov et al. (1993) and Botev et al. (2010)),
covering the time interval from 1981-2000, which was updated for the period 2001-2019
using instrumental earthquake parameters. The earthquake data in the catalog is from
the Bulgarian Seismological Network (NOTSSI). Currently, the Bulgarian Seismological
Network provides reliable registration and high-quality information on earthquakes in
Bulgaria and its surroundings (Christoskov et al. (2019). The catalog has been processed
by removing duplicate events and quarry blasts. The comprehensive assessment of the
catalog’s completeness shows that no earthquake with a seismic moment magnitude of
Mw 3.2 or higher has been missed during the entire instrumental period (1981-2019)
(Solakov D. et al., 2020). The catalog includes 1024 earthquakes with a magnitude of
Mw=>3.2 that occurred in Bulgaria between 1981 and 2019 (Figure 1).
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Figure 1. Map of the spatial distribution of earthquake epicenters from the catalog of Bulgaria
(1981-2019).

The applied seismic moment magnitude (Mw) contributes to more reliable results
and does not require the calculation of new empirical values of a different magnitude

type.

Used methods

There are four main methods, Gardner-Knopoff (1974), Gruenthal (pers. Comm.),
Reasenberg (1985), and Urhamer (1986), for removing dependent events from the cata-
log. Each takes into account a different range of distance and time.

Gardner-Knopoff (1974) Method:

This method is based on the concept that aftershocks tend to cluster around the
mainshock in both time and space. It uses two separate windows to determine whether
an event is an aftershock or part of the background seismicity. The first window is a time
window that measures the interval between an earthquake and its potential mainshock,
while the second window is a spatial window that measures the distance between the
event and the mainshock. If an event falls within these windows, it is considered an after-
shock and is removed from the catalog as a dependent event.

Gruenthal (pers. Comm.) Method:

The Gruenthal method is based on the concept of earthquake clustering and uses
a probabilistic approach to identify aftershocks. It considers both time and distance pa-
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rameters but uses a different formulation compared to Gardner-Knopoff. The Gruenthal
method defines specific mathematical expressions for time and distance windows, which
depend on the magnitude of the mainshock. Similar to the Gardner-Knopoff method,
events falling within these windows are classified as aftershocks and excluded from the
catalog.

Reasenberg (1985) Method:

The Reasenberg method is another widely used declustering algorithm. It uses a
probabilistic approach and defines specific parameters such as minimum and maximum
future time for cluster creation, confidence level, effective minimum magnitude limit, and
iteration radius factor. The algorithm calculates a future time window based on these pa-
rameters and identifies events that fall within this window as aftershocks. The Reasenberg
method is considered more robust and flexible, as it allows for adjustments of various
parameters to tailor the declustering process to different seismic regions.

Urhamer (1986) Method:

The Urhamer method is based on the concept of using statistical laws to separate af-
tershocks from background seismicity. It employs exponential decay curves to model af-
tershock sequences and defines specific distance and time parameters for the declustering
process. Similar to the other methods, events that fit the aftershock model are removed
from the catalog.

The standard input parameters for the Reasenberg (1985) declustering algorithm are
given in Table 1, are as follow:

e 1. is the minimum future time for cluster creation when the first event is not
clustered;

* 1. is the maximum future time for cluster creation;

» ‘Confidence Level’ is the probability of detecting the next clustered event, used to
calculate the future time — 1;

* ‘hk factor’ is the increase in the lowest magnitude limit during clustering: xmeff
= xmeff + xkM, where M is the magnitude of the largest event in the cluster;
xmeff (Effective min mag cutoff) is the effective minimum magnitude limit for
the catalog;

* ‘Iteration radius factor’ is the number of crack radii around each earthquake con-
sidered part of the cluster;

» ‘Epicenter error’ is the error in determining the coordinates of the earthquake
epicenters in km;

» ‘Depth error’ is the error in determining the depths of earthquake hypocenters in
km.
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Table 1. Standard and limiting parameters for Reasenberg (1985) - declustering algorithm.

Modeling scope
Parameter Standard value — -
minimum maximum

T, [days] 1 0.5 2.5
T, [days] 10 3 15
Confidence Level 0.95 0.9 0.99
Effective min mag cutoff 4.0 0 10
xK factor 0.5 0.1 1.8
Iteration radius factor 10 5 20
Epicenter error 1,5 - -
Depth error 2 - -

Table 2 presents the approximate sizes of the windows, which are determined by
Gardner and Knopoff (1974), Gruenthal (pers.comm.), and Uhrhammer (1986).

Table 2. Approximate sizes of windows according to Gardner and Knopoff (1974), Gru-
enthal (pers.comm.) and Uhrhammer (1986).

(pers.comm.)

101774003741 02Mm)2

Method Distance (km) Time (days)
Gardner and Knopoff Q0 238M083 10032M2.7389_Sf M > 6.5
(1974) 100-5409M-0.547 510
Gruenthal e73.95+(o.62+17.32M)2 if M >65

2.8+0.024M
10°°* else

Uhrhammer (1986)

efl .024+0.804M

6*2'87H'235M

After declustering with these four methods, the maximum and minimum number
of events are those of Reasenberg and Gruenthal methods, respectively. In this article,
these basic methods are used to decluster the catalog, and the results of these methods
are compared.

Results

After declustering using the methods of Gruenthal, Reasenberg (using standard in-
put parameters), Gardner and Knopoff, and Uhrhammer, the catalog contains 730, 899,
790, and 863 events, respectively (Table 3).
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Table 3. Number of events by different methods implemented in ZMAP Software.

Number of | Number of | Number of Number of EYer.lts .
Method remaining in
events clusters foreshocks aftershocks
the catalog
Reasenberg
(1985) 22 20 105 899
Gardner and
Knopoff 43 38 196 790
(1974) 1024
Gruenthal 60 76 218 730
(pers.comm.)
Uhrhammer
(1986) 23 20 141 863

One commonly used parameter for characterizing the recording capability of the
seismic network is the magnitude completeness (Mc), which is understood as the magni-
tude above which earthquakes are recorded with a probability close to 1. Having detailed
knowledge of the spatial and temporal variations of Mc is critical for many earthquake
hazard studies as they assess the statistical properties of microseismicity. Such estimates
can only be meaningful if the sampled earthquake catalogs contain complete records of
microseismicity events. For example, studies on earthquake distribution or seismicity rates
heavily depend on knowledge of Mc (e.g., Wiemer & Wyss 2002; Schorlemmer et al.
2005). The magnitude-frequency distribution of each algorithm is presented in Figure 2.

The cumulative distribution after each algorithm is presented in Figure 3. There is
no significant change in the graph and cumulative functions (Fig. 3) until December 7,
1986, when an earthquake with hypocentral parameters 43.230 N/26.020 E; h=14 km
Mw=5.6 occurred near the town of Strazhitsa (northern Bulgaria). The earthquake was
accompanied by foreshocks and aftershocks series, which appeared as a jump on the
cumulative curve graph of the non-declustered catalog (purple line) appeared as a jump.
The next jump in the cumulative curve of the catalog is in May 2009 due to the foreshocks
and aftershocks accompanying the earthquake of May 24, 2009, with Mw=5.3 near Lake
Doiran, Republic of North Macedonia (22.740/41.320E; h=5 km).

The resulting number of events after declustering the catalog (Table 3) shows that
the Reasenberg method have a maximum number of events, while the Gruenthal method
have a minimum number of events.The map of mainshocks identified by the different
methods is shown in Fig. 4. The events identified as mainshocks by all the methods used
are 5 (Table 4) and (Fig. 4), while seven events are identified as mainshocks by three
of the methods (Gruenthal, Reasenberg, Knopoff). The Knopoff and Gruenthal methods
identify 29 common events, the Gruenthal method compared to Reasenberg identifies 10
common events, and Knopoff compared to Reasenberg identifies 9 common main events.
Six are foreshocks identified by all four methods, 9 foreshocks are identified simultane-
ously by all methods; 105 for the methods of Knopoff, Gruenthal, Urhammer; 169 are
common to the methods of Knopoff and Gruenthal (fig. 6).
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Table 4. Earthquakes identified as mainshock by the four methods.

Longitude | Latitude | Year | Monht | Day | Magnitude | Depth | Hour | Minute
25,41 42,98 2000 8 28 4,2 10 5 16
22,11 41,85 2009 5 5 4,1 17 39
23,28 41,96 2013 7 27 4 2 1 48
26,24 42,23 2015 4 3,5 11 27
22,82 41,18 2018 1 5,1 9 24
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Figure 3. The cumulative distribution of earthquakes after each
algorithm applied over the catalog (1981-2019).
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Figure 4. Map of the distribution of earthquake epicenters determined as mainshocks (MS) by each
of the methods.
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Figure 5. Map of the distribution of the epicenters of earthquakes determined as foreshocks (FS)
according to each of the methods.

The number of earthquakes with different magnitudes, after declustering with the
methods, is shown in Fig. 7. In this region, there are no events with a magnitude greater
than 5.6 for the studied period (1981-2019).Two strongest and well-studied events are
particularly important for the assessment of the methods, as indicated in the introduction,
namely: near Strazhitsa in July 12, 1986; 14:17; h=14 km; Mw=5.6 and near Pernik in
May 22, 2012; 14:00; h=14km; Mw=5.6.
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ing to each of the methods.
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Figure 7. Distribution of earthquakes by magnitude after declustering using the meth-
ods of a) Knopoff, b) Urhammer, ¢) Reasenberg, and d) Gruenthal.

Figure 8 shows a map of the epicenters of earthquakes determined as foreshocks,
mainshocks, and aftershocks by the four methods for the earthquake of July 12, 1986;
h=14km; Mw=5.6. The review of the results shows that for the period from February 1,
1986 to December 30, 1986, the Gruenthal algorithm detects 2 mainshocks, Knopoft-1,
Reasenberg-3, and Urhammer-1, with the Urhammer algorithm not identifying the earth-
quake of July 12, 1986; 14:17 hours; h=14 km; Mw = 5.6 as a mainshock. The Gruenthal
and Urhammer algorithms identify 14 and 2 events, respectively, as foreshocks. As after-
shocks, the methods identify 16 for Gruenthal, 16 for Knopoff, 12 for Reasenberg, and
13 for Urhammer. The results are shown both on the map (Figure 8) and in tabular form
in Table 5.
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Table 5. Results of earthquake declustering in the area of Strazhitsa for the period from
February 1, 1986, to December 30, 1986.

) D

E § = % = £
g 2= ] S| »| 2| 5| B E

S 3 S | 2| 8| =2 | &| 2| B
26,05 43,27 1986 2 21 5.4 11 5 39
25,97 43,26 1986 2 21 4.4 16 6 18
25,99 43,23 1986 2 21 3,5 18 6 20
26,02 43,26 1986 2 21 3,8 15 8 36
25,62 43,06 1986 3 23 3,2 12 20 50
26,13 43,18 1986 4 10 3,2 0 4 43
26,01 4321 1986 5 25 33 14 16 57
26,03 43,24 1986 5 26 3,2 13 15 46
26,07 43,25 1986 6 20 34 10 12 26
26,06 43,27 1986 8 1 34 11 14 34
25,99 43,19 1986 8 19 4 13 4 5
26,06 43,34 1986 8 29 32 11 19 30
26,01 43,23 1986 9 33 13 10 47
26 43,26 1986 9 7 33 12 10 54
26,01 43,25 1986 11 23 3,4 9 4 34
26,02 43,25 1986 12 7 5,6 14 14 17
26,11 43,14 1986 12 7 4.4 20 14 53
26,04 432 1986 12 7 33 2 15 20
25,98 43,22 1986 12 7 4.8 14 17 26
25,98 43,22 1986 12 7 32 13 17 39
26,06 433 1986 12 8 33 13 9 31
26,03 43,26 1986 12 8 4.5 20 14 44
26,04 43,24 1986 12 11 3,4 15 3 52
26,09 43,25 1986 12 12 3,6 10 1 28
26,05 43,27 1986 12 12 4.6 12 19 29
26,02 43,24 1986 12 14 3,2 10 10 29
26,03 43,27 1986 12 15 3.4 6 0 58
26,07 43,28 1986 12 17 4.8 14 22 1
26,06 43,23 1986 12 18 4.4 14 7 16
26,07 43,25 1986 12 18 4.5 18 17 16
26,07 43,25 1986 12 18 3,6 11 23 39
26,07 43,24 1986 12 23 32 6 17 46

I:I - foreshock - - mainshock - - aftershock
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Figure 8. Maps of the epicenters of the events defined as foreshocks, mainshocks,
and aftershocks for the region of Strazhitsa for the period from February 1, 1986, to
December 30, 1986.
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Figure 9. Maps of the epicenters of the events defined as foreshocks, mainshocks, and
aftershocks in the Pernik region for the period from 22.05.2012 to 03.09.2012.

The results of the different methods for the earthquake in the vicinity of Pernik on
May 22, 2012 at 14:00 with a depth of 14 km and Mw=5.6 are shown on the maps in
Fig. 9 and presented in tabular form in Table 6

The results show that for the period from 22.05.2012 to 03.09.2012, the Gruenthal
algorithm detects 1 mainshock, Knopoff detects 1, and Urhammer detects 1, and all three
do not identify the earthquake on 22.05.2012 at 00:00 hours; h=14 km; Mw=5.6 as a
mainshock. The Gruenthal, Knopoff, and Urhammer algorithms identify 3 events as fore-
shocks. As for aftershocks, the methods determine as follow: Gruenthal - 16, Knopoff
- 15, Reasenberg - 12, and Urhammer - 13.
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Table 6. Results of declustering for the earthquake in the area of Pernik for the period
from 22.05.2012 to 03.09.2012.

T | g y E
E’J g = E > E" i 5
S 3 S| 2|8 2| & |
23,04 42,57 | 2012 5 22 5,6 14 0
22,98 42,57 | 2012 5 22 4,3 4 0
23,08 42,56 | 2012 5 22 3,2 17 0
23,05 42,58 | 2012 5 22 3,6 10 0
23 42,58 | 2012 5 22 4.8 13 1
23,09 42,53 | 2012 5 22 3,2 10 1
22,98 42,6 | 2012 5 22 3.4 11 2
23,07 42,58 | 2012 5 22 473 12 2
23,04 42,57 | 2012 5 22 34 2 4
23,08 42,58 | 2012 5 22 33 15 4
23,04 42,58 | 2012 5 22 3,5 17 17
23,11 42,54 | 2012 5 23 3,2 11 10
23,02 42,56 | 2012 5 23 33 2 11
23,09 42,56 | 2012 5 23 39 14 21
23,01 42,58 | 2012 5 29 3,9 8
23,07 42,55 | 2012 5 30 3,6 9
23,07 42,57 | 2012 6 16 32 10
23,06 42,57 | 2012 7 14 4.4 12
23,1 42,54 | 2012 7 31 3,4 7 0
23,06 42,57 | 2012 8 16 33 10
22,91 41,41 | 2012 9 3 3,2 4 16

|:| - foreshock - - mainshock - - aftershock

Conclusion

For comparison of the declustering algorithms of Gardner-Knopoff (1974), Gruen-
thal (pers. Comm.), Reasenberg (1985), and Urhammer (1986), the homogenized catalog
1981-2019 of the earthquakes occurred in the region of Bulgaria and adjacent areas are
used. The this catalog is a summary of the time of occurrence of the earthquake, geo-
graphic coordinates, magnitude, and depth for each presented event. The Wiemer ZMATI
(2001) package including the algorithms is used to remove duplicate events, aftershocks.
Before declustering, the catalog has 1024 events. After declustering with the algorithms
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of Gardner-Knopoff, Gruenthal, Reasenberg, and Urhammer, the final catalogs include
respectively 790, 730, 899, and 863 main events from 1981 to 2019.

The sequences of fore- and aftershocks reflect local anomalies of the seismic regime
and significantly differ in their characteristics from the background regime. The depend-
ence on the degree of declustering of the catalog is given by estimates of the parameters
of the seismic process. To isolate fore- and aftershocks from all background events, the
algorithms of Gardner-Knopoff (1974), Gruenthal (pers. Comm.), Reasenberg (1985),
and Urhammer (1986) are used, which are based on comparing the functions of time
and spatial distribution. The procedure for identifying primary and secondary shocks is
reduced to constructing a discriminant function that allows each earthquake to be classi-
fied into one of three classes: primary and secondary shock or background event. From a
physical point of view, the difference between primary, secondary shock, and background
event is not obvious; all procedures for identifying accompanying events are based on
statistical laws, i.e., on the spatial-temporal localization of aftershocks in the vicinity of
the main event.

When identifying primary and secondary shocks, three types of errors are possible:
assigning a primary or secondary shock to a group of background or main events, identi-
fying a background event as a primary or secondary shock, and identifying a main event
as a primary or secondary shock.

Research based on the data used for seismic events may encounter limitations re-
garding the completeness, accuracy, and reliability of the obtained results. Here are some
of these limitations:

Data Completeness: The used data may not include all seismic events, particularly
those that were weak or unreported. The presence of data gaps can restrict the analysis
and lead to incomplete or distorted results.

Data Quality: Data on seismic events can be subject to various sources of error,
such as sensor issues or data transmission disruptions. This can affect the accuracy and
reliability of the obtained results.

Geographical Coverage: The coverage of seismic monitoring in different regions
can vary. Some areas may have limited data or be poorly represented in the catalog. This
can hinder comprehensive analyses and generalizations about global seismic activities.

Algorithmic Limitations: The computational procedures and software algorithms
used for data analysis may have their own limitations. They may be perceived as mod-
el-based or approximate methods that do not always reflect a complete and precise repre-
sentation of seismic activity.

Human Interpretation: Data processing and analysis can involve human interpre-
tation and subjective decisions. This can lead to variations and inconsistencies in the
results, particularly in complex cases or ambiguous events.

It is important to bear these limitations in mind.

The fact that the catalog is compiled using statistical data and computational proce-
dures with specialized software for seismic event analysis, such as ZMAP, is highly im-
portant information. This means that the catalog has been created through the processing
of a large amount of data collected from various seismic sources and sensors.
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The use of statistical data and computational procedures is a valuable approach for
analyzing seismic data, as it can help identify patterns and trends in seismic activity. The
utilization of specialized software like ZMAP further enhances the capabilities for pro-
cessing and analyzing this data.

Such a catalog can be extremely beneficial for seismologists, geologists, and other
specialists studying seismic phenomena. They can utilize this catalog for analyzing seis-
mic events, investigating the geographical distribution of earthquakes, assessing the risk
of seismic activities, and other related activities.

This is a good practice that contributes to a better understanding of seismic phe-
nomena and improves our ability to forecast and respond to potential hazards associated
with them.
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CpaBHeHUe HA pe3yJITATATUTE, MOJYUYeHHU 10 YeTUPHU MeTo/1a 32
AeKJIBCTEPU3UPAHE HA 3eMeTpeceHu s, MPUIOKEeHH BbPXY XOMOTeHHH S
KaTaJIOT HA 3eMeTPeceHusTa 3a ObJarapus u cbeeanure paiionn (1981-2019)

E.Otiinakos, 1. Anekcannposa, M. [Tomosa

Pe3tome. ChiiiecTBYBAaT pa3IMYHN METO/H 32 JEKIIbCTEPHU3ALIUS HA KAaTaI03H OT 3eMeTpe-
CeHMs M TAXHOTO XoMmoreHmsupane. Reasenberg (1985) u Gruenthal ca m3BecTHH Kato
METO/IM, KOMTO TeHePHPAT KATaJoOr ¢ MaKCMMaJeH U MHUHUMaJIeH Opoil chOUTHS, CHOT-
BETHO. B TOBa npoyuBaHe ca NpUJIOKEHH YeTHPH OCHOBHU METO/Ia 3a JICKITbCTPEPH3Hpa-
He (Gardner-Knopoff (1974), Gruenthal (pers. Comm.), Reasenberg (1985) n Urhamer
(1986)) Bppxy KaTamora Ha 3emMeTpeceHusTa 3a nepuoga 1981-2019 r., (Solakov D, et al,
2020). KaranorsT ce chCTOM OT 3eMeTpeceHus B bearapus u okonmHocTUTe (41° — 44°,
6N, 22° — 30°E; 1024 csbutus), ¢ MarHuTya Ha paHOTa Mc=3.2. Metoaure ca mpuiio-
JKeHH ¢ roMoInra Ha copryepa ZMAP.
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Abstract. The paper deals with the tomography investigations of the earth’s crust inho-
mogeneity of the SW Bulgarian area and its geodynamic features. The main aim is to
reveal the relationships of the seismic tomography model and the crustal inhomogene-
ity’s structures located at SW Bulgaria and surroundings. This aim is strongly related
with the seismic activity of the region, where strong earthquakes in Kresna-Kroupnik
(M7.2 and M7.8, 1904), Valandovo (M6.7, 1931) and Skopje (M6.1, 1963) with a lot
of destructions and victims occurred. There are also other less active seismic sources
as Velingrad, Mesta, Struma, etc. with lower seismic potential. The seismic tomog-
raphy model, calculating the velocity residuals for P and S seismic waves from the
optimal velocity model helped to establish the possible reasons for the geodynamic
features of the region. Discovered velocity anomalies coincide pretty well with the pre-
viously investigated geophysical anomalies (velocities’ depth changes, asthenosphere
gradients, thermal conductivity, fluids saturation, etc.) and geodynamic features (frac-
turing, faults, grabens and horsts, crustal movements, etc. The local seismicity is also
considered, showing higher concentrations of hypocenter near the established velocity
gradient areas. The performed tests about the accuracy of the calculations and ongoing
interpretation helped to increase the reliability of the results obtained.

Kay words: earthquake, seismicity, tomography

Introduction

The Southwest Bulgaria geology and geodynamics have a complex structure and
complicated mixture of different in time development and size elements: grabens and
horsts, lowlands and river beds, high mountain peaks and small and larger structures and
blocks, separated by faults and morphology features. The most important geodynamic
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peculiarities of the area are high seismic activity of different type, vertical crustal move-
ments and intensive erosion.

Seismic tomography uses seismic ray inversion and velocity models to reveal in-
homogeneity in deep layers, reflecting local and regional features of the Earth’s interior
Studying the deviations in the velocity at different depths of the P and S seismic waves,
are possible to outline anomalies in wave’s propagation. This could be a powerful tool
to reveal the specific geodynamic structures as blocks, faults and structure boundaries at
different depths.

The focus of this tomography study is the SW Bulgaria and surroundings because
this area has specific seismic regime — strong earthquakes in Kresna-Kroupnik (1904),
Valandovo (1931) and Skopje (1963) with a lot of destructions and victims and other
less seismic active sources as Velingrad, Mesta, Struma, etc. with lower seismic potential
(Ranguelov et al., 2001). So, the geodynamic study of the area needs a specific approach
combining information of seismic tomography with the geodynamic and seismic regime
of the region.

Data

Data from 1700 local and regional earthquakes registered by 64 seismic stations
located from 19°-31°E/35°-46°N and processed by the national operative telemetric seis-
mological system (NOTSSI) of Bulgaria for the time interval 01.01.2016 to 31.12.2021
(fig. 1) were used in the study. The total number of travel times from the sources to the
seismic stations is 47487 of which 32927 are of P-phase and 14560 of S-phase seismic

19 20 21 22 23" 24 25 26 27 28 29 30 31 32 33

Fig. 1. Map of recorded local and regional earthquakes by NOTTSI for the time
interval 01.01.2016 to 31.12.2021
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waves. The minimum number of arrivals for each event is 10, thus ensuring high accura-
cy. At the source pre-localization stage, some of the arriving waves with residuals larger
than 1.5 seconds for P and 2 seconds for S waves were rejected for higher reliability.

Method

The methodology includes several steps of the algorithm — Tomography inversion,
1D velocity model optimization, 3D visualization and results presentation.

e Tomographic inversion is performed based on the LOTOS 12 nonlinear passive
seismic tomography algorithm. The general principles and technical details are
described [Kulakov, 2009] and on the website www.ivan-art.com/science/LO-
TOS (Fig. 2). The LOTOS-12 computer code performs the simultaneous inver-
sion of P- and S-wave velocities and source and stations’ coordinates. The algo-
rithm can be applied to various local earthquake data sets without complicated
parameterization.

e In the initial stage of the computations, simultaneous optimization of the best
one-dimensional velocity model and preliminary source localization is per-
formed. The distribution providing the minimum value of the mean residuals
was selected as the reference model for further tomographic modelling.

e The iteration procedure starts with the step of localization of the seismic sources
in a three-dimensional model (at the first iteration, this algorithm is applied to
a one-dimensional reference model). One of the features of this algorithm is
the three-dimensional ray tracing, which is based on the bending method (Um,
Thurber, 1987) using Fermat’s principle for minimizing the time functional de-
scribed in (Koulakov, 2009). This algorithm is used at each step of the iterative
inversion, in the localization of the sources and is resulting in a three-dimension-
al model of the strata.

Input data: 1D model optimization
1. Coordinates of and preliminary source
stations; = location
2. Arrival times of P
and S rays from v
. terations (3-5)
Location of sources
in 3D model
Defined by user:
Starting velocity model v Result:
(1D or 3D) — ‘
Parameters for location, P,a:w: ::erzziiggn Pand S velocity
grid construction, ke L distributions
inversion etc. coordinates of sources

Fig. 2. Block diagram of the algorithm of tomography inversion (Koulakov, I.
(2013). Code LOTOS-10 for 3D tomographic inversion is based on passive
seismic data from local and regional events.)
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o The matrix of first derivatives (M.R. Fréchet matrix), in addition to the P- and
S-velocity distributions, includes elements needed to correct the coordinates and
timing in the source (4 parameters for each source) and station corrections. The
matrix inversion is performed using the LSQR method (Paige, Saunders, 1982;
van der Sluis, van der Vorst, 1987).

e When performing inversion, the problem of weighting individual parameters
with different dimensions (velocity distribution, source parameters and station
corrections) as well as determining the smoothing parameters arises. In this
study, this procedure is performed by applying synthetic tests with realistic noise
in the data, providing similar inversion conditions as in the case of real data.

P wave rays grid, depth interval 15-25 km S wave path rays and gride. depth interval 15-25 km
445 445 m . t
44 44
435 435
43 43
425 425
3 42 42
Sa1s é 415
a1 a1
4057 40.5 )‘ i
40 f 40
39.5¢° P 39.5 . A
RPN LA AR < 39 - s i
21 215 22 225 23 235 24 245 25 255 21 215 22 225 23 235 24 245 25 255
Lo Longitude

‘P wavi ray path, section A1-81

depth (km)
depth (km)

0 100 200 300 400 0 50 100 150 200 250 300 350 400
distans (km) distans (km)
P wave ray path, section A2-82

depth (km)
depth (km)

0 50 100 150 200 250 300 350 400 050100150200250300350400
distans (km) distans ()

Fig. 3. Profiles A1-B1 and A2-B2 with distances [in km] for the P- and S-waves — left; and rays
from the sources to the seismic stations (triangles) in depth — right.
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1D model optimization

The data processing starts with the determination of a preliminary source location
and the optimization of the one-dimensional velocity model (Figure 4 a). To assess

e The robustness of this procedure, we ran a series of tests (Figure 4 b) with the
real observations data.

e The 1D model that best approximate the observed data was determined by testing
different initial velocity models. Each of the five models tested was based on
earlier literature information

e The RMS residuals after 1D optimization for all velocity models tested are
shown in Table 1. Analysing the P and S residuals, it is concluded that the most
probable 1D distribution for the western and south-western region corresponds
to model 5 presented in Table 1.

Table 1. RMS values for P and S wave residuals after the first and fifth iteration for dif-
ferent starting Models

Values of RMS of P and S residuals in 1%t and 5" iterations
for different starting models

RMS of P and S residuals, RMS of P and S residuals,
Model . . : .
1% iteration 5t jteration
P wave S wave P wave S wave
Model 1 0.678036 0.900532 0.504163 0.843715
Model 2 0.62186 1.08115 0.486333 0.751208
Model 3 0.503481 1.570825 0.479569 0.743028
Model 4 0.457719 1.668452 0.544237 0.741775
Model 5 0.497578 1.708503 0.472819 0.734828
0 e 1 B
a T o b
-20 = -20 s
~ -40 = 407
3 2 b
£ -60 Ul £ -60 {
a | o 8
[7) @ H
0O g0 ‘ O .0 i
‘ W fﬂ
-100 | -100
120 ‘ A -120 i
2 4 6 8 10 2 8 10
Vs,Vp (km/s) Vs,Vp (km/s)

Fig. 4. Optimization of the 1D model for observed data. a) Optimization results
with observed data and different starting 1D models. Different colours indicate dif-
ferent models. b) Optimization results for halved data subsets in the odd/even test
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Table 2. Vp and Vs in the start and reference 1D model 5 after optimization
in the table 2.

Depth (km) Ve ;t?l:ltnr;;;) del Vp (km/s) Vs sst?;:nl;:))del Vs (km/s)
1 4.63 3.09
5 5.29 341

10 5.96 5.84 3.30 3.56
15 6.16 3.65
20 6.09 6.54 3.33 3.83
25 6.85 3.92
30 6.74 7.14 3.76 4.1

35 7.27 4.21
40 7.31 7.58 3.96 4.33
45 8.04 4.52
50 8.07 4.57
55 7.86 4.54
60 7.77 7.92 4.41 4.59
65 7.97 4.69
70 7.97 4.67
75 7.99 4.69
80 7.97 8.02 4.58 4.68

Vs absolute, section A1-B1

Vp absolute, section A1-B1

’
b

£ - £ 1"
£ 50 g 30 ‘R
LRI | gyt
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Fig. 5. Vp and Vs absolute values on the cross sections after the optimization.
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Results

2D horizontal slices sections have been constructed for depths of 5, 10, 15, 20,
25, 30, 35, 40, 45 and 50 km where sufficient rays’ coverage is provided. The inversion
was performed in five iterations, which is a compromise between computation model
and the solution quality (reduction of nonlinear effect). In all sections, calculated values
of low and high Vp and Vs anomalies can be seen for various depths up to 50 km. The
positive and negative anomalies between the initial and final velocity models vary with
+7%. Findings from different layers reveal that the velocity models show significant low
velocity anomalies to the lower crust, larger than expected. Vp/Vs ratio range from 1.6
to 1.9. Horizontal slices are presented in Fig. 6, showing Vp and Vs disturbances in well
resolved areas.

The important tectonic structures in the area are marked (red lines) on Fig. 7. The
figures also show the location of the sources for each depth. In general, low velocities in
the shallow layers can be attributed to severe fracturing, fluid-filled formation in the rock
matrix, and weak materials (Serrano et al., 2002).

Low velocity anomalies are also an expression of thermal conductivity, the pres-
ence of high fluid flux, and weakened (attenuated) fragments consistent with uplifts from
the asthenosphere material to shallow depths because of ongoing lithospheric extension
(Dolmaz et al., 2005; Salk et al., 2005; Tarcan et al., 2009; Delph et al., 2015)

Vp anomalies, depth=15km
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Fig. 6. The Vp and Vs anomalies of the 1D model at 15 km (left) and Horizontal slicing
of' 5, 20, 35 and 50 km (right).
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Discussion

In search of correlation between the anomalies of Vp, Vs, Vp/Vs with other indi-
cators for the geodynamic features of the region several comparative experiments have
been done:

- Search of correlation between Vs at different levels and the outlined tectonic
units defined by Dabovsky (Dabovsky et al., 2002). The visual correlation (fig. 7)
is noticed on the maps presented on fig 7. The gradient areas of low Vs at 15
km depth, coincide with the tectonics unit boundaries outlined in west Bulgaria
especially Srednogorie, Rila-Rhodops and Balkans. Such correlation might be
explained by the consideration that this upper part of the Earth’s crust delineates
the depths of destruction of the earth crust due to earthquake stress emission, wa-
ter and other fluids saturation and in general the weakening effects ofthe different
1991; such as temperature and pressure changes, etc. (Selverstone et al. Evans
and Chester 1995; Sanders et al. 1995 r.; Faulkner et al. 2010) geodynamic pro-
cesses

- The visual correlation between Vp/Vs ratio at the depth of 20km with the gravity
Bouguer vertical gradient (P. Trifonova et all, 2013) is another indicator about the
relationships between these two parameters. Possible geophysical interpretation
could be in a search of the penetration of deep faults in the coinciding areas —
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Fig. 7. Tectonic scheme of Bulgaria (modified from Dabovsky et al., 2002) and the Vs anom-
alies at depth 15 km (right).

Bulgarian Geophysical Journal, 2022, Vol. 45 75



E. Oynakov et al.: Seismic tomography model of earth crust of SW Bulgaria and surroundings

Vp/Vs ratio, depth=20km
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Fig. 8. Map of the vertical gravity gradient (VGG) of Bouguer gravity anomalous field in Bul-
garia. The positive (red) and accompanying negative (blue) gradients represent single gradient
anomaly

Accuracy tests

To control the accuracy of the calculations — an experimental test was performed.
Two calculations have been done with the “odd” events and with the “even” events. The
odd and the even events are according the numbering in the initial data set. The results
are presented on fig. 9. for both cross-sections.The accuracy varied between 6% (A1-B1)
and 11 % (A2-B2).

0 .
7
: . ig’
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g § g
-3 -
©-100 .
¥ W 1A e S8 TN G S N 0 50 100 150 200 250 300 350 400
depth (km)
D | [T [
1.6 1.644 1688 1.732 1,7'78 1.82 1.864 16 1.644 1688 1.732 1.776 182 1.864
Vp/Vs ratio, section A1-B1 Vp/Vs ratio, section A2-B2

Fig. 9. Vp/Vs ratios on the cross section A1-B1 (left) and A2-B2 (right).

The test results with “even and odd” events in a horizontal plane at a depth of 5 km
are shown in Fig. 10. It can be seen that all major anomalies are identified quite reliably
in both models, thus presenting their reliability. The remaining smaller anomalies where
differences are observed are most likely a result of a random factor and should not be
taken into account in the interpretation. Another spatial synthetic checkerboard test was
used to evaluate the spatial resolution of the model.
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Vp anomalies even events, depth=Skm Vp anomalies 0dd events, depth=Skm

.. P
215 22 225 23 235 24 245 25
Longitude

Vs anomalies 0dd events, depth=5km
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Longitude

Fig. 10. Vp and Vs anomalies for the odd and the even events at depth 5 km

In this test, a synthetic model alternated rectangular positive and negative anomalies
with a lateral size of 30 x 30 km. This model used the real data inversion. In order to
obtain the best values of the inversion parameters, several tests were conducted with the
synthetics. The result of the test is that the recovery of the cells of the “Chess board” is
reliable and shows that the spatial resolution is rather good (fig. 11).
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Fig. 11. Cross-sections and visual anomalies of Vp/Vs ratios for odd
and even numbered seismic events
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Conclusions

The methodology and results about a seismic tomography of the SW Bulgaria and
surroundings are presented. The results show a very complex structure in both — lateral
and depth directions with variations of about +/- 7 % deviations around the optimized
velocity model obtained by a huge amount of initial data. From the recent geodynamics
point of view this means that the complicated block structures are dominated by lateral
and depth variations of the velocities and the ratio Vp/Vs.

Several parameters are compared by visual correlations of Vp, Vs, Vp/Vs at differ-
ent depths with other elements of natural geophysical fields and tectonic implications.
Future interpretations are intended to correlate the deep earth’s structure with seismicity
and other geophysical parameters.

The performed tests about the accuracy of the obtained results, the spatial distribu-
tion of calculation cells is investigated by two methods — odd and even seismic events
as sources of the rays for inversion and the “’chess table” cross-correlation for the spatial
resolution optimization. The results about the accuracy confirmed deviations in the range
of 6-11% in comparative mode.

Acknowledgment. Authors acknowledge the reviewer D. Solakov for the fruitful
discussion and recommendations improving the quality of the presented paper.
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Mopes 3a censMH4YHAa TOMOrpagus Ha 3eMHATa KOpPa Ha orosanajgia boira-
pHs U OKOJIHUTE PailoHH

E. Oitnaxos, . Anexcanaposa, M. ITonosa. b. Panrenos

Pe3tome: Crarusita ce 3aHUMaBa ¢ TOMOTpaUUHH M3CIEIBAHUS Ha HEOJHOPOJIHOCTHUTE
B Kopara Ha 3eMsITa B I0ro3anaaHus pailoH Ha Beiarapus u TeXHUTE TCOAMHAMUYHU 0CO-
6eHoctr. OcHOBHATA IIEJ € Jla Ce Pa3KpUsT BPB3KUTE MEXIY MOJelia Ha CeM3MHUYHATa
ToMOTrpadus ¥ CTPYKTypUTE HAa KOPHUTE HEOJHOPOIHOCTH, PA3IOJIOKCHH B FOTO3aI1a /THA-
Ta yacT Ha bearapus u okonHUTE paiioHu. Tas3u 1en e TICHO CBbp3aHa ChC CEU3MUYHA-
Ta aKTUBHOCT B PETHOHA, KBJCTO CE CIIy4BaT CHIIHU 3eMeTpecenus B Kpecna-KpymHuk
(M7.2 u M7.8, 1904), Banannoso (M6.7, 1931) u Cronne (M6.1, 1963) ¢ MHOXXeCTBO
paspyleHust 1 xKepTBu. VMiMa U Jpyru Mo-Majko aKTHMBHU CECHU3MHYHHM M3TOYHHIIU KATO
Benunrpan, Mecta, CTpyma U APYTH € MO-HUCHK CEU3MUUCH MOTeHITHAN. CeU3MUUHUST
MoJielT Ha ToMorpadusiTa, KOUTO U3UUCIISIBA OCTATHIUTE HA CKOPOCT 3a P u S cem3muynm
BBJIHU OT ONITUMAITHUSI MOJIET Ha CKOPOCT, IIOMOTHA Jla C¢ YCTAHOBAT BH3MOXKHUTE MPH-
YHHU 33 TCOJAMHAMHYHHUTE OCOOCHOCTH Ha peruoHa. OTKPUTHTE CKOPOCTHH aHOMAJIHH
KOPECHOH/IUpAT J0cTa J100pe ¢ MPEeTUIIHO U3CIe[BaHN Te0(DU3NYHI aHOMaIK (TIpoMe-
HU B IBJIOOYMHATA HA CKOPOCTUTE, TPAIUCHTH HA acTeHocdepara, TOIUIMHHA TPOBOIH-
MOCT, HACHTCHOCT C TCYHOCTH U JIp.) ¥ TEOJUHAMUYHU 0coOeHOCTH (ppakTypu, GonTH,
rpabCHU ¥ XOPCTH, KOPCTHU JMBWKEHUS U Jp.). JIokagHaTa CEM3MUYHOCT CHIIO € B3eTa
MPEIBHI, KATO MOKa3Ba MO-TOJIsIMA KOHIICHTPAIHSI HA CUIICHTHPA B OJIM30CT JI0 YCTaHO-
BEHHTE O0JIACTH C IPAJIMEHT HAa CKOPOCTTA. V3BBpIIEHUTE TECTOBE OTHOCHO TOYHOCTTA
Ha M3YHMCIICHUATA M TCKyIlaTa MHTSPIPETAIlMs TOMOTHAXA 33 TIOBUIIIABAHE HA HAJICIK/I-
HOCTTa Ha MOJIyYSHUTE Pe3yJITaTH.
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AbcTpakT. AQTHPIIOKOBATa aKTUBHOCT € M3Pa3 Ha BUCKO30CJIACTHYHA PEJIaKCaIus
Ha Halpe)XeHHATAa B CpeaaTa, HaTPyHaH! KaTo pe3ysTaT OT MPOIECHTe Ha pa3pylie-
HHE B OTHUII[HATa 30HA Ha ITIAaBHOTO 3eMeTpeceHue. M3ciensane Ha pa3npeeleHueTo
Ha BTOPUYHHUTE CHOUTHUS € OT CHIIECTBEHO 3HAYCHHE 3a pa3Oupane (usukara Ha ce-
u3MoreHesuca. B HacTOSIIIOTO U3CeABaHE € MPEICTaBEHO MOBEAECHUETO BB BPEMETO
U IPOCTPAHCTBOTO HAa BTOPUYHU TPYCOBE CJIE OCEM 3eMeTpeceHus B nepuona 1995-
2020 r. ¢ marauTyn M, > 5.9 B npoctpancTsen mposopen 18° —30° E/ 34°-42°N.
[Mpunoxenu ca mogudumpanusT 3akoH Ha Omori 1 3akoHBT Ha Gutenberg- Richter.
OmpesenieH € mapaMeTbphT, XapaKTePU3NpaIl 3aTHXBAHETO HA a(THPIIOKOBATA aK-
THUBHOCT -, KaKTO 1 KoHcTaHTuTe ¢ U K m3mon3paiiku ZMAP B cpena MatLab. Te3u
mapaMeTpH ca MOJE3HHU 3a OIIEHKa MOBEJCHUETO Ha BTOPHYHUTE TPYCOBE BbB BpEMe-
T0. CKOpOCTTa Ha 3aTHXBaHEe HAa BTOPHYHUTE CHOUTHS J1aBa MMpecTaBa 3a MPOLECUTe
Ha 0CBOOOXIaBaHE Ha HANIPEKEHUSITA CJIe]] OCHOBHOTO 3eMeTpeceHue. B pesynrar Ha
aHaJM3a e oKa3aHo, Ye IapaMeTPUTe Ha CepHsl BTOPHYHH TPYCOBE 3aBUCST, KaKTO OT
MAarHuTysa, Taka ¥ OT CEM3MOTEKTOHCKaTa 0OCTaHOBKA M CHCTOSTHUETO HA OKOJIHATa
cpena.

KirouoBu AYMMU: CUJIHU 3EMETPECCHUS, KaTaJIor, [TapaMETPU Ha 3aTUXBAHE

BnBenenue

A(l)TLpLHOKOBaTa AKTUBHOCT € mopeauna oT CT)6I/ITI/IH, BBb3HHUKBAHCTO Ha KOUTO CC
Ha6J'IIO}IaBa, KOraTo OT OKOJIHaTa cpeaa ce OCBO60)KJ18B3 HaTpylnaHara BbB BPEMETO C€HEP-
rvsa, 1 OpoAbJIXKaBa 10 MOMCHTA, B KOHTO 6p0$1T Ha CHOUTHATA 32 €AnHUIa BpEMC € paBCH
Ha ABJITOCPOUYHUA CEU3MUUCH (l)OH. B’LHpeKI/I 4c, IIOHAKOra ce Ha6J'IIO[[aBa CTaTUCTHUYCCKA
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MPOMEHJIMBOCT B KOJIMUYECTBEHHUTE TTOKA3ATENM Ha BTOPUYHUS 36METPBHCEH MPOLIEC, TAX-
HOTO OIMCAHUE YJOBJIETBOPSIBA TPU EMITUPUYHH 3aBUCUMOCTH C Pa3yMHO JI0OpO MpHOIIH-
JKeHHE: 3aKOHa 3a moBTopseMoctTa Ha ['yrenbepr-Puxrep (Gutenberg, Richter, 1944),
3akoHbT Ha Bath (Bath M., 1965), koiiTo mpearmonara, ue pa3jirKara B MarHUTyaa MEXILy
[JIaBHUSI TPYC U ,,HAil-roJeMus* o4akBaH BTOPHUUEH TPYC € MOCTOSIHHA. 3a pasjiuKa OT I10-
BEUeTO OT (pU3NYHUTE MPOIeCH B IPUPO/IATa, KOUTO 3aTHXBAT EKCIIOHEHIIMATHO BbB Bpe-
MeTO, aThPILIOKOBHUST IPOLIEC 3aTHXBA 110 00paTeH CTEIIEHEeH 3aKOH — (PeHOMEeHaIHa He-
TOBa XapaKTEPUCTHKA, MPEACTABEHA Upe3 TPETHAT 3aKOH - 3akoHa Ha Omopu (Omori, F.,
1894b), crangapraara ¢popma Ha Moauduiupanus 3akoH Ha Omori, HanpaBena ot Utsu
(Utsu T., 1962). CniagbT B aKkTHBHOCTTA 3aI104Ba MO-KbCHO, KOJIKOTO TI0-BUCOKO € HUBOTO
Ha Halpe)XeHHe B 3eMHaTa Kopa.

B Hacrosimara craTusi € M3CieABaHO IPOCTPAHCTBEHO-BPEMEBOTO paslpe/ielieHre
Ha MMOCJIeI0OBATeTHOCTUTE OT BTOPUYHM TPYCOBE Ha OCEM 3eMeTpeceHus B mepuoza 1995-
2020 r. ¢ MarHUTy/ 110 CEn3MUIER MOMeHT M >5.9 B npocTpancTeen nposopern 18-30 E/
34-42 N. U3cnenBane Ha MPOCTPAHCTBEHO-BPEMEBOTO pasNpeielieHue Ha CEU3MUIHOCT-
Ta Ha TepuTopusTa Ha bankaHuTe U Bpb3KaTa ¢ MapaMeTpuTe Ha JAPYyrd reopU3nIHHU 110-
nera e npencraBeHo B craruute Ha (Oynakov et all 2020; Raykova et all,2019; Chamati,
2023).

W3scnenBanure 3emMerpeceHHsTa NONaJar B €IHa OT Hai-AMHAMUYHATA YacT OT
Anmo—XuManacKusIT censMudeH nosic. Tekronnkara Ha Cpenn3eMHO MOpe, B KOHBEP-
TeHTHHUS paHn4eH pernoH Mexay Adpuka u EBpasusi, € ci0)kHa 1 BKITIOYBA JIBUKSHUSATA
Ha MHOXXECTBO MHUKPOIUIOUH M CTPYKTYpH OT perdoHalieH Maiad. AHaau3bT Ha M0JIEeTO
Ha MOJIyYSHUTE ChbBPEMEHHH JBIDKCHUSI U HAIPESKECHUS] HA 3€MHATa Kopa ce pasnieKia
B KOHTEKCTa Ha aKTHBHHUTE TEKTOHCKH IPOILECH, IPOTHYAIIM B paiioHa Ha M3To4HOTO
CpenuzemHomopue. Hdopmanusita 3a CbBpeMEHHUTE JBIDKSHUSI Ha 3eMHAaTa Kopa € OT
Ba)XKHO 3HAUYCHHE 32 BepUPUKALHS Ha XUIIOTE3UTE 32 ChBPEMEHHUTE I'€0IMHAMUYHH [IPO-
1ecH, nporuyaniy B bearapus u Ha bankanckus monyoctpos (Solakov et.al, 2019). Ha
(urypara ce ouepraBar JABETe pPOTALIMOHHU JBIKEHHs B paiioHa Ha M3rounoro Cpeu-
3eMHOMOpHE — 00paTHO Ha YaCOBHUKOBAaTa CTpesika Ha AHajonckara u Erelickara mMu-
KpOIUIOYa, M [0 [0COKA HA YaCOBHHKOBATa CTpelika Ha Tepuropusra Ha V3rouHa Au-
Oanusi, Makenonust u 3anaaHa bwiarapus ¢ yBeaudaBaniy ce 1o abCoM0THA CTOWHOCT
CKOPOCTH B [IOCOKA CEBEP-IOT' U CeBepo3ana/.

[ToTBbpiK/IaBa Ce HANMYMETO HA TPAH3UTHA 30HA Mex 1y EBpoasuTckaTa KOHTHHEH-
TanmHa muo4a u Ereiickara Mukporioda Ha Teputopusta Ha bearapus — FOxHOoOanKaH-
CKH €KCTE3MOHEH paioH ¢ mpeobianaBamia ekcten3us ¢ nmocoka C-10. XopuzoHTtanaure
CKOPOCTH FOKHO OT mapaiiena 43° HapacTtBar Ha for, oT ~1.5-2 mm/y B paiiona na Co-
(utickus rpaben 10 ~10-11 mm/y B CeBepHOEreicKust peruoH u gocturar ~30 mm/y
npu Kopunrtckus 3anmus (Solakov et. al., 2019). IToseTo Ha XOPU30HTAIHUTE CKOPOCTH
MoKa3Ba, ye 3anaauute bankanu, BKIOUYUTETHO AJIOAaHUINTE, Ca MOJI0KEHN Ha POTAIIMs
M0 TI0OCOKa Ha YaCOBHUKOBaTa CTpesika okojio momoc B CeBepra Anbanus (Ckyrtapw).
N3rouna Anabuus, Makenonus u 3amagHa bearapus ca 00ekT Ha 3HaYUTENHU Tedopma-
uuu — ot ekrensust E-W B M3touna Anbanus 1o excrensust N-S B Makenonusi, 3anaaHa
beirapus u Cesepua I'epumst (Solakov et. al., 2019). Ilsuara o6gacT ¥Ma 3HAYUTEITHO,
YBEJIMYABAIIIO CE Ha FOT JABKeHue crpsimo EBpasus (Solakov et. al., 2019).
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®@ur. 1. CeepeMeHHUTE TeoauHamudnu nporecu (Solakov et al., 2019)

Jlannu

B u3cieqBaHeTo e M3noi3BaH PEerHOHaIHUST KaTalor Ha 3eMeTPECeHUsITa Ha ATHH-
ckust Yuusepcuter (University of Athens- http://www.geophysics.geol.uoa.gr) 3a me-
puoma 1905.01.01 - 2009.12.31 (Makropoulos, et al., 2012), robaBeHu ca CHOUTHSI OT
2010 mo 2022 1. OT ChUTUS U3TOYHHUK , KAKTO U HEMPEKbCHATO OOHOBSBAII] CE KaTaJIOT 3a
nepuon 1905-2022.12.31 r, na Turkish Bogazici University KOERI (http://www.koeri.
boun.edu.tr/sismo/2/earthquake-catalog/). BapuBose u nyonupaiiure ce chOUTHS ca pas-
[O3HATH U OTCTPAHEHH AJTOPUTMUYHO C M3MOJ3BaHE HAa coryepHus naker — ZMAP, u
M0-KbCHO TPOBEPEHH Upe3 BU3yallHa OLEHKA. AQTHPIIOKOBUTE MOCIEI0BATEIHOCTH Ca
uaeHtuunmpanu upes anropurbma Ha Gardner, J. K. u L. Knopoff (1974). B pesynrar
3a M3CIIEABAHMSI MIEPHO U3BAJKaTa OT ChOUTHS ce cheTon OT 116 739 3emerpecenus ¢
Marautya B uareppaia 2.0 <M < 7.0 (pur. 2) u ¢ npa6ounnu 1.0<h<252 km.

KonnuecTBeHOTO Onrcanne Ha CeM3MUYHUST PEXKUM BKIIFOUBA CPABHUTEIICH aHAJIH3
Ha CEM3MUYHOCTTA B Pa3IWYHA PallOHU U Pa3INYHU BpeMeBH uaTepBanu. Ha durypu (3-
5) ca mpeCTaBeH! HIKOM OT CTATHCTHYECKUTE XapaKTePUCTHKK Ha KaTaliora: ChOUTHSTa
ca HEepaBHOMEPHO pasmpe/iesieHd BbB BpemeTo (¢ur. 3); xunoueHtpure Ha 61130 90% ot
CBOUTHSI Ca Pa3oIKeHH Ha Iby10ourHa 1-20 km (¢ur. 4); oCHOBHATA YaCT OT Karajaora
ce CbhCToH OT cnabu crdurus ¢ My, = 2.0-3.5 (¢ur. 5).
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@ur. 2. PasnperiesicHne Ha CIUICHTPUTE HA 3¢METPECCHUSTA PEAIM3UPaHHU B IPOCTPAHCTBEH TIPO-
3opery 18°-30° E/ 34°—42° N. 3a nepuoaa 1905-2022 .
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®@ur. 3. BpemeBo pasnpejeneHne Ha 3eMETPECEHHUATa PEealM3UpaHy 3a MepHoza
1995-2022 . B npocTpancTBeH npo3opert 18°-30° E/ 34°—42° N.
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®ur. 4. /[51009MHHO-UYECTOTHO Pa3NpeaeICHUE Ha 3eMETPECCHHATA.
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@ur. 5. bpoit chOUTHS CIIPSMO MarHUTY/IHA OIICHKA.

Meton

Pasno3HaBane Ha eIHO 3eMETPECCHHE KaTo ad)THPILIOK WM TIABHO CHOUTHE € Bb3-
MOXKHO Camo CIIe/l peaii3alusiara Ha IisjIa 3eMeTphCHA ceprs. 3a WIACHTHU(HUIUPAaHE Ha
BTOPHYHHTE TPYCOBE PeaH3MpaHy BbB BPEMETO CJIe]] OCHOBHO CHOUTHE B TOBA U3CIIC-
BaHe, ce u3noin3Bar kpurepunre aedpunupanu ot Gardner, J. K. and L. Knopoff (1974).
ChItacHO Ta3u JeUHHIUS aKO Ce pa3nienaT IBE CHOUTHUS OT MOAPEICHAa BbB BPEMETO
Cepust 3EMETPECEHUS C UHIIEKCH ,,/m" U ,,a" U MArHUTY/IH, CbOTBETHO M 1 M , TO BTOPOTO
e Ob1e adTHPIIOK Ha TBPBOTO aKO Ca U3IIBIIHECHH CIICIHHUTE YCIOBUS:

M <M,
0<t,—1, <T(M,) (1)
0<R, <RM,),

KBJIETO ¢ € BPEME Ha Bb3HMKBAHE, R € Pa3CTOAHMETO MEXTY XMIIOUEHTPUTE (EMHIIEH-
TPHTE) Ha TIABHOTO CHOMTHE M CHOTBETHUS adThpmIOK, a T(M ) u R(M ) ca eMmupu4aHn
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(yHKIMM HA MarHuTy/la Ha TIABHOTO 3eMeTpeceHue. | paHMYHHUTE CTOHHOCTH Ha Te3n
(Gynkuuu, cvotetHo 7 (M) m R (M), ca onpezenenn no moaudukanus Ha GyHKimo-
HajHuTe 3aBucuMocTu Ha Gardner, J. K. and L. Knopoff (1974), monyuena 3a nieHTpagTHu
bankann ot Xpucrockos, Jlazapos (1981). M3cnensanusta Ha XpucTockoB U Jlazapos
(1981) mokasBar, 4e pasMepuTe Ha IPOCTPAHCTBEHO-BPEMEBHUTE 0071acTH Ha adTHPIIO-
KOBUTE MOPE/MIM B Cpe/iHaTa yacT Ha bajkaHCKH MOIyOCTPOB 3HAYUTEITHO PEBUIIIABAT
rpaHudHuTe M3Mepenus, onpenenenu ot Gardner, J. K. and L. Knopoff (1974). Ilpen-
JIOKEHaTa OT aBTOpHTE MOAM(DUKALMUS CHOTBETCTBA HA CEM3MO-TEKTOHCKHTE YCIIOBUS,
OIPEACIISIIA CeM3MUYHUSI [TpoLiec B ieHTpayiHu bankanu. B HacTOsIIOTO H3cieaBaHe 3a
JeuHupaHe rpaHuiyTe Ha a THPIIOKOBUTE CEPUH B IIPOCTPAHCTBOTO U BPEMETO, KATo
IBPBO NPUONIMIKEHNE, Ca IPUIIOKEHH CICAHUTE ypaBHEHHs (ChINIACHO XPHUCTOCKOB, Jla-
3apoB, 1981):

log R (M) =0.9696 +0.1243 M
log (M )=-0.62+0.56 M_ (M <6.0) )
log T(M ) =-525+2.15M -0.137 M2, (M?6.0),

KBJIETO R € MaKCHMMaJHMAT pasMep Ha aQThplIokoBaTa obnact, a 7 e npemnonaraeMara
MPOJBJDKUTEIHOCT Ha ITOPEIUIaTa BbB BPEMETO.

3a OllcHKA HA MapaMETPUTE Ha Pa3Mpele/ieHUsITa Ha ad) ThPIIIOKOBUTE CHOUTHUS BbB
BpPEMETO € M3IOJI3BaH MporpaMex naker Zmap B cpega MatLab. MHuoro uscienoBare-
JM ca aHAJM3MPAIH Pa3JIMuHK KaTallo3W Ha 3eMETPECEHHUs C TIOMOILTA Ha TO3U coTyep
(Wiemer 2001; Oynakov, et al, 2020).

3a BCSIKO CHOMTHE Ca M3UUCIICHNU MapameTpure p, ¢, K ot mogudunupanara Gpopmy-
na Ha Omori (Utsu, 1961, 1969):

n(t) =K(t+ )7, 3)

KBJICTO p € MapaMeThp XapaKTepU3HMpall] 3aTHXBAHETO Ha A THPIIOKOBATa AKTUBHOCT BHB
BpeMeTo; 1(f) 4ecToTa Ha ChbOUTHSITA 32 eIMHHLIA BpeMe £; K ¥ ¢ KOHCTaHTH, a b CTOHHOCT-
Ta oT penanusra Ha ['yrenoepr-Puxrep.

3a ¢gopmanHa uacHTUDUKAIMSA HA aQTHPIIOKOBETE CHIO € MU3IOJI3BaH 3aKOHA Ha
Bath., ceriacHo xoiiTo, paznukuTe B Marnutyaute AM mMesk1y OCHOBHOTO chOutre M, 1
HEroBHsl Hal-cuiieH adThpIIOK ¢ MarHuTyA M -

AM = Mm.&‘ - Max-max’ (4)

e koncranta AM=1,16+0,46 (Shcherbakov R., Turcotte D. L., 2004).

Pesyararu

IIpocTpaHCTBEHOTO pasnpeesieHle Ha eMUIIEHTPUTE HA OCHOBHUTE 3€METPECEHHUS
U OINpeJIeJICHUTE 3a TSIX adThPLIIOKOBH HOPEANIH € mpeacTaBeHo Ha ¢ur. 6. M300pase-
HHUTE Ha KapTara akTHMBHU Pa3jOMH B pasIiIexIaHara TepuTopus ca no nanau or GEM
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Global Active Faults (https://github.com/GEMScienceTools/gem-global-active-faults).
Croper NpOCTPaHCTBEHOTO pasNpeeeHle Ha eULEHTPUTE Ha ChOUTHATA MOXKE J1a Pas-
JEIUM 8-Te OCHOBHM I'PYIH OT 3€METPECEHHUs Ha JIBE IPyNH: 1-Ba Ipyla - eNULEHTPHUTE
Ha aTHPIIOKOBUTE CHOUTHS ca PA3IIOJIOKEHH B OIIPEIENICHO HAllPaBJICHUE OT CHLECHTb-
pa Ha 0OCHOBHOTO chOmTHE (26.11.2019-SW; 13.05.1995-S; 16.04.2015-SW; 20.07.2017-
NE) u 2-pa rpyna ¢ nNpuOIM3HTEIHO SIUIICOBUIHO U KOHLEHTPHYHO IIPOCTPAHCTBEHO
pasmpeneneHue.

*  OCHOBHO 3eMETPRCEHHS *  admspwokose cneq -20.07.2017r adrspwokose cnep - 08.06.20080
+  adrepwokose cned - 30.10.2020r. - adrspwokose cneg -16.04.2015F  —— PaNoOMHI NUHIKM
+  adrepwokose cnef -26.11.2019r. ¢ adrspwoxose cneg - 13.05.1995r.

+  adTupwokose cnea -25.10.2018r - adwbpwokose cnea - 12.06.2017r

@ur. 6. [IpocTpaHcTBEHO pa3npeaeeHne Ha SMULEHTPUTE Ha OCHOBHHUTE U adThPIIOKO-
BU CHOUTHSL.

3a BCSIKO 3eMETPECeHHE ca OIIGHEHHU OTJIENTHO apaMeTpUTe XapakTepu3upaniy ad-
THPIIOKOBHUS MPOLIEC, MPOABIDKUTEIHOCTTA Ha a)ThIIOKOBATA TOPEIUIIA, Pa3uKaTa B
MarHuTyJIUTe Ha OCHOBHHMSI TPYC M Hal-CHIIHHMSI BTOPUYEH TPYC, KAKTO W OOuMs Opoi
nAeHTH(UIMPAaHN BTOPUYHHU TPYCOBE. AHAIHM3BT Ha TOJNYYCHUTE JaHHM M0Ka3a, 4e pas-
JIMYHUTE OCHOBHU 3€MCTPECCHUS CC MPOABABAT 110 HAIIBJIHO pa3JIMUHU HAYMHU B CBOsATA
BTOpHYHa (A THPIIOKOBA) AKTHBHOCT.

®durypa 7 npeicTaBsi MAarHUTYIHO - YECTOTHO pa3lpeiesieHue, 32 ONPEIEIIsIHE b~
HOTaTa Ha CHOWTHSATA, PA3MOJIOKCHA B M30paHaTa 00JAaCT HA PA3IUYHUTE MOPCIUIIH.
PasnpenenenneTo nokassa, 4e KOMIMIMPAHUIT HA0OpP OT AaHHM 32 5 OT MOPEAMIUTE €
HerbsieH o Mc=2.2 (¢ur. 7a), 3a ocTaHanuTe 3 3eMETPECeHHs IPArOBUSIT MarHUTYJI €
Mc=3.0 (¢ur. 76). CroitHocTuTe Ha TapaMeTpuTe a u b ot 3akoHa Ha ['yreHOepr-Puxrep
3a pazIM4YHuTE cepur Bapupar ot 4.749 < a <6.406 u chOTBETHO 3a NapameTbpa b cTou-
HocTtHuTe Bapupar B uHTepBaia 0.82< b <0.85 3a 5 ot crOuTusiTa (dur. 7a) u B quanazona
0.96< b <1.04 3a Tpu OT 3eMETPECEHUATA C TI0 ~-BUCOK MarHUTYyeH npar (dur. 7 0).
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®ur. 7. MarHUTYTHO-4ECTOTHO pa3NpeieiCHUE Ha U3CIICIBAHUTE a(THPIIIOKOBH CEPUU
cien 3emMeTpecHusTa Ha: a) 08.06.2008, 12.06.2017, 16.04.2015,20.07.2017,30.10.2020
6) ma 13.05.1995, 25.10.2018, 26.11.2019.

CroifHOocTHTE Ha TapaMeTpuTe Ha MoAuduuupanara popmyia Ha Omori p, c u K ca
npeacTBeHN B Tabimna | u Ha durypa 8. CTOMHOCTHTE HA TApaMETPUTE Ce MMPOMEHSAT B
uaTepBauTe: 0.55 <p < 1.59, 0,83 < ¢ < 6,66, 3a 58,38< K< 3236,2 3a 3emeTpeceHusITa
or ur. §a) m 0.8 < p <1.26, 0.34 <c < 1.07, 15.2< K< 216.3, 3a 3emerpeceHusTa OT
¢ur. 8 6). Moxke 1a ce HarpaBy 3aKIFOUCHIE, Y€ 3a MOPEAUITUTE IPEICTBCHN Ha (ur. 8 0),
CTOMHOCTH Ha TTapaMeTpHuTe OT MonuduImpanara ¢popmyna Ha OMOpH CHOTBETCTBAT Ha
nonydenute ot ApyrH apropu (Utsu et al., 1995; Kagan, 1987, 2004).
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®ur. 8. 3aBUCUMOCT Ha KyMYJIAaTUBHUSI Opoil BTOPUYHM CBOUTUS M U3UMUCIEHUTE p, ¢, U K -
CTOMHOCTH crief] 3eMeTpecenusTa: a) Ha 08.06.2008, 20.07.2017, 30.10.2020, 25.10.2018 6) Ha
12.06.2017, 16.04.2015, 13.05.1995, 26.11.2019.

[Tonyyenute cTolHOCTH 3a KOHCTaHTaTa AM OT 3akoHa Ha Bath (Tabn. 1) Bapupar B
nuarnaszona 0.8<AM<1,6 koeTo choTBEeTCTBA Ha noyueHara oT (Shcherbakov R., Turcotte
D. L., 2004) croitnoct AM=1,16+0,46.

88 Bulgarian Geophysical Journal, 2022, Vol. 45



M. Ilonosa: Oyenka na napamempume Ha APMbPUIOKOS CEUSMUUEH PEUCUM HA 3eMEMPECEHU. .

Taba. 1. Onenku Ha mapamerpure K, p, ¢, b -ctolinoctutre u AM (3akoHa Ha Bath) 3a
pa3UYHKUTE TOPEIHUIIH.

AM,
Data, time | Mw Lat./Long. | Depth, | b | Number p c K Bath
degree km of events
law
13.05.1995 6.5 [21.70/40.15 |12 0.98 |257 1.26 [1.07 {1299 |1.1
08:47
08'1026.'5308 6.4 [21.52/37.97 |20 0.82 | 944 1.59 [2.97 | 13255 |1.5
16'10;_'3315 5.9 |26.80/35.23 |20 0.83 | 427 0.84 [0.34 |6435 (0.8
12'3;:;317 6.3 [26.37/38.86 |13 0.85 | 530 1.21 [0.74 |216.27 |1.5
20'3;;;)17 6.6 |27.44/36.99 |11 0.84 | 878 0.6 |0.83 |5838 [1.2
25'2120.'3318 6.6 [20.50/37.36 |20 1.04 | 1459 0.88 |1.42 |216.1 1.2
26.11.2019 6.1 [19.58/41.36 |7 0.96 | 111 0.80 |0.64 | 15.21 1.2
02:54
30'1110.'52:)20 6.9 [26.80/37.92 |13 0.82 | 1543 1.55 [6.66 | 3236 1.6
3akirouenue

B 3axiroueHre OT aHANW3 HA TONYYCHHUTE PE3YATATH 32 OCEMTE 3eMETPECCHHUS B
paMKuTe Ha M30paHus IPOCTPAHCTBEH MPO30peIl 00XBaIIal] BpeMeBuUs rmepruos ot 1995 .
110 2022 1., MO3Ke J1a c€ OTOEICKH Ue:

® IIPOCTpPaHCTBEHATa KAPTHUHA HA aTHPIIOKOBATAa aKTUBHOCT MOKAa3Ba, 4e IJIaBHO-
TO 3EMETPECEHHEe U IMOCIeBaINTE IO apTHPIIOKOBH CHOUTHS C€ Ipynupar 1o
Pa3IOMHH CTPYKTYPH U IIPU pasmiiefiaHuTe 8 Iopeuny ce 000co0sBar 1Be rpy-
nu: 1-Ba rpyna - enuIeHTpUTE Ha aQTHPIIOKOBUTE CHOUTHS Ca PA3MOIOKEHU B
OIpEe/IeIeHO HAlpaBJIeHUe OT EMHULEHThPa Ha OCHOBHOTO chdutHe (26.11.2019-
SW; 13.05.1995-S; 16.04.2015-SW; 20.07.2017-NE) u 2-pa rpyna ¢ npudianzu-
TEJTHO €JIUNCOBHUIHO U KOHLIEHTPUYHO MPOCTPAHCTBEHO pasNpeae/ieHIe

e ype3 MoJeIMpaHe Ha aTHPIIOKOBUS MPOLIEC BbB BPEMETO c€ 0opMs ClieiHa-
Ta KapTHHA BKJIIOYBaIla MH(OOpPMAIHs 3a IPOMSIHATA Ha ITapaMeTpUTe OT 3aKOHa
Ha Omori, xouto ca B unrepBamure: 0.6 <p < 1.59 u 0.34 < ¢ < 6,66. Karo 3a
nopeAuLuTe cien 3emerpecenusta - Ha 12.06.2017, 16.04.2015, 13.05.1995,
26.11.2019 croitHOoCTH Ha MapameTpuTe OT Moanuurpanara Gopmysna Ha OMo-
pU ChOTBETCTBAT Ha moiyueHute oT apyru asropu (Utsu et al., 1995; Kagan,
1987, 2004).

Bulgarian Geophysical Journal, 2022, Vol. 45 89



M. Ilonosa: Oyenka na napamempume na aQpmopuioko8 CeUsMUUEH PENCUM HA 3eMeMPeceHus. .

Jlureparypa

Béth, M. (1965). Lateral inhomogeneities of the upper mantle. Tectonophysics, 2(6), 483-514.

Chamati M. Disturbances in the geomagnetic field recorded on February 6, 2023. Proceedings of X1
Conference of the Society of Geophysicists in Bulgaria, (2023)0.

Christoskov, L., and R. Lazarov, 1981. General considerations on the representativeness of the-
seismological catalogues with a view to the seismostatistic investigations, Bulg.Geoph. J., 3,
58-72 (in Bulgarian).

Gardner, J. K. and L.Knopoff (1974). Is the sequence of earthquakes in southern California, with
aftershocks removed, Poissonian. Bull. Seism. Soc. Am., 64, 1363-1367.

Gutenberg, Beno, and Charles F. Richter. “Frequency of earthquakes in California.” Bulletin of the
Seismological society of America 34.4 (1944): 185-188.

Kassaras, Ioannis, et al. “The new seismotectonic atlas of Greece (v1. 0) and its implementa-
tion.” Geosciences 10.11 (2020): 447.

Kagan, Y. Y., & Knopoff, L. (1987). Random stress and earthquake statistics: time dependence. Ge-
ophysical Journal International, 88(3), 723-731.

Kagan, Y. Y. (2004). Short-term properties of earthquake catalogs and models of earthquake
source. Bulletin of the Seismological Society of America, 94(4), 1207-1228.

Makropoulos, K., Kaviris, G. and Kouskouna, V., 2012. An updated and extended earthquake cata-
logue for Greece and adjacent areas since 1900. Nat. Hazards Earth Syst. Sci., 12, 1425-1430.

Omori, F. (1894b). On after-shocks earthquakes. J. Coll. Sci. Imp. Univ. Tokyo, 7, 111-200.

Oynakov, Emil, et al. “Spatial Variation of Precursory Seismic Quiescence Observed Before Earth-
quake from 01.04. 2010 in the Region of Crete.” International conference on Environmental
protection and disaster RISKs. Cham: Springer International Publishing, 2020.

Raykova, P., D. Solakov, and S. Simeonova. “A statistical study of the M W 5.3 Valandovo (north-
ern Macedonia) earthquake seismic sequence.” Bollettino di Geofisica Teorica ed Applica-
ta 60.3 (2019).

Reasenberg, P. (1985). Secondorder moment of central California seismicity, 1969—-1982. Jour-
nal of Geophysical Research: Solid Earth, 90(B7), 5479-5495.

Shcherbakov, R., Turcotte, D. L., & Rundle, J. B. (2004). A generalized Omori’s law for earthquake
aftershock decay. Geophysical research letters, 31(11).

Solakov, D.; Simeonova, S.; Trifonova, P.; Georgiev, I.; Raykova, P.; Metodiev, M.; Aleksandrova,
I. Building Seismic Risk Management. Part 2: Regional seismotectonic model and model of
seismic sources. Publisher: Prof Marin Drinov Publishing House of BAS, Sofia, Bulgaria,
2019, 21-45 (in Bulgarian)

Utsu, T. (1962). On the time interval between two consecutive earthquakes (Vol. 4). US Govern-
ment Printing Office.

Utsu, T. (1961). A statistical study on occurrence of aftershocks. Geoph. Mag., 30, 521-605

Utsu, T., & Okada, H. (1969). Anomalies in seismic wave velocity and attenuation associated with
a deep earthquake zone (2). Journal of the Faculty of Science, Hokkaido University. Series 7,
Geophysics, 3(2), 65-84.

Utsu T., Ogata Y. and Matsu’ura R.; (1995): The centenary of the Omori formula for a decay law of
aftershock activity. J. Phys. Earth, 43, 1-33.

Wiemer, S. (2001). A software package to analyze seismicity: ZMAP. Seismological Research Let-
ters, 72(3), 373-382.

90 Bulgarian Geophysical Journal, 2022, Vol. 45



M. Ilonosa: Oyenka na napamempume Ha APMbPUIOKOS CEUSMUUEH PEUCUM HA 3eMEMPECEHU. .

Assessment of Aftershock Seismic Regime Parameters for Earthquakes with
Magnitude Mw > 6 in the Spatial Window 18°-30° E / 34°-42° N

M. Popova

Abstract. Aftershock activity reflects the viscoelastic relaxation of stress in the Earth’s
crust, which accumulates as a result of the rupture processes within the focal zone of the
main earthquake. The study of the distribution of secondary events is crucial for under-
standing the physics of seismogenesis. This research presents the temporal and spatial
behavior of aftershocks following eight earthquakes between 1995 and 2020 with mag-
nitudes Mw > 5.9 in the spatial window 18°-30° E / 34°-42° N. The modified Omori
law and the Gutenberg-Richter law are applied. Parameters characterizing the decay of
aftershock activity, such as the parameter p and constants ¢ and K, are determined using
ZMAP in the MATLAB environment. These parameters are valuable for assessing the
temporal behavior of aftershocks. The decay rate of aftershock events provides insights
into the stress release processes following the main earthquake. The analysis demon-
strates that the parameters of aftershock sequences depend on both the magnitude of the
main event and the seismotectonic environment, as well as the conditions of the surround-
ing medium.

Keywords: strong earthquakes, catalog, decay parameters
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AocTpakT: CTaTHCTHYSCKHAT aHAJIM3 Ce IpHiara 3a W3ydaBaHe BPEMEBHS MOJEIN Ha
adTHPIIOKOBaTa aKTUBHOCT HaOMIOaBaHa ciex 3emerpeceHnero ot 21 deppyapu
2018 r. ¢ MarHUTYZl IO CeM3MUYEH MOMEHT M 4.7, peanusnupano B paiioHa Ha rpaj
AceHOBIpaji, cen3MoreHHa 30Ha Mapuia. B3 0cHOBa Ha MPEAIIOI0KEHNETO, Ye BTO-
PUYHHTE TPYCOBE Ca Pa3IpeesIeHH BbB BpEMETO KaTo HecTalroHapeH [10acoHoB mpo-
nec ce u3noi3Ba Moauduuupanara ¢popmyna Ha OMOpHU 3a OLGHKA HA IapaMeTpHUTe
(K, ¢ u p). Tparcdopmarusara Ha BpeMeTa cKaia t B 4ecToTa-IHHeaIn3upaHa cKajia T
ce rmpuiiara 3a onpeelisiHe Ha Haif- 100pata Bpb3ka Mex1y adThpIIOKOBaTa aKTHBHOCT
M Pa3IMYHU CTATHCTHYCCKU MOJIEIH. 3aTHXBAHETO Ha aThPLIOKOBATA aKTHBHOCT CE
omucsa n00pe ¢ Mmoauduupanara popmyna Ha OMOpH U € yCTaHOBEHA MYJITHIIOIHA
AKTUBHOCT C JIB€ BTOPUYHU CEPUU.

KnrouoBu gymu: 3emerpecenue, BpeMEBO pas3lpesiesieHne, agThpIIoK, CeM3MOreHHA
30Ha Mapuua

BonBenenue

3eMeTpeceHHeTo KaTo MPUPOJIHO SIBJICHHWE CEe ONpEAEis OT rojsiMo Opoi dakTopH,
KOWTO TPYAHO C€ KOHTPOJHMPAT M HE MOTaT Aa ObJaT HENMOCPEICTBEHO HAOIIOIABAHH.
3eMeTpeCeHHETO € SIBJICHNE ChC CHITHO M3sIBEH Tyanu3bM. OT IIeHa TOUKA HA HayKa-
Ta, CCU3MHYHHUTE BBJIHH, TOPOJCHN OT 3eMETPECEHUATA Ca U3KIIOUNTEITHO MOJIE3HH 3a
n3ydaBaHe Ha BHTPEIIHUS CTPOEK Ha 3eMsTa, a OT COLMAIHO - HKOHOMHYECKA TJIeIHA
TOYKa TOBA SIBJICHHE MOXE Ja MMa KaracTtpodaineH oT xapakrep. ChbBKYNMHOCTTa OT
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3eMeTpeceHHs B JajieHa o0NacT, pasriiekaaHa BbB Bpeme, IPOCTPAHCTBO M EHEPIHsl,
orpeneisi CEU3MHUHUSI PEKUM Ha Ta3u o0NacT. 3eMeTpeceHusITa ca HEePaBHOMEPHO
pasmnpezeneHu B IPOCTPAHCTBOTO M BpemeTo. M3cieqBaHeTo Ha poCTpaHCTBEHO-Bpe-
MEBOTO pa3lpeielieHne Ha 3eMEeTPECEHHSITA € ChUIECTBEHO 32 OII03HABAHE HA CEU3MO-
TeHHUS TIPOIIEC.

B mobasieH acrekT, 3eMeTPeCeHUsITa ca KOHIEHTPUPAHHU TI0 CEM3MHYHU TOSICH,
KOUTO CHBIAJAT C KOHTAKTHUTE 30HH MEXAY HAH-KPYITHUTE F€OCTPYKTYPH - TEKTOHCKH-
Te twio4n. PasnpeneneHHeTo Ha 3eMEeTPEeCeHHsATa BbB BPEMETO, B IIbPBO IPHOIMKEHNUE,
J00pe ce onmcsar ¢ [ToacoHOB Tpolec, ako OT CeM3MOJIOTMYHUTE JIAHHU CE WU3KIII0YaT
BpeMeBUTE KIbcTepH (rpymnH). [10acOHOBHAT mporiec mpearnonara CTaloHapHoOCT (TI0-
CTOSIHHA CKOPOCT Ha peayin3aliysi) U KaTo MOJIe] Ha CeM3MHUYHHUSI ITPOIIeC U3KITI0UBA Bb3-
MOYKHOCTTA 3eMETPECEHUSITA 1a Ce TeHepUpaT BbB BpeMeBH KirbcTepH (rpynu). [pynure
OT 3eMETPECEHUs Ce PA3IVIeK/IAT KATO CHIICCTBEH HE CIy4acH eJIeMEHT Ha CeU3MHYHOCT-
Ta. V3sBeHH 1 pa3no3HaBaeMH KIIbCTEPH OT 3eMeTpeceHust ca (op-adThPIIOKOBHUTE T10-
PEIMIIU U CeU3MHUYHHUTE POEBE.

Ot 3eMeTpbCHUTE TPYINU aQTHPIIOKOBUTE CHOUTHSI Ca eTHU OT Hal-OCTBITHHUTE 32
HaOJIIO/IeHNE U Ce NIPUeMa, Ye TAXHATa peann3alys € U3pa3 Ha BUCKO30eIacTHYHaTa pe-
JlaKcalys Ha HalpexeHus B cpezara. [Ipenmonara ce, ue Te3u CbOUTHSI ca pe3ynrar OT
MPOLIECUTE Ha Pa3pylLICHUE B OTHHUILETO Ha [IABHOTO 3€METPECEHUE U IIpepaspe/iesisiHe
Ha HAIPEeKECHUsITA Clie/l Heropara peanu3anus. [IpocTpaHCTBEHO-BPEMEBUTE U €HEpre-
THUYHUTE 0COOCHOCTH Ha aTHPIIOKOBUTE TOPEANIIN Ca TPATUIIMOHEH 00EKT Ha U3CIIe-
BaHe B cen3moiorusita. OCoOeHUAT HHTEPEC KbM aQTHPIIOKOBHSI ITPOLIEC € MTPOANKTYBaH
oT HeroBara crnenuduka u ocooeHoctu. OT enHa cTpaHa aQTHPIIOKOBUTE CEPUU Ca U3-
TOYHUK Ha MHPOPMALUS 32 ChCTOSHUETO, KAKTO Ha (pU3MKO-MEXaHUYHUTE CBOICTBA HA
cpezara B OTHUIATA 30Ha, TAKa M 3a MPOLeCcUTe, MpoTHYay B Hest. OT Apyra cTpaHa He
€ BB3MOXKHO Ch3/laBaHe Ha (DU3MUCH MOJIEIN 3a CEM3MHYHMUS Mpolec 0e3 Ja ce oTyurar
napameTpuTe, XapakTepu3npaiiy IpoCTPaHCTBEHOTO, BPEMEBOTO M €HEPreTUYHOTO Pa3-
npeeneHus Ha adThPIIOKOBUTE CHOUTHSI KaToO ChIECTBEHA YacT oT To3u nporuec (Polat
et al., 2002, Bayrak n Oztiirk, 2004, Ansari, 2017, Enescu and Ito, 2002; Enescu et al.,
2011; Kato and Igarashi, 2012; Toda et al., 1998; Utsu et al., 1995; Wiemer and Katsuma-
ta, 1999; Wiemer and Wyss, 2000).

[ToBeueTo (hU3MUHM MPOLECH 3aTUXBAT EKCIIOHSHIMAIHO BbB BPEMETO, a a)ThPIIO-
KOBUSIT IPOLIEC, 3aTHXBA [10 00paTeH CTENEeHEeH 3aKOH — ()eHOMEHAIHA HEroBa XapakTepH-
CTHKa, IpecTaBeHa upe3 moauduuupanara hopmyna va Omori (Omori, 1894a, b; Utsu,
1957, 1961, 1969):

n(t) =K+ c)?, (1

KbJETO P, K 1 ¢ ca KOHCTaHTH.

OCHOBEHHST TTApaMeThp P, XapaKTepU3UpaIl 3aTHXBAHETO Ha apTHPIIOKOBATa aK-
TUBHOCT BBB BPEMETO, € BHCOKO MH(POPMATHBEH KaKTO 32 MEXaHW3Ma Ha peJaKcalus Ha
HAIPEKEHISITA, TaKa U 32 PU3UKO-MEXaHUIHUTE CBOMCTBA HA CpeaTa B 1aJIeHA CEH3MO-
rerHa 30Ha (Mikumo and Miyatake, 1979; Dieterich, 1978).
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B HacrosmoTO M3CIeaBaHe € aHAIM3UPaHO BPEMEBOTO paslipesiesieHne Ha adThp-
LIIOKOBATa opeauia cient 3emerpecenneto ot 21 gpespyapu 2018 r. ¢ MarHury 1o ceus-
Mu4€EH MOMEHT M 4.7, peanmusupano B paiiona Ha rpax AceHoBrpan, obnact Ilnosnus,
ceusmorenna 30na Mapuua (T =23:41:58, ¢=42.07, A=24.91 u h=14 km).

Ceu3mMoTeKTOHMKA Ha palioHa

CpenHoropckusiT peruoH obxsama CpenHoropckara 3oHa, roisima yact ot Ca-
kap-Crpanjpkanckara 30Ha (TekToHCko pailoHMpaHe Ha TepuTopHsaTa Ha bbiarapus, ot
Otuer 'OU 07-02, 2008). AKTUBHHTE Pa3IOMH Ca IJIABHO ChC CyOnapalieliHO U CeBe-
pO3ana-loroM3TOYHO HalpaBlIeHNWE, PA3MONIOKEHH 10 IslaTa TEPUTOPHUSl Ha PEruoHa.
CenzmMH4YHOCTTA MOXE J1a ObJie NPUBbp3aHa KbM aKTHBHHUTE pa3iioMu. B To3u peruos,
B CEM3MOIeHHa 30Ha Mapulia ca pealu3upaHy €HU OT Hall-CHITHUTE 3eMETpEeceHHs Ha
TepuTopusTa Ha bbarapusi.

CeusmorenHa 3oHa Mapuna e pasnonoxena B Llentpanna FOxxna bearapus. Ce-
M3MHUYHOCTTA B 30HaTa € NpUBbp3aHa KbM J100pe u3BecTHara MapuIiika pa3jioMHa CUC-
TeMa, mpocrtupama ce B HanpaieHue 3C3-MIOU. Haii-cumHuTe M3BECTHU 3eMeTpe-
CEHUs1, CTAHAJIM B 30HATa, ca chOuTHUaTa OT 1928 I.: UMpnaHCKOTO 3eMETPECCHUE OT
14 anpun 1928 1. ¢ marmutyn M =6.5 u [InosausckoTo o1 18 anpun 1928 1. ¢ MaruuTys
M =7.1.

3eMeTpeceHusITa MPeAN3BUKBAT 3HAYUTEIHN pa3pylieHus: B rpajgosere [1i1oBnus,
Yupnas u [IspBoMaii, KakTo U B MHOTO JIpyTH cenuina (niroctpupano Ha @wur. 1). [[Bere
3eMETPECEHUsI ca MOCIIe/BAHN OT MHTEH3UBHA a() THPILIOKOBA aKTHBHOCT, TIPOABIDKMIA 10
kpas Ha 1933 1. (Simeonova, Solakov 1999).

Cren 3emerpbeHata cepust ot 1928 ., B 30Hara ce HaOnoaBa 3aTUIINE Ha CHITHUTE
3eMeTpecenus ¢ M, *6.5, KOeTo IpoIbKaBa v JI0 CETAIIHUAT MOMEHT. [Ipe3 uHeTpymen-
TaJIHUS TIEPUOJI B 30HaTa ca HAOI0aBaH OCHOBHO YMEPEHH 3eMETPECEHUsI C MArHUTY/L
mesxay M=4 u M=5. Kaksoto e u cboutnero (¢ Maruutyn M, =4.7), aHaju3upaHo B Ha-
CTOSILIIOTO M3CJIC/IBAHE.

®@ur. 1. Pazpymenns cnen 3emerpecenunero ot 14 ampun 1928 r., rpag Yupnan
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MeToa ¥ BXOAHHU JAHHU
Meton

3aTuxBaHETO Ha aQTHPUIOKOBHS TPOIEC BHB BPEMETO € 10 OOpaTreH CTENeHEH
3aKOH, KOHTO ce mpezacTaBs upe3 Moaupummpana Gopmyna Ha Omori: n(t) = K(t + ¢)?
(Utsu,1961).

Ogata (1983) mpemiara U3MOI3BAaHETO HA METO/Ia HA MAKCHMATHO MPaBIONOaAo0me
(MMI]I) 3a onienka Ha mapamerpure Ha Moauupanara Gopmyna Ha Omori. 3a npuia-
rane Ha MMII ce nomycka, 4e pa3BUTHETO HA aTHPIIOKOBATa AKTUBHOCT BbB BPEMETO
e HecranuoHapeH [loacoHoB mporiec ¢ nHTeH3uBHOCTHA QyHKIU 1(t;q), g=(K, p, ¢), on-
pelnerneHa upe3 Bpbh3Kara:

At;60) = lim PA’—O), )

A—0 At

KbJeTO P, (f) € BEepOATHOCTTA [ia Ce peaqusupa ChOUTHE B MalbK BPEMEBH MHTEPBAIl
(t, tHAf). ToraBa (hyHKIHATA HA MAaKCHMAJIHO IpaBaomnonodue 3a adThpIIOKOBa MOpe-
IHla, peanusupana B uHTepBaji ot speme [S, T] B MomentH {¢, £,,....t } (¢, L,....t, ca
BpEeMEHaTa Ha MOsBa Ha aTHPIIIOKOBUTE CHOUTHS), CE JaBa YpE3 YPABHEHUETO:

7}/1(@ 0)dt

L(tl,tz,...,tk;ﬁ):ﬁ/i(ti;ﬁ)e (3)

i=

O1eHKUTE IO MaKCUMAJHO ITIPaBIONoN00Ke 3a ImapaMeTpuTe (BEKTOPBHT Ha Iapa-
METpPHUTE) CE IOIy4aBaT OT MAKCHMHU3HUPaHe Ha (YHKIHATA Ha MAKCUMAIIHO MPaBIOIO-
nobue. 3a cepust 63 BTOPUYHHU a(THPIIOKOBH MOPEANIN, NHTEH3UBHOCTHA (DYHKIHUS CE
ornpeznens upe3 Moaupunupanara Gopmyna Ha Omori:

Mt 0)=K(t+c)” (0=(K,p, ). “)

[pu nopeuiy ¢ u3sBeHa BTOpHYHA adTHPIIOKOBA AKTUBHOCT HHTCH3UBHOCTHATA
(hyHKIUSA ce mpeacTaBs 4pe3 ypaBHeHHETo oT Buaa (Ogata, 1983):

A6:0)=K(t+e) "+ H(t~T)K,(t T we) ", (5)

i=1

KBJICTO M € OpOAT Ha BTOPHYHMTE MOpeanH, H(f) e ennandHa (yHKINS HAa XeBUCAW 1
Ti e maganoro Ha i-rata BropuuHa adThpimokosa nopeauua u 0=(K, p, ¢, K, p, ¢,,..K ,
p m’ Cm)'

[Tpn xopekTeH n300p Ha MHTEH3MBHOCTHATa (DYyHKIWS, T.e. HA MMapameTpuTe , ag-
THPIIOKOBHUSAT Iporec ce Tpanchopmupa B crannaprer [loaconos mpouec (A=1) mo gec-
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TOTHO - JINHEapU3upaHaTa BpemMeBa oc T. YeCTOTHO - INHeapu3upaHOTO BpeMe 3a adpThp-
LII0KOBA TIOpeniia ce AeduHupa Karo:

r:A(z):ji(s)dszj K(s+c)_p+iH(t—7})Ki(t—7;+ci)_p ds.  (6)

S S i=1

BpemeBata oc t ce M3MOI3Ba 32 YCTAHOBSIBAHE HAa OTKJIOHECHUS B CCM3MHMYHATA aK-
TUBHOCT OT TeopeTHuHHUs TpeHa N(T)=t, kKbaeTo N(T) ¢ KyMyJIaTUBHUAT Opoil chOuTHS
JI0O MOMEHTA . YBEIMUYCHHE Ha aKTUBHOCTTA, B CPAaBHCHHE C TEOPETUYHO OYaKBAHATA CE
pasmiekia WM Karto M3sBa Ha BTOpHYHA aThPLIOKOBA aKTUBHOCT, WJIM Karo Kpai Ha
a(THpIIOKOBaTa aKTUBHOCT.

3a cpaBHABaHE Ha MOJENHU 3a paslpesesieHie Ha apThPIIOKOBaTAa aKTUBHOCT BB
BpeMeTo e npuiioxkeH nHpopmannonuus kpurepuu Ha Akaike, AIC (Akaike, 1974). Tosa
€ eIMH OT Hall IPUIOKUMHUTE KPUTEPHH 32 CPAaBHEHHE Ha PAa3TUYHU MOJIEIH, OCHOBABa-
M ce Ha eHU U cbiu ganHu. AIC ce onpenens ¢ ypaBHEHHETO:

AIC = (-2) max In(Lh) + 2n, @)

KbJieTO In e HaTypalnieH jorapuTbM, Lh e choTBeTHara (QyHKIHMS Ha MpaBIONOAoOUe U
n-OposT Ha OLEHEHNTE mapaMeTpH. To3u KpUTepuil OTYNTA CHOTBETCTBUETO MEXKIY J1a-
HHUTE OT HAOMIOJCHUTA U 3aJI0KEHHS TEOpPETHYECH MOoJie. MoJIel ¢ o-Majika CTOWHOCT
Ha AIC ce cunTa 3a mo-100pe onucBall HaOIIONEHUSTA.

Jdannu

B HacTos1110TO M3CIenBane 3a aQTHPIIOK CE MPUEeMa BCSIKO ChOUTHE, Peatn3upaHo
BbB BPEMETO CJIE]] JPYrO 3€METPECEHHE, KOETO M3IIBJIHIBA KPUTEPUHUTE 3a a(THPILIOK,
nepunupanu ot Gardner and Knopoff (1974). ChriiacHO TOBa OINpe/iesicHHe ako Ce pas-
[JIe1aT JIBE ChOUTHS OT MOAPECHA BbB BPEMETO CEPHsl 3eMETPECEHUS C MHAEKCH ,,m” U
,»a“ ¥ MarHUTY/IM, ChOTBETHO M| 1 M_, TO BTOPOTO 1ie Obie adTHPIIOK Ha IHPBOTO AKO
ca M3IBJIHCHH CIICTHUTE YCIOBHS:

M <M
0<t —t <T(M) ®)
0< Ram < R(Mm)’

KBJICTO t € BpEME Ha Bb3HHMKBaHe, R € pa3cTOAHMETO MeXy XMIIOLEHTPUTE (ENHUIEH-
TPHTE) Ha IIIaBHOTO ChOUTHE M ChOTBETHHUA adThpiuok, a T(M ) u R(M, ) ca emnupuann
(YHKIMM HA MarHUTYAa Ha OCHOBHOTO 3eMeTpeceHue. [ paHMYHUTE CTOWHOCTH Ha TE3U
¢ynkuun, crorBetHo T (M, ) 1 R (M ), ca onpenenenu no Mmoaudukanus Ha QyHKIHO-
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HaJHUTE 3aBUCUMOCTH (8), MoyydeHa 3a MeHTpaiHu bamkanu o XpucTtockos, JIazapos
(1981). B HacrosmoTo nu3cieaBane 3a AeUHUPAHE TPAHUIIUTE HA aPTHPIIOKOBUTE Ce-
pHH B IPOCTPAHCTBOTO U BPEMETO, KAaTO IIbPBO MPUOIMIKEHHE, Ca IIPUIIOKEHH CIICHUTE
ypaBHEeHHsI (ChIIIACHO XPUCTOCKOB, JIazapos, 1981):

log R (M, )=0.9696+0.1243 M_ )
log T(M ) =-0.62+0.56 M_ (M. <6.0) (10)
log T(M )=-525+2.15M_-0.137 M2 (M_>6.0), (11)

KBJETO R, € MakcuManHusT pasmep Ha agTbpinokosara obnact, a T, e mpeanonaraemara
MMPOABJLKUTCIITHOCT Ha Iopeannara BbB BpEMETO.

OCHOBEH M3TOYHHK Ha JJAHHU 32 Pa3iielaHus CeM3MHYCH KIIbeTep ca oT Harmonain-
HaTa OolepaTHBHA TEJICMETPHUYHA cHCTeMa 3a censMosiornuna uadopmarust (HOTCCH).
3a olleHKa MapaMeTPUTE Ha pa3Npeae/iCHHUITa Ha a) ThPIIIOKOBUTE ChbOUTHS BbB BPEMETO
e paszpaboren nporpamer naket Ha PASKAL (npencrasen B Conakos, 2010).

3emetpecenuero ot 21.02.2018 1. (M, 4.7) e nocneasaHo oT u3siBeHa aGTbpIIOKOBa
aKTHUBHOCT, BKJIIOUBaIia 99 crOUTHS ¢ MAarHUTY B MHTEpBaja 1.0£Mp§3.7, peanu3upaHu
3a 665 gau. OT Te3u CHbOUTHS C MATHUTY/T Mp22.0 ca camo 28 crouTHsL.

Pe3yararu

AdThpiIokoBaTa nopeanIa ce MpeaAcTaBs Karo eIuHWYHA cepus (0e3 BTOPUYHU
nopeaniy) upe3 Moaudumpanara popmyna Ha Omori 3a pa3IMuHi BPEMEBU HWHTEp-
BaJIM: OYaKBaHa MPOIBIDKUTENHOCT, choTBeTHO T=100 nHu chrmacHo ypasHenue (10).
Pasrienanu ca Tpu cirydas - 1%, (a) 6e3 MarHuTy/eH npar Ha adThPIIOKOBUTE CHOUTHS;
Bropu (0) u Tpetu (B) chotBeTHO ¢ M =1.0 1 M =2.0. Ha ®ur. 2 e npencrabeHo vec-
TOTHO-BPEMEBOTO pasIpe/iesieHne Ha apThpIIOKOBUTE CHOMTHUS 32 TPUTE pa3IIeiKIaHH
ciryyan. HabnrogaBaHOTO YeCTOTHO paslpe/iefieHne ce CpaBHsiBa C T. Hap. ,,TEOPETUYHO
pasmpeeicHAe, KOSTO B HACTOSINUS CITydail € B ChOTBETCTBUE ¢ Moauduiupanara ¢hop-
Mmyina Ha Omori (1).

[Tpu xopekreH n36op Ha napamerpure K, p, ¢, ahTHpIIOKOBUSAT TpolieC ce TpaH-
copmupa B crangapreH [1oacoHOB mporiec 1o 4ecToTHO JHMHeapu3rpaHa BpeMena oc - T.
[Tpn oTKIIOHEHNE HA YECTOTHO - JMHEApU3MPAHO PaslpelieiieHuEe OT TEOPETUUHOTO, Ce
THPCH MOJIEIN C BTOpUYHA akTUBHOCT. Ha durypu 3 510 5 e npeacraBeHo 4eCTOTHO-THHE-
apU3UPAHOTO paslpezieeHue Ha adTHPIIOKOBUTE CHOUTHS: 32 OYaKBaHATa MPOIBIDKH-
tenHocT (T=100 muu) ¢ u 6e3 marauTyneH npar — Ma=1.0 u Ma=2.0, ¢ u 6e3 BropuuHU
cepuH (pa3miexk/ia ce MHIUKALMS 32 pealn3upaHe Ha BTOPUYHHU aThPIIOKOBH ITOPETUIIN
ciient Hal-cumHuTe adThpony, chouTnsTa ot 22 despyapu 2018 1., c M=3.7 n ot 12 man
2018 ., c M=3.4)

B Tabmuna 1 ca npencrasenn croifHocTuTe Ha napamerpute K, p, ¢ u croifHocTH Ha
AIC 3a paznuuHHUTE ClTydau.
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@ur. 3. YecTOTHO-TMHEAPU3UPAHO pas3NpeneieHne Ha ahThPIIOKOBHTE
crOuTHsA 3a mepuon T=100 gau O6e3 MarHUTYIEH mpar, 6e3 U ¢ BTOpUIHU
CepHH.
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@ur. 5. YecTOTHO-ITMHEAPU3UPAHO pasmpe/ieeHre Ha aThPIIOKOBUTE ChOUTHS
3a nepuona T=100 quu ¢ MmarautyaeH npar Ma=2.0, 6¢3 1 ¢ BTOPUYHU CEPHH.
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Ta6auua 1. Onenku Ha napamerpute K, p, ¢ u AIC - kputepwmii 3a pa3iIudHy MOJENIN Ha
nopeauny cien semerpecenneto ot 21.02.2018 .

Ilepunon

Moaea
¢y

K p c K P, c K p, c AIC

1

bes
BTOpPHYHA
cepus, 6e3 100 5.01 | 1.02 | 0.05 12.15
MarHuTyzieH
npar

C enna
BTOpPHYHA
cepus, 6e3 100 398 | 1.08 | 0.04 | 0.49 | 1.08 | 0.001 -14.16
MarHuTy/IeH
npar

C nBe
BTOPUYHHU
cepuu, 6e3 100 3.57 1 1.09 | 0.04 [ 0.48 | 1.09 | 0.001 |0.21] 1.09 | 0.001 | -41.58
MarHUTYICH
mpar

bes
BTOpUYHA
cepwus, ¢ 100 498 | 1.04 | 0.05 8.60
MarHuTyaeH
npar M =1

C eqna
BTOpPHYHA
cepus, ¢ 100 3.82 | 1.09 [ 0.04 | 0.53 | 1.09 | 0.001 -17.72
MarHuTyzneH
npar M =1

C nBe

BTOPUYHHU
cepuu, ¢ 100 344 | 1.11 | 0.04 | 0.47 | 1.11 | 0.001 |0.46| 1.11 | 0.04 |-35.51
MarHUTYICH
npar M =1

bes

BTOpPHYHA
cepus, ¢ 100 1.38 | 0.93 | 0.02 41.11
MarHuTyzneH
npar M =2.0
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C enHa
BTOpHUYHA
cepus, ¢ 100 1.05 | 098 [ 0.02 | 0.24 | 0.98 | 0.001 29.05
MarHuTyAeH
npar M =2

C nBe

BTOPUYHH
cepuu, ¢ 100 0.96 | 1.00 | 0.02 | 0.22| 1.00 | 0.001 |0.09| 1.00 [ 0.001 | 19.30
MarHUTy/IeH
npar M =2

Ot monmy4yeHnTe oreHku 3a napamerpure K, p, ¢ u croitnoct Ha AIC npencraBeHn
B Talbu. 1, KakTo M OT pas3npeeeHusITa, Ha GUTYPUTE MOXKE Ja CE HAMPABST CICAHUTE
3aKJIFOYCHUS . 1) OIICHKUTEC U Ha TPUTEC MapaMeTbpa CC BIUAAT OT AOJHHUA MArHUTYIACH
npar M, ; 2) moy4eHuTe OLEHKH Ha mapameTbpa p ca uan 0.9 (3a mepuon ot T=100
JIHH), KOGTO € XapakTepHo 3a paionurte Ha lOxHa bbiarapus, KbJeTo ce npesronara, 4e
a(THPIIIOKOBHUS MPOIIEC 3aTUXBA 3HAYUTEIHO M0-0BP30; 3) OT YECTOTHO Pa3NpPEaC/ICHHE
Ha a(bT'prJOKOBI/ITe CHOUTHST MOXKE Jla C€ Kaxe, Y€ B IIbPBO HpI/I6J'[I/DKeHI/Ie 3aTUXBAHETO
Ha a)THPIIIOKOBAaTa aKTHBHOCT CE OIMUCBA 100pe ¢ Moauduiiupanara popmysa Ha Omori;
4) HaOmozaBa ce MpeMHUHaBaHe OT aThPIIOKOBA aKTHBHOCT KbM (JOHOBA CEU3MHYHOCT
OKOJIO 84 MHM Cliel ITIaBHOTO ChOUTHE KyMYJIaTHBHHST OpPOi Ha ChOUTHsITa OBP30 CE yBe-
JIMYaBa U MOKa3Ba 3HAYMUTEITHO OTKIOHCHUE OT HAYAIHMS TPCHI; 5) HAl-moOpUAT MOIE
3a BPEMEBOTO pasrpe/iesieHne Ha aQ ThpIIOKOBaTa MOPEAMIA € MOJICIBT C ABE BTOPUUHH
CEpHH U 3a TPUTE pa3Iiie/ilaHy Cllydasl.

3aKiaoueHune

— B mbpBO npubnmkeHre 3aTHXBaHETO Ha a)ThPIIOKOBAaTa aKTHBHOCT CE OIKMCBA
Jo6pe ¢ moauduppanara popmyna Ha Omori;

— Ouenkute Ha napametrspa p (0.93 < p < 1.11), xapakrepusupall] 3aTUXBaHETO
Ha aTHPIIOKOBAaTa aKTUBHOCT BbB BPEMETO, Ca OKOJIO Cpejara Ha MHTepBaJia
ot croiiHoctu (p € [0.71;1.17]), nonydeHu 3a adThPIIOKOBU MOPEIUIH CIIC]
CHUJTHM 3€METPECEHHUs, pealn3upaHy Ha Teputopusita Ha brirapus (Simeonova,
Solakov, 1999);

— 3a pa3nienanara aThpIIOKOBA TOPENUIIA € YCTAaHOBEHA MYJITHUIIONHA aKTHB-
HOCT C ABC BTOPUYHU CCPUU (TOBa MOTBBbPIKJAaBa PE3YyJITaTU OT H3CJICABAHUSA
BbpXY adThpiiokoBara aktuBHOCT B lOHa bwirapus, npeacraBeHd Harp. B
Simeonova, Solakov, 1999);

— Haii-noOpwust Moziel 3a BpeMeBOTO pasIpesieieHue Ha a ThPIIOKOBaTa NOPEaHU-
11a € MOAETHT C JBE BTOPUYHHU cepuu (Hail-HuCkH ctoiiHocTH Ha AIC) 3a Tpute
pasmiienanu ciydas — 0e3 MmarautyzieH npar, ¢ Ma=1.0 u Ma=2.0
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Temporal distribution of aftershock activity after the February 2018
earthquake occured in the area of the city of Asenovgrad, Maritsa
seismogenic zone

P. Raykova, S. Simeonova, D. Solakov

Abstract: The statistical analysis is applied to study the temporal distribution of the af-
tershock activity observed after the earthquake of February 21, 2018 with moment mag-
nitude M, 4.7, realized in the area of the city of Asenovgrad, Maritsa seismogenic zone.
Based on the assumption that the aftershocks are distributed in time as a non-stationary
Poisson process, the modified Omori formula is used to estimate the parameters (K, c
and p). The transformation of the time scale t to a frequency-linearized scale 7 is applied
to determine the best relationship between the aftershock activity and various statistical
models. The decay of the aftershock activity is well described by the modified Omori
formula, and a multipole activity with two secondary series is observed.
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