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Bupryannara cenamuuna mpexa Ha Coduiickus yausepcurer (BCMCY) e ocHoBana npe3s 2015
I. B paMKUTEe Ha Hay4eH MpoekT, GpuHancupan or Coduiickus ynusepcurer ,,CB. Kmumenr Oxpun-
cku®. BCMCY ce cberon 0T 16 ceM3sMMYHM CTaHLUH OT PAa3IMYHM HAIMOHAIHHU U MEXIyHapon-
HU Mpexu B IOroustouna EBpona cbc ¢cBOOOAEH AOCTHI 10 JaHHHUTE B peasHo Bpeme. [lomyunxme
CTOWHOCTH 3 HAKOJIKO BUa Maruutyau (M, M, M,, M), ananusupaiiku 25 3eMeTpecenus B paiiona
Ha bankaHCKuS MOMyoCTpOB Upe3 U3MEepBaHe Ha MAaKCHUMallHaTa aMIUIUTYa U HeWHUS NIepuoJ 3a OIl-
peneseHd Cen3MUYHH BBIHOBM MAKeTH, KAKTO U Ha NPOIBDKUTENHOCTTA Ha 3¢METPhCHUTE 3aIlHCH.
[Tpunoxuxme MHOXECTBEH JINHEEH PErPECHOHEH aHaAJIN3 3a TI0JTyyaBaHe Ha CeleM MarHUTYHHU 3aBU-
CHMOCTH, Clienn(UIHY 3a paiioHa Ha bankaHCKUs MOIyOCTpPOB.

Reneta Raykova, Maria Filipova, Milen Tsekov. REGIONAL MAGNITUDE RELATIONS
FOR THE BALKAN PENINSULA

The Virtual Seismic Network of Sofia University (VSNSU) was established in 2015 as a part of
a scientific research project funded by Sofia University “St. Kliment Ohridski”. VSNSU consists of
sixteen seismic stations belonging to several national and international networks in southeastern Europe
with open access to near real-time data. We estimated values for several magnitude types (M, M,, M,,
M) analyzing 25 earthquakes in the Balkan Peninsula region by measuring the maximum amplitude
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and its period for certain seismic waves, as well as the earthquake’s duration. We applied multiple linear
regression method to obtain seven magnitude relations, specific for the Balkan Peninsula region.

Keywords: earthquakes, seismograms, magnitude, Balkan Peninsula
PACS numbers: 91.30.px

1. INTRODUCTION

The magnitude gives an estimate of the energy release during an earthquake.
It is one of the most important earthquake parameters. Various magnitude types
use different features of a seismogram record to characterize earthquake size. The
magnitude estimates of a given seismic event obtained by the seismogram records
from different stations may differ, because of the radiation pattern of respective
seismic waves, differences in the Earth’s structure between the hypocentral zone
and the corresponding seismic stations, the quality of the records, etc. The magni-
tudes reported by different seismic agencies for specific earthquake may also vary
significantly, even by more than one magnitude unit [1].

The Balkan Peninsula is one of the most seismically active regions in Eu-
rope. However, a homogenized catalog of modern earthquake activity in the region
does not exist. Different national seismic agencies report magnitudes based on dif-
ferent network specific calibrations. Thus, the magnitude estimates for individual
Balkan Peninsula’s earthquakes reported by different national seismic networks,
generally differ. There are two approaches to construct magnitude homogenized
seismic event databases: (1) using general orthogonal regression (or other proper
regression) method to calculate regression relations between the differing network
magnitude scales, or (2) using original seismogram records from stations belong-
ing to different seismic network and a reference magnitude scale to construct new
magnitude relations. In this work we follow the second approach and constructed
Balkan Peninsula specific magnitude relations based on seismic records from the
Virtual Seismic Network of Sofia University (VSNSU) and magnitude estimates
from IDC [2] as reference values in the calibration procedure. In a previous study
[3] 490 individual measurements from seismic records of 11 earthquakes Balkan
Peninsula earthquakes were used to calibrate 7 magnitude scales of 4 magnitude
types (local magnitude M|, duration magnitude M, — 2 scales, body wave magnitude
M, — 2 scales, and surface wave magnitude M, — 2 scales). Here, following the same
procedure as in [3], we extend the number of measurements to 758 (measurements
from seismograms of 25 Balkan Peninsula earthquakes, presented in [3] and [4]) in
order to revise the specific for the region magnitude relations obtained in [3].

The structure of the paper is as follows. In Section 2 we present the data and
procedures to obtain magnitude values for a given magnitude type and we com-
mented on some peculiarities and problems in magnitude estimations. In Section 3
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we describe the application of multiple linear regression analysis method to calcu-
late magnitude relations specific for the Balkan Peninsula region from the available
data. We compare our calibration relations with these obtained in [3] and with mag-
nitude relations calibrated for other regions of the globe. In Section 4 we summa-
rize our findings and we outline some future work to improve magnitude relations
for the earthquakes in the Balkan Peninsula region.

2. MAGNITUDE MEASUREMENTS

Virtual Seismic Network of Sofia University (VSNSU) was established in 2015
as a part of a scientific project funded by Sofia University. The 16 VSNSU seismic
stations cover relatively uniformly the Balkan Peninsula region and they have open
access to their seismic records in near real time. Seismic records from twenty five
earthquakes were analyzed in the studied region in order to obtain several magni-
tude relations specific for the Balkan Peninsula. Fig. 1 shows the location of the
VSNSU seismic stations and the epicenters of the analyzed earthquakes. The pro-
cedure for magnitude calculations, based on the respective seismogram measure-
ments, was explained in detail in [3] and [4]. Every seismic record was processed
and converted to the simulated record of an instrument appropriate to measure rel-
evant amplitudes and their periods for a specific magnitude. The duration of the
earthquakes was measured from the unfiltered seismic records. An example for
amplitude, period and duration measurements for different magnitudes is shown in
Fig. 2. Magnitude relations calibrated by several authors for certain regions of the
globe were used in [3] and [4] to calculate magnitude values from the measured
parameters. Normally these calibrations are site specific and they may not be valid
in other regions including the Balkan Peninsula.

Estimates for seven magnitudes of four magnitude types (M, M, M, M,) were
obtained by the same procedure described in [3] and [4] using seismograms of 25
earthquakes, located in the Balkan Peninsula region with magnitude >4.0 (as re-
ported by [5]). Magnitudes were estimated for every seismic station that recorded a
respective earthquake with sufficient quality. Next, we calculated the relevant event
magnitudes (for each magnitude type) for each of 25 earthquakes by averaging sta-
tion magnitude estimates. Thus we obtained the VSNSU magnitudes by “global”
relations in order to compare them with regional magnitude estimates, defined in
the next Section.

We identified some station magnitude estimates that are disproportionately
higher or lower than the other station magnitude estimates for the same seismic
event. This discrepancy may be explained by a combination of several factors.
Firstly, this problem is related to the large uncertainty in the estimation of im-
portant earthquake parameters such as epicenter coordinates, hypocenter depth and
origin time. The values of these parameters reported by different seismic agencies

133



often vary significantly [1]. For example, for one of the selected events the vari-
ation in earthquake’s depth reported by different seismic centers is comparable to
the epicentral distance to the closest station. Secondly, the seismic waveforms are
influenced also by seismic source peculiarities like the nature of rapture process.
For example, if the rapture process is relatively slow or if it develops in several
consecutive branches, the seismic wave amplitudes would be smaller and the re-
cord durations would be longer in respect to a “standard” earthquake. Thirdly, the
quality of the magnitude estimates is affected by the seismic noise level, especially
for seismic stations in immediate vicinity of coastal regions. Noisy records make
difficult identification and measurement of important earthquake parameters such
as amplitude, period and duration.

20° 25° 30°

20° 25° 30°

Fig. 1. Map of the Balkan Peninsula region with locations of the VSMSU seismic stations
(black triangles) and the epicenters of the selected seismic events (red circles)

3. MAGNITUDE RELATIONS FOR THE BALKAN PENINSULA REGION

We used the multiple linear regression analysis method to obtain magnitude
relations for each magnitude type that is specific to the Balkan Peninsula region.
The multiple linear regression is a common statistical procedure used to find the
relationship between a response variable and two or more explanatory variables by
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fitting a linear equation to observed data. It is applied to variety of statistical prob-
lems including for magnitude scale calibrations [6, 7]. We used the R free software
environment [8] for statistical computations to implement the method.
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Fig. 2. Measurements to obtain magnitude estimates of different types: (a) for local magnitude
M, at station TIR; (b) for duration magnitudes M, and M, at station IDI; (c) for surface wave
magnitudes M, and M, . at station DIVS; (d) for body wave magnitude M, at station [ITM

We applied multiple linear regression to the set of magnitude measurements
reported in [3] and [4]. Thus, we determined the specific coefficients 4, B, C, and
F . in the generalized relations for M, M, M, and M.

M, =4, xlog(A4,)+ B, xlog(R)+ C, xR+ F|
M, =4, xlog(V) + B, x log(D) + F,
M= A4, xlog(V) + B, x log(R)+F,
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M= A, % log(A/T) + B, x log(A) + F,
M, ,, = A, xlog(V2m) + B, x log(A) + F/
M,=A, *log(t)+ B, xD+F,

M =4, xlog(r) + B, x R+F..

Here, 4 and 4,, denote the relevant wave amplitudes in [um] or [nm], 7'— period
of the relevant amplitude in [s], V' — amplitude of the velocity in the relevant seismic
record in [m m/s], ¢ — duration of the earthquake record in [s], R — hypocentral dis-
tance in [km], D — epicentral distance in [km], 4 — epicentral distance in [deg]. The
sign “x” in the equations denotes multiplication. The difference between the two
body wave magnitudes is that M, uses epicentral distance while M," — hypocentral
distance. The difference between the two surface wave magnitudes is that M uses
WWWLP instrument simulation while M ,, — the broad-band long-period filtered
velocity records. The difference between the two duration magnitudes is that M uses
epicentral distance while M —hypocentral distance. See [3] and [4] for more details
about magnitudes definition.

We used the corresponding transformations of the relevant seismogram param-
eters (see the generalized relations above) as explanatory variables in the regres-
sions. We adopted corresponding magnitudes obtained by IDC [2] (provided by
ISC [1]) as reference values. Body wave magnitudes were calibrated with respect to
reported by IDC M, magnitude estimates, surface wave magnitudes were calibrated
with respect to reported by IDC Mg magnitude estimates, while local and duration
magnitudes were calibrated with respect to IDC M, magnitude estimates. Reference
magnitude values for each selected earthquake are listed in Table 1.

Table 1. Reference magnitudes obtained by IDC [2]. Event labels follow [3] and [4]
Event | M,(IDC) | M, (IDC) | M, (IDC) | Event | M,(IDC) | M, (IDC) | M, (IDC)

EvO01 4.0 34 4.2 Evl8 43 3.7 4.2
Ev02 4.2 3.6 4.5 Ev20 3.7 33 4.0
Ev03 - - 3.7 Ev21 3.7 33 3.6
Ev04 - 3.8 4.2 Ev25 35 35 3.9
Ev05 4.0 3.2 3.8 Ev27 3.7 35 43
Ev06 44 4.7 4.8 Ev28 34 32 3.8
Ev07 4.0 2.9 3.6 Ev29 - - -

Ev08 3.6 3.1 3.9 Ev32 4.2 43 4.8
Ev09 3.8 33 4.1 Ev33 3.6 3.0 4.0
Evll 43 3.9 4.4 Ev34 - - -

Evl4 39 34 3.8 Ev36 34 - 39
Evl15 - 4.8 4.8 Ev37 4.1 3.6 4.5
Evl7 - 3.8 4.0
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The number of waveforms used in the regression for the corresponding
magnitude relations is summarized in Table 2. The number of waveforms used in
[3] is presented for comparison.

Table 2. Number of waveforms used for calibration of specific magnitude scales

Magnitude scale | M, | M, | M | M | My oy | M, | M
Number of waveforms (this study) 94 132 131 142 144 56 59
Number of waveforms (in [3]) 55 91 91 93 95 32 33

Applying the multiple linear regression method we obtained the following
magnitude relations:

M; = (0.14 + 0.14) x log(4,) — (1.01 + 0.64) x log(R) + (0.0020 + 0.0009) x R
+ (5.31+1.33)

M, = (0.49 + 0.05) x log(V log(1.08 + 0.12) x log(D) — (0.28 + 0.46)

M} = (0.47 4 0.05) x log(V) + (1.10 + 0.13) x log(R) — (0.30 + 0.46)

Mg = (0.70 + 0.03) x log(A/T) + (0.55 + 0.11) X log(A) + (1.74 + 0.11)
Ms pp = (0.71 + 0.03) x log(V/2m) + (0.53 + 0.11) x log(A) + (1.72 + 0.11)
Mg = (0.37 +0.16) X log(r) — (0.00032 + 0.00032) x D + (3.05 + 0.41)

M} = (0.36 + 0.17) X log () — (0.00026 + 0.00033) X R + (3.04 + 0.43).

The comparison with relations obtained in [3] emphasizes several important in-
ferences. Magnitude relations for the body wave magnitudes and the surface wave
magnitudes differ less between the two studies than the local magnitude and the
duration magnitudes. It is probably related to the larger numbers of measurements
used in the calculation of the magnitude relations for the body wave magnitudes
and the surface wave magnitudes, decreasing statistical fluctuations and leading to
stability of the estimates. Uncertainties of the estimates for the body wave and sur-
face wave magnitudes are smaller in this study where more data are used in respect
to the data used in [3]. It is an indication that the magnitude relations may approach
stability. Both relations for body wave magnitude, M, and M,", have similar regres-
sion coefficients and uncertainties. Thus, it is justified in future studies based on
larger data sets to use only one of the relations. Similar behavior is observed also
for the surface wave magnitude scales, M, and M .. Therefore only the M . may
be used in future research since there is no necessity to simulate WWWLP records
contrary to the Ms estimates. Uncertainties of the regression coefficients for the
duration magnitude relations also diminish in comparison with the previous work
[3]. Duration magnitude practically does not depend on the distance, since the cor-
responding calibration coefficients in both M, and M relations are close to zero.
Both duration magnitude scales, M, and M, have similar regression coefficients
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and uncertainties; hence it is justified to use only one of them in future studies. The
local magnitude depends on distance only by the logarithm term in the regression,
while the calibration coefficient for the linear distance term is approximately zero.
Regression coefficient 4, in local magnitude relation is characterized by higher
uncertainties than this in [3], while other coefficients have smaller uncertainties.
More seismic waveforms measurements are required to reach stability for the local
magnitude relation.

We recalculated magnitude estimates for all 758 sets of measurements from
individual seismic waveforms by obtained magnitude calibration relations. Next,
we estimated different magnitudes (for each magnitude type separately) for each
analyzed earthquake as average of relevant station magnitudes. Figs. 3—6 present
comparison between magnitude estimates for the analyzed 25 seismic events, cal-
culated on the base of the magnitude relations obtained in this study, relations ob-
tained in [3] and magnitude estimates by relations calibrated for other regions of the
globe (for details see [3] and [4]). Relevant reference magnitude values, as given by
IDC, are also presented in Figs. 3—6.
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Fig. 3. Comparison between body wave magnitude estimates. Black stars denote reference
magnitudes, green triangles — estimates by relations obtained in this study, violet triangles —
magnitude estimates by relations obtained in [3], red dots represent estimates based on “global”
relations, used for initial magnitude estimates in [3] and [4]

Differences between “local” (Balkan Peninsula specific) and “global” estimates
for surface wave magnitudes are smaller than these for other magnitude types. It
is an indication that the “global” relation for the surface wave magnitude may be
considered relatively appropriate also for Balkan Peninsula’s earthquakes. For the
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majority of the considered earthquakes single event magnitudes based on the two
different relations (in [3] and in this study) coincide completely, except for 3 M .

estimates and 5 M estimates which differ by 0.1 magnitude units.
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Fig. 4. Comparison between surface wave magnitude estimates. See Fig. 3 for used symbols
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Body wave magnitude estimates in this study and in [3] also differ by no
more than 0.1 magnitude units. Differences between “local” and “global” body
wave magnitude estimates are relatively low for most of the selected earthquakes,
although for a limited number of seismic events the difference is up to 0.6-0.7
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magnitude units.
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Fig. 6. Comparison between local magnitude estimates. See Fig. 3 for used symbols

Local magnitude estimates in this study and in [3] also differ by no more than 0.1
magnitude units. It is interesting that the difference between these “local” estimates
and the “global” M, magnitude relations may be quite large (up to 1.4 magnitude
units), indicating that “global” M, magnitude calibration is not appropriate for
application to Balkan Peninsula earthquakes.

Relatively large are differences (up to 0.3 magnitude units) between the
duration magnitude estimates in this study and in [3]. As for the local magnitude
estimations, the “global” calibration relation for duration magnitude is not suitable
for Balkan Peninsula earthquakes.

4. SUMMARY AND CONCLUSIONS

In this paper we presented new magnitude calibration relations for local
magnitude, body wave magnitude (2 scales), surface wave magnitude (2 scales), and
duration magnitude (2 scales) derived by VSNSU seismic record measurements.
The obtained relations are representative for the earthquakes in the Balkan
Peninsula region. Our results improve and precise the magnitude relations obtained
in the previous work [3].

Obtained magnitude relations are still preliminary despite the improvements.
Many more seismic records should be processed and used in the calibration
procedure to obtain more precise and fully operational relations for the Balkan
Peninsula region. We plan to process more VSNSU seismogram records including
also earthquakes with M < 4.0, in order to decrease the uncertainties of the
regression coefficients. The obtained Balkan Peninsula magnitude relations may
improve the magnitude determination of earthquakes especially in regions near to
political borders between the different countries, where magnitude estimates are
usually based on seismic stations records from single national network with limited
azimuth coverage.
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