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CONTEMPORARY CRUSTAL MOVEMENTS FROM GPS AND
TRIANGULATION DATA

N. Dimitrov

National Institute of Geophysics, Geodesy and Gauny, Department Geodesy

Abstract. The article discussed a method for joint processhGPS and classical
triangulation measurements to estimate the crustalements in Central Western
Bulgaria region. It was examined the possibilifycombining GPS with angular
measurements of the first class triangulation nekwo Bulgaria during the period
1923 - 1930 year. As a result of the processingP$ and angular measurements are
derived horizontal velocities of 15 points. Theaadbed results indicate the possibility
of using the angular measurement of first clagggulation points, together with the
GPS, to obtain estimates of the horizontal crus@alements.

Key words. GPS, geodynamics, crustal movements

I ntroduction

GPS technology is widely used in geosciences.icSERS measurements are used
to determine the crustal movements. Dynamic naeigaand GPS definitions are used in
geophysics, satellite altimetry, the determinatmmnorbits, physical oceanography, the
study of the atmosphere and precise navigation.S GReasurements allow the study of
modern tectonics because they provide quantitassessments of crustal movements in
the studied areas. The GPS data provide a goodrtpgity to study the current
geodynamic processes, but the question remains faoviback in time can be results
interpolated. Combining old triangulation measueets from the twenties of the last
century with the GPS measurements made duringatedecade can answer this question
(Dimitrov, 2011).

In this article a method is discussed for obtaimgstimates of the contemporary
movement of the crust by processing classical GR&sorements and in the region of
central west Bulgaria. This area is of particll@erest because of the high population
density and high concentration of industrial resear The results can be used to locate a
modern active faults and fault structures.
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Processing method

Method of treatment consists in determining thedhdimensional velocity vector
at each node of a predefined grid of two-dimendiom&tangular region containing
measurement data. Having identified the three dsiemal velocities of nodes of the grid,
the values of the velocity of any point within ttegion can be adequately approximated by
interpolation (Drew and Snay, 1989). Deformatiofishe corners of the rectangular grid
are determined by bilinear function using inforraatfrom measurements of the geodetic
points.

Let P(n,t), L(n,t) and h(n,t) is respectively getidelatitude, longitude and
ellipsoidal height at the moment - t. It is assdntleat for a predetermined moment to,
there are velocities of the points for which:

P(n)=P(n{)+uULnd Knd(t §) 1)
L(n,t) = L(n,§)+v(L(n 9, A(n 9)(t §) @)
h(n)=hn )+ wLnd RnI(t §) 3)

Also it is assumed that in a two-dimensional regtdar region it is known three
dimensional velocities of the points of verticegtd area, then the velocities at each point
in the grid can be calculated by bilinear function.

u(L(n 9, P(n9)=[U |, P) BDr ¢ L,, P AD (L B) BE

+u(Ly,,, B,,) ACH/[( A+ B( C+ DI 4)
with:
A=L(n1)- L B=L,,-Lnt) (5
C=P(nt)-P D=P,-P(nt) (6)
Similar equations can be written for speeds - v(laf®d w(L,P).
Data

GPS measurements of eight points in the region eoftral western Bulgaria
conducted by specialists from the Central LaboyatdrGeodesy (CLG) in several periods
between 1997 and 2006 is used in estimation. ®aihthe network are stabilized with
metal bolts in typical rocks after geological fieltldy Additional GPS measurements were
carried out of seven points of the first class Bulgn triangulation network. Also it is
included angular measurements triangulation networiducted during 1926 1930. (Tabl.
1).

Joint processing of GPS and angular measuremenits first class Bulgarian
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triangulation network has been done with the sawBynapg (DYNamic Adjustment
Program using a Grid).

GPS
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Table 1. GPS campaign Fig. 1. Network sketch

DYNAPG (Snay, 1996) is a software for estimatiorihaf velocities field of points
associated with the movement of the Earth's cri@te program processes the different
types of measurements: horizontal directions, désta, azimuths, zenith distance, and
vectors derived from measurements with the glolmditipning system (GPS), and also
with very long baseline interferometry (VLBI).

DYNAPG (Snay, 1996) is a software for estimatiorihaf velocities field of points
associated with the movement of the Earth's crd@te program processes the different
types of measurements: horizontal directions, désta, azimuths, zenith distance, and
vectors derived from measurements with the glolmditipning system (GPS), and also
with very long baseline interferometry (VLBI).

Dynapg was developed by modifying software Dynape(d and Snay, 1989),
which in turn is a modification of the software Adj (Milbert and Kass, 1987). While
Ajust assumed that the coordinates of the pointsaie fixed in time, it Dynapg can
calculate both the coordinates of the points, and parameters characterizing the
movements in the earth's crust.

Dynapg uses format NGS — bbook. There are thime files :

Afile — choice of different options and the adjustihdata.

Bfile — contains horizontal directions, anglestali€es, azimuths and information

Bulgarian Geophysical Journal, 2013, Vol. 39 5
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about the approximate coordinates of the measuidsp
Gfile — contains information about the GPS measergmand related information.

Result inter pretations

In processing are included measurements of fivenpeent network stations from
IGS with the coordinates and velocities in the dawate system ITRF2000. As a result
were obtained velocities of the points (Tabl. 2fter transformation is obtained velocities
of points in a coordinate system ETRF2000 (Tabl. 3)

ST VN m VE m ST VNE m VEE m

MM/l MM MM/IT MM MM/l MM MM/T MM
81 104 04 245 04 81 26 04 0.9 0.4
82 102 04 246 04 82 27 04 1.0 0.4
83 10.0 0.4 251 04 83 -2.9 04 14 0.4
17 10.5 0.4 247 04 17 -3.3 04 1.8 0.4
12 115 0.4 231 04 12 -1.6 04 -0.7 0.4
11 10.5 0.4 247 04 11 -2.5 04 1.1 0.4
26 11.3 05 221 05 26 -1.6 05 -1.8 0.5
16 115 04 231 04 16 23 04 0.1 0.4
VERI 105 04 233 04 VERI -2.3 0.4 -0.5 0.4
PLA1 10.7 04 234 0.4 PLA1L -2.2 0.4 -0.4 0.4
BUHO 9.9 05 246 0.5 BUHO -2.9 0.5 0.9 0.5
LOZE 104 0.4 239 04 LOZE -25 0.4 0.2 04
VLAD 9.9 05 249 05 VLAD -2.9 0.5 1.3 0.5
BREZ 10.6 0.4 246 04 BREZ -2.4 0.4 1.1 0.4
SLIV  10.2 05 250 0.5 SLIV -2.8 0.5 1.5 0.5

Table 2. Velocities of points from the  Table 3. Velocities of points from the GPS
GPS and triangulation measurements imnd triangulation measurements in coord.
coord. system ITRF2000 system ETRF2000

Conclusion

It is performed a joint processing of GPS measurgmat 15 points in the period
1997-2006 and angular measurements of seven ttatiayu points in the period 1926
1930. Obtained horizontal velocities of the pointshe region agree well with the field of
horizontal velocities in Bulgaria and Eastern Med#nean (Georgiev, 2010). The general
movement of the points in the region of Central WesBulgaria is in the south, which is
consistent with extensional movement of southertg&®ia and northern Greece — South-
Balkan extensional area (Burchfiel et al. 2000).

The results of the joint processing of conventicawadl GPS measurements show

6 Bulgarian Geophysical Journal, 2013, Vol. 39
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the possibility to define crustal movements in aregéth relatively weak deformation, also

indicate activity in the area and help to clarlig tectonic setting.
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Fig.2. Velocities of points obtained from the analysisGéfS and triangulation measurements to

stable Eurasia.
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CbBpeMeHHH IBHKEHUs HA 3eMHaTa Kopa ot GPS u Tpuanryiaumn 1annu

H. Jumurposn

Pe3tome. B cratusra ¢ pasrienaH €IdH HA4YMH 3a ChBMecTHa oOpaborka Ha GPSu
KJIACHYECKH TPUAHTYJIAYHA M3MEPBAHH 3a OIpEelisHe Ha ChbBPEMECHHUTE ABIDKCHHS Ha
3eMHaTa Kopa B paiioHa Ha llentpanna 3anaana bearapus. M3ciensana e Bb3MOXKHOCTA 3a
koMmOuHupane Ha GPSc brioBH M3MepBaHMs HAa TOYKH OT MbPBOKJIACHATA TPHAHTYJIadHA
Mpexka Ha beirapus wspbpirenu npe3 nepuma 1923 — 1930rogmua. Kato pesyarar ot
chBMecTHaTa 00paboTka Ha GPSwu BIrI0BHTE U3MEPBAHUS Ca IONYYCHH XOPHU3OHTATHUTE
ckopoctute Ha 15 Touku. IlomydeHuTe pa3ynTaTtu MOKa3BaT BB3MOXKHOCTTA 3a U3MOJI3BAaHE
Ha BIIIOBM HM3MEPBaHHs Ha IbPBOKJIACHUW TPHUAHTYJIaYHM TOYKH, chBMecTHO ¢ GPS,3a
MOJTyYaBaHe Ha OIIEHKH Ha CHhBPEMEHHHUTE XOPH30HTAHY IBIKEHHUS Ha 3eMHaTa Kopa.

8 Bulgarian Geophysical Journal, 2013, Vol. 39
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CONDITION OF THE STRATOSPHERIC AND MESOSPHERIC OZONE
LAYER OVER BULGARIA FOR THE PERIOD 1996-2012: Part 1- TOTAL
OZONE CONTENT, SEASONAL VARIATIONS

P. Kaleyna, Pl. Muhtarov, N. Miloshev

National Institute of Geophysics, Geodesy and Gauy, str. Acad. G. Boncheyv, bl 3, Sofial113,
Bulgaria, e-mail: pkaleyna@geophys.bas.bg, pmuti@geophys.bas.bg, miloshev@geophys.bas.bg

Abstract. A detailed analysis of the variations of the stspteeric and mesospheric
ozone over Bulgaria, in the period 1996-2012, isspnted in the article on the basis
of ground and satellite measurements of the Totaln® Content (TOC). The move of
the most important components: yearly running mesoes, amplitudes and phases
of the first four harmonics of the seasonal cy@leeir mean values for the period and
the existing long term trends have been found.

Key words. total ozone content, seasonal curves, long termdfr&rigonometric
approximation, sliding time segment.

Introduction

The increased interest to the ozone layer conditfothe Earth atmosphere, over
the last decades, is due to the understandindhbadrotection of the whole biosphere from
solar radiation UVB (280-315 nm) depends, to somird, on this little atmospheric
compound. Besides, the variations in its conceotrabave a substantial impact on the
temperature regime and hence — on the whole dysaofithe middle atmosphere namely
because of the property of ozone to absorb sokarggnin relation to the task assigned to
NIGGG by governmental organs to study the conditbthe ozone layer over Bulgaria, a
daily monitoring of the Total Ozone Content wasamriged in 2008 with ground facilities
working in Sofia also at present. Since it is nosgible to obtain a continuous data row
(measurements with ground appliances are possiflieby clear weather), the data was
complemented with measurements from satellite appéis. The output row of daily values
allows tracking the condition of the ozone layertlie atmosphere over Bulgaria for a
sufficiently long period: from 1996 to 2012 andr@ake some conclusions regarding the
factors which have the greatest impact on it.
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Total ozone content in years 1996-2012

The measurements of TOC in NIGGG are conducted thighsun photometer
Microtops II, a production of Solar Light Company$SA, http://www.solarlight.com. The
appliance is a 5-channel sun photometer with navamd filters for five wave lengths in
the field of ultraviolet solar radiation. The regisng of solar radiation flux on the Earth’s
surface of three of the wave’s lengths — 300, 3@ 212 nm allows to determine the total
ozone content in the atmosphere by given geograpltoordinates of the place of
measurement, universal time, and by using the dathe built-in meter of atmospheric
pressure. The special electronic with a low no&esll and a built-in 20-bit analogue-to-
digital converter with high linearity and a dynaménge provide for a high precision of the
measurements. An original compensating algorithmcforrection of the value received
from the relations of the different channels idthinithe appliance. The results are obtained
fully automatically from the built-in microcomputethe only manual operation by the
measurement is targeting the sensors of the ajgplisnthe Sun for the purpose of which
an optical targeting system is provided in the Emgle. The accuracy of the appliance,
given by the manufacturer, is 1-2%. The error an®tm 6 DU by an average amount of
the total content about 300 DU.

The measurements with Microtops Il are complememtéd data from Ozone
Monitoring Instrument (OMI) working on AURA Satel#i which are available on
http:/toms.gsfc.nasa.gov/. The data are preseéntadyrid with a step of one geographical
degree by geographic latitude and longitude. Thasieh are in relation to the territory of
Bulgaria are from 42 to 44°N and from 23 to 28°lBeTmeasurement method of the total
ozone is based on the reflection of solar radiatiom the cloud cover by conditions close
to local noon. The relation between the data obthiinom Microtops Il and OMI for the
period September 2009 to June 2009 is displaydeigri.

500 — 500
450 — 450 —
__ 400 400—
2 —
e 3
I § 350
6 350 — Z
2] Q
Q e}
e P4
300 300
250 —| d Oo 250 —
TOCSofia = 0.99 *TOCOMI -11.38 TOCOMI = 0.91 *TOCTOMS + 24.44
200 I I I I I \ G I I I I T \
200 250 300 350 400 450 500 200 250 300 350 400 450 500
TOCOMI (DU) TOCTOMS (DU)

Fig. 1. Relation between the values of the total Fig. 2. Relation between the values of the total
ozone obtained from the measurements in Sofiaozone from OMI and TOMS.
and the respective satellite data of OMI
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There is a little systematic bias between the type$ of measurements, about 11
DU, which allows recalculating the data from OMUdaring them to the data of Microtops
Il. The data row was extended to 1996 with the datem Total Ozone Mapping
Spectrometer (TOMS) aboard the Nimbus 7 polar-midpisatellite. The simultaneous data
from TOMS and OMI from October 2004 to December2@fow to calibrate the data of
TOMS to OMI and then to the data of Microtops ligiR2).

The resulting data row, notwithstanding that it abtained from different
appliances, should be considered free of systerbai The move of the annual monthly
values of TOC over Bulgaria is displayed on FigA3certain seasonal cycle of the total
ozone with a spring maximum and an autumn minimuay ive readily seen. The initial
value of ozone amounts to 305.4 DU by the indicéiteshr approximation. The resulting
positive trend of 0.022 DU a month (0.26 DU a yésuipsignificant and allows making the
conclusion that the ozone layer over Bulgaria isegally stable in the period under
consideration, and there are no reasons to exygtd towards its destruction. Stolarski et
al, 1991, Fig. 1 defines a negative trend of thaltozone at 40N latitude of about 0.5
DU/year on the basis of data from TOMS from 1978380. The present study shows that
the negative trend changed to positive in the pleoitime to follow.

400 —
350 —
'5‘ ] ﬂ
[a} i
o h m
c
S 300 Q
o .
T i
o .
|_
250 —
- Positive trend -|0.022 DU/month
200 rrrpvrrrprrrgprrryprrryprrrpvrrpvvvnp v v vgprvrprrrprrngpvrnpvrnpvrnvgpvvngpoeana

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 20092010 2011 2012
Fig. 3. Mean monthly values of TOC over Bulgaria 1996201

A detailed study of the behavior of the total ozim@ppropriate to make on the
basis of the components of the seasonal cycle theestudied period. A decomposition of
the daily values has been made with a sliding egment of a year with a step of one day,
and the components of the seasonal cycle fromitsieté the fourth harmonic have been
included in the decomposition (that is mean anwadélie, yearly oscillation, semi-yearly
oscillation, 4- and 3-month oscillation). This asponds to a decomposition in Fourier

Bulgarian Geophysical Journal, 2013, Vol. 39 11
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series but the amplitudes and phases have beenedefiy the least squares best fit
(Bowman et Krueger, 1985) because of data gapsré@héts are presented for the period
1997-2012 because 1996 is not complete, and wethavepportunity to use the data from
2013 until now for the second half of 2012.

The moves of the yearly running mean values otdks ozone displayed in Fig. 4
show three clearly pronounced height sections ah®98, about 2003-2007 and in 2009-
2010 and the respective low ones in 2000, 2007iar&D11. The difference between the
highest and the lowest value is about 25 DU. Thamalue, indicated with a dotted line,
is 308.4 DU and practically coincides with that aibed above on the basis of mean
monthly values. The polynomial best fit (degreew®)ich shows an upward trend in the
first half of the period that changes to a downwiaetd in the second half is shown as the
most common characteristic of the trend to chargfethe mean annual value but those
trends are very weakly expressed and may hardiytbepreted as an impact, for example
of the 11-year solar activity cycle displayed ig.Fb with smoothed monthly mean solar
radio flux F107. The 16-year period used in thespré work does not allow confirming the
study (Kilifarska, 2011, 2012) which shows an intpat the solar activity and galactic
cosmic rays on the total ozone measured in Arog@Z&rland).

104 200
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160 —
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S 120
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o
1
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|

@

3
|

2T T T T T T T T T T T 40 —

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13
Year
Fig. 4. Running yearly mean TOC. Fig. 5. Smooted monthly mean solar radio flux.

Certain similarity is observed between the runnimgan annual values of the total
ozone and the analogous values of the mean zondl sgieed at 68hPa on Fig. 6 (about 21
km altitude, close to the level of maximal concatitm of ozone) obtained from
assimilated atmospheric data-set of UKMO for cauaitks close to those of Sofia with an
accuracy of 2.5° latitude and 3.5° longitude. Thexeno similarity with the move of
temperature. A Quasi-Biennial Oscillation is repdiéen in the move of temperature which
cannot be observed in the move of TOC (Fig. 7).

12 Bulgarian Geophysical Journal, 2013, Vol. 39
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Fig. 6 Running yearly mean zonal wind at 68 hP&Fig. 7. Running yearly mean temperature at 68
(21 km). hPa (21 km).

Huang et al, 2008 obtains distinctive Quasi-Biehnfscillation in the
concentration of ozone at altitudes between 30 46dkm according to data of
SABER/TIMED for the period 2002-2004 but predomithain the equatorial region. The
results shown confirm the stable character of tiial tbzone content over Bulgaria in the
studied period. The question whether there is si#pendence of TOC cannot be solved on
the basis of the data with which we dispose butat be presumed that even if there is
such dependence, it is sufficiently weak.

The curve of a 12-month amplitude and phase islajisgd on Fig. 8 and Fig. 9.
This is the strongest variation of the total ozoglated to the seasonal cycle. The amplitude
of the annual oscillation shows a steady upwarddtri@ the studied period, for example
from 30 to 40 DU. This means an increase in theimalxand a decrease in the minimal
value over the year on condition that the mean ahmalue, as it turned out, has no
significant upward or downward trend. It can beicext that the temporary increases and
decreases in the amplitude occur in the same peiioavhich there is an increase of the
mean annual value. The linear regression of thelitudp displayed in the figure is:
Amplitude=31.3 + 0.64.(year-1997). The mean vahrettie period, indicated with a dotted
line, is 36.4 DU.
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Fig. 8. 12-months amplitude. Fig. 9. 12-months phase.

Bulgarian Geophysical Journal, 2013, Vol. 39 13



P. Kaleyna, Pl. Muhtarov, N. Miloshe@ondition of the stratospheric and mesospheric ozone

The phase of the annual oscillation shows a dist@cownward trend. The phase
(that is the maximal momentum of the annual amgédijus about the 98th day of the year
(the beginning of April) as an average for the @ariThe negative linear trend is 0.9
days/year. It is not possible to evaluate whethir trend will continue in the future and
whether it is related to any long term atmosphémrnds on the basis of the available
material.
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Fig. 10. 6-months amplitude. Fig. 11. 6-months phase.

The amplitude and the phase of the semi-annudlatsmi of the seasonal cycle of
TOC do not show significant trends for the studiediod. The amplitude varies in wide
ranges: almost from zero until about 16 DU while thean value is 9 DU (Fig. 10). The
mean value of the phase is the 70th day of the ()|8ggr 11). A Quasi-Biennial Oscillation
can readily be seen in the period 2001 to 2012 lwhériod coincides well with the period
of distinctive Quasi-Biennial Oscillations in trentperature of 68 hPa, displayed on Fig.7.

The dependency is, obviously, negative: a decreatiee amplitude of the semi-
annual oscillation of TOC corresponds to an inaeafsthe temperature. The amplitudes of
the other two components of the seasonal cycle@E,Twith periods of 4 and 3 months,
are displayed on Fig. 12, 13. Their values appratimthe measurement error. Most
probably, their variations are of a random charadB®wman et Krueger, 1985 obtain
values of the annual amplitude for the period 1971882 of about 40 DU and of the semi-
annual - about 5 DU, approximately the same valliashave been obtained in the present
research.

4 months amplitude (DU)
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R

3 months amplitude (DU)
©
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Fig. 12. 4-months amplitude. Fig. 13. 3-months amplitude

14 Bulgarian Geophysical Journal, 2013, Vol. 39



P. Kaleyna, Pl. Muhtarov, N. Miloshe@ondition of the stratospheric and mesospheric ozone

Conclusions

The analysis of the seasonal cycle of the Totaln@Zbontent over Bulgaria, made
on the basis of assimilated dataset of daily valudgained by ground and satellite
measurements and smoothed between each otherhsitiise of regression fitting, shows
that the condition of the stratospheric ozone wligcthe most important for the protection
of the Earth’s surface from the harmful impact loé ltraviolet solar radiation is stable
during the studied 16-year period (1997-2012) aodrands towards its destruction are
observed. The observed variations of the semi-dnvalae are most probably due to
variations of the dynamic stratospheric row whicivén a purely internal atmospheric
character. It has been found that that the naggasonal cycle of TOC is described by a
mean annual value and the amplitudes and phasetheofl2-month and 6-month
component. The annual component shows clear trehtitse amplitude and phase which
are, most probably, also due to long term variationthe stratospheric region while the
most marked similarity is observed with the vada$ of the mean annual values of the
zonal wind at 68 hPa.
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Cncrosinue Ha crpaTocdepHusi 1 Me3ocdepen o3on Hag bbarapus 3a nepuona 1996-
2012 r: Yacr 1 - Ce30HHH BapHanMy HA TOTATHOTO ChAPbKaHHE HA 030H

I1. Kaneiina, ITn. Myxrapos, H. Munomes

Pe3siome: B cratmsaTa € mpeacTaBeH MOAPOOCH aHANW3 HAa BapHaldUTe Ha
cTpaTochepuus 1 Me3ocdepeH 030H Hax brirapus npes nepuoga 1996 - 20121a 6asara Ha
Ha3eMHM W CITbTHUKOBH HM3MEPBAHUS HA TOTAJIHOTO ChIApbkanue Ha o30H (TCO).
N3cnenBan e xoAbT Ha HaW-BaKHUTE KOMIIOHEHTH - II'BJI3AIIA CPETHOTOAMIIIHA CTOMHOCT,
aMIUTATYAW ¥ ($a3d Ha YEeTHPUTE ITbPBH XapMOHWKA Ha CE30HHUS XOJ. YCTAaHOBEHH ca
TEXHHUTE CPEIHU CTOWHOCTH 3a MEePHOJIa W CHIIECTBYBAITUTE IBJITOIICPUOIUTHH TPSHIOBE.
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CONDITION OF THE STRATOSPHERIC AND MESOSPHERIC OZONE
LAYER OVER BULGARIA FOR THE PERIOD 1996-2012: PART 2 -
TOTAL OZONE CONTENT, SHORT TERM VARIATIONS
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Abstract. An evaluation of the general characteristics ofghert term variability of
the Total Ozone Content (TOC) over Bulgaria hasnbemde in the article. The
impact of the planetary wave activity of the stegtioere on the total ozone has been
studied and the climatology of the oscillation aitoples with periods of 4, 7, 11 and
25 days has been defined.

Key words. total ozone content, short term variability, trigometric approximation,
sliding time segment, planetary waves, climatology.

Introduction

The seasonal cycle pattern of the Total Ozone Budgaria has been studied in
the first part of the work with the means of itssisacomponents corresponding to the
components of the decomposition of one periodigéth(a period of one year) process in
Fourier series. There are also other types of lasoihs in the atmosphere which are of a
quasi-periodical character called planetary wavéhey represent wave processes
developing in an elastic medium as is the atmosph€&hey originate from baric and
thermal discontinuities arising at certain altitudgions. As a rule, those oscillations occur
in random moments and continue for a relativelyrstime (several periods) in contrast to
the oscillations which are generated by periodftuénces related to the rotation of the
Earth on its axis and around the Sun. The quasigeof the planetary waves, defined by
the presence of resonant modes in the atmosphengjrnvwide ranges but are less than a
month. Those waves are regarded as zonally (alajigea geographic parallel) distributed
variations of a given atmospheric characteristemterature, pressure, wind speed),
sinusoidal by time and geographic longitude. THEedint types of waves posses different
wave numbers and directions of propagations. Thgewananifest themselves as an
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oscillation in time in a point with given geograpltioordinates.
A detailed resume of the studies in this areavergin Pancheva and Mukhtarov,
2011.

Variability of the total ozone content in years 1996-2012

For the purpose of the present research, the ralmibf values of TOC, described
in detail in the first part of the work, is filtetewhile the sliding mean value is extracted
from every value in a segment of 31 days centerethe respective day. In this way, all
variations with a temporary scale over 31 dayslitiag the seasonal cycle) are filtered.
The curve of the daily values received in this tagisplayed on Fig. 1.

200 —

Filtered TOC (DU)

-200

rrrrrYrYrrrrrvrvrrrrrrrrtrtrt
96 97 98 99 00 01 02 03 04 05 06 0O7 08 09 10 11 12 13
Year

Fig. 1. Curve of the filtered values of the Total Ozonenteéat for 1996-2013.

It is obvious that short term variations have asiderable swing which is in the
range of the mean seasonal cycle in some caseasalat not only the assumed impact of
the planetary wave activity but also local variaficare included in those variations. A
general characteristic of the total variabilitytbé total ozone content over Bulgaria give
the statistical characteristics displayed on Fig.p®bability density, mean value and
standard deviation.

Empirically, the output probability density deviatsignificantly from Gaussian
model and shows a greater similarity to Laplaciardeh.
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The mean value is practically zero which is a cttaréstic of the used filtering
method. The probability of a short term variatiarai given day in absolute value not more
than the standard deviation, 24 DU, is 75% whicluevas obtained through integration of
the empirical probability density.

0.030
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Fig. 2. Main statistical characteristics of the shorrtesariability of Total Ozone Content over
Bulgaria.

Influence of planetary waves over total ozone content

It is necessary to make an additional data filgeiimorder to evaluate the quality
and quantity of the probable impact of the planetaave activity on the total ozone. It is
not feasible to use the strongest criterion foindle§) planetary waves, namely the analysis
of the zonal structure which requires global dbtasingle-point data. The only opportunity
is to look for such oscillations in time that witspond to the manifestation of planetary
waves in one point — quasi-periodical oscillationith periods which correspond to the
prevailing periods that are defined by the studieglobal data. The move of the filtered
data, displayed on Fig. 1, shows a distinctive tatitnarity expressed in a visible seasonal
dependence of the amplitudes of the variationsdamed during winter season) which does
not allow to use effectively the different kinds gdectral analysis on the basis of Fourier
transform. The wavelet analysis is suitable in ttase (Pancheva and Mukhtarov, 2000)
adjusted to the case when there are data gaps (htokhet all, 2010). Wavelet analysis
based on the function of Morlet reveals oscillasiowith a given period which are
expressed only in the area of a given moment af.tim

A wavelet spectrum for two years of the studiedqukrs displayed on Fig. 3. The
presence of quasi-periodical oscillations with pési of about 7 days, about 10 days and
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about 22 days is visible during winter periods. 3dooscillations are of a localized
character as it is characteristic for the planeteayes.

3

Period (days)
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30
25
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| ¢ “

! 2003 ! 2004

Fig. 3. Wavelet spectrum of filetered TOC in yeares 2008420

A mean spectrum has been calculated to obtain argleitea of the prevailing

periods by averaging the amplitudes of the oslhet with a given period in all the days of
the years from 1997 to 2012, displayed on Fig. 4.
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Fig.4. Mean wavelet spectrum of filetered TOC in yedr@87-2012.
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The spectrum is continuous which means that thezeoacillations in the data
within all periods from 3 to 31 days but there aradily seen prevailing ones about 4, 7, 11
and 25 days which periods are characteristic ferglanetary waves in the stratosphere
(Pancheva et al., 1994). The output mean spectronfirms the assumption that the
planetary wave activity is reflected in the concatibn of ozone in the stratosphere (Fusco
and Salby, 1999).

Having defined the prevailing periods, it is possito study the curve of their
amplitude with time by means of decomposition wdtlding segments (Pancheva et al.,
2009). Naturally, the method is used in its oneadtigional version, in functions only of
time. This filtering method of oscillations with gatefined periods just like the wavelet-
analysis has the property of localization in timkhe simultaneous defining of the
amplitudes and phases in the vicinity of a givemrant of time (a sliding segment of 31
days has been used) makes the method effectiieeicadses when there are oscillations
with different periods that are close by day ofsexnce.
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Year

4- days amplitude [DU]
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Fig. 5. 4- days amplitude.
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Fig. 6. 7- days amplitude.
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Fig. 8. 25- days amplitude.

The curve of the oscillation amplitudes by dayshvgeriods 4, 7, 11 and 25 days,
for the period 1997-2912, is displayed on Fig. 57 @&nd 8. An increase of the amplitudes
in the winter season is noticed which is charastieriof the planetary wave activity as a
whole. The amplitudes of the oscillations with lengeriods are also bigger which is
characteristic of the planetary wave activity, tdbe mean amplitudes for every calendar
month are calculated and displayed on Fig. 9. Titerval of 16 years is long enough and
provides statistical reliability of the obtained amevalues (every mean monthly value is
obtained from, for example, 30x16=480 values).

It may be assumed for the oscillation with a perded days which was noted in
the total ozone data is a reflection of the westwaopagating Rossby wave (Pancheva et
al., 2010). The climatology of this kind of wavesa temperature field, presented in this
work, is expressed the strongest namely at latid@e but the seasonal cycle of Rossby
wave shows seasonal maximums in the months of doénex (March and September-
October) in contrast to the present results fortote ozone while the climatology of the 4-
day wave in the total ozone shows distinctive maximvalues in December-March, and
the annual minimum is in September. Besides, tleea@e period in the total ozone proves
to be smaller than the conventional Rossby waaegje of 5-7 days.
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Fig. 9. Seasonal distribution of the amplitudes of the,4,17and 25-day oscillations.

Oscillations with a period of 5-7 days are obsernvedround and satellite data for
the temperature and wind speed while their chatiatites prove to be of Rossby (1,1)
normal mode (Shepherd et al., 2007) but at lowudés.

Eleven-day planetary waves with wave number 1 dseiwved in the field of
stratospheric temperature (Pancheva and Mukht®@¥1). They activate themselves at
middle latitudes and have maximal amplitudes inlmter season which coincides with
the behavior of the 11-day oscillation in TOC oBeilgaria.

The studies of planetary waves with a period ofual®5 days (Hua Lu et al.,
2012) at geopotential height show that those wavélse stratosphere activate themselves
in the winter season (from October to March) atdigdatitudes which coincides with the
climatology of the analogous oscillations in TOQy(P).

An offset in the seasonal cycle (the maximum isFgbruary-March, and the
minimum — in August-September) from that typicat fbe planetary waves in the other
atmospheric characteristics is characteristic ef ¢hasonal amplitude dependence of all
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oscillations in TOC which coincides with the seasarycle of the very TOC. Global data
are required to clarify this phenomenon.

Conclusions

The analysis of the short term variability of thetdl Ozone Content over Bulgaria
that has been made shows that short term devidtiomsthe stationary seasonal cycle have
significant values — 24 DU with 75% probability whiis in the range of the annual wave
amplitude of the seasonal cycle obtained in ths fiart of the present work (about 35 DU
on the average for the studied period of time). Bpectral analysis of the short term
variations has shown that they are not of a corajyletandom character and quasi-
periodical variations in them are readily seen, pegiods of which coincide with the
periods of the planetary waves in the stratospfiaréhe regions of temperature, pressure
and wind speed). Certain caution is necessary éntiiying the observed oscillations with
periods of 4 and 7 days with Rossby waves becalude aleviations of the seasonal cycle
of the observed oscillations in TOC from the seas@md latitudinal dependence of the
analogous ones in the temperature and pressure.bé&havior of the 11 and 25- day
oscillations in TOC coincides better with the wiellewn characteristics of the analogous
planetary waves with the exception of a certaiseif{with about two months forward) of
the seasonal cycle of the amplitudes in TOC.

Acknowledgements. The study was funded by FP7-PEOPLE-2009-IRSES (Gran
N0.247608) IGIT- Integrated geo-spatial informatitechnology and its application to
resource and environmental management towards H@SS.
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Cobrosinne Ha crpatocdepHuss u Me3ocdeper o3on nHag buarapusi 3a nepuoga 1996-
2012 r: Yact 2 - KpaTKOCpPOYHM BapHAIIMU HA TOTAJHOTO ChAPbKAHHE HA 030H

II. Kaneitna, Iln. Myxrtapos, H. Munormies

Pesrome: B cratusaTra € HampaBeHa OIEHKAa Ha OOIIMTE XapaKTEPHCTHKH Ha
KPAaTKOCPOYHHMTE BapHallMd Ha TOTAIHOTO Chabpkanue Ha 030H (TCO) max Bearapus.
WscnenBana € nposBaTa Ha IDTaHETapHATa BBIHOBAa aKTUBHOCT Ha cTpaTocdepara BBPXY
TOTAIHHS O30H U € ONpelelicHa KIMMAaTOJIOTHATa Ha aMIUINTYAWTE Ha KOoJeOaHuATa C
nepuoad 4, 7, 11u 25 nenoHomus.
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Abstract. Total Column Ozone (TCO) has an impact on the Eagtmosphere. In
this article the measurements are used for modettie spatial distribution of the
TCO in the atmosphere to observe the values of @a@®dthe state of the ozone layer
as a whole. Spatial interpolation allows an extlajian of large TCO point data sets
to a larger area of interest and is an importarthatefor such purpose. This article
focuses on modelling spatial distribution of globaCO using two spatial
interpolation methods applying the free open sowafévare Quantum GIS (QGIS)
and GRASS GIS. The priority is given to elabordte tvorkflow showing how to
apply Quantum GIS and GRASS GIS and how to implémsome spatial
interpolation methods making a contribution to tiee of geographic information
systems (GIS) in modelling spatial distributiontloé TCO in Earth's atmosphere. The
main goal is, therefore, to demonstrate differeefans for integration of raw TCO
data into GIS and modelling its spatial distribatiosing free and open source GIS
software. The results show that QGIS and GRASS &IS appropriate tools for
modelling spatial distribution of TCO. There areotmain advantages of this use: no-
cost for software and GIS application that allosoainore complex spatial analysis of
TCO in GIS environment using additional geograpiiéta and analytical tools for
spatial analysis.

Key words: Total Column Ozone (TCO), spatial interpolationedérand Open
Source Software (FOSS), Quantum GIS (QGIS), GRAES G

I ntroduction

The ozone is one of the so-called "small compotiesftshe Earth's atmosphere
(Schwartz et al. 2005). It represents allotropicmfoof oxygen gas with a triatomic
molecule containing three oxygen atoms. In the aphere it is presented through very
small concentrations, in total, the ozone makesonly 0.6 parts per million of the
atmosphere. Despite these low concentrations, Zzbaeoplays a vital role in the existence
and development of the Earth's biosphere, becabses ithe ability to absorb this amount of
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solar ultraviolet radiation that penetrates the tlEsr stratosphere and prevents the
ultraviolet radiation to reach dangerous quanfity living creatures. Absorption of solar
energy, on the other hand, has an impact on terpereonditions of the stratosphere and
its dynamics.

The part of the ultraviolet radiation of the Surhieh is absorbed by the ozone,
depends on TCO (Total Column Ozone): a measureafghe total amount of atmospheric
ozone in a given column. TCO is measured in Dolioits (DU). One Dobson unit refers
to a layer of gas that would be 1@n thick under standard temperature and pressure,
sometimes referred to as a 'milli-atmo-centimg@chwartz et al. 2005). A baseline value
of 220 DU is chosen as the starting point for annezhole since total ozone values of less
than 220 Dobson Units were not found in the histoliservations over Antarctica prior to
1979. Also, from direct measurements over Antaacte column ozone level of less than
220 Dobson units is a result of the ozone loss fahorine and bromine compounds
(Ozone Hole Watch 2007). The Dobson unit is nanfest &ordon Dobson, who was a
researcher at the University of Oxford. In the 192 built the first instrument to measure
total ozone from the ground, now called the Dobspone spectrophotometer. The modern
measurements of TCO are made through satellitgoewarit (Ozone Monitoring Instrument
(OMI) Data User’s Guide, 2008).

In this article TCO data is used from the Ozone Nwimg Instrument (OMI).
OMI is a nadir-viewing near-UV/Visible CCD spectretar aboard NASA's Earth
Observing System's (EOS) Aura satellite. OMI meaisiants cover a spectral region of
264-504 nm (nanometers) with a spectral resolutietwveen 0.42 nm and 0.63 nm and a
nominal ground footprint of 13 x 24 km2 at nadiheTOMI instrument observes Earth's
back scattered radiation with a wide-field telesofeeding two imaging grating
spectrometers (Ozone Monitoring Instrument (OMIjddser’s Guide, 2008).

Essentially complete global coverage of TCO is aohil in one day (OMI
Ozone). Those data is available as large datairsetbular form (e. g. in delimited text
format) which contain geographic coordinates (&t and longitude) and TCO-value at
each measured sample point. This format allows ftingespatial distribution of TCO
using different methods of interpolation and sofeva

The main purpose of this work is to perform spaiidérpolation methods for
modeling global TCO using Free and Open Sourcensoé (FOSS). The priority is given
to elaboration of workflow showing in detail how apply QGIS and GRASS GIS making
a contribution to the use of geographic informatgystems (GIS) in modelling spatial
distribution of global TCO. It includes processipgcise tasks like data input into QGIS
and GRASS GIS, spatial interpolation of TCO datal 2D and 3D visualization.

Data

TCO data from OMI is available on the website lttizoneaq.gsfc.nasa.gov/ in
tabular form. OMI daily global data set is reprodddy using equal angle grid 1 degree x
1 degree cover the whole globe. The data for poiche ground in many cases is missing
due to technical reasons, which demands, when vesl ram overall picture of the
distribution of TCO, to resort to interpolation. tinis work is shown the global distribution
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of TCO on 21.01.2009 during Stratospheric suddemmivey. Stratospheric sudden
warming (SSW) is one of the most prominent phenariarthe middle atmosphere. The
selected day coincides with the maximum of SSW élial., 2012). This is a large-scale
stratospheric anomaly that manifests itself in d@dgt increase in stratospheric temperature
in the North polar region with dozens of degreesl amange the direction of the
stratospheric zonal wind. During such anomaliesbiserved an uneven distribution of total
ozone at high latitudes, which is evident in thigifes in this article.

Additionally, we have used the free geographicéh dats for land borders and for
country boundaries on land and offshore for mapspmsition from the public domain map
dataset ‘Natural Earth’ (Source: http://www.natesathdata.com/).

Software

Quantum GIS and GRASS GIS are free open sourcetafedRIS software
projects. QGIS project is established as a propeciSourceForge in June 2002 (QGIS
Development Team 2004-2013). It is developed asrsép projects for GNU/Linux,
Windows, Mac OSX, and Androids. The current stabégsion of Quantum GIS on
Windows is 2.0.1.

During the period 1982-1995 GRASS GIS (Geograph&sdrrces Analysis
Support System) was developed as software by tBe Akmy Construction Engineering
Research Laboratories (CERL) to support land manage in military installations. In
1999 the new development team of GRASS GIS hastedofine GNU GPL license
(Blackwell Publishing Ltd. 2004).

Currently GRASS GIS is open source project thapasmanent developed for
GNU/Linux, Windows, Mac OSX and sponsored by nurosrasites worldwide (e. g.
Centre for Scientific and Technological ResearohTtento, Italy, http://grass.itc.it). The
current stable version of GRASS GIS on Windows.&x GRASS GIS is also integrated
as a tool in QGIS. GRASS GIS is a hybrid geograpifarmation system for vector, raster,
image analysis, modelling and 2D and 3D-visualorati

QGIS and GRASS GIS were released under the GNU r@eReiblic License
(GPL). This license means “...that users have tkedom to distribute copies of free
software (and charge for this service if they wishit users receive source code or can get,
that users can change the software or use piedésnofiew free programs; and that users
know they can do these things.” (Free Software Hatian, Inc. 1991).

QGIS and GRASS GIS provide a powerful collectioriaafls for the management,
spatial data analysis and visualization. TherefBRASS GIS and QGIS are used for
different applications around the world by academgovernmental agencies and
commercial institutions.

In this work we have used the capabilities of thes#tware to demonstrate how
raw TCO data can be imported into QGIS and GRASS &ld how can be modelled in
order to create spatial surfaces of global TCO.
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M ethods

According to Burrough (1986) the values of propertat unsampled locations on
the set of observed values at known locations can ebtimated through spatial
interpolation. Interpolation is therefore, procedsestimation unknown values that are
located between surrounding known values acrossemand is used to create a surface of
models a sampled phenomenon. Spatial interpolg@tiooedures are reviewed by different
authors, e. g. Burrough (1986), Burrough and Mcinf2000), Mitasova and Hofierka
(1993), Mitasova et al. (1995), Mitas and Mitas@¥899), Cressie (1993). They can be
grouped as follow:

* local neighborhood approach (Inverse Distance Wedyinterpolation -
IDW, Natural Neighbor interpolation, interpolatiotbased on a
Triangulated Irregular Network (TIN),

e geostatistics approach (e.g. Kriging),

e variational approach to interpolation and approtiara (Thin Plate
Spline - TPS function, Regularized Spline with TiengdRST), and other
forms of smoothness semi-norm) (Mitas and Mitast®@09).

According to Chiles and Delfiner (1999) the qualitf/any analysis depends on
interpolation of observed data and is subject taleggree of uncertainty. Different
interpolation techniques that are performed ondhne data sets can therefore generate
different spatial predictions at same locations.

Assessment of error (uncertainty) or comparisorsarfie interpolation methods
were presented by different authors and applicati@n g. MacEachren and Davidson
(1987), Mitas and Mitasova (1999), Siska and HU2@06), Collins and Bolstad (1996),
Hunova et al. (2012) and others. According to MacEachand Davidson (1987) data
measurement accuracy, data density, data distilhugind spatial variability had impact on
interpolation accuracy.

Siska and Hung (2005) concluded that IDW, Krigifbjessen polygons and TIN
interpolations performed almost on the same ldu#ll, TIN appears to be a leading method
in predicting the unknown values on a more unifdess varied data set (flat surface).

The results of Collins and Bolstad (1996) outlidett certain a priori data
characteristics (in their research they are tentperarange, temperature variance and
temperature correlation with elevation), spatialalsc relative spatial density and
distribution of sampling locations impact on intelation and affect the choice of spatial
interpolation technique.

The results of Knova et al. (2012) confirm the importance of assesd of
performance of different interpolation methods.

Generally, can be concluded that the spatial iofatijpn accuracy is crucial in
accurate estimation of different type of samplethdsuch meteorological, soil, terrain,
bathymetry and others and should be took into attdauspatial modelling and analysis.

Spatial interpolation procedures that were usedhis article are the Inverse
Distance Weighted interpolation (IDW) and Regionadi Spline Interpolation with Tension
(RST) without focus on estimating the interpolatiancuracy, but on methodological
approach for spatial modeling in GIS environment.
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The IDW interpolation is a local and exact deteiistia interpolation technique.
The value in an unsampled location is computed amjived average considering the
values of the sample points and the distance betttes and the estimated cell. According
to Burrough (1986) weights are inversely propotioto a power of distance. That means
that points closer to the evaluated cell are maghted than sample points that are further
away. The result is a surface that does not pasadh the data points. IDW produces local
maxima and minima at the sample points (Mitas aitdddva 1999).

Spline methods belong to the variational approaoh ihterpolation and
approximation (Mitas and Mitasova 1999). They aamsda on the assumption that the sum
of deviations from the sample points should be miréd in order to pass exactly or
closely as possible to them and smoothing surfatkeeasame time (Mitasova et al. 1995;
Mitas and Mitasova 1999).

The Regionalized Spline Interpolation with Tensi®@ST) method used in this
article incorporates the properties of Thin Plgtére (TPS) with tension and function with
regular second- and possibly higher-order derieatiMitas and Mitasova 1988, 1999).
The mathematical functions of TPS with tension &8Il are presented and discussed in
detail by Mitas and Mitasova (1988), Mitasova andall (1993), Mitas and Mitasova
(1999). According to Mitasova et al. (1995) and iddda et al. (2002) the RST method
enables smoothing of noisy data. This interpolatisthod is implemented in GRASS GIS
(Neteler and Mitasova 2004).

Interpolation methods are integrated at most GIiSveoe packages and are used
in different applications. For example, interpadatimethods are often used in climatology
(e.g. Hutchinson 1995; Hofierka et al. 2002; Hamkcaod Hutchinson 2006; Luo et al.
2008), geomorphology and geomorphometry (e.g. Mitasand Mitas 1993; Mitasova and
Hofierka 1993; Mitasova et al. 2004, Mitasova eR8I05 and others), and others.

Resaults

The spatial analysis is the most important funetliiy of geographic information
systems (GIS). Including other GIS capabilities rsgpatial data processing, storage in
geographical database and visualization, GIS isowepful tool that is widely used
currently as technology and method in differentl@ptions. The choice of methodological
approach in each GIS application depends on theifspgoal. Therefore the selection or
the elaboration of appropriate work processes Imasnportant role in each GIS project
(Tcherkezova 2004).

In this article the following methodological appecbas for processing and
visualization of global TCO data in QGIS and GRASHS environment were
demonstrated:

e TCO data processing and visualization using QGIS,
e TCO data processing and visualization using GRAES énd
e TCO data processing and visualization using GRAES& a QGIS tool.
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Fig. 1. Flowchart of raw global TCO data processing gratial modelling in QGIS environment
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Fig. 2. Global TCO spatial distribution based on IDW ipigation method overlapped with some
main TCO contours and land boundaries

Figure 1 shows in detail how to import raw TCO yalhta with ‘no data’ values
as delimited text into QGIS and how to generatéaserof global spatial distribution using
IDW method that is implemented in QGIS. The firs¢pswas to open the raw data in
Notepad++a free and source code editor for Windows (htkvid.notepad-plus-plus.org/)

" in order to proof the data format and if necessamgonvert it in "delimited text format".

The result is presented in Figure 2 and outlines$ the ‘no data’ values are not
interpolated as zero values.

In the Figure 3 were presented three possible wiafs for integration of the raw
TCO data into GRASS GIS. In the first case theilaite table was transformed in DBF
format and imported using the GRASS GIS commanthding (File— Import database
table — Multiple import formats using OGR). It includesrdle fields: longitude, latitude
and TCO. The imported table was used to createctovgoint layer in GRASS GIS
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environment (v.in.db , Vector Generate points> Generate from database). The created
vector point layer was used then to interpolatéasess that models the global TCO spatial
distribution using IDW and RST interpolation metkofRaster - Interpolate Surfaces -
IDW from vector points whereby the TCO values ig #ttribute table of the vector layer
should be selected as Z value field) and commasutfuist (Raster - Interpolate Surfaces -
Regularized Spline Tension whereby the TCO valuethé attribute table of the vector
layer should be also selected as Z value field).

Start GRASS :.-'BEDgraphiu:al
art ' — wectar
GIS & [_[ {Import geographical data setf  of  mapsin
create new — | inGRASS GIS [vinaorg] ! GRASS T
location "wTCO" GIs
ar. 1 I
in | Importin GRASS GIS ————
chafl?;tr?wg: . »/ attribute table | [¥Nd8
: [dh.in.org] ] |j Wector
_ {point)
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Fig. 3. Flowchart of raw global TCO data processing aratiapmodeling in GRASS GIS
environment and visualization

The layers that are stored in GRASS GIS geo-da¢abas be opened, analysed
and visualized also in QGIS environment (Figuren 3hie ellipse). This is another way to
manipulate the geodata combining QGIS and GRASS GIS

The result of IDW interpolation and created consowas presented as 3D map
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using the NVIZ tool for visualization and animatiof GRASS data (Figure 4). In the
interpolation IDW and RST procedures in GRASS GihSimnment the ‘no data’ values
were ignored.

Fig. 4. Spatial model of global TCO which is generateidgi$DW method in GRASS GIS
environment

The three dimensional visualization helps for betiaderstanding the spatial
distribution of the Total Column Ozone. We haveusitzed the interpolated IDW surface
of TCO spatial distribution using ‘invert grey coléegend (Figure 4).

The figure below shows the result of spatial madgllof Total Column Ozone
using Regularized Spline Tension method ignorimgdata’ values (Figure 5). In order to
highlight better the differences by close contnaaues, the legend was colored in grey
using histogram equalization. The raster image easlapped with land boundaries and
created TCO contours.

Fig 5. Spatial model of global TCO which is generateid@fRST method in GRASS GIS
environment

Although the results of IDW and RST are visuallynitar, but there are
differences which can be presented trough visuaipasison of IDW and RST contours
(Figure 6) or through analysis of errors.
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Fig. 6. Differences between IDW and RST interpolatioruliss(black lines: contours of RST
interpolation; grey point line style: contoursIDW interpolation)

The results present that the spatial distributibrglobal TCO can be modelled
using different methodological approaches. The impbraw TCO data in table format in
QGIS is more user-friendly as their import in GRASSS, but the GRASS GIS offers
more interpolation methods than QGIS and an easyaafess 3D visualization.
Additionally, the functionality of GRASS GIS foreation of an own GRASS geodatabase
in PERMANENT and users map sets allows using tbeedtdata in QGIS. The stored data
in the PERMANENT map set can't be changed or dachdigen additional users (Dassau
et al. 2004-2005).

For this reasons the mostly appropriate methodoégapproach includes the
following steps:

e Import of raw TCO data in table format in QGIS.

e Save the imported data as vector data (points).

* Import of TCO point vector layer in GRASS GIS.

* Interpolate surface using different interpolatiopthods in GRASS GIS
environment.

« 3D visualization of the results or mapping TCO i&IQ environment.

The results demonstrate that the QGIS and GRASSaBSappropriate for the
article’s purposes and offer a realistic alterrati’ commercial GIS and to other software.
The advantages of this use are the following:

* no-cost for software and

e GIS application that allows also more complex spathalysis of TCO in
GIS environment using additional geographic dathamalytical tools for
spatial analysis.

Conclusions

In this article were demonstrated different methodizal approaches for
integration, manipulation and interpolation of rglebal TCO data using free and open
source QGIS and GRASS GIS.
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The results show how the global TCO can be modétie@IS environment. The
elaborated flowcharts present in detail the wonkfldor import, processing and
visualization applying QGIS, GRASS GIS and GRASS @ a QGIS tool.

The presented methodological approaches can beaeatfy modelling of TCO
and other meteorological phenomena such as airtfwoilat regional scale.

This work also link interdisciplinary expertise kelp investigation and spatial
modelling of TCO at more advanced level which resalan be used directly in other
studies or for more complex spatial analysis andhelp the understanding variation of
TCO. Additionally, QGIS and GRASS GIS effort higegtee of customisation and users
can develop scripts for other interpolation methods

Acknowledgment. In this work we have used only Free and Open So&uftware
(QGIS, GRASS GIS and Notepad++) and free availdata (OMI Ozone data and Natural
Earth land data sets) those links are presentdgtireferences.
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Mouennpaﬂe NMPOCTPAHCTBEHOTO PpasnpeaejiecHue Ha rJ1002JIHOTO ChbABbP/KAHHE HA
o30m upes QGISu GRASSGIS

E. Yepxesosa, I1. Kanevna, Iln. Myxmapos

Pestome. ToranHoTO chabpskanie Ha 030H (TCO) oka3Ba BIMsHHE BBPXY aTMocdepaTa Ha
3emsaTa. B Tasum cratus umsmepBanusATa Ha TCO ca HM3MON3BaHM 3a MOJENHpaHe Ha
MPOCTPAHCTBEHOTO pazmpenenenne Ha TCO B aTtmocdepara, ¢ 1en ga ce HabmojgaBaT
croiinocture Ha TCO U CHCTOSHMETO Ha O30HOBHS CIIOM KaTo Isu10. IIpocTpaHCTBEHA
MHTEPIIOJIAls TI03BOJISIBA €KCTparojamus Ha rojleMu 0a3u ToukoBW gaHHH 3a TCO 3a
TOJISIMH TUIOIIM M € BaXKCH METoJ 3a Ta3u wen. Tasum crarusi ce (GoKycHpa BbpPXY
MoJienupane Ha riiobannute nannu 3a TCO, u3mon3Baiiku 1Ba MeToia 3a MPOCTPAHCTBEHA
MHTEpIONaIKs upe3 Oe3rmiataus oTBopeH copryepa Quantum GIS (QGISy GRASS GIS.
OCHOBHUSI IPUOPHUTET HA CTATHUSITA € Ja Ce HPEACTaBAT (PUTYpU-TAONHUIH, TTIOKA3BAIHM KaK
ma ce npuwrarar Quantum GISu GRASS GIS,kak nma ce mpuiaraT HIKOM METOIH 3a
MPOCTPAHCTBeHA HHTEPHONALMS NPU HM3M0JN3BaHeTO Ha reorpadckure UHOOPMALMOHHU
cucremu (GIS) B MoenupaHeTo Ha MPOCTPAHCTBEHOTO pasmnpenenenune Ha TCO B 3eMHaTa
atMoc(epa. OCHOBHATa IEN CIIEJIOBATENIHO €, Jia Ce IOKaXKaT pa3inuHH CpelcTBa 3a
HHTErpupane Ha HeoOpaborerute maHHu 3a 1CO B GIS m MomenupaHe Ha HETOBOTO
MPOCTPAHCTBEHO pasmpeeicHe, H3Moa3Baiiku Oe3riateHus cohTyep ¢ otBopeH kox GIS.
Pesynrature mokassar, ye QGIS m GRASS GIS ca momxomsid HHCTPYMEHTH 32
MO/IeJIMpaHe Ha MpocTpaHcTBeHO pasnpezeienue Ha TCO. Mima 1Be OCHOBHU MPEIUMCTBA
npu usnoa3BaneTo Ha GIS: 6e3mtaten codryep u GIS nprtokeHne, KOETO MO3BOJISABA OIIE
O-CJIOKEH mpocTpaHcTBeH aHanu3 Ha 1CO B GIS cpenma, ¢ momomnra Ha JOMBIHATSIHU
MHCTPYMEHTH 32 MPOCTPAHCTBEH aHaJIN3 Ha reorpa)CKi U aHATUTUYHU JaHHH.
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Abstract: In this work are represented the minimum andntag@imum degrees of the
seismic impact and the relevant effects on diffetgpes buildings on the territory of
Sofia caused by the earthquake of“2# May 2012 with magnitude Mw=5.7 and
1=8 MSK. In order to define better the impacts,ehare collected and analyzed
information and further identification of the dameagn Sofia. The observed effects
are evaluated using the macroseismic scale MSK-64.

Key words. earthquake, seismic impact, macroseismic iitigrike city of Sofia

Introduction

The Sofia area is the most populated (the populatoof more than 1.5 mil.
inhabitants), industrial and cultural region of gatia that faces considerable earthquake
risk.

The contemporary tectonic activity of the Sofiaaare associated predominantly
with marginal faults of Sofia graben. The boundaé the graben are represented by SE-
NW fault systems with expressive neotectonic atiitarthquakes in the Sofia seismic
zone seem to be distributed along these fault systevhich have played an active role in
the recent geodynamic evolution of the area.

The available historical documents prove the o@nee of destructive
earthquakes during the "188" centuries in the Sofia zone (Watzof, 1902). Howetlee
information about the ancient events is very incletgp and uncertain and only an
approximate estimation of their location is possibh 19" century the city of Sofia has
experienced two strong earthquakes: the 1818 asmkeqwith epicentral intensity=48-9
MSK and the 1858 earthquake witp=9-10 MSK (recently revised value in terms of
EMS98 proves to be the same) (Christoskov et &8I79). The 1858 earthquake caused
heavy destruction to the city of Sofia and the apgece of thermal springs in the western
part of the town (Watzof, 1902). After a quiesa¢ about 50 years a strong event with
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M=6.5 occurred in 1905 near the town of Trun in tiestern marginal part of the zone
(Grigorova et al, 1979).

During the 28 century the strongest event occurred in the \tigiof the city of
Sofia is the 1917 earthquake withs86.3 and §=7-8 MSK. The earthquake caused a lot of
damages in the town and changed the capacity ahtrenal mineral springs in Sofia and
surroundings. The earthquake was felt in an area5@d00 kmi and followed by
aftershocks, which lasted more than one year (Kit®52; Petkov and Christoskov, 1965).

Almost a century later (95 years after the 191 heiake) an earthquake of
moment magnitude 5.6,88 MSK) hit the Sofia seismic zone, on May'22012, located
at 25 km south west of the city of Sofia. No casesland severe injuries have been
reported. Predominantly moderate (grade2, accordmgGrunthal, edit.,, 1998) to
substantial (grade3, according to Grunthal, etif898) damages were observed in the city
of Sofia and surroundings.

In the present study, distribution of macroseisaffects along the city of Sofia is
estimated and analyzed. The approach used in gseiprstudy is applied for generation of
deterministic scenarios using directly the intgnsiissessment of the strongest past
earthquakes for the cities of Ruse (Solakov et24lQ9a,b) and Plovdiv (Solakov et al.,
2011).

Observed macroseismic effectsin the city of Sofia

Distribution of macroseismic effects (generatedtry 2012 M, =5.6 earthquake)
along the city of Sofia is estimated on the basal@fuments and reliable information
available in the “Archive” department at the Sofiaunicipality. The intensity map
illustrating the distribution of macroseismic ins#tly (MSK) along the city of Sofia is
presented in Fig.1.
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Fig. 1. Observed macroseismic effects (in MSK intensityegciar the city of Sofia caused by the
2012 (My=5.6) earthquake
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The figure shows thathe intensity values range between 6.0 and more tha
(MSK).

The highest intensity values (above 7 MSK) areteel@o old notvell maintained
buildings that were not reinforced (marked by rpdts inFig.1). Twelve cases of failures
of 7-8 degree MSK in Sofia have been documentetheSaf the most vulnerable buildings
are shown in Figure 2.

Fig.2. Buildings with damages from 7-8 degree

One part of these buildings are uninhabited wittkknanvn owners and self-
destructives. Others are municipal property and used for housing the socially weak
families. Additionally these are buildings witchviea't been renovated recently. The third
types of buildings with that kind of damages arelaed for culture monuments. But
because of the lack of clearance whose property thre, they are also uninhabited,
strongly damaged from the atmospheric conditiormsamnortized.

The predominant degree of damage of the buildingSdfia is 7' (MSK-64), its
concentration is focused in the central city pahese are brick houses and buildings built
at the beginning of the &entury (such a house is illustrated in Fig.3).

PR LI LLLL s

Fig.3. One example of the damage from 7 degree
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Most of these buildings are unkempt — without bellogme any basic renovation.
As a result, the chimneys are with fallen cowlsitlpeor at half demolished bodies; with
crumbled plastering, amenable to falling brickseféhare big pieces of fallen plastering
from the facades of the buildings and also tinycksaon the walls. In about 40 percent of
the observed cases there are dislocation and glinfirthe tiles from the roofs. The area
with impacts from # MSK degree is expanding mainly westerly from thatg# parts of
the city (from north-west to south-west, reachinigdaya neighbourhood, situated in the
south-west parts of Vitosha mountain).

Impacts from & and 6-7' MSK degree according to MSK experience big part of
the schools and the kindergartens in the munidipalsituated from south-south-western to
north-western part of the city. In the apartmenildings (in these municipalities)
regardless of the construction type (panel, moma)i in the most of the cases the
plastering of the walls is broken, the cracks darg tand insignificant, non-causing
influence of the entirety of the building constioat Damages of "7degree MSK in the
buildings are due to reconstructions in the apamtmenade by their owners like: removal
of supporting walls or columns, merging of two dp@mts in one by making holes for
doors in the supporting walls.

Impacts with degree of intensity 6 (MSK) predomé@sain the south-eastern parts
of the city.

Generally, in the north-north-eastern part of tlity of Sofia (where districts:
Voenna Rampa’s industrial zone, Benkovski are ktathere are almost no evidences of
damages. The same is the situation in the soutkregsarts of the city (districts: Druzhba
1 and 2, The Poligon, Tzarigradski Kompleks).

In the districts at the foot of the Vitosha mountaihere most of the buildings are
2-3 storeyed houses and new blocks (DragalevtsyaBa, Krustova voda, Manastirski
Livadi) there are also no information about damages

Conclusions

Based on about 760 points, values of seismic inspactwhich the damages
occurred in buildings of the Sofia are determinElde most vulnerable types of buildings
are those, built at the beginning of thé"2@ntury and are unkempt. Others, more seriously
damaged, are buildings, where the supporting vealts columns have been constructively
changed. Such buildings are scattered througheutiti of Sofia.
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Ouenka Ha Bb3AeiicTBusiTa B rpag Codus oT 3eMeTpecennero Ha 22-pu maii 2012r.

. Anekcanmposa

Pe3rome. B Ta3u pabora ca mpencTaBeHHM MHUHHUMAJIHUTE M MaKCHMAJIHUTE CTEIICHH Ha
CeM3MHUYHOTO BB3/ICHCTBUE, KAKTO M ChOTBETHUTE €(PEKTH BHPXY Pa3IUuHH BHIOBE CTPaan
Ha TeputopusTa Ha Codusi, IPUYHHEHH OT 3eMeTpeceHreTo Ha 22 Mait 2012 ¢ marauTyq
Mw = 5.7u lp = 8 MSK. 3a nma ce ompeaensat mo-q00pe Bb3ACHCTBHATA, TYK € ChbOpaHa u
aHanmm3upaHa wHGOpMaNMSs W TocheABamo onpenensHe ©Ha metute B Codwus.
HabmrogaBanute eeKkTr ca OLCHEHH Ype3 W3I0JI3BaHE Ha Makpoceu3sMHuuHa ckama MSK-
64.
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FAULT PLANE SOLUTIONS OF THE 2012 My 5.6 PERNIK (SW
BULGARIA) EARTHQUAKE AND THE STRONGEST AFTERSHOCKS
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Abstract: An earthquake with magnitude ¥5.8 Mw=5.6) and epicentral intensity
lo= 8 MSK64 occurred in the vicinity of the city o&mik (SW Bulgaria) on 22nd of
May 2012. The earthquake was followed by intenaiftershock activity. In the study
the fault plane solutions for 20 earthquakes (tr@nnshock and 19 aftershocks)
registered by the national seismological networkBafigaria are presented. The
orientations of the fault plane solutions and spatistribution of the aftershocks
coincide with the NW-SE trend of Pernik-Belchin [auAdditionally, basic
geodynamic analysis is performed.

Key words. earthquake, fault plane solution, faulting, geodyits

Introduction

An earthquake of moment magnitude 5&8 MSK64) hit the Sofia seismic zone
(SW Bulgaria) on May 22nd, 2012. The earthquaKedated in the vicinity of the city of
Pernik (epicenter coordinates 23.00° E and 42.58AdN9 km depthat about 25 km south-
west of the city of Sofia. The earthquake was lgrdelt on the territory of Bulgaria and
neighbor countries: northern Greece, FYROM, easBarbia and southern Romania. No
casualties and severe injuries have been repohtedierate to heavy damages were
observed in the cities of Pernik, Radomir and Safid their surroundings. During the"20
century the strongest event occurred in the vigioit Sofia was the 1917 earthquake of
Ms=5.3 and §=7-8 MSK64 (Grigorova et al., 1979). The earthqualeeised a lot of
damages in the town and changed the capacity ahtrenal mineral springs in Sofia and
surroundings. The earthquake was felt in an are&0000 km and was followed by
aftershocks, which lasted more than a year.

Fourteen days after the 2012 earthquake more tHeh atershocks were
registered, most of them are microearthquakes (M<(Botev et al., 2013a). The modern
digital network allowed providing reliable detectjdast location and precise determination
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of the earthquake parameters. The spatial distoibubf the aftershock epicenters is
presented in Fig.1, and coincides with the NW-&drof Pernik-Belchin fault (identified
by Karagjuleva et al., 1973).

Earthstar Geographics, CNES/Airbus DS

Fig. 1. Epicentral distribution of the events along PlefBelchin fault line (Natural Earth - Free
vector and raster map data@naturalearthdata.com)

In the study new results of the present statere§stfield in southwestern Bulgaria
are obtained based on evaluation of 20 earthquata fmechanisms. The results confirm
the recent seimotectomic models for southern Bidgaan Eck and Stoyanov, 1996).

Method and input data

The fault-plane orientations and slip directions edrthquakes can provide
important information about fault structure at depind the stress field in which the
earthquakes occur. The source of a small earthgadkpically approximated by a double-
couple point source, or focal mechanism, derivemmfrobserved P-wave first-motion
polarities. A focal mechanism represents two ortimag nodal planes that divide a
reference sphere around the source into four quegiréhe first motion in two of them
should be away from the source (cause compresson),n the other two quadrants the
first motion should be toward the source (causatation). First-motion-polarities are
observed at seismic stations, and the positioferidcal sphere for each observation is the
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azimuth and take-off angle at which the ray leafessource, is computed for an assumed
hypocenter location and seismic-velocity model @oet al., 1996). The computing
program for determining the parameters of the Seisswents is an adaptation of the
widespread product HYPO'71 (Solakov, 1993). A faoalchanism can then be found that
best fits the first-motion observations.

For the determination of the earthquake focal meishas the program FOCMEC
is used (Snoke, 2009). Input data are the polaridfehe P wave (the number of input data
is in the range 9 — 49), azimuth and take-off arsglevhich the ray leaves the earthquake
source. Output data are all possible orthogonahhpléines that separate the compressional
and dilatational first motions.

Results

Fault plane solutions for the main earthquake éhdfiershocks with MI> 3 are
shown in Fig. 2 and their parameters are presentéihble 1. For the purposes of the
present study, all the available focal mechanisnesewcollected, checked, tested and
recalculated according to the definitions by AkdaRichards (1980) and to the procedure
described by Christoskov (2007). All polarities werhecked as waveforms (data from
NOTSSI and ORFEUS database - ftp://www.orfeus-gpoib/data/continuous/2012/), the
strike, dip and rake are determined by FOCMEC sain(Snoke, 2009) with accuracy up
to 10 degrees and the solutions are displayedanaritiemisphere projections.

As it is seen in Fig. 2 and Table 1 for all focaéeghanisms the average strike of
one of the nodal planes is 311° NW-SE. That predaminodal plane can be accepted as
the main fault in this zone and it has the same SEVerientation as the Pernik-Belchin
fault with average dipping 50°. If the chosen ngulahe of focal mechanisms is the main,
then it is clear that the faulting is typical righteral (Kasahara, 1978). The foot-wall block
is on the right side of line Pernik-Belchin — G@ardo and the hanging-wall block is on
the left side - Pernik graben.

All earthquakes are characterized as a normal -tégétal faulting with small
strike-slip component, except earthquake’, which is thrust faulting with small strike-slip
component and earthquake 16 is clear strike-slip motion. Position of ev@at7 is at the
end of the Pernik-Belchin fault line and it is thest NW earthquake with determined
herein focal mechanism.
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23°0'0"E

23°00°E

Tectonic map compiled by: J.lvanov, R.Nakov, A.Radulov,Y.Gerdzikov
Normal fault
Quaternary Neogene —— Strike slip
T Fans - Basalt -+—4— Thrust

Faults with not identified type
i i Sediments
Aluvial sediments :' s Possible fauil

l:l Aluvial sediments (Cattel type in Southern Bulgaria) —t— Fold axis

Fig.2 Fault plane solutions of the 2012 MW = 5.6 Perdkthquake and aftershocks (modified from
Ivanov et al., 2008)

Fault plane solutions for the main earthquake ofAp2il 2012 with magnitude
Mw=5.6 were obtained by forty-nine first motion pdties. The determined by the author
focal mechanism is compared with other known sohgi shown in Fig. 3 and their
parameters are presented in Table 2. The smadirdiites in the solutions determined by
World networks are due to the use of different m@svelocity models, number of first
motion polarities, as well as the azimuthal locatimf the seismic stations around the
earthquake epicenter. According to the focal meisinarparameters, the earthquake is
characterized as jerk normal fault movement witlalsistrike-slip component, the faulting
takes place along a hidden fault plane, causedxignsional regional tectonic stresses
(Botev et al., 2013b).
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L T 1
Okm 100 km 200 km

Fig.3 Fault plane solutions of the 2012 MW = 5.6 Peakthquake by NOTSSI and European-
Mediterranean Seismological Centre (http://www.eitsem.org). World networks: NIGGG -
National Institute of Geophysics, Geodesy and Gautyy, Bulgarian Academy of Sciences, Sofia,
Bulgaria; CPP - Cal Poly Pomona University, Catifar United States of America; HARV - Harvard
Seismology Group, Harvard University, CambridgeitethStates of America; USGS - National
Earthquake Information Center, United States of Avag NOA - National Observatory of Athens,
Greece; GFZ - Seismological Data Center, Potsdammény.
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Tablel. Parameters of the nodal planes for the main evahtéiershocks. Date is given in year,
month, day, origin time in hours:minutes, locatisigiven as latitude (Lat N°) and longitude (Long
E°) in degrees, event depth in kilometers (km)almsagnitude (ML) is the Bulgarian magnitude. The
two fault planes are specified with their azimu#ii (2), dip (D1, 2) and rake (R1, 2) in degreeg Th
focal mechanism principal axis of pressure (P)sitam(T) and the null axis (B) are also specifigd b
azimuth (az) and dip-plunge (pl) in degrees.

Date Origin| Lat [ Long| h M, S1 |D1|R1|S2 | D2|R2 |Paz Ppl| TazlTp| Baz|Bp
time | NO | EC km (%1 | [°7 J0°7 |[°1 (o1 (o1 | (o) [°1) (o3 0eq) o1 [
12052200:00 | 42.58 23.00| 9 |5.8|349| 38 [-36[L0¢| 69 | -122 337 54| 223 15 125 30
12052200:04 | 42.58 22.97| 8 |3.9|312| 36 |-54(90 | 62 | -113 311 63| 193 9| 103 20
12052200:16 | 42.56 23.09(13|3.0|279| 46 |-73|75| 46 | -1071 26§ 75| 178 0| 89| 11|
12052200:43 | 42.58 23.05/10|3.4|334| 45 |0 P24]| 90 | 135294 30| 18760 63| 45
12052201:30| 42.58 23.01| 9 |4.4/316| 23 |-41|85| 75 | -1071 324 56| 190 30 91| 15
12052201:34 | 42.53 23.09(10|3.0|244| 55 |-66(26 | 42 | -120 204 68| 320 1| 47| 20
12052202:11 | 42.6Q 22.97(12|3.0|126| 69 |66 B57| 31 | 131233 7 | 359 60 136 22|
12052202:13 | 42.57 23.05| 5 |4.1|289| 43 |-24(37 | 74 | -131 263 45| 156/ 31| 52| 38|
12052204:09 | 42.57 23.04| 2 |3.2|345| 48 |-31(97 | 67 | -133 320 48| 217/ 10 119 38|
10[12052204:29| 42.58 23.08|15|3.1|318| 61 |-56|83 | 44 | -135 276 58| 25| 7| 120| 30
11/12052217:07 | 42.58 23.03|15|3.3|336| 60 |-35|85 | 60 | -144 288 42| 209 2| 119 45
12/12052310:57 | 42.54 23.11|11|3.0|{319| 43 |-82[12¢| 47 | -98 33Q 84| 223 0| 133 5
13/12052311:41| 42.56 23.02| 2 |3.1{186| 11 |-63B3¢| 80| -95 242 59| 70|36 338 5
14/12052321:59| 42.56 23.10|10|3.7|312| 63 |-62|82 | 38 | -132 267 62| 29|10 118 23
15/12052905:36| 42.58 23.07| 7 |3.4|301| 34 |-58|83 | 62 | -110 313 66| 188 11 94| 16
16/12052907:23| 42.56 23.03| 6 |3.8/337| 78 |-3 | 68| 87 | -168 299 10| 198 8| 80| 77
17/12061604:51| 42.57 23.07|10|3.0|324| 74 |-45|69 | 47 | -158 278 43| 23| 15 130| 43
18/12071412:52| 42.57 23.06| 8 |4.3| 78 | 83|-40L74| 50 | -17Q 29| 32| 130 20 250/ 49
19/12073100:10| 42.54 23.10| 7 |3.3|306| 36 |-54|84 | 62 | -113 313 67| 188 10 95| 19
20/12081602:11| 42.57 23.06/10|3.0{331| 58 |-49|92 | 50 | -136 297 50| 34| 2| 126| 33

z

© [0 ([N ]| |0~ |jw [N |-

Table2. Parameters of the nodal planes for the main e22md of May 2012, origin time 00:00
GMT. The symbols are same as in Table 1, exceptenbmagnitude (\) and World networks are
the same as Fig. 3.

Lat | Long|H S1 | D1| R1 |S2| D2l R2 |Paz|Ppl|Taz| Tpl | Baz |Bpl
Network ml MW o o o o o o o o o o o o
NO | ED km LU e e o1 jrerperpererge e
NIGGG | 42.58 23.00{9 |5.6| 349| 38| -36 |109| 69|-122 | 337 54 | 223| 15 | 125| 30
CPP 42.70 23.00[9 |5.7| 288| 22|-132|152| 74| -75 | 83| 58| 230 27 | 328| 15
HARV | 42,59 23.00/12 | 5.6/ 316| 32| -70|113| 61|-102 | 359 72 | 211| 15| 119 10
USGS 42.68 23.02|12 | 5.5 292| 41| -104{130| 50| -78 | 95| 79| 212 4 | 302| 9
NOA 42.6Q 23.06|10 | 5.6 296| 36| -102(131| 54| -81

GFZ 42.67 23.01]16 | 5.6 310 37| -80|119| 54| -96 | 1 | 80| 213 8 | 123| 5
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Regional stressfield

Fig.4 displays the horizontal projections of theliiidual P (pressure) and T
(tension) axes of all twenty earthquake focal matdrmas. The projections of compression
(P-axis) are predominantly of NW-SE orientation aré significantly smaller than the
axes of extension (T-axis) in NE-SW. The plungePedixes varies in the range 10°-84°,
about 51° in average, and the plunge of T-axes eédominant sub-horizontal orientation
(0° -60°), about 15° in average. The above paitaticates for extensional stress field in
the studied area.

22°54' 23°00' 23°06' 23°12' 23°18' 23°24'

42°42' 42°42'

42°36'

42°36'

42°30' 42°30'

42°24'
22°54' 23°00' 23°06' 23°12' 23°18' 23°24'

42°24'

Fig.4 Horizontal projections of the individual P and Xea of the 2012 MW = 5.6 Pernik earthquake
and aftershocks focal mechanisms (The Generic Migppools - http://gmt.soest.hawaii.edu/home,
the tectonic map is compiled after Barrier et2004 and Georgiev et al., 2007). The stars mark the
location of the cities of Sofia and Pernik.

Conclusion

The main result from the focal mechanism deternonatnd the stress orientation
analysis shows the prevailing of a normal or extera stress regime in the studied region.
Generally, the tension axes are sub-horizontaloitdE-SW orientation.

The observed sub-horizontal uppercut extensionegstwith predominant NE-SW
trend of the T-axes is consistent with the geneeald of the regional extensional field on
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the territory of Bulgaria (e.g., Protopopova et 2013). This stress field corresponds to
that found in southern Bulgaria (presented by Vahk &d Stoyanov, 1996) and confirms
the hypothesis that the neotectonic movements itkaBaPeninsula region are the
consequence of the long lasting extensional mové&snarthe inner parts of the Aegean and
Central Balkan regions.

Acknowledgements. The author would like to thank Prof. E.Botev andsA&sof
.S.Simeonova about their scientific and techniogpsrt.
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OmnpenesisiHe Ha MeXaHH3MHUTe Ha 3eMeTpeceHneTo Kpaii rpax Ilepunk M,y 5.6 mpe3
2012 roauna (ceBepo3ananna bbarapus) u no-cuiHuTe adTHPUIOLH

B.IIporononosa

Pesrome: 3emerpecenue ¢ marauTya M =5.8 Mw=5.6)u enuneHTpaiHa HHTEH3UBHOCT |o=
8 MSK64 ce ciyun B Gimsoct 1o rpax Ilepauk (ceBeposananna beirapus) Ha 22pu Maii
2012 r. 3eMeTpeceHHETO € IMOCIEOBAHO OT WHTCH3MBHAa a(ThHPIIOKOBA aKTHBHOCT. B
Hay4JHaTa MyOnuKanus ca npencrapenn 20 onpenesneHn GoKaTHN MexaHu3Ma (TIABHHUST W
19 adpTepiioka) perucTpupanu ot HalmoHaaHaTa CeM3MOJIOTHYHA Mpeka. OpHeHTarusTa
Ha (pokalHHe PaBHUHU HA ONPECICHUTE MEXaHU3MH U MPOCTPAHCTBEHOTO pasmpe/ieiicHue
Ha aTHPUIOIMTE CHBIA/A ChC CEBEPO3aIaJHO-IOTOM3TOUYHOTO HAIMpAaBJICHHE Ha pa3joma
Iepuuk-bemyann. Chio Taka e MpeJcTaBeH OCHOBEH I'€0JHHAMHUYCH aHAIIN3.
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TEMPORAL CHARACTERISTICS OF THE 2012 PERNIK
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Abstract: Statistical analysis is applied to study tempgrattern of earthquake
distribution in aftershock sequence of the 2012 MwW=Pernik earthquake. On the
assumption that aftershocks are distributed in i;ya non-stationary Poisson process
the maximum likelihood method for estimating thegmeters (K, ¢ and p) of the
modified Omori formula is used. A transformatiororfr the time scale t to a
frequency-linearized time scatds applied for testing the goodness of fit betwten
aftershock occurrence and different statistical efmdit is found that the temporal
distribution of the Pernik earthquake aftershockslominated by the classic power
law decay in time.

Key words:. aftershock, aftershock sequence, aftershock dataysouthern Bulgaria

Introduction

Study of the space-time distribution of earthquakesf fundamental importance
for understanding the physics of the earthquakeemggion process. The spatial and
temporal clustering of aftershocks is the dominaari-random element of seismicity, so
when aftershocks are removed, the remaining agtign be modelled (as first
approximation) as a Poisson process (Gardner angdfh 1974). Aftershocks occur after
the mainshock and their frequency decays throughk tvith approximately the reciprocal
of time elapsed since the main earthquake. Theroammee rate of aftershock sequence in
time is empirically well described by the modifi€mori formula proposed by Utsu in
1961 (Utsu, 1969). The power-low decay represehtethe modified Omori relation is an
example of temporal self-similarity of the earthg@igource process. Aftershock decay rate
(parameter p) may contain information about the hmaisms of stress relaxation and
frictional strength heterogeneity, (Mikumo and Maje, 1979), but this information can
not to be derived without precise characterizatibthe empirical relations that best fit the
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data.

In the present study statistical analysis to examihe temporal pattern of
earthquakes in the aftershock sequence of the MwRBrnik earthquake is applied. The
earthquake occurred on May 22, 2012 in Sofia seistone south-western Bulgaria. To
estimate the parameters (K, ¢ and p) in the matif@mori formula the maximum
likelihood method for the aftershock sequence sdu§he goodness of fit between the
aftershock occurrence and different statistical e®das then been tested on the base of
transformation of the time scale t to a frequeringdrized time scale Further the Akaike
Information Criterion (Akaike, 1974) is used to ex#tl the best model among competing
models.

Method and Data

M ethod

The frequencyn(t) of aftershocks at time is well represented by the modified
Omori formula (Utsu, 1969):

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

wheret is the elapsed time since the occurrence of tha steck, and, p, ¢ are constant
parameters. The most important paramefercharacterizes the decay of the aftershock
activity.

On the assumption that aftershocks are distribated non stationary Poisson
process with intensity functiok(t;0), 6=(K, p, c), Ogata (Ogata, 1983) used the maximum
likelihood method to estimate the paramet€rs andp in modified Omori formula (1).

The intensity function of the Poisson prock@¥is defined by the relation:

A(H)=lim Prob{an event in [t,tAt]}/ At 2
At-0

Using the modified Omori formula, the intensity @tion becomes:
A(t, B)=K(t+c)”® 3)

An integration of the intensity functioh(t) gives a transformation of the time
scale t to a frequency-linearized time sca(®gata and Shimazaki, 1984). If the choice of
the intensity functior\(t) (i.e., the parameters K, ¢ and p) is correet ticcurrence of
aftershocks becomes the standard stationary Pojmsmess on the frequency-linearized
time axis.

The frequency-linearized time for an aftershockusege can be defined as:

= A(t)= jﬂ,(s)ds
s (4)
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The time scaler is used for testing the goodness of fit between aftershock
occurrence and the selected model. A linear depmedbetween the observed cumulative
number of aftershockéN) and 7 should be observed if an appropriate model has been
selected. Anomalies in the aftershock activity amare evident on th&l(7) plot than on
n(t). Thus thertime axis will be used to detect secondary afterklaztivity.

To select which model fits the observations bettee Akaike Information
Criterion (AIC) (Akaike, 1974) is used. The AlCdsfined by:

AIC=(-2)Max(In-likelihood)+2(Number of the used parameters) (5)

A model with a smaller value of AIC is consideraml lie a better fit to the
observations.

Data

All events that satisfy the criteria introduced Ggardner and Knopoff (Gardner,
J.K., L.Knopoff, 1974) and modified by Christoskend Lazarov (Christoskov, L., R.
Lazarov, 1981) for the Central Balkans, accepteaft@sshocks

log(Rs) =0.9696 + 0.1243M
log(Ts) =-0.62 + 0.56 M (M<6.0)
log(Ty) = -5.25 + 2.15M-0.137/ (M6.0) (6)

where M is surface wave magnitude of the main evRatis the greatest distance between
the main event and aftershock, and Ta is the ggeatapsed time since the occurrence of
the main shock.

For the time period May 2012 - May 2013 aftersheeluence of the WM=5.6
Pernik earthquake is compiled on the base of didéta from NOTSSI (National Operative
Telemetric System for Seismological Information)ofd than 1000 aftershocks occurred in
the considered time interval but only about 20%hefm are localized (recorded at least at
three stations). The majority of the aftershocksracorded only at seismic station Vitosha
(VTS)-the nearest station (at about 15 km from thain shock epicenter). Thus the
analyzed sequence comprises 182=1.0) aftershocks occurred in time interval of 365
days.

Results

The aftershock sequence from 0 to T=365 days dfter M,=5.6 Pernik
earthquake applying to the modified Omori formulg (vas analyzed. The maximum
likelihood estimates (MLN&) are as follows: K=15.23, ¢=0.025, p=0.90. The fetpy-
time distribution of aftershocks is presented iguFre 1.
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Fig. 1. Frequency - time distribution of aftershocks.

In the figure the observed distribution is compatedthe distribution (called
theoretical), which is expected as a results frbengelected model (in the case, the model
is the modified Omori formula). The comparison betw empirical and theoretical
distribution (Fig.1) shows that as a first approaiion the temporal distribution of
earthquakes in aftershock sequence of the 20J=5M Pernik earthquake is well described
by the modified Omori formula.

The cumulative number of events is plotted agdmsfrequency-linearized time
defined in the equation (4) using the MIWbf parameterK, p, c (presented in Fig. 2). A
relatively good agreement between the expectedr@tieal) and the observed distribution
of the aftershocks can be seen in Figure 2. Thedigshows that a nearly linear trend of
aftershock decay continues up to 365 days (17afined time); thus the modified Omori
formula (1) fits largely the observations up to 2Bfys after the main shock.
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Fig. 2. Plot of cumulative number of events versus fregydimearized time.

The figure also suggests the existence of someegliancies between the observed
and expected distributions (S-shaped deviations fitee linear trend) — evident periods of
decaying and activation of the process. An incredgbe cumulative number is observed
in the first hours after the main shock (time périof twelve hours 36 aftershocks
occurred, among them the strongest one) followedabyecrease in number of events
several hours later. The aftershock activity deses before the #0day and increases
about 10 to 20 days later. This temporal distritmutanomaly could be caused by the
occurrence of one of the strongest aftershockdbatirred 53 days (on July 14, 2012 with
M=4.4) after the mainshock.

Consequently two models that take into accountffext of secondary aftershock
activity were constructed: 1) the first model withe secondary aftershock sequence after
0.5 days and 2) a combination of one main and ®eomdary sequences - after 0.5 and 53
days. The same p value for the main and secondtamslaock sequences is assumed for
both models.

The maximum likelihood estimate of the parametearstie modified Omori
formula, and the selection of a statistical modetdal on AIC, show that the aftershock
sequence of the 2012 Pernik earthquake is bestlatbtdg one ordinary and two secondary
sequences, although there remain S-shaped deviationthe linear trend -about 80 day
after the main shock.

Discussion and conclusions

The aftershock sequence from 0 to 365 days afer20il2 Pernikearthquake
(occurred in Sofia seismic zone — south-westerng&id) by fitting it to the modified
Omori formula was analyzed. The aftershock sequesfceghe 2012 earthquake (its
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magnitude estimates according to USGS/NEIC arg=36; m=5.7; M=5.2) is compiled
on the base of digital data from NOTSSI. For honmegty a threshold magnitude (the
minimum magnitude of aftershocks) of M=1.0 is adedp Thus the studied sequence
comprises 169 aftershocks occurred in time inteo¥&65 days.

The p value (p=0.90) estimated for the aftershazuence is in the middle of p
value range obtained for aftershock sequences igalfa, i.e., p=0.71-1.17 (Simeonova,
Solakov, 1999).

The temporal distribution of the aftershocks foliogv the 2012 N=5.6
earthquake is similar to the aftershock sequencesarthern Bulgaria obtained by
Simeonova and Solakov (1999) - slowly decay in tifpe1.0), without secondary
aftershock activity. By contrast, the sequencesoiath-western Bulgaria are characterized
by well expressed secondary aftershock activity r@tatively high values of p for the main
sequence (p>1) (Simeonova, Solakov, 1999).

The main conclusions are as follows:

- The maximum likelihood estimate of the parameterthe modified Omori formula and
the selection of a statistical model based on AlGwsthat the aftershock sequence of the
2012 Pernik earthquake is best model by one orgtimal two secondary sequences.

- The temporal pattern of the earthquakes distiohuin aftershock sequence of the 2012
M,=5.6 Pernik quake (occur in south-western Bulgai&)similar to the temporal
distribution of the aftershocks in Northern Bulgarfislow decay in time (p<1.0), without
secondary aftershock activity.

- It can be assumed that aftershocks are gendratowly relaxing environment with low
heterogeneity.
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BpemeBn xapakTepucTHKH Ha aTHPIIOKOBATAa AKTHBHOCT CJIe]l 3eMeTpeceHHeTo OT
2012 oxono rpan Iepank

IIn.PaiixoBa

Pe3rome. CraTHCTHUECKMAT aHAIM3 C€ NpWwiIara 3a W3y4aBaHE BPEMEBUS MOIET
HaaTHPIIOKOBaTa aKTMBHOCT IOC/IEABaIa Ciiea 3emerpecenuero npes 2012 Mw = 5.68
paiiona Ha rpaj IlepHuk. B3 ocHOBa Ha MpeanoyioKEHUETO, Y€ BTOPUUHHUTE TPYCOBE ca
pasmpeniesieHH BBB BpEeMETO KaTo HecTanmuoHapeH IloacoHOB mporec ce H3MOo3Ba
momupuimpanar ¢Gopmyiaa Ha Omopu 3a oueHsBaHe Ha mapamerpure (K, ¢ u p).
TpanchopmanusaTa Ha BpeMmeTa ckaia t B gecToTa-IMHEaTU3UpaHa CKajla T ce IpHiara 3a
ompeneNsHe Ha Haii- moOpaTa BpB3Ka MEXIy a@ThPIIOKOBAaTa aKTHBHOCT M Pa3IHYHU
CTaTUCTHYECKH MOJICIIH.
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ON THE MONITORING OF THE SEISMIC ACTIVITY IN THE
TERRITORY OF BULGARIA AND SURROUNDINGS
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Abstract. Generalized analysis of the monitoring of the saggnover the territory
of Bulgaria and its very adjacent lands for the &&years is proposed. More than 32
000 seismic events with magnitude M > 0.5 are Imedlin this region since 1981 —
the time of the modern National Seismological Netwstarting operated. Catalog of
earthquakes with magnitude M>4.0 is applied. Theetiand space variation of the
seismicity is traced out by the consequential aiglpf the epicentral distributions
around the seismic zones for each 5-years periothglthe time operation of the
National Seismological Network. Some more or lelearcexpressed grouping of
epicenters of strongest earthquakes around the @uaternary active fault structures
is established, as well as some kind of “migratiohthe strong seismicity during the
time — from north-east to south-west and vise versa

Key words: Bulgaria, seismic monitoring, seismicity

The earthquake monitoring in Bulgaria is carried by the National Seismic
Network (NSN), part of the Seismological Departmerit the National Institute of
Geophysics, Geodesy and Geography of Bulgarian @&wgdof Sciences (NIGGG of
BAS). The network was run in 1980 and nowadays isthef 23 stations (16 permanent
seismic stations and two local networks) — Fig.1te’A2005 NSN is developed as fully
digital seismic network.

The main tasks of NSN are:

e to provide reliable recording and transfer of seikmgical data;

« to ensure rapid hypocenter and magnitude estimatiwhnotification of the
governmental authorities, media and broad publicaise of felt or damaging
earthquakes on the territory of Bulgaria;

e to provide a modern basis for seismological stubtiddulgaria
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Fig.1. Modern seismological network of Bulgaria

At the National Digital Center (NDC) the data angtcematically and manually
processed and interpreted. Unified duration mageitivid (up to 2006) and magnitudes
based on P and S wave amplitudes (since 2006) alculated. Both estimates of
earthquake hypocenter parameters and magnitudeglhas station data are archived on a
disc storage system. Additional information fronrefign Balkan stations is used in
hypocentral estimations. The monitoring procesh@NDC also includes an assessment of
the impact on the people and the buildings dueatthquakes and the relevant information
is send to the responsible governmental bodies tmse of a strong earthquake on the
Balkans, the seismologist sends Bulgarian datah# neighboring and international
seismological centers. Macroseismic information fdsout 30% of all events with
magnitude M>3.0 is included in seismological cajal®. Epicentral intensity lo is
published for events with compiled isoseismal maps.

The present study contains generalized results eznimg the seismic events
recorded by the NSN after 1981. The expanded seismfibrmation, the analysis and
evaluation of the space-time and energy earthqdakgbution give possibilities to study
the space-time correlations with other geophyspaiameters for earthquake prediction
purposes.

The evaluation of the main seismic event parameseperformed by a computer
program (Solakov , 1993) based on HYPO'71 (LeeHWK. and J. C. Lahr, 1972). The
energy parameters of the events are presented ymiaynithe magnitude M calculated
according to the record’s duration by the form@aristoskov and Samardjieva, 1983).

60 Bulgarian Geophysical Journal, 2013, Vol. 39



E.Botev, D.Solakov, L.Christoskov: On the monitoring of the seismic activity...

44t
10.0
Z .l 5.0
[}
©
2
© —10
42t
05
41 ‘ ‘ ‘ ‘ ‘ ‘ —Joa
22 23 24 25 26 27 28

Longitude )
Fig.2. Epicentral density (events/100kyear) of the seismic events recorded after 19830(%)

The focal mechanism parameters are obtained applH@®@CMEC program
(Snoke, 2009). The existing seismic network in Bulg provides a possibility to locate
seismic events different magnitude threshold lewdlslocal, regional and long distance
earthquakes: M=1.5 for the territory of Bulgaria=810 for the central part of the Balkans,
M=5.0 for long distance events.

More than 32000 events are localized on territdrigudgaria and adjacent regions
during the last 32 years — on Fig.2 the spaceiloligion of the epicentral density is

2000 4

1800 35
1600
3
400
2,3
1200 \\

4000

~

~ LoaN
>
e

[TRS
= 2 B8
=

o

5

224 2529 334 353940444543 £54 556 s

Magnitude Magnitude

Fig.3. Magnitude-frequency and cumulative LogN-magnitdadributions of the earthquakes with
magnitude M > 2.5

Bulgarian Geophysical Journal, 2013, Vol. 39 61



E.Botev, D.Solakov, L.Christoskov: On the monitoring of the seismic activity...

presented. The strongest earthquake is realizE€eimral Western Bulgaria with magnitude
M,=5.6. The maximum number of events is occurre8anth-western part of the region
of interest. Almost 97.3percentage of the evenésraicro earthquakes - with magnitude
less than 3.0. For the analysis of the seismicitfulgaria during the period of National
Seismic Network operation (since1981) cataloguthefearthquakes with M>2.5 have been
used (Archives of NIGGG; Botev et al., 1991-2018taRov&Simeonova/eds/,1993).

The magnitude-frequency distribution (Fig. 3a) lué earthquakes with magnitude
M > 2.5 shows that the number of the events increasesthétldecrease of magnitude: 1
event of M > 5.5, 3 event of M > 5.0, 7 of M=4.588, of M=4-4.5, 162 of M=3.5-4, 646 of
M=3-3.5 and 1904 of M=2.5-3. The cumulative maghitdrequency dependence
(log(N)=a = bM) or so called Guttenberg — Richtefation (1965) is presented on the
diagram on Fig. 3b. A linear distribution of theeats with magnitude M> 1.5 is observed.
The distribution line has coefficienss= 5.93 and = 1.09. The valub is approximately in
the range of the corresponding values from thedstahdependence for longer periods and
stronger events which means that some equilibriatwéen our period of investigation and
the whole period with all strong events is avaiabl
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Fig.4. Depth and Depth-magnitude distributions of the &verith magnitude M > 2.5

Depth distribution of the events with magnitude M 235 shows that the
hypocenters of the earthquakes are concentratéideisubsurface 20 km depth interval;
they reach down to 30-35 km depth for a few evemainly in the SW part of Bulgarian
territory. The smooth increasing in the events neimtith the depth’s decreasing to 0-5 km
is probably an evidence for availability of very ainquantity of unidentified industrial
explosions. The distribution of the events’ strénffhagnitude) in depth does not permit
distinguishing any depth "floor"; the stronger etgecan be traced out within a large depth
interval — from 5 to 20 km , the maximal events3-16 km.
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From the time distribution of the events with M 52t is remarkable that in the
last years (after 1997) the frequency of the eventtable higher in comparison with the
previous years. The increased number of events@utb86 is due to the aftershock
sequences of the Strazhitza earthquakes (magnitudeand 5.4). The increased number
during 1997 and 1998 is due to a swarm sequendrilénmountain. The significantly
increased number of events in 2009 due to the ‘dalam aftershock sequence with main
event magnitude M=5.2.
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Fig.6. Magnitude — time distribution of the events withgnitude M > 3.5

The magnitude — time distribution of the strongesents (with magnitude M >
3.5) shows the typical decreasing of M in the tiiorethe aftershock series of the strongest
earthquakes (Fig.6.). This “energy” distribution thie earthquakes does not allow the
establishment of a quasi-periodic peculiarity oé theismicity, but in the same time
confirms an idea for some kind of a periodicity. laill be seen in the next part, this
periodicity will be associated with the “migrationf the strong seismicity during the last
32 years — from north-east to south-west and \@ssav

The time and space variation of the seismicity dobk traced out by the
consequential analysis of the epicentral distrimgi of the each about 5-years period
during the NSN operating (Fig.7.).
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Fig.7. Epicentral distribution of the events with M>216ring a)1981-1986,b)1987-1992, ¢)1993-
1997, d)1998-2002, €)2003-2007 and )2008-2112

From the analysis of the epicentral distributioms$hie pictures of Figs7(7a, 7b,....,
7f) it is seen that relatively stronger seismidgtyobserved only during the first and the last
time period (Figs 7a and 7f) where the epicenteations are presented by more specific
symbols. Only on these two figures earthquakes widgnitude M >4.5 are observed —
with only one exception in Fig7e for Kardzhaly M6é4vent. The most specific feature of
the seismicity during the first time period ( Fig)4s the NE-SW oriented 1986 Strazhica
sequences (Mmax =5.4) in the eastern edge of thea@0rjahovitza zone in the central
northern Bulgaria and the grouping of epicentnresProvadia zone without strongest
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seismicity (Mmax=4.3), in the mainland of NE BulgarWith similar specific picture of
seismic activation is characterized the seismiditying the last time period (Fig.7f), but
now the stronger is the 2009 activation in NE mdirBulgarian territory — Shabla zone in
northern Black sea coast (Mmax=>5.2). But the steshgvent for whole Bulgarian territory
occurs after all this activity of Central and East®lorth Bulgaria — in May 2012 by the
relatively short Pernik sequence (Mmax=5.6) thergjest seismic activity migrates to the
central parts of West Bulgaria.

As a whole the rest lower seismicity shows veryilsinfeatures on the pictures of
all Figs7. The epicentral distribution of the ewemiith M>2.5 is relatively diffuse —the
eppicenters of smaller arthquakes are not cleandyiged around the well known active
geotectonic structures. Relatively outlined zonégrouping of the epicentres could be
marked at the background of everywhere distribwgpitenters of the weak seismicity
during the last 32 years. The most active zonkdsStruma area, in the southwestern part
of the investigated region. Some other active zoaes those of Plovdiv, Yambol,
Kardzhali and Sofia. Very long swarm of seismiciatt is observed after 2008 in the
region around the Monastery uplift. Neverthelegsriost significant feature of all pictures
of Figs7 is the dominated biggest concentratioemtentres in southwestern parts of the
investigated territory.
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Fig.8. Strong seismicity during 1981 — 2012 (M >3.5)

There is some correlation between the space disimib of the epicenters of the
strong events (Fig.8, events with magnitude M>2ux) the main Quaternary active fault
sources in Bulgarian territory. It is no so cldattMoesian platform is characterized by the
lowest seismic activity (like a platform) - on thentrary, several of the strongest Bulgarian
events with M>5.0 and many aftershocks are realindtie central part of North Bulgaria

Bulgarian Geophysical Journal, 2013, Vol. 39 65



E.Botev, D.Solakov, L.Christoskov: On the monitoring of the seismic activity...

and to the north in the Black sea coast. The biggmscentration of epicenters is observed
in western part of Rhodopian super unit (SW BulglarSome grouping of events is seen in
western and central part of the Srednogorie zommtf@l Bulgaria). The epicenters show
one very active south-western part of the investidderritory. The most active region of

the state’s territory here is the Kroupnik zoneislto be stressed also on the seismicity
tothe south of the Greek-Bulgarian border where ynqnakes are localized along the

Middle-Mesta lineament. Some other polygons ofvatitbn can be fixed in the inner part

of the Rhodope Mountain, in the region of Pernito(ed Sofia zone), in the central parts
of the Northern Bulgaria, in the northern Black seast and in the regions of Provadia,
Jambol, Plovdiv and Kardzhali. The parameters mfngtest events in these regions could
be finding in the Tablel.

Table 1. List of earthquakes with M2 4.0 in Bulgaria and very adjacent lands

Year | Month | Day Hour | Minute | Latitude | Longitude| Depth | Magnitude
(°N) (E) (km)
1981 7 23 6 15 43.12 27.44 8 4.1
1982 8 27 9 58 43.65 26.21 19 4.1
1983 11 10 17 28 43.11 27.46 10 4.2
1984 12 3 9 29 41.94 23.39 12 4.4
1984 12 3 10 26 41.94 23.39 11 4.8
1985 6 12 14 5 43.11 27.50 12 4.0
1985 9 28 14 50 41.48 22.29 10 4.4
1985 11 9 23 30 41.22 24.04 16 4.6
1986 2 21 5 39 43.27 26.02 15 5.0
1986 2 21 6 18 43.26 25.97 16 4.1
1986 5 15 16 45 41.94 23.15 19 4.2
1986 12 7 14 17 43.23 26.01 13 5.4
1986 12 7 14 53 43.14 26.11 20 4.0
1986 12 7 17 26 43.22 25.98 14 4.4
1986 12 8 14 44 43.26 26.03 20 4.2
1986 12 12 19 29 43.27 26.05 12 4.3
1986 12 17 22 1 43.28 26.07 14 4.4
1986 12 18 7 16 43.23 26.06 14 4.1
1986 12 18 17 16 43.25 26.07 18 4.2
1987 12 1 9 54 43.26 26.03 15 4.0
1989 10 25 15 27 43.01 26.57 17 4.1
1990 1 31 10 16 41.48 22.82 12 4.3
1990 6 10 11 36 41.15 29.58 19 4.0
1992 8 24 21 43 42.47 24.90 20 4.0
1993 3 27 23 47 41.15 23.08 12 4.0
1993 4 21 16 53 43.15 27.56 8 4.0
1993 12 12 17 21 41.27 29.33 3 4.2
1993 12 16 9 22 41.53 23.13 11 4.0
1994 3 21 21 42 42.09 23.49 10 4.0
1996 2 1 17 43 41.74 23.83 1 4.2
1998 12 11 15 9 42.18 25.29 14 4.3
2000 4 2 18 57 41.02 29.98 10 4.0
2000 6 6 2 42 41.88 29.11 20 4.8
2000 8 22 11 40 41.00 30.00 2 4.0
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Year | Month Day Hour | Minute | Latitude | Longitude| Depth Magnitude
(°N) (°E) (km)
2000 8 28 5 16 43.00 25.39 8 4.0
2001 8 13 14 26 42.56 26.48 16 4.4
2002 2 18 10 19 42.03 23.33 10 4.1
2002 4 5 13 13 42.05 24.83 11 4.2
2002 7 31 4 5 41.15 22.95 11 4.3
2003 12 17 23 15 43.16 27.45 9 4.3
2004 9 10 17 46 42.28 24.81 15 4.0
2006 2 20 17 20 41.72 25.43 7 4.5
2008 4 15 3 43 42.89 25.36 10 4.3
2009 5 5 17 39 41.85 2211 7 4.0
2009 5 24 14 29 41.35 22.71 8 4.3
2009 5 24 14 34 41.33 22.73 2 4.1
2009 5 24 16 17 41.32 22.74 5 5.2
2009 5 24 16 23 41.33 22.74 5 4.5
2009 5 24 18 50 41.32 22.71 7 4.0
2009 5 25 7 59 41.31 22.67 4 4.0
2009 5 31 22 7 43.28 25.95 2 4.2
2009 6 1 8 3 41.27 22.73 5 4.3
2009 6 15 9 56 41.31 22.76 5 4.0
2009 8 5 7 49 43.38 28.77 8 5.2
2009 11 30 5 48 43.43 28.67 14 4.1
2010 8 20 2 34 42.22 26.22 6 4.2
2010 10 7 19 51 43.16 27.50 2 4.2
2011 10 11 19 49 43.65 28.32 28 4.0
2012 5 22 0 0 42.57 23.04 14 5.6
2012 5 22 0 4 42.57 22.98 4 4.2
2012 5 22 1 30 42.58 23.00 13 4.4
2012 5 22 2 13 42.58 23.07 12 4.1
2012 7 14 12 52 42.57 23.06 8 4.3
2012 8 27 16 26 41.42 22.52 7 4.1
2012 12 3 18 58 43.46 28.68 15 4.6

From the analysis of the strong seismicity it isrs¢hat the most seismic area in
Bulgaria is situated in the Struma structural pmoei in South-west Bulgaria. As usually,
the largest concentration of epicenters is marketié Kroupnik seismic source zone. This
zone is characterized by faults transversal toStrama lineament. One of the strongest
crustal event for all Europe (M>7.8 in 1904) andw@h30% of the present day weak
seismicity are localized here. The biggest frequarfche earthquakes in Kroupnik zone is
associated with the tectonic activity of Simitlyagernary depression, first of all with the
activity of the Kroupnik fault. As it had been saithe seismic activation here has a
transversally orientation in relation to the firgstder Strouma fault zone. Transversal
faulting process can be marked in the region ofdolvevitza, crossing the Upper Mesta
fault zone. Transversally to the Strouma faultdiment is the seismicity in the SW corner
of the region, and it is associated with the B&tasand Stroumeshnitza faults. The activity
in Central Bulgaria is associated with: Sub-Balkamt lineament in the northern board of
Sofia depression; the faults in the southern badrthe Upper Thracia depression (the
north flank of Rhodopes) and Tundzha fault linemianYambol zone. The activity in the
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central part of North Bulgaria is associated with eastern border of Strazhitza depression
and the southern one of the Ressenski trough. Eiemgity in Provadia region is
associated with the eastern border of the Provadeaession which is cross lying to the
Fore-Balkan fault lineament. The relatively rare stnong seismicity in the Shabla zone on
the Black sea coast during the last three yeaesssciated with the activity of Kaliakra
fault lineament in the sea aquatory.

Conclusions

The analysis of the instrumentally observed seigynafter the starting of NSN
operation makes evident:

- The energetic level of the observed seismicity tlie period 1981-2012 is
relatively low — 97.3% from the all about 32000sseic events are microearthquakes
(M<3.0); the maximum magnitude event (M=5.6) isdted in Pernik region — Central
West Bulgaria.

- The magnitude-frequency distribution of earthqgsakhows that the earthquake
catalogue is complete for events of M > 2.5.

- The slope of the averaging straight line of theurrence relationship of events
shows some convenience between the weak and sdasitronger events from the whole
seismic history of Bulgaria.

- The epicenter distribution of the events with M2 is relatively diffuse —the
epicenters of all microearthquakes are not clegibpped around the well known active
geotectonic structures.

- Probably due to the high accuracy of determimeti of epicenters for the
stronger earthquakes (M>3.5), some more or less @rpressed grouping of epicenters
around the main Quaternary active fault structueesstablished.
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BbpXy MOHHTOPHHIa Ha CeM3MHYHATA AKTHBHOCT HAa TepuTOpHsiTa Ha Bwiarapus u
NPHIEKANUTE 3eMHU

E.botes, [.Conako, JI. XpucTocKkoB

Pe3tome. TIpemiaranara myOnukamus chabpka 0000meHa nHGopManms 32 MOHUTOPHHTA
Ha CEM3MHYHATa AaKTMBHOCT HAa TepUTOpuATa Ha beiarapus W HEMOCPEICTBEHHO
npuwiexkamure 3emu. I[loBeue ot 32 000 semerpecenwss ¢ maramryn M > 0.5 ca
JOKAJIM3UpaHu B To3M paitfoH cmex 1981 r. — BpemeTo Ha BiHM3aHe B JeiicTBHE Ha
cpBpemenHata Hammonanna Cem3monornyna Mpexka. [Ipemiara ce u karamor Ha Hai-
cuiHUTe 3eMeTpeceHus ¢ Mmarautya M>4.0. Cen3sMOreHHHTE MPOSBH C€ OOCHXKIAT IO
OTJENTHN CEU3MHYHHU 30HU B MPOCTPAHCTBOTO W IO NETTOIWITHH NEPHOTN BBB BPEMETO.
YCTaHOBEHO € IMoBeUe MK M0-MaJKO U3SBEHO IPYIHpaHe HA eMULEHTPUTE Ha Hali-CHITHHUTE
3eMETpEeceHHss OKOJI0O OCHOBHHTE KBaTEPHEPHO aKTWBHH pazIoMH M 000COOCHU
MUTPAMOHHH IIPOLIECH HA CEM3MHUYHATA AKTHBHOCT.
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Abstract. A map of epicentres of 1622 earthquakes that oeduturing 2013 in the
Balkan Peninsula (sector outlined by latit4de37- 47°N and longitude\=19-30°E)
is presented. Expert generalized analysis of themsgity over the territory of
Bulgaria and its very adjacent lands (with morentt#30 localized events) is
proposed. Catalog of earthquakes with magnitude.Mi2applied.

Key words. Balkan Peninsula, Bulgaria, seismicity

The present scientific communication contains galimyd information on the
results of collection, processing and analysishefdata about the seismic events recorded
by the National Operative Telemetric System fors8wilogical Information (NOTSSI) in
2013. The expanded information about the realizsdnscity is suggested as a natural
generalization and supplementation of the monthtyngilations of the preliminary
seismological bulletin of NOTSSI. The analysis andhluation of the space, time and
energy distribution of the seismicity, periodicalbgen made, open up possibilities for
searching for time correlations with the parametérdifferent geophysical fields aiming to
find out eventual precursor anomalies.

The recording and space localization of the seigwénts in NOTSSI during 2013
is realized by means of the new digital networklg&ov et al., 2005). The routine
processing and acquisition of the initial data igamized in a real time duty regime. The
operations are fulfilled by the authors of this enamication. In such a way the main goal
of NOTSSI, namely the seismicity monitoring in arde help the authorities’ and social
reaction in case of earthquakes felt on the teyritof the country, is realized. The
computing procedure for determining the parametéthe seismic events is an adaptation
of the widespread product HYPO'71 (Solakov , 199Bg energy parameters of the events
are presented mainly by the magnitude M calculatszbrding to body wave amplitudes
(Christoskov et al., 2011a, Christoskov et al., Xf)land the record’s duration by the
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formula (Christoskov and Samardjieva, 1983).

M=1.92 + 2.72log 0.02&\

The focal mechanism parameters are obtained by snefaa program FOCMEC
(Snoke, 2009). The high sensitivity of the seismapdis allows recording and processing of
a great number of long distance earthquakes. Asuatrof the achieved experience in the
authors interpretation work, different magnitudelswer threshold for successful
determination of local, regional and long distaraethquakes is established: M=1.5 for the
territory of Bulgaria, M=3.0 for the central part the Balkans, M=5.0 for long distance
events. The precision of the epicenter’s deterrignas different; except on the distance it
depends also on the specific position of the epéren relation to the recording network.
The parameters of seismic events occurring attardie more than 100-150 km outside the
territory of Bulgaria should be accepted only imfiatively and cannot be used for
responsible seismotectonic investigation.
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Fig.1. Map of epicenters in Central Balkans during 2018e(Generic Mapping Tools -
http://gmt.soest.hawaii.edu/home, the tectonic mapmpiled after Barrier et al., 2004).

For the period of observations presented in thiaroanication, the primary data
about 2000 local, regional, distant earthquakesimahdstrial explosions on the territory of
Bulgaria are recorded, classified and processeda(agrk bulletin) in NOTSSI. After
comprehensive analysis of the records and applicatf the above mentioned calculation
procedures it is established that 1622 of all tegisl earthquakes are in the Balkan
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Peninsula region outlined by geographic latitud®-3%7 N and longitude 19 30 E. The
epicenters of the earthquakes differentiated byntade levels are plotted on Fig.1. The
number of the events in the magnitude interval Nd=D9 is 788, in M=2-2.9 - 632, in
M=3-3.9 - 175, in M=4-4.9 — 26 earthquakes. Durihiz not so active period there is 1
event with magnitude M=5.0.

As a whole, the seismic situation in the study pérthe Balkans during 2013 is
characterized by not so high activity - 1622 dégeagainst 1508 in 2012, 1829 in 2011,
2401 in 2010, 2744 in 2009, 1775 in 2008, and atdLi00- 1400 for most of the previous
years. The maximum realized earthquake is with ritade Ms=5.0 while this value for the
previous years is lower then five, as a rule, ex2€d1 — M=5.8 and 2012 - M=5.6. It can
be noted that the observed tendency of high ineredighe activity compared with the
former years is partly due to the high level otlequake activation in Marmara sea, Central
Greece, Serbia, Romania, and also due to increfasanaber of microearthquekes in the
territory of Bulgaria.

The strongest event outside Bulgaria during thdysperiod occurred in the region
situated to the south of Marmara sea (Turkey) withgnitude M=5.0. Shakable effects
because of outside attack (Vranchea source zoriRomania) during the study period
occurred 3 times in north-eastern Bulgaria (intgnHi in towns of Ruse, Tutrakan and
Silistra).

As a whole, events with M<3.0 which occur outsidddaria are difficult to be
localized by the national seismological system;seguently, not all of them have been
marked on the scheme in Fig.1.
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Fig.2. Map of epicentres in Bulgaria and adjacent lahging 2013
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Fig.2 illustrates the seismicity just in the teorit of Bulgaria and nearby land$ (
=41°- 443N, A = 22 - 29E). The earthquakes are differentiated by magnitotéevals.
The seismic stations are also noted in the sameefipy triangles. The parameters of
relatively stronger earthquakes are presented lileTh

Table 1. List of earthquakes with Mz 2.5 in Bulgaria and adjacent lands during 2013

Date Time Coordinates H.km M
3.1.2013 1:26:31.3 41.21 23.06 1 2.7
3.1.2013 2:28:37.3 41.91 23.25 2 2.5
4.1.2013 1:26:32.3 41.26 23.1 6 2.8
13.1.2013 14:21:7.2 41.89 22.26 5 2.8
15.1.2013 10:34:57.1 42.53 23.12 11 2.9
17.1.2013 2:16:23.2 41.01 24.68 14 2.6
20.1.2013 1:59:55.5 42.67 23.69 10 2.6
23.1.2013 18: 1:59.6 41.42 23.15 4 2.7
26.1.2013 7:13:45.9 41.17 24.93 2 2.5
26.1.2013 8:26:40.2 41.92 23.27 2 2.6
27.1.2013 18:37:13.4 41.8 27.53 2 2.8
5.2.2013 21:43:32.3 41.97 23.34 2 2.8
5.2.2013 6:6:12.8 41.79 23.82 5 2.9
6.2.2013 22:45:19.9 43.33 28.81 2 3.4
11.2.2013 8:29:22.6 41.96 23.22 0 2.5
17.2.2013 16: 5:47.2 42.69 22.1 2 2.9
8.3.2013 18: 5:43.3 42.05 26.04 2 2.6
12.3.2013 17:1: 6.9 42.36 23.74 5 2.5
21.3.2013 14:29:23.5 41.94 23.21 4 2.9
23.3.2013 18: 0:13.8 42.17 25.15 1 2.6
25.3.2013 17:2:19.8 42.09 26.31 6 2.9
28.3.2013 13:13:37.8 44.24 28.78 4 2.5
9.4.2013 2:38:51.3 41.69 23.82 8 2.5
9.4.2013 6:59:23.4 42.23 26.24 6 3.7
9.4.2013 7:3:42.5 42.27 26.2 4 3.4
9.4.2013 7:9:56.9 42.26 26.2 2 2.9
9.4.2013 7:24:43.8 42.2 26.28 3 2.5
10.4.2013 2:14:59.4 42.23 26.25 2 2.5
14.4.2013 14:30:45.8 42.14 26.29 2 3
24.4.2013 23:17:16.2 41.89 23.22 15 2.5
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28.4.2013 10:27: 8.9 42.22 25.34 2 2.6
28.4.2013 22:18:35.3 42.32 26.2 1 29
29.4.2013 0:8:0.5 42.23 26.26 5 3

29.4.2013 6:19:36.1 42.21 26.26 5 29
2.5.2013 19:49:19.9 41.31 24.7 11 2.7
4.5.2013 2:20:28.2 42.31 26.23 10 25
5.5.2013 6:38:55.8 41.04 22.84 2 2.7
7.5.2013 1:31: 9.0 41.15 23.33 3 2.5
8.5.2013 9:27:46.2 41.43 23.38 8 3.2
9.5.2013 7:31:2.8 41.97 23.23 5 2.5
14.5.2013 19:22:3.2 41.15 26.63 15 2.5
17.5.2013 13:40:26.6 42.22 26.25 5 3.9
23.5.2013 21:47:53.5 41.2 25.52 2 2.5
26.5.2013 2:28:52.8 43.28 26.05 3 2.7
3.6.2013 14: 7:38.7 41.25 23.17 2 2.5
5.6.2013 13:3:22.0 43.94 2471 6 2.9
5.6.2013 17: 4:53.2 41.97 23.26 2 2.5
5.6.2013 3:46:41.6 41.83 23.3 8 2.6
6.6.2013 11:6: 4.5 41.97 23.11 2 2.9
11.6.2013 12:46:36.8 41.15 23.32 2 2.8
4.7.2013 22:47:21.9 41.97 23.24 2 2.5
5.7.2013 13: 0:18.6 41.97 23.25 2 2.7
8.7.2013 11:24:51.1 41.97 23.26 1 3

8.7.2013 18:16:50.8 41.97 23.24 1 2.7
9.7.2013 17:6:37.9 42.19 26.27 5 3

9.7.2013 17:12: 0.4 42.22 26.26 10 3.7
9.7.2013 18:11:38.4 42.18 26.28 8 3.7
10.7.2013 2:17: 3.6 41.96 23.26 2 2.7
10.7.2013 21:33: 7.5 42.23 26.24 4 2.5
10.7.2013 5:58: 5.6 41.97 23.27 2 2.6
10.7.2013 8:52:31.1 42.22 26.25 1 2.5
11.7.2013 12: 3:19.9 42.17 26.3 5 2.8
11.7.2013 6:29:37.1 42.18 26.29 5 3

11.7.2013 7:56:20.2 41.5 24.94 9 2.5
17.7.2013 19:25:22.3 41.58 23.59 7 2.6
19.7.2013 14:19:42.9 41.63 23.62 2 2.5
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24.9.2013 14:38:22.9 41.27 23.47 13 2.6
29.9.2013 4:18:54.4 41.96 23.01 12 2.6
4.10.2013 13:44:41.9 42.77 26.4 5 2.9
14.10.2013 21:44:6.6 41.79 22.76 8 3

15.10.2013 4:5:50.3 41.79 22.76 5 2.6
16.10.2013 2:29:6.7 41.62 23.84 2 2.5
17.10.2013 9:17:46.3 42.2 26.29 14 2.5
24.10.2013 10:10:43.5 41.05 23.24 18 2.7
26.10.2013 11:44:19.7 43.41 27.69 15 3.1
5.11.2013 8:50:57.6 42.3 24.15 12 2.5
6.11.2013 16: 0:33.2 41.78 22.75 2.8
10.11.2013 0: 1:25.7 41.63 24.32 1 2.5
10.11.2013 20:43:57.8 41.39 23.69 14 2.5
19.11.2013 16:50:54.5 41.62 24.65 17 3

22.11.2013 6:43:56.5 42.18 23.55 24 2.6
22.11.2013 9:28:46.1 41.68 26.12 2 25
23.11.2013 6:43:56.3 42.19 23.54 19 2.6
26.11.2013 14:18:58.8 41.78 24.24 11 2.5
4.12.2013 21:13:14.0 41.56 22.38 15 2.8
10.12.2013 2:35:37.6 41.28 22.48 12 3.2
15.12.2013 9:13: 0.0 41.47 23.24 15 2.8
19.12.2013 23:24:57.9 42.52 24.01 20 2.9
30.12.2013 11:33:33.2 41.27 22.71 8 3.3

On the territory of Bulgaria relatively normal agty of earthquakes is observed
during 2013 — 1124 events are observed, agaistro3012, 1205 in 2011, 1607 in 2010,
2017 in 2009 and 1079 in 2008. The earthquakes mfgnitude higher than 3.0 are in
normal amount — 32 events compared with an averageter of about 20-35 for most of
the all previous years (exception is 2009 with B4énts because of the aftershocks of
Valandovo M=5.2 earthquake).

The maximum realized magnitude is Ms=4.1 in tlggae of Giurgiu (Rumania),
next to the border with Bulgarian territory. Thigeat is the highest earthquake for this
region, in comparison with the maximum magnitudeh@ course of previous years. It is
felt with maximum intensity of IlI-IV degree of MS&cale in the town of Rouse on 29
August 2013. The strongest Bulgarian event duridg32(with magnitude M=3.9) occurs
on 17 May and caused macroseismic effects withgite of IV degree of MSC scale in
the village of Skalitza — close to the Monasterjifum Southeast Bulgaria.

As usual, the largest concentration of the eparsnin the other regions of
Bulgarian territory during 2013 is marked in theusmvestern part of the investigated
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region (presented in Fig.2). The Kroupnik seismieirse is known with the strongest
crustal earthquakes in Europe (M=7.8, 7.1) forlds® 160 years. In 2013 about 40 events
of M<3.0 and only 3 of M3.0 occurred in this region. The strongest eartkeguar the
south-western part of Bulgarian territory is witlagmitude M=3.8, it is felt on 27 July in
Kroupnik region (village of Gradevo) by intensiti/\6 degree of MSC scale.

The other Bulgarian seismic sources in 2013 aratively not so active than
during the previous years. They produced not moaa L5 earthquakes affecting different
localities in this country by intensity of up to Idegrees of MSC scale. The maximum
number of felt earthquakes is occurred around tlumadtery uplift. About six cases of
magnitudes more than 3.0 aroused shocks of inyetfsiee or more are felt in Skalitza
village. A relatively significant seismic impact @&ssociated with the Mesta earthquake
source zone in the southwestern Bulgaria. In teepart of the Bulgarian territory the felt
events caused excitation of lesser intensity du2ioig.

Dip: 60° Dip: 65°
Strike: 27° Strike: 212°
Rake: 126° Rake: 95°

9.7.2013 17:12 9.7.2013 18:11

Fig.3. Focal plane solution of earthquakes at Monadtiifts (09.07.2013, 17:12 and 18:11 GMT)

For the determination of the earthquake mechankenprogram FOCMEC is
used. Input data are the polarities of the P wawveenty three first motion polarities data
from seismological stations in Bulgaria and surding area taken from NOTSSI and ISC
database_(ftp://www.orfeus-eu.org/pub/data/contirsu®013) are included in the double -
couple focal mechanism - Fig.3. The solution ispldiged on lower hemisphere. The
polarities from ISC are check as waveform. Thekstridip and rake are determined in
accuracy up to 10 degree. The earthquake is clesizad as a normal faulting, with very
small strike-slip component. The fault plane solns of the some other events are with
very bad quality because of a low number of pdaksit
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Fig.4. Magnitude - frequency distribution of the eartakes

A detailed analysis of seismicity in the individusgismic zones is hard to be
fulfilled because of the insufficient quantity ofemts and the narrow magnitude range of
the earthquakes. The joint statistics of all thergs in Fig.2 characterize predominantly the
seismicity parameters of the southwestern pati@territory under investigation.

The magnitude-frequency distribution for the entitata set is presented in Fig.4. The
number of localized events increases with the madaidecreasing: for M= 4.0-4.5 is 1
event, M=3.5-3.9 is 8 events, for M=3.0-3.4 is 28rgs, for M=2.5-2.9 - 96, for M=2.0-2.4

- 252 and so on. The abrupt diminishing of the nemif earthquakes in the first interval

(M<1.5) in Fig.4 determines also the registratiawpr of the seismic stations network. It
can be supposed that the magnitude sample forslevith M > 1.5 is comparatively closer

to the reality for the bigger part of the Bulgariarritory.
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Fig.5. Depth - frequency distribution of the earthquakes
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The picture of the depth distribution in Fig.5 slsothat the majority of events
occur down to 15 km depth. The number of eventssdo® decrease smoothly with
increase of the depth. It is possible the estadfigiredominating depth (from 0 to 5 km) to
be also due to the presence of small number ofemtified industrial explosions. In the
same time the number of events in the interval 3 is bigger than this in the previous
interval. The magnitude distribution of the eveimtglepth (Fig.6) does not permit to note
some differentiation of depth "floors" with the rease of magnitude — the relatively the
same maximums can be traced out for the depthvadisedown to 20 km depth. As usual
the strongest event is deep situated at 20 km depth

Months

Fig.7. Time distribution of the earthquakes.

Fig.7 illustrates the distribution of seismicity fime according to the number of
events per months. The biggest earthquake’s amsutisplayed in July, when about 160
earthquakes occurred, and it is associated withaars activity around of 27 July maximal
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earthquake in southwest Bulgaria. The lowest eagke quantity is in February, around 50
events.

Additionally, about 1000 distant earthquakes hagenbrecorded in the period
under study, as well as more than 900 industriplaestons, processed and classified in the
preliminary monthly bulletins. In order to identifthe artificial seismic sources the
methodical approach described by Deneva et al.g)188d some information about the
quarry sites in Bulgaria have been used.

Acknowledgements: The authors owe their gratitude to the engimgestaff for the
perfect software and hardware ensuring of NOTSSI.
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JlaHHM M aHAN3 HA cem3MUYHHTe chOuTHS peructpupanu or HOTCCH npe3 2013

E.botes, B.IIpotomnonosa, U.ITomosa, bi.babaukosa, C.Benmnukosa, M.Anekcanaposa,
I1n.PaiixoBa, Bi.boitues

Pe3tome. IlpemmaraHoto Hay4yHo cbhoOIIeHHE ChABPKA 0000meHa uHopMmanus 3a
pesyiraTuTe OT CBHOMpaHeTo, 00paboTkaTa W aHaJIM3a Ha IBPBHYHUTE MaHHH 32
CeM3MHUYHHUTE CBhOWTHA, peructpupanu or Hammonanmnarta OmnepartuBHa Tenemerpuuna
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Cucrema 3a Cemsmonoruuna Uapopmanus (HOTCCH) npe3 2013r. [IpeacraBena e kapTa
Ha enuueHTpute Ha oOmo 1622 3emerpeceHnss B yacTTa OT baikaHCKUS IOJIYOCTpPOB,
orpammdena ot reorpadcka mupuna 37° - 47° N u gemxuna 19 - 3¢ E. Io-nmogpo6ro ce
QHATM3HPA CEM3MHYHOCTTA 3a TEPUTOpPHUsATA Ha BhIrapus u mpunekammure i 3eMu (moBede
ot 930 cemsmuuny crGuTHs B paiton ¢ koopauHatu A= 22 - 2FE u ¢ =41° - 44.5N).
[Ipennara ce u KaTaJor Ha 3eMeTpeceHusITa ¢ MarHuTyx M>2,5. Cen3aMoreHHHUTE MPOSIBH Ce
00CHXKIaT 110 30HH, CPABHEHH ChC CHCEHU TIEPUOIHN BPEME.
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OBJECTIVE ASSESSMENT OF THREE STORM CASES OVER THE
MEDITERRANEAN BASED ON NCEP-NCAR REANALYSISDATA
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Abstract. The cyclones are dominant synoptic-scale featufeth® atmospheric

circulation in the mid-latitudes influencing strdpghe local weather, in particular
causing severe weather events. The Mediterraneginnrés the most discernible
secondary maximum of the cyclonic activity in thertiern hemisphere. Applying
some base mathematics and well-known relations fhentheoretical meteorology on
the gridded NCEP-NCAR reanalysis datasets, antrifitige case study of three very
intense storms in semi-automatic way is performed.

Key words: Mediterranean cyclones, Case study, cyclonic atéuh, quantitative
climatology

I ntroduction

Cyclones represent the most important manifestatibthe mid-latitude high-
frequency variability, and play a fundamental rioi¢he atmospheric large-scale horizontal
(and vertical) mixing and in modulating the air—$ei@raction. Cyclonic circulations, due
to their frequency, duration and intensity, playimportant role in the weather and climate
over the entire Mediterranean region (Radinovi@7)9A large spectrum of environmental
variables and phenomena are associated with cyslionthe Mediterranean region. Wind,
pressure, temperature, cloudiness, precipitatitlunderstorms, floods, waves, storm
surges, landslides, avalanches, air quality andnetree fog and visibility in the
Mediterranean are influenced by the formation aaslspge of cyclonic disturbances. The
Mediterranean area, although located to the sofittneo main Atlantic storm track that
more directly affects western and northern Eurdpeuite frequently subjected to sudden
events of extreme and adverse weather, often hahigly social and economic impacts.
(Lionello et al., 2006).
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Better understandings of spatial and seasonal hiktya of Mediterranean
cyclones as well as the mechanisms leading to ggdlesis (lysis) are a major concern for
the meteorology of the region, especially for thagelones related to severe weather.
Pioneering studies that include climatology of oyas, cyclogenesis and track patterns in
the Mediterranean are those by Pissarski (1955)eBen (1956) and Klein (1957).
Information about mesoscale cyclones can be oltafrmm manual analyses. In these
analyses, the analyst takes into account informatiot present in the objective analysis,
from conceptual models and, in some cases, froelligatimagery. The cyclones can be
detected and characterized in these analyses by. hémwever, the manual technique
presents some disadvantages because it is vemidab@nd it is difficult to apply to long
periods of time and to large areas. Also, the syatie computation of certain parameters is
difficult as the domain of the cyclones is ofte twonstrained. Furthermore, this method
inevitably entails a certain degree of subjectivithe subjectivity of the analyst affects the
detection and location of the cyclones as wellasesparameters such as the geostrophic
vorticity or the lifetime of the cyclones. Thesdfidulties would disappear if an automated
method was used (Picornell et al., 2001). Basetheravailability of hemispheric gridded
data sets from observations, analysis and globahaté models, objective cyclone
identification methods were developed and appliethése data sets in the recent decades
(see Ulbrich et al., 2009 for a comprehensive mg\ién expression of the common drive
for estimation of the current progress in the fielgs the IMILAST project - a community
effort to intercompare extratropical cyclone ddtettand tracking algorithms, whose main
aim was to reveal those cyclone characteristics hhae been robust between different
schemes and those that differ markedly (e.g., Neal.2013). Since 1990 (Alpert et al.,
1990), most of the studies on climatology of thediflrranean cyclones are based on
objective analyses and objective techniques aimetk®cting and tracking the cyclones
(see Lionello et al., 2006 for a comprehensive e®yi MEDEX (MEDiterranean
EXperiment on cyclones that produce high-impact therain the Mediterranean) is a
Research and Development Project, framed into theld\Weather Research Program of
the World Meteorological Organization, whose mabjegtive is to increase knowledge
and improve forecasting of cyclones that produghiinpact weather in the Mediterranean
(Genovés et al. 2006).

Mean goal of the presented short paper is to retteal basic physical and
mathematical approach that more or less is incatpdrin almost all modern objective
cyclone climatologies. Part of the possibilitiestlod methodology is demonstrated of three
very intense storms that produce high-impact weatspecially over the eastern part of
the domain. The numerical analysis is performeskimi-automatic way.

The paper is structured as follows: the second tehajs dedicated to the
description of the methodology. The third chaptesatibes the choice of the dataset as well
as the performed calculations. The core of the pa&pén the fourth chapter, where the
results are exposed and discussed. Summarizingkeraee listed and briefly commented
on in the conclusion.
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M ethodology

Following Radinovic (1987) the horizontal domainatyclone is defined as the
area of positive (in the North hemisphere) vonicitound the cyclone centre, bounded by
the zero-vorticity line. After the paper of Sinclill997), many authors use the cyclonic
circulation as main estimator of the cyclone sttenghe author’s opinion is that the
circulation is a physically the most consistent sugament of cyclone strength because, as
stated by Sinclair (1997), it takes into accourthlibe size and rotation rate of the system.
The reasons for using this parameter in front gf ather (like the pressure or the vorticity
in the core point of the low) as a measure of thelome strength were detailed and
referenced in Picornell et al. (2001) and Campinal.e(2006), and coincident with those
argued by Sinclair.

According the definition, the flu® of some vector (in our case the wind velocity
u) trough are&is equal to:

P, :”G.dé (1)

Applying the Stokes theorem, which states equivadretween the circulatiod, defined
as the line integral of the vector around a clopath Ly and the flux of the vector’s
vorticity trough the area, bounded by this patta&eave can write:

C=furdr = [[(@xu) s )

Due to the fact that the dot product between thiezbital vorticity component§[] X u)x,

(Ox u)y and the surface elemertB is equal to zero, the cross product in the righe s
of equation (2) can be replaced with the verticaticity component, traditionally marked
in the meteorology with:

- - ov du
F=(0Ox%xu), =——-—— 3
( ): ox oy ®)

The integral on the right side of equation (2), ejmthe vorticity flux @; according
equation (1), can be estimated as follows:

o, = [[[Oxa).¢=[[és=E[[a=ZS 4)

Thus,C is roughly equal to the ar& enclosed by the curide times the mean vorticit)g?

over the area. If obtained separately, as showthénnext chapterS can be used as
additional measure of the cyclone’s magnitude. Aseg circular shape with diametBx,
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of the cyclone and movement with constant tangewgicity V, along this circle, we can
obtain:

C=§uldr =v, fdr = 7,D, = 2v,,/78, (5)

finally:
V. = C = CD‘(
T2y, 218

C

(6)

Thus the computation of the cyclonic circulatios, measure of its strength, is in natural
way connected with the calculation of other sigmwifit quantities as the size/diameter and
representative velocities (linear or angular - nafsén the mean tangential velocity along
the cyclone’s boundary). The Sl-unit of measuretha vorticity flux is ni.s* or, for
convenience in the meteorology, CU, where 1 CU=tibs®. For example, if the cyclonic
area is 1000000 square kilometers (approximatelycte with diameter 1128 km, which is
typical value for North Atlantic cyclones or veryjgbMediterranean ones) and the mean
vorticity trough this domain is 5.10s(CVU), the circulation will be 5 CU and, according

the second relation in (6), the mean tangentiaaislV, along the boundary will equal 14

m/s.

The main difficulty with circulation calculationsek in defining the region of
cyclonic airflow associated with each vertex (cgclone center), especially in cases of
multi-core depressions, when many centers shamranon zero-vorticity line. Basic idea
in most algorithms is: starting from the cyclonentte, a search is made radially outward
looking for the location wher&= 0. In the study of Picornell et al. (2001) the psinthere
the (geostrophic in this case) vorticity is zere aearched along the east, north, west and
south directions (principal axes) and they aregdiby means of four portions of ellipse.
The initial horizontal domain of the cyclone is thebtained by adding the four quarters of
elliptical areas, limited by the portions of eligand the principal axes (‘pseudo-ellipse’).
More precisely, in other studies (Sinclair, 1997an@ins et al., 2006) the search is
performed along more radial axes (i.e. with smadlegular increment) but generally such
procedures requires interpolation between the gdda which can be very computationally
demanding.

Original authors idea is to estimate the size dm dirculation of the cyclone
without explicit determination of the zero-vorticitine. Thus, Ietnij be the number of

corners of the gridcell with lower left corner hetgrid point with indexeilsandj, where the

vorticity f, is positive. Obviously,nij can take only five values: 0, 1, 2, 3 and 4. The

values 0 and 4 are in the cases when this grideatbompletely in or out of the area,
occupied by the cyclonic flow and h‘lij is equal to 1, 2 or 3, the zero-vorticity line, agle
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exact position is not known, splits the gridceleTidea is to estimate the ‘cyclonic part’ of
the gridcell's areaAs; as:

c

n.As.  n Ay(AX, +AX.,,)
e T j j+1
As; = 2 5

Here Ay is the cell side along the meridiadX; and AX;,, are the cell sides along the

(7)

model’s parallel with indekandj+1 as shown on figure 1.

§(2)=0 / B30

¢(1x0 EE-0

Fig. 1 Schematic illustration of the proposed methode Zéro-vorticity line (shown in bold) crosses
the gridcell and thus=3. The ‘cyclonic part’ (grayed) of the gridcell istanated as % from the
whole and the average cyclonic vortic{t§{+ &+ &,)/3

Continuing the upper idea, the average positivel¢ryc) vorticity in the gridcell is equal
to:

ey i ;:)(”
g;:: =AU n 20 8)

n,
0 n =0

Finally, we can obtain the cyclonic vorticity flisough the gridcell:

Of =& A 9)

Keeping in mind that the flux is an additive quantthe total one over a certain region can
be obtained by simple summing of single shares dher calculated by equation (9)
contributions for all gridcells included in thisgien. In particular, it is possible to estimate
the flux of an individual cyclone by summing theidgell fluxes over the area which
includes this object. The borders can be foundeaspg the vorticity sign around the
corresponding vorticity maximum. Obviously such aggeh lacks accuracy. However, due
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mainly to its simplicity, it can be used for cagedses of well isolated structures as
demonstrated later.

Used data and performed calculations

The data used in this study are the time serie$-bfwind produced during
National Centers for Environmental Prediction (NGBRtional Centre for Atmospheric
Research (NCAR) 40-year reanalysis project (Kaletyal., 1996), converted in plain
ASCII format in the Climatic Research Unit, Univigysof East Anglia. The data set
consists of grid point values of the 850 Hpa leeall (not geostrophic!) wind for Quarter-
Spherical Window (0°N-90°N; 90°W-90°E) in a grid #f5°x2.5°, allowing the study of
synoptic scale cyclones. The modeling domain exdebetween latitudes 22.5°N and
55.0°N, and longitudes 12.5°W and 47.5°E includaognpletely the Mediterranean, the
surrounding territories and the Black Sea. Thetdirdifference method is applied to
calculate the vorticity field. The reasons for séiten of this isobaric level are manifold, but
will be not discussed here. One of the main meritthe chosen approach, based on the
above proposed method, is the indicative forcehefvorticity flux over a certain area —
first, it is a very robust integral (over the spaceterion of absence or presence of cyclonic
activity there and, if such is present, of its magie. Thus the maximums of the time-
series of the overall (i.e. the integrated overvhele domain) flux can be treated as rough
proxy for cyclonic activity at the correspondingné. In such a fashion an outstanding
peaks that correspond to very intense lows, as ghawvn on figure 2, can be easily
detected.
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Fig. 2 Time series for the overall cyclonic flux troutjie domain for the year 2000. The step plot
shows the monthly averages. The very high valuthemight ridge of the figure reveals strong
activity in day 366 (31 December).
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Resolving this task using other methods can be tierg-consuming. The computation of
these time series for the full 66-year (1948-2tirf8e span of the dataset reveals the first,
second and third maximums of the daily averageckwhre on the 03.02.1954, 07.02.2012
and 08.02.1996 and are equal to 18.0 CU, 16.4 GU1&n7 CU correspondingly. Next
necessary step is to find the positions of all ieiiyt maximums for the time frame of
interest, which are potential cyclone centers. Titaglitional manner of detecting the
location, respectively of the value, of the maximaerformed automatically: The vorticity
in each node is compared with that in all eightraunding grid points, followed by
interpolation within the gridcell, as illustraten @ne other case (not observed here further)
on figure 3

Term

T T T T =
123012 183012 003112 063112 122112 182112

1300

Geopolential high, gpm

1280

Cyclonic vorticily, 109 cyy)

1260

Fig. 3 (Left) Time series (time lebel: hhddmm, year 2080the 850 Hpa geopotential high (in
black) and cyclonic vorticity (in gray) of the sefed cyclonic center. (Right) Corresponding tracks.
The solid lines on both panes connect the nonpotated (i.e. gridnode value and position) and the
dashed — the interpolated values. The value anitiggosf the vorticity centre at 123012 is not
computed in this case due to the absence of derfuegpectively vorticity) at the left domain barde

The maximal value of the vorticity for a single tee¢ is calculated for the one, detected on
21.01.1981 18 UTC and is equal to 13.2 CVU. Althotige tracking of individual systems
is out of the scope of this work, the created digihaps with vorticity maximums allow
performing such a task for short intervals in samtiematic manner. Thus, applying the
most widely used (Ulbrich et al., 2009) nearestthbor search and inspecting consecutive
time frames, the tracks of the selected lows far fime steps before and four time steps
after (or 48 hours as a whole) the moment of makauee-point vorticity, are constructed
as shown on figure 4. The most important featune, determination of the region of
cyclonic airflow, is performed using the prescribiedthe previous section method. A
simple four-directional search along horizontal amgitical axes, obtaining a rectangular
area, occupied by the low is applied. Further,cymone ‘size’ and intensity is obtained by
summarizing automatically the cyclonic part of tedl and fluxes trough every gridcell,
contained in this area in accordance with Eq. (®)-Finally, applying Eqg. (5) and (6) the

diameterD, and mean tangential velocity, are calculated.
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Results and comments

Only a first sight about the representation of sarateulated features for the
selected storms will be addressed, following patitly presentation manner in Genovés et
al. (2006).

All of the four observed cases correspond to vemspdone- or multi-core lows and
at least three among them are reason for severtheveaver broad regions in Southeast
Europe (for the case from 2012 see, for instanary@mkov (2012), no documentation has
been found at the moment of writing this paper ttee case in 1954). The synoptical
treatment of these events, however, is out of tope of the present work. The cyclone
from the case in 1996 is dynamically of very compdtructure — an extremely elongated
(roughly from Greenland in the northwest to Cretetfie southeast) depression with
multiple circulation vertices. To apply the simpédations, as the equation above, to such a
structure, even for rough judgments, can lead tios® discrepancies. Thus, only the three
cases from 1954, 1981 and 2012 are treated fuffladdle 1 summarizes the main obtained
results according the mean features of the setectio

According the classification of Guijarro et al. ), moderate cyclones are those
with circulation greater or equal than 4 and lést7 CU and grater than 7 — as a strong.
Analyzing the SL-geostrophic vorticity, Genovésakt(2006) finds that the maximum of
the circulation’s probability density function isdated around 3 GCU. The 90% of the
cyclones have values of circulation below 6 GCU @@dCU, respectively, in the western
and eastern Mediterranean, when only the momentsiafimum development of the
cyclones are considered. Trigo et al. (1999) revvehht, depending of the sub region and
the season (the variability is significant!), theediiterranean cyclone radii are roughly
between 300 and 600 km. Applying these quantitatiieria, the selected cases can be
really judged as severe manifestation of cyclomtivity in the Mediterranean. Table 1
shows that all of the cyclones occurred in wintehijch is in the accordance with the well-
known fact for annual maximum of the cyclonic aityivduring this season.

Table1l Main features of the selected cyclones accordaligmn caption

Case 1 Case 2 Case3

Time, hh dd/mm/yyyy 06 UTC 02/02/195¢4 18 UTC 214®81 | 18 UTC 06/02/2012
Location, Lat., Long. 40.88N; 11.58E 35.55N; 18.80E | 36.72N; 20.76E
Maximal vorticity, CVU 10.4 13.2 12.8

Circulation, CU 15.7 12.5 14.2

Cyclonic size § 10° kn? 7919 4140 5410

Equivalent diameter Dkm 3175 2296 2334

Mean tangential velocity,ym/s | 15.7 12.5 19.5

The storm in 2012 produced heavy snowfalls overiga gart of the Balkan
Peninsula and additionally very strong winds witlstg (and resultant high waves) on the
western Black Sea coast, causing various damagekeomfrastructure. The cyclones in
1954 and 2012 have a similar African origin and 1881 event corresponds to a Genoa
cyclone. The last case is investigated deeper mp@ss et al. (2006) and it is placed in the
third place in the severity storm rank-list, whéhe ordering criterion was the maximal
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geostrophic circulation. They have obtained a sttrack relatively near (qualitatively

compared indeed) to the one on figure 2 and terrmatimum development/ maximal

circulation 21.01.1981 12 UTC and 13.77 geostrophitulation units (CGU) respectively.

These values are also close to their analogs ineThluespite the different method and
dataset (ERA40) used in the study.

Concluding this section, it is worth commenting thase 1954. Here, the
procedure of bounding the cyclonic air flow revetidat the zero-vorticity line is closed
inside the domain, but the corresponding calculatedimference is not. The reason is the
zonal elongation of this low. Thus, the depictetlei underestimates the cyclone size in
the west-east and overestimates it in the souttirrrection. This example, together with
the remarks for the cyclone in February 1996, shithas estimation of the characteristics
based on simple averages has to be performed tarafa the more correct interpretation
of the quantities from (4) are ‘equivalent by ciexdform’ rather than ‘mean’ one.

T T 1 T T T T T T T T T T T T
-75 -5.0 -25 00 25 50 75 10.0 125 150 175 200 225 250 275 300 325 35.0 375 400 425

Fig. 4 Figure 4 Obtained 48-hour tracks and cycloneziaiferences (according Table 1)
centered over the moment of the maximal core-pairticity for the cases 1954 (in black),
1981 (in dark grey) and 2012 (in light grey). Teef the location symbols for each time step
is proportional (same scale for all cases) to thre-point vorticity magnitude.

Conclusion

The paper is concise presentation of some of tise baathematics and physical
ideas, which are in the fundamental of the objectissessment of the cyclonic features. In
the last decades this, most used approach, hasdius efficiency in obtaining and for
analyzing detailed statistics of extratropical viseatsystems, in particular Mediterranean
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ones. Consequently many detailed databases wedeqad; some of them freely-available
(see, for example, the web-page of MEDEX: medexiiilnes). The presence nowadays of
long-term gridded datasets, from reanalysis prejaad/or global circulation models from
one hand and the increased computational resofnmmsother, determines the prevailing
role of the approach also in the future. The wagkndnstrates that even with the proposed,
fairly simplified indeed, method; meaningful quaative estimations can be achieved.
Such results are widely used in many sinopticdmatological, hydrological and etc.
studies. Finally, it is worth to emphasize, that thynamically oriented research has to
continue further, especially in the hydro-meteogidal institutes in the dense-populated
Mediterranean countries, due to the high theoreticd socio-economical importance of
the phenomena.

Acknowledgments. To NCEP-NCAR for providing free of charge datal 4o the Climatic
Research Unit, University of East Anglia for thdorenatting of these data in convenient
form and its further online redistribution.
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OOexkTHBeH pa3dop Ha Tpu ciay4das ¢ Oypum Hax CpeaM3eMHOPHETO, OCHOBAH HA
nanHuTe oT peananauza Ha NCEP-NCAR

Xp. UepBeHKOB

Pe3rome: ]_[I/IKJ'IOHI/ITG ca JoMHHHpallara 0COOEHOCT CBC CHHONTHYEH Mama6 Ha
HUpKYyJIanusaTa Ha YMEpPCHUTE IMUPpUHA KaTo OKasBarT CHIIHO BJIMAHHUC Ha
METCOPOJIOTUIHOTO BpEME, B YaCTHOCT O6yc.]'IaB5[I7[KPI OIlacHU 00CTaHOBKH.
CpeIlI/ISGMHOMopI/IeTO € Hal-sICHO Pa3ITNINMUAT paﬁOH - BTOPUYCH MAKCUMYM Ha
IMUKJIOHAJIHaTa aKTHUBHOCT B CeBepHOTO l'IOJ'IyK’I)J'I60. Karto ce npujaraT HIKOM OCHOBHHU
MaTCMaTU4YCCKU CHOTHOLICHUA U ,H06p€ MO3HAaTH 3aBHCUMOCTH OT JAWHaMH4YHaTa
METCOpOJIOrus, € MPOBCIACH 00CKTHBEH p3360p Ha TpHU CJiydad ¢ MHTCH3UBHU HUKJIOHAIHU
6ypI/I TJIaBHO € ICMOHCTPpAaTHUBHA LICJI.

92 Bulgarian Geophysical Journal, 2013, Vol. 39



I nformation for Contributors

Submission of a paper implies that it has not hmélished previously and is not under
consideration for publication elsewhere.

Typescript. All parts of the paper must be typed double-spamedood quality white
paper A4 (210 x 297mm) with at least 2.5 cm margin®p, bottom, and sides. Each page
of the typescript should be numbered on the bottothe right corner.

Authors are expected to supply 2 clean copies igliéim or Bulgarian. Please use
correct English or Bulgarian spelling, punctuatigremmar, and syntax. The metric system
must be used throughout; use of appropriate S$ im#ncouraged.

Paper length. Paper should be written in the mostise form. Occasionally long
papers (over 15p.) are accepted, particularly tobsereview nature.

The typescript should be arranged as follows:

1. Title page including authors' names and affdins
2. Abstract and key words

3. Text (including tables and figures)

4. Reference list

Abstract. The abstract should be in a single paragraph (2&@svor fewer). State the
nature of the investigation and summarize its irtgdrconclusions. References must not
be cited in the abstract. The abstract should kalde for separate publication in a Web
site.

Mathematics. All characters available on a standard typewrniteist be typewritten in
the equations as well as in text. Special attensioould be paid to single couples of the
kind: w, pp, mu, nn. Distinction should be made between the lettem® the numeral O;
between the letter | and the numeral 1; betweemdkkappa.

Alignment of symbols must be unambiguous. Supgrscand subscripts should clearly
be in superior or inferior position. Fraction bar®ould extend under the entire numerator.
Displayed equations should be numbered consecytitiebughout the paper; the number
(in parentheses) should be to the right of the &gua

References. A complete and accurate reference list is of mapportance. Only works
cited in the text should be included in the refeeelist. References are cited in the text by
the last name of the author and the year: (Jorg30)1If the author's name is part of the
sentence, only the year is bracketed. Referenasamanged alphabetically by the last
names of authors. Multiple entries for a singlehauiare arranged chronologically. Two or
more publications by the same author in the sarae g distinguished by a, b, c after the
year.

Tables. Tables should be typed as authors expect therodbo ih print. Every table
must have a title. Column headings must be arrasgethat their relation to the data is
clear. Each table must be cited in the text.

Illustrations. All illustrations should be inserted in the tegtitable for the camera-
ready reproduction (which may include reductiorgclk figure must be cited in humerical
order in text and must have figure legend. Pleasead draw with hairlines. The minimum
line width is 0.2 mm (i.e. 0.567pt).

Electronic submission. Authors must submit an electronic copy of theipgrawith the
final version of the manuscript. The electronic gspould match the hardcopy exactly.

Authors will receive more detailed information when the article is accepted for
publication so that requirementsfor the camera-ready presentation are fulfilled.



	Front Cover obv
	Front Cover rev
	CONTENTS
	CONTEMPORARY CRUSTAL MOVEMENTS FROM GPS AND etc.
	CONDITION OF THE STRATOSPHERIC AND MESOSPHERIC OZONE etc. Part I
	CONDITION OF THE STRATOSPHERIC AND MESOSPHERIC OZONE etc. Part II
	MODELLING SPATIAL DISTRIBUTION OF GLOBAL TOTAL COLUMN etc.
	ASSESSMENT OF THE 2012 MW=5.6 EARTHQUAKE IMPACTS IN THE etc.
	FAULT PLANE SOLUTIONS OF THE 2012 MW 5.6 PERNIK (SW etc.
	TEMPORAL CHARACTERISTICS OF THE 2012 PERNIK etc.
	ON THE MONITORING OF THE SEISMIC ACTIVITY IN THE etc.
	DATA AND ANALISIS OF THE EVENTS RECORDED BY NOTSSI IN etc.
	OBJECTIVE ASSESSMENT OF THREE STORM CASES OVER THE etc.
	Back Cover

