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Abstract. The paper aims to define an appropriate magnitadieration function
and station corrections of PV (RVwave for broadband (BB) instruments of the
National Operative Telemetric System for Seismalaginformation (NOTSSI). The
calibration function is defined by an adaptive tneent of the existing calibration
function for the short period seismometers. Thetexg magnitude station corrections
are reconsidered in level and the corrections fier mew broadband stations are
determined. The values of the adapted calibratimetfon and the new set of station
corrections have to be considered as a necessgpyfet realization of practical
comparative proof of NOTSSI magnitude determinaicggarding the assessments of
the international seismological centres as EMSQONE ISC.
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I ntroduction

The earthquake magnitude is the most importantdstahparameter for energy
classification of earthquakes and it is a basicl ttws solving a lot of important
seismological problems, especially for elaboratioh homogeneous and compatible
earthquake catalogs on local and regional scale.ekistence of several magnitude scales
used by seismologists all over the world forceduhiication of magnitude determinations
(Christoskov, 1994, Karnik and Christoskov, 197#ri§toskov et al., 1985, Christoskov,
1991, Bath, 1969, Samardjieva and Christoskov, 198%istoskov and Samardjieva,
1988, Banek et al., 1962Banexk et al., 1980, Christoskov et al., 19%pucrockos,2005,
Xpucrockos, 2007). Unified scales for the Central Balkans evachieved by deriving
amplitude/calibration curves for different typesseismic waves (Christoskov, 1994). The
calibration functions for shallow events at disesap to 10 were calculated and used for
P, S and L waves for short (SP) and medium perldB)(seismographs. The derived
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calibration functions for MP seismographs are dbedrin Karnik and Christoskov (1977),
Christoskov ( 1985), Christoskov (1991), Bath (1P6he first calibration curves for SP
seismographs were obtained for the vertical comptsnef P, S and L waves, denoted as
PVs, SVs and LVs (Samardjieva and Christoskov, 198%ristoskov and Samardjieva,
1988) after the establishment of the National @tpeg Telemetric System for
Seismological Information (NOTSSI).

In the last decades new broadband (BB) seismograpbsdigital acquisition
systems were introduced in the seismological prectihe sensitivity and the frequency
response of the new instruments required a cemtai@wal of the procedures for magnitude
determinations regarding the level and shape ot#tibration functions and the values of
station corrections. The new BB type seismologéglipment of NOTSSI (Report, 2005)
also imposes an updating of the existing calibratiarves and station correction values.
The aim of the paper is to define an approprialbredion function and station corrections
of PV (PVs) wave for BB instruments through re-examinatios ¢alibration functions and
station corrections for NOTSSI.

Short outlines of NOTSSI regarding the dynamic investigations of
Seismic waves

NOTSSI becomes operative in 1980 and consists fefefi periphery seismic
stations, equipped with SP vertical seismometertyppé S-13 (Teledyne-Geotech) with
response characteristics from 10Hz (0.1s) to 1.@b8Hz). The station records are
transmitted in real time to the Seismological Ceratrthe Geophysical institute in Sofia (at
present - to the National Data Centre (NDC) of Mutional Institute of Geophysics,
Geodesy and Geography (NIGGG).

In 2005 an overall modernization of NOTSSI instruma¢ion was performed
(Report, 2005). New BB seismometers Guralp 3ESP@Zalg CMG 40T, KS2000, STS2
and high resolution seismic recorders — model DA8-21/3 (Refraction Technology)
were installed at all seismic stations. Digitaledate transmitted in real-time mode to the
NDC at the NIGGG via Virtual Private Network. AtettNDC the data are retrieved by the
Seismic Network Data Processor (SNDP) software ggeKHaikin and Kushnir, 2005) for
real-time automatic and interactive data processing

The main seismic station of the NOTSSI is in theesbatory Vitosha (VTS) at
the locality Zlatni mostove of Vitosha Mountain.aBbn VTS is most sensitive and low
noise station of NOTSSI network (Christoskov et 58996, Tumurposa, 2009, Christoskov
L. at al, 1996). VTS data traditionally are usedgeecise studies of dynamic characteristic
of seismic waves, especially for normalizing (stalization) of magnitude determination,
derivation of calibration functions and determinatiof reliable magnitude corrections. For
this type of studies, the wave dynamics comparisstween the records of the underground
seismometers and those on the earth surface ispoyrtant.

The station VTS is equipped with a various typeseismological instruments as
SP, MP, BB, very broadband (VBB) instrument andetmmometers. The equipment is
installed on concrete pillars in two undergroundms at a depth of 25 m under the surface.
The rooms have concrete-brick walls and roofs amdimsulated by air joints from the
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surrounding rock massif (fresh syenite rock). Thghth seismometer pillars are insulated
from the concrete room floors and tightly fixed emtkeath with the rock massif. The
seismometer rooms are connected by an undergrawnimbhtal 25 m long tunnel with the
observatory building. At the basement of the buaidadditionally are located six pillars
(Christoskov et al., 199&pucrockos, 2005).

The GURALP seismometers, which vertical componeia dire mainly used for
magnitude determinations, have a dynamic range ofenthan 120dB and response
characteristic from 50Hz (0.02s) to 33s/60s (0.08//Hz) (Fig.1). The standard

sensitivity of the seismometers is oV /Im/S and the channel sensitivity is

1.25810°counts m/s (Report, 2005). Equal or very similar to thoseapaeters have
the BB seismometers at the all periphery statidi$@T SSI, including the local networks
of Provadiya and Kozloduy.

Basic magnitude equations

The earthquakes magnitude remains the most widsdy measure of earthquake
size and is basic reference parameter in the bbofwh regional earthquake catalogues of
the European-Mediterranean seismological center JEM National earthquake
information center (NEIC) of USA, International smiological center (ISC), as well as, in
the national catalogues and bulletins. At predhete are several magnitude scales applied
in seismological practice, but still it is observad absence of standard methodology and
unified magnitude assessments. The widely used imggnscales by seismological centers

are:M _ - local magnitude according the Wood-Anderson fdation (Bath, 1969)M -
short period (pick response around 1s) body wavgnitizde, s - wide band/broadband

(1-10s) body wave magnitud Ms. long period (20s) surface wave magnitu My -
moment magnitude (Gardini et al., 1997) (see fdmitle Christoskov et al., 1985, Bath,
1969, Samardjieva, and Christoskov, 198agpek et al., 1962, Bauex et al., 1980,
Christoskov et al., 1991).

One of the first steps in standardization of maglé scales at teleseismic
distances was achieved by introducing and grounttiegfollowing basic formula, later
known as the Prague formula (Christoskov et al§51®Bath, 1969Banek et al., 1962,
Bamuek et al., 1980):

M =log(A/T), . to(A)+S 1)

max

where M s the magnitude, A/T is the maximum particle eétlp of the ground ir 4 mis

(A is the amplitude and T is the corresponding(mgr,ia(A) is the calibration function, S
is magnitude station correction. This rather ursakmagnitude equation is applicable for
body and surface waves at wide range of epicedistdnces\.

According to (1), in case af>>1 number of network stations, the magnitude for
stationi (i=1,2,...n) and for a given earthquake (k=1,2,...,n) is determined by the
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equatiol
M =log(A/T), +o(d,)+S (2
and the mean network magnituele for earthquaké (k=1,2,...,n) is
B 1 i=ng
M, ==> M, 3)
ns i=1

where the station correctio§ (i=1,2,...n) could be determined by the method of the
“average magnitude” or the method of the “basitieh” (Bauex et al., 1980, Christoskov
et al., 1991 Xpucrockos, 2005,Xpucrockos, 2007, Conaxos, 1993). The basic station is
precisely selected, usually it is the first statioh the network iE1) and its station
correction is assigned to be zero, Bg= 0. If the reliable level and shape @fA) is not
known, the procedure for determining correct®might be specified as “zero gradient”
procedure (Samardjieva and Christoskov, 1985, @ishev and Samardjieva, 1988). The
method of the “basic station” in the version “zgmadient” require comparison log(A/T)
values between each station and the basic staticgg@al epicentral distances to be
eliminated the attenuation factor of log(A/T) with Thus, the correction of statian
regarding the basic statidnwill be

S=1/n Z [log(A/T)i - log(A/T)a]: (@)

i.e. S is the mean value @of>>1 observations at distanceg=A;

Applying the above magnitude equations the ampditedrves A(D) and the
corresponding calibration functior @ (B) for Central Balkans at epicentral distances
A <10° are defined by the relation (Christoskov, 1994y dimplicity admitting indices
andk)

A (8) = -0 (B) =log(AIT), +S, - M )

where  is the wave type,A is the epicentral distance a Sj is the appropriate station
correction for a given wave tyge This formula was applied for deriving the ampliu
distance curves or calibration functions for diéler types of seismic waves

acPV,PH,Pg,SH,Sg LV,LH,PVSSVSLVS to central Balkans (Christoskov,

1994).
After the affirmative invasion of the BB digitalismometers in the practice the
broadband P-wave magnitude scaig)(is defined by a similar to (1) equation

mB = log(A/T)max + JBB (A) + S (6)

where (A/T)iax = Vinax /27) | Viax is the real peak ground velocity i4M/S
associated with the maximum trace amplitude in Eiphase on vertical-component
seismogramggg (A) is the calibration function and S is the magrétedrrection.
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I nter dependence of station correction values and thelevel of calibration
functions

From equations (1) and (2) it becomes understarddialt the levels (values) of
the station corrections and the calibration funciéoe mutually dependent. Preserving the
M value unchangeable for a given IAg[) input, the proportion between station correction
values and the calibration function level mightifiterchanged by a certain constam0CIf
the correction values are reduced (or increased)Chyimultaneously the calibration
function level has to be increased (or reducedpyh€. Therefore, the magnitudie
M=log(A/T)+[o(A)+C] + [SC]= log(A/T)+[o(A)-C] + [S+C] ()
remains unchanged if the proportion between netvataition correction values and the
calibration function level is interchanged by a stamt G:0. This is an important
circumstance if the correction val& of the basic station has to be changed in cakes li
modification of the seismometers' recording condsi replacement of the basic station by
another station of the network, etc.

The above considerations concern the basic staWd@s, regarding the
seismometers installed in the basement of statididibg and in the underground pillars at
observatory tunnel. The station correction for reeisieters on the earth surface was assign
to zero, e.iS=0 (Samardjieva and Christoskov, 1985, Christoskoy Samardjieva, 1988),
but for instruments installed in the tunnel it shibliave a positive valug;> 0 (index T for
tunnel). Theoretically, the amplitude on the suefas doubled (&) due to the sum of
incident and reflected wave, but it is reduced togls amplitude A) at the tunnel
(Xpucrockos, 2005, Xpucrocko, 2007). Thus, for magnitude determinations by
seismometers in the tunnel, a tunnel correc8paf about 0.3 (=log2) magnitude unhas
to be introduced to compensate the amplitude dserbaneath the earth surface. The rate
of amplitude reduction depends on the seismomedpthdand actually it is less than two
times &<0.3). Analogous to VTS is the case with PVL (Peti) station for
seismometers on the earth surface and in the statimel. After a detailed study it was
found that the station corrections for seismometethe tunnel are 0.24 for VTS and 0.16
for station PVL (Christoskov, 199&pucrockos, 1991), with a mean value for the tunnel
effect abou5;=0.20.

According to Samardjieva and Christoskov (1985) a@tristoskov and
Samardjieva (1988), the initial contour of magnéumbrrections for 10 NOTSSI stations is
equalized by the assumption that the correctionbfasic station VTS isS=0 (with a
remainder of 0.14). Later on, the mean and stedilt§i more representative correction
S$;=0.20 for tunnel effect has to be used for levelifighe station correction couture. The
new station corrections regarding Christoskov, 1884 Samardjieva and Christoskov
(1985) are given in Table 1.

Tablel. PV-wave magnitude station corrections of NOTS8ISP or BB seismographs

Station Instruments Correction Remarks
VTS Guralp 3ESPC +0.20 basic station, tunnel effect
DIM 3 units S-13 -0.12 pillars on surface
JMB Guralp CMG 40T -0.08 pillars on surface
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KDz Guralp 3ESPC +0.06 pillars on surface

KKB Guralp CMG 40T +0.16 pillars on surface

MMB STS-2 +0.19 pillars on surface

MPE RefTek 151/120 -0.11 pillars on surface, nefesbecifying
PGB Guralp CMG 40T -0.16 pillars on surface, nekespecifying
PLD Guralp CMG 40T +0.08 pillars on surface

PRD Guralp CMG 40T -0.14 pillars on surface, nekespecifying
PSN KS 2000 -0.18 pillars on surface

PVL Guralp 3ESPC -0.11 pillars on surface

RZN Guralp CMG 40T +0.18 pillars on surface

SOF 3units S-13 -0.44 pillars on surface

SZH Guralp 3ESPC -0.11 pillars on surface, neespetifying

Adjustment of PV- wave calibration curvesfor broadband
seismometers

The first preliminary calibration curv Uws(A) for BB seismometers is obtained
using amplitude data from basic station VTS fortthee period 2008-2010. The calibration

function is derived from a relative small amplitudata set of earthquakes wi'Th

magnitudes between 3 and 6 at epicentral distanedsf. The magnitude:b are
collected from catalogues of NEIC and are usedoasalizing values in relations (5) and

(6). The accomplishment of this derivation Uws(A) for BB records is aiming to

compare and control tt UWS(A) values with the level, attenuation gradient anapshof
the existing calibration functions for P-wave. Timeplementation of this derivation is
possible because the response characteristics eofBB seismometer Guralp 3ESPC
completely cover/envelop the response characesisti the SP seismometer S-13, as well
as, the characteristics of previously used SPresiseters SKM-3 or VEGIK and MP
seismometers SK-3 or SKDXpucrockos, 2005, Xpucrockos, 2007). The amplitude-
frequency characteristics of seismometers S-13, SKWEGIK, SK-3 and SKD are
shown in Fig.1. The magnification of seismometet3Sfor period T=1s at station VTS
presented in Fig.1 is V=150000. At other statiohSIOSTTI the magnification of S-13 had
different values but the characteristics were #Hmaesas at station VTS. For comparison the
amplitude-frequency response of the broadband semater Guralp 3ESPC installed at
station VTS is given in Fig.1 also. Deploying of deon BB seismometers eliminates the
need of installation of several seismometers wiffelgent response characteristics at one
seismic station. The characteristic of BB seism@mebmpletely covers all frequency
intervals of seismological interest and has dynamige more than 120dB which is high
enough to register both small (M<1) and large (Mlegal and regional earthquakes.
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Fig.1. Amplitude-frequency characteristics of seismares-13, SKM-3, VEGIK, SK-3, SKD and
broadband seismometer Guralp 3ESPC installed tdrsMTS

To calculate th(UVTs(A) calibration function values by equation (5) inityals
accepted that the station correctio®jss=0.20 for BB seismometers in the tunnel. Than, in
accordance with equations (5) and (6) is usedelaion

Ovrs(B) = my - Iog(AMmax-0.20  Burs=5=0.20) (8)
wherem, of NEIC is the normalizing magnituder mg determinations of VTS by the

amplitude input A/T)max Of the seismometer Guralp 3ESPC at distarA <10°. The
obtained calibration CUI‘V‘O-VTS(A) is shown in fig.3, where it is compared with the

calibration functior UNOTSSI(A) which traditionally is used for magnitude estiroas by
SP analog record<6nakos, 1993). The curves are slightly different in shamd level,
and they have a similar/common tendency of a slow amooth increase with the
epicentral distance. The possible differences enghape and level are mainly due to the
relative small number (about 50) &/ max iNputs in (8) for deriving statistically reliable

values of JVTs(A). It was rather difficult within two years obserneat period to collect
(A/Mmax data for earthquakes in SE Europe and Balkansvfich m, determinations of
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NEIC are define and published. Fig.2 shows thatSPecalibration CUI‘VlUNOTSSI(A)
from Christoskov and Samardjieva (1988&)paakor (1993) could be accepted as an

adequate and reliable version f(aBB(A) calibration function, i.e. the relation

Ogs (D) JWS(A) no NOTSSI(A) should be considered as satisfactory representitive
practical application. The numerical values of tdibration function of P waves at
epicentral distance up to %@re given in Table 2Additional (A/T)max data of BB stations
of NOTSSI and an extensive data setrgfdeterminations from NEIC should be a base for
the further finalization of BB calibration functioand station corrections for NOTSSI
network.

g 59
B
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=
3
= %1
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S 24 :
S —_— o(A)notssi
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O L} L} L} L}
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Epicentral distance A°

Fig.2. Calibration functions0 yors() = Oyrs(D)

Table 2. Calibration functionogg(A®) for broadband seismometers of NOTSSI at epiakntr
distances\° up to 10

A° | ops(A%) | A° | oea(A%) | A° | oes(A%) | A° | oga(A)

0.0 1.90 2.6 4.31 5.2 5.34 7|8 5.46
0.2 2.26 2.8 4.43 5.4 5.45 8|0 5.46
0.4 2.67 3.0 4.63 5.6 5.46 8|2 5.59
0.6 3.06 3.2 4.84 5.8 5.42 8|4 5.76
0.8 3.19 3.4 4.73 6.0 5.41 8|6 5.86
1.0 3.30 3.6 4.67 6.2 5.41 8|8 5.94
1.2 3.44 3.8 4.76 6.4 5.43 9|0 6.01
1.4 3.63 4.0 4.94 6.6 5.54 9|2 6.07
1.6 3.76 4.2 5.04 6.8 5.50 914 6.12
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1.8 3.86 4.4 5.09 7.0 5.54 916 6.17
2.0 4.01 4.6 5.09 7.2 5.54 918 6.21]
2.2 4.13 4.8 5.11 7.4 5.49 10/0 6.24
2.4 4.20 5.0 5.22 7.6 5.44

Networ k magnitudes mg of NOT SSI and my, deter minations of NEIC

The earthquakes data for derivation Uvrs(A), supplemented by the available
log(A/T)max data of the NOTSSI stations, are used to perforpnediminary comparative
study betweemng magnitudes of NOTSSI ant, determinations of NEIC. Actually, this
comparison is representative also fiy values of EMSC, as in the used earthquake data
set, the magnitude of determinations of NEIC andSEMdo not differ more that0.3
magnitude units.

The individual station magnitudesy are determined by equation (6) for

Ogs (A)=0 NOTSSI(A) and station corrections from Table 1. The megmagnitudes of
NOTSSI are calculated according to equation (3n§eB individual station determinations.
The results of the comparison are illustrated s 3;iwherem, andmg magnitudes
for each earthquake (n=34 cases) are plotted tegeth dependence of the epicentral
distanceA® to the basic station VTS. This mode of plottingfrisitful by two reasons:
firstly, on the ordinate axis directly are seen diféerences between each paig andm,,
and secondly, these deviations can be traced dhinva wide range of epicentral distances
(1 >A°<10). The significance of the magnitude differendas=mg-m, along the ordinate
axis can be assessed by mean differé@w®m/n, standard deviatiop=[(Zdm?-n&%)/(n-
1)]*? and the deviation in the mearp/n*? which are respective§= -5.9 10* p=0.3 and
v=0.05. These statistical valuations are an adequexification for the applicability of P-

wave BB magnitudes of NOTSSI for practical purposes
6 —

Magnitude
1

|
[ T -bb*\ { -
~ Q
SRR T
+o ¥ 4 —___y mb(NEIC)
1 O o & M8 (NOTSS))
3 ' | ' T ' | ' T ' |
0 2 4 6 8 10

Epicentral distance A

Fig.3. Interrelation between gnand ny magnitudes in dependence of the epicentral distéfic
towards VTS station
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The effective practical use of P-wave BB magnitudesans theng values to be
announced in operative order, for the rapid (autaheaepicenter determinations by
NOTSSI network, i.e. within several minutes aftez earthquake occurrence. The accuracy
of the epicentral coordinate determination, for magle assessment — the epicentral
distances, depends on geometry/aperture of the I$O3tations and the actual epicenter
position. For local and near events with epicenteithin/around the stations geometry
contour the accuracy is satisfactory and the efrigkedistances are accurate enoughniigr
determinations. For rather distant evemts&°) the rapid determinations of the epicentral
distances are needed of certain specifications gusttata from the neighbor
countries/networks, consequently, thg magnitudes have to be verified and reassessed if
necessary.

Conclusion

The magnitude calibration function and the statiorrections of P wave (vertical
component PV) for broadband seismometers of NOE8Sdefined for practical use. The
results show that the calibration function for Bistruments does not differ from the
existing calibration function for the short perisgismometers. The magnitude station
corrections are reconsidered in level and corrastior the new BB stations are evaluated.
The newly evaluated calibration function and statamrrections allow not only a more
reliable determination of the body-wave magnitudgbut also allow for further precise
comparative studies for magnitude unification betmwéhe regional networks as NOTSSI
and the international seismological centres likeFMand NEIC.
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IIpakTuyecko ompeaejsiHe Ha MarHutyaa mno P BbJIHEH 4Ype3 uudpoBuTe
IMPOKOJEHTOBH cen3mMoMeTpu, u3no3Banu B HOTCCHU

JI.Xpucrockos, JI.JIumutposa, JI.Conakos

Pe3tome. llenra Ha HacrosmaTta cratusi € Ja JAeUHUpA MOAXOJsMla KaJuOpoBayHa
GYHKUMST ¥ CTAHIMOHHM TONPaBKH 1Mo P BenHM (BepTukaiHa KommoHeHta PV) 3a
IINPOKOJICHTOBUTE CEM3MOMETPH, C KOUTO € obopyaBaHa HammonamHata omnepaTHMBHA
TeleMeTpuYHa cucteMa 3a cemsMosornyna uHdopmarms (HOTCCHU). Kanubposaunata
¢ynkys e nepMHUpaHa Ype3 apanTUpaHe Ha ChIIECTBYBaIlaTa KanmuOpoBayHa (GyHKIHS 32
KbCONEPUOJHU CEU3MOMETpU. MarHuUTyAHUTE CTAaHIMOHHM KOPEKLHMU 3a HOBUTE
HMIMPOKOJICHTOBUTE CEU3MHUUYHHU CTaHLMU Ca MOIYy4YEHHU 4pe3 MPEOLICHSBaHE HAa HUBATa Ha
CBIIECTBYBAIMTE CTAHIIMOHHU NONpaBKH. [IpuiaraneTo Ha ajganTthpaHaTa KaauOpoBayHa
(yHKIMS ¥ HOBUTE CTAaHIMOHHM Kopekuuu B npaktukata Ha HOTCCU e nosene 1o mo-
TOYHO OIpeJessiHe Ha MarHUTyAa Ha 3eMETPECeHUsITa 10 00EMHH BBIHH M yHU(HINpPaHE
Ha MAarHUTYJHHUTE OLEHKH MexXIy peruoHamHu wMpexu or Tuna Ha HOTCCU un
MEKTyHapoIHHUTE IeHTpoBe TakuBa, karo EMSCu NEIC.
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