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Abstract. In the paper a calibration study of the local magni- using the maximum ground velocity on the vertical compo-
tude scale in Slovenia is presented. The Seismology and Gayent Cect et al, 2005 Bormann at al.2002 with the ge-
ology Office of the Slovenian Environment Agency routinely ometrical spreading and attenuation function determined to
reports the magnitude® |y of the earthquakes recorded by fit the Richter (1935 1958 magnitudesMa recorded by
the Slovenian seismic stations. The magnitudes are computeal Wood-Anderson seismograph in Trieste. In the last 12 yr
from the maximum vertical component of the ground veloc- the digital seismic network of the Republic of Slovenia has
ity with the magnitude equation that was derived some thirtygrown from 6 to 28 permanent seismic stations (Ejgand
years ago by regression analysis of the magnitudes recorde@corded large set of earthquakes, but attenuation relation for
by a Wood-Anderson seismograph in Trieste and a short pethe local magnitude has not been re-evaluated yet. Therefore,
riod seismograph in Ljubljana. In the study the present sin-the need for calibration or at least verification of the presently
gle magnitude|y equation is replaced by a general form of used magnitude equation is evident, as similar studies have
the Richter local magnitud&iwa equation. The attenuation been carried out for neighboring regions, for example in Italy
function and station-component corrections that compensatée.g.Bindi et al, 2005 Bragato and Tent®005.
the local effects near seismic stations are determined fromthe Out of the large data set of earthquakes occurring in
synthetic Wood-Anderson seismograms of a large data set bthe area between 44.@&nd 47.0N latitude and 12.9and
iterative least-square method. The data set used consists &7.0° E longitude in the period from January 1997 to De-
approximately 18 000 earthquakes during a period of 14 yrcember 2010 a carefully selected high quality sub-set is
each digitally recorded on up to 29 stations. The derivedused to calibrate théf\ys magnitude equation. An iterative
magnitude equation is used to make the final comparison beleast-squares method is used to determine distance attenu-
tween the new/ywa magnitudes and the routinely calculated ation coefficient and station-component correctioimsthe
My magnitudes. The results show good overall accordancé/yys magnitude equation from more than 33 000 automati-
between both magnitude equations. The main advantage afally determined amplitudes from synthetic Wood-Anderson
the introduction of station-component corrections is the re-seismograms of more than 1800 earthquakes @igThe
duced uncertainty of the local magnitude that is assigned tanagnitude span of the data used is betw&&g = 0.6 and
a certain earthquake. Mwa = 5.2, with all but few tens of events betwedfiys =
1 andMwa = 3 and the hypocentral distance span from 20
to 280 km, with less than 0.4 % of the distances larger than
210km.

Besides the data from the Slovenian stations the data from
the Italian seismic station Trieste (TRI) is used in the study.

1 Introduction

The Seismology and Geology Office of the Slovenian Envi-

ronment Agency is recording and processing data about the 1tpe termstation-component correctiois used to stress that
earthquakes occurring in Slovenia and the surrounding areagach of the three components (EW, NS, or vertical) of the seismo-
For the last 30yr theM|y magnitudes of the earthquakes gram is usually assigned its own correction. Nevertheless a shorter
recorded by the Slovenian seismic stations were computetermstation correctiorwill often be used as a synonym.
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Fig. 1. The stations (open squares) of the Seismic network of the Re-

public of Slovenia that are used in the study. Black squares indicate ...

seismic stations Trieste (TRI) and Ljubljana (LJU) that were used

in the determination of the presently uséfghy magnitude equation  Fig. 2. Black dots denote earthquakes from the period 1997 to 2010

(Eq.2). that are considered in the study. The earthquakes that are actually
used in the calculation of the parameters in fdg,, magnitude
equation are coloured red.

In part this is because of the historical importance of the

TRI station for the derivation of the local magnitude equa-

tion for Slovenia and in part in order to be able to compare€duation (Eq.1) has been developed approximately thirty

the results of this study to the magnitudes, obtained in theyears ago by Ribati then the head of the Seismological Sur-

neighboring countries. Since most of the regional seismicityvey of Slovenia, but no written documentation of the method-

is constrained to regions close to Slovenian Italian border 09y and data used is available. He developedthe equa-

comparison of the magnitudes calculated by the two seismi¢ion (Eg.1) by adjusting the numerical constants in it in such

networks seems a natural choice. a way to obtain for the same earthquakes the best agreement

The paper proceeds with the section about the meth0d0|W|th the availableMWA values from the station TRI, then

ogy and data. The criteria for data selection and the meth€duipped with a Wood-Anderson seismograph.

ods used to obtain the unknown parameters of the calibrated AN appropriate ansatz for théwa magnitude equation

magnitude equations are described in detail. In the follow-t0 replace Eq.X) should originate from th&ichter (1935

ing section the obtained attenuation function and station cor1958 magnitude equation as introduced for Southern Cal-

rections are presented. Finally the results are discussed arirnia. For numerical modelling the tabulated attenuation
summarised in the conclusions. function in the original paperRichter 1935 is not suit-

able. Therefore the analytical form of thiéys magnitude
equation

.
Mwa = log(A) + 1.110Iog< o km)

13 14 15 16 17

2 Methodology and data

Currently, theMy of an event in Slovenia or its vicinity is
determined as the mean of thgyy magnitudes at individual + 0.00189r — 100 km) + 3.0, (2)

stations, using a single magnitude equation o . ) )
which is based on the original Richter idea, but was devel-

A oped for Southern California several decades lateHbtr

My =log (7) +1.52log(r) - 3.2, (1) ton and Boorg1987 andBoore (1989, is taken as the ba-

max sis of the ansatz. In Eq2) A is the maximum amplitude
where A is the ground displacement amplitude in nanome-on one of the horizontal components of the Wood-Anderson
ters,T the period in seconds amdthe hypocentral distance seismogram in millimeters andis the hypocentral distance
of the station in kilometers. As the modern seismometersn kilometers. Since there is no Wood-Anderson instrument
measure ground velocity the vertical component of the seisin the data set used, all Wood-Anderson seismograms are
mogram is searched for the highest peak-to-peak value thagynthetic, simulated from broad-band seismometer data. It is
corresponds t@dA/T)max and the value of the ground dis- easily verified that the Eq2J satisfies the Richter definition
placement amplitudd is calculated from the obtained maxi- of the magnitude: an earthquake that produces the amplitude
mum ground velocityBormann at a].2002. The magnitude A of 1 mm at the station that is 100 km away, is assigned
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4500 Table 1. Different sub-set results for parametein Eq. ). In the
‘3“5’22 average: 75.8 km first column'the time perlqd |s.|nd|cat_ed, in th_e se_co_nd_one the_ num-
J ber of amplitude data points in the time period is indicated, in the
& 3000 third column the number of the earthquakes providing amplitude
o 20 data is written, and finally in the fourth column the corresponding
5 izzz value ofa is written. Italic numbers in the third row are calculated
g oo | ‘ from the entire data set and represent the end results of the study.
502 |”||.._._ Time No. No.
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 interval data events a
hypoceniral distance k] 2002-2008 22441 1132 1.377
Fig. 3. Distribution of the hypocentral distancesor the data, used 1997-2008 23289 1394 1.386
in the inversion. The average distance is indicated by the arrow. 1997-2010 33165 1852 1.383
1998 1071 101 1.451
2003 2515 117 1.359
a magnitudeM = 3.0. The constants 1.110 and 0.00189 are ;882 28;; 1231 122
obtained by fitting the attenuation function to Southern Cal- 2008 3577 175 1.336
ifornia data Hutton and Boorg1987 Boorg 1989. Of 2009 3935 171 1.338
course the attenuation in Slovenia is different from the one 2010 6229 205 1.384
in Southern California, but the ansatz for th&ya magni-
tude equation forj-th station-component with added station
correctionC; should still be in agreement with EQ)( there- o
fore it reads 04 1 HEW EN-S
03 i il T
M, =Iog(A)+ang(; +b(r — 100 km) g o2 W Tl ] 1
WA 100 k g o1 TNt j I ”i ”j ﬁ
+3.0+Cj, 3) 8 0_‘1] T TTHNL
ol i |]4
where constant 3.0 is retained for easier comparison of the é‘ 03 U | HHl ‘
original Richter (Eq.2) and the proposed (E@®) magni- J: j: )

tude equation. Note that since there are two horizontal com-
ponents on each station there are two times more station- station

component corrections than stations. In B).4 andb de- _ i . . .
end on the regional attenuation and geometrical SpreadinFlg' 4. The station-component correctiogy for all stations (red:
P EW; green: NS). For the borehole instruments (GOLS, LEGS,

of seismic waves. . PDKS), which do not have standard EW/NS orientations, correc-
In order to keep the explanation of the methodology gen-tions for components 1 and 2 are shown as EW and NS respectively.
eral, let us denote thedividual magnitudef thei-th earth-  gjack intervals indicate thecoyy; uncertainty intervals.

quake on thg-th station aglf;; and omit the indices WA for
now. We define the magnitude of theh earthquakeV; as

the mean value of available individual magnitudes all earthquakes is minimal
2 ..
10 (M; — M;;)* =minimal, (5)
M=~ > My (4) ;
j=1

where M; is calculated from Eqg.4). The unknowns of the

wheren varies from earthquake to earthquake depending ormproblem posed are attenuation coefficiemtand b, all sta-
its location, magnitude, and number of stations operating ation corrections”;, and all earthquake magnitud&s. For a
the time. We name this magnitude tb&rthquake magnitude given data set of approximately 30 stations and several thou-
in order to distinguish it from the individual magnitudes of sands of earthquakes the majority of the unknowns are the
the same earthquake. earthquake magnitudes. This makes the problem numerically

Station correction&”; are introduced to reduce the sys- difficult to manage and we used a simplification to overcome
tematic differences between individual magnitudes of thethe large number of unknowns.
same earthquake due to local effects related to each seismic Before tackling the problem further, one important point
station. That is why the station corrections are determinechas to be addressed. Using the ansatz @qgvhen min-
from the condition that the sum of squared differences be-4mising the sum of squared differences (Ej.between in-
tween individual magnitude and earthquake magnitude fodividual (M;;) and earthquakeM;) magnitudes results in a
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solution that is indeterminable up to an additive constefit v
As this constant is added to all individual magnitudes, its —"* . /
value is transferred from individual magnitudes to the earth- 5 /

guake magnitude unchanged, leaving the difference between y=1.0642x-0.1717
any M;; andM; unaffected. It fallows that there is an infinite R=09413
number of sets of'; values that equally well fulfil the min- )
imal condition (Eq.5): a set ofC; values produces exactly ) /
the same sum (Ed) as the seC; =Cj+ AC, i.e. the set 3 3
C; and the seC’, are both either a solution of the problem o
or are both not the solution of the problem. If no additional 2 s
constraint is imposed, solution may become numerically un- o ,.
stable — a numerical drift of th€; values during the iterative Ry i
solving of the problem may occure. To overcome this numer- 1
ical instability some sort of constraint has to be applied to
station correction€’;. Two standard approaches are at hand. 0 T
One is to fixC; for a particular station, so all the oth€r’s 0 1 2 3 4 5 My
are calculated relative to the fixed one. The other plausible
possibility is to fix the average of all the station-component Fi9- 5- Comparison of the new/ya and originalMy magnitudes
corrections to a fixed value, most usual choice being zero!©" the earthquakes, used in the inversion.
We follow the latter of the two approaches.

The problem is solved in the least-squares sense, numer-
ically employing an iterative singular value decomposition Due to large initial data set of several 100000 seismo-
method when manipulating system of equations. As the it-grams the only way to manage the data is automatic reading
erative method is used, there is a relatively simple way ofof maximum amplitudes. Automatic reading from synthetic
reducing the number of unknowns. During each iteration thehorizontal Wood-Anderson seismograms resulted in nearly
sum in Eq. 6) should be minimised by adequately changing 65 000 values oft for Mwa calculation. For the sake of qual-
the unknownsu, b, C;, andM;. If the values in a particular ity control the period” of each swing with the maximal am-
iteration step are close enough to the final numerical soluplitude is stored as well. Because of the automated reading
tion, the earthquake magnitude values from previous it-  the quality control of the obtained and 7' data is crucial.
eration are not very different from the “real” magnitudes that After several tests the adopted criteria of minimal number of

are to be determined. Under this assumptionhevalues  Stations, minimal signal to noise ratio, particular period in-
in k-th iteration may be taken as constants in E5), bav- terval of maximal phases, and minimal distance between the

ing the values, obtained itk — 1)th iteration. This reduces earthquake and the station resulted in 33 165 amplitude data
the number of the unknowns enormously, from several thoufrom 1852 earthquakes.

sands to only around 60, because around 30 stations are in In short, the selection process is done in the following way.
the data set used. Several tests were done on smaller sampleist the events that are to close in time — the time window
to confirm that the full inversion and the proposed simpli- used is 30 s —are removed from the data set, because the seis-
fied one give exactly the same results, but the latter is fastefmograms of two such events could overlap at some stations.
The minimisation is therefore done in two steps for each it-Next the events with calculated depths over 25km are re-
eration. First the earthquake magnitudes from previous itermoved, because such events are very rare in broader Slovenia
ation (M; (k — 1)) are used as constants in E) (hile new  region, therefore large depths may quite often be artefacts, in
station correction values; (k) are determined by minimis-  particular, if an earthquake occurs outside the network. Next
ing the sum in Eq.5). To prevent the numerical drift, men- the minimal hypocentral distance of 20 km is selected and all
tioned earlier, allC; (k) are shifted for a constastk), de- the data from stations closer to an earthquake are removed.
termined from the condition that the average of all valuesThere are two reasons for the introduction of the minimal
C'i(k) (C'; (k) = Cj(k)+3(k)) remains zero in each iteration. hypocentral distanqe. Firstly, the depths of the events carry
In the foilowing step new values of station correcticﬂj&{k) the _Iargest uncertainty and _for small hypocentral dls_tances
are used to re-calculate earthquake magnitudgé) using ~ the impact (_)f depth uncertainty on the hypocen_tral distance
Eq. @). The procedure is repeated until the values of the patncertainty is large. Secondly, the hypocentral distanee-
rametersz, b, andC; do not change significantly any more. t€rs the magnitude ansatz (E)in log function so the same

As a by-product the earthquake magnitudésare obtained apsolute value of uncertainty results in a much higher uncer-
as well, but this is not that important, because they can bdainty of the logr) for smallerr when compared to larger

calculated for any event independently with obtaired, Next the amplitude data are filtered according to the period
andC; using Egs. ) and @). T. Since only the local events (up to at most a few hundreds

kilometers) are considered, data with periods larger than 1.0 s

[
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are removed, as longer periods may indicate artefacts. At thetation corrections are estimated. In an ideal case the station-

other end data with the periods smaller than 0.03 s are also resomponent correctionS; would completely compensate the

moved, because the numerical rounding error when writinglocal effects of each station-component amplitude readings

periods in the input data with two digits and having samplingand each individual magnitud®;; would be equal to the

rate of the order of a hundred samples per second may preearthquake magnitud#/;. Once the station correctior;

duce up to 50% error. Finally, in order to reduce artefactsare determined, the size of the differences between individual

still further and increase the quality of the retained data, sig-magnitudes and earthquake magnitudes provides a measure

nal to noise ratio of the data used in the inversion is set to abf how reliable an individual magnitude calculated from a

least 6.0 and the minimal number of amplitude data per evensingle amplitude reading is. As a measure of the uncertainty

is set to 6, regardless of the number of participating stationsthe uncertaintyo,, of the individual magnitudeé/;; at the
Since the distance interval of the data is mostly from 20 to j-th station-component is defined as

200 km (Fig.3) with the average of approximately 76 km, the 1

use of the two paramete_asar_]db in the Mwa ansatz (Eq3)_ oumj =~ Z (Mi; — M,~)2 ’ ®)

is not significantly contributing to the reduction of the final n‘=

root-mean-square (RMS) error. The two parameters appear

to be more or less anti-correlated — increase of one results itheren is the number of all the amplitude data at the

decrease of the other, but the fit remains almost unchangeé'th s_tation-co_mp_onent, used in _the inversion. In _ng.
ack intervals indicate the uncertainty;; for each station-

for the distance interval between 20 and 200 km. The) ¢ tiof
function at smaller distances ¢ 100 km) is changing pri- component correction ;. .
As the last step an overall comparison of the nfiya

marily because of the Igg/100) term, while the linear term d originall itud tioniis d Th
(r — 100) prevails at large distances > 100 km). Since the ~2n¢ originaiMLy magnitude equation s done. the N&A
magnitude equation takes the form

parametera is related toM «log(r/100) and b to M «

(r —100) the parameteb is set tob =0 and the general i r m) .
ansatz (Eqg3) is simplified to read Mia, =10g(4) + 1.38Iog<100 km/ 30+C;. ©)

. ’ In order to compare both magnitude equations the earth-
My =l0g(A) +a|09(100 ) T30+Ci - (6)  quakes for which there was enough amplitude data avail-

able on vertical ground velocity seismograms as well as on
The ansatz (Egp) is the one actually used in the inversion simulated horizontal displacement seismograms are selected.
and discussed in the rest of the paper. Next both magnitudes are calculated for all 922 such events
in the time interval of 14yr, from 1997 to 2010. For each
earthquake both magnitudes are drawn as a point coordinates
3 Results in Fig. 5. Linear regression is used to find the relation be-
tween the two magnitudes. Relatively high value of the cor-

In order to check the uncertainty as well as the stability of re|ation coefficient g2 = 0.941) indicates that both magni-
the solution, several sub-sets of data are used. Typically th@,des are strongly correlated

inversion is performed on the data for a particular year and

the results for different years are compared. Mwa = 1.064My —0.172 (10)
There are too mang; to show all these results for differ-
ent years in this short paper, but an idea of the procedure i#/Lv = 0.885Mwa + 0.257. (11)

illustrated with the determination of the parameteResults
for Q|ff§rent sutt);]:ts e;]r.ehsymrr;atrlzetd n Tal)lét'henla IS nod nearly 1, it seems that the thirty years old originaly, can
f"‘p”o“ reason at, W Ichis r_ea.e ogeqme r|ca_ Spread- pe transcribed tdfwa almost one-to-one. In order to check
ing and attenuation of the seismic waves in a region, wouldt .

. . ) his further, the ansatz
change in time. So, the change in thgalue, obtained from
data sets within different time intervals, is related to the un- pMwa = My + AM (12)
certainty of the method and of the input data. Therefore, the o
fluctuations of the: values in Tablel provide an idea of the IS tested. Itturns out that M = —0.057 minimises the RMS

As the slope of the linear function relatildwa to My is

uncertainty of the value of the parameter error, indicating that the two magnitudes are indeed nearly
the same. Even more, the ansatz (E2).with the minimizing
a=1.38+0.04=1381+0.03) . (7)  value ofAM = —0.057 has the RMS error only 2.9 % larger

than the linear regresion solution (Ekf).
The results of the inversion for the station-component cor- The values of both magnitudes are on average almost the
rectionsC; obtained from the data of the entire period 1997- Same, but there is an important difference: the uncertainty
2010 are summarised in Fig. Similarly to the determina- owa of the calculatedwa is significantly smaller then the
tion of the uncertainty of the value the uncertainty of the uncertaintyo;v of the calculated/,yv .
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