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ABSTRACT 

Strong motion recordings of the May 13, 1995 Mw=6.6, earthquake sequence that occurred in 
the Kozani-Grevena region (Western Macedonia, Greece) have been analyzed for the determina-
tion of their source parameters. The data set for this study comes from a temporarily deployed ac-
celerograph network and the source parameters using the shear-wave displacement spectra have 
been estimated. For this estimation the spectral records have been corrected for the site effects 
and for the propagation path (geometrical spreading and anelastic attenuation). The magnitude of 
each event was also re-calculated by estimating appropriate station corrections. The derived rela-
tionships are  
 

 0.29)(16.92M0.09)(1.43logM
Lo ±+±= ,                           2.0 < ML< 5.0  (1) 

  
0.29)(2.52M0.08)(-0.56logf Lc ±+⋅±= ,                           2.0 < ML< 5.0  (2) 

 
0.84)(23.16f0.08)(-2.20logM co ±+⋅±= log ,                       0.6 < fc < 10.0 (3) 

 
The near-surface attenuation parameter κο has also been determined for the strong motion stations 
sites. These values of κο are in good agreement with those of Margaris and Boore (1998) for the 
geological formation on which each station was positioned. The obtained source parameters are in 
good agreement with those from previous studies for the Aegean region. 

1 INTRODUCTION 

A damaging earthquake (Mw =6.6) occurred on May 13, 1995 in the Kozani – Grevena region. 
This area has not shown a high level of seismic activity in historical times since only one strong 
earthquake (896 A.D.), was reported in the historical catalogues (Papazachos and Papazachou, 
1997, 2002; Ambraseys, 1999). The earthquake sequence has been extensively studied at every 
scientific field (Hatzfeld et al., 1995, 1997; Papazachos B. C. et al., 1998; Theodulidis et al., 1998; 
Papanastasiou et al., 1998; Kiratzi, 1999; Roumelioti et al., 2000, 2002).  

In this paper we analyze the complete data set available for the Kozani - Grevena aftershock 
sequence. A procedure has been applied for the accurate determination of the local magnitude, ML, 
from regional records. The source parameters are obtained by fitting standard spectral shapes to 
the S-wave spectra and a least-squares’ procedure is developed to account for differences between 
recording stations in order to accurately determine the final source parameters for each event.   
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2 DATA ACQUISITION – EARTHQUAKE LOCATIONS 

One day after the earthquake occurrence, a temporary 3-component digital strong motion array 
was installed by the Geophysical Laboratory of the Aristotle University of Thessaloniki (GL-AUTh) 
and the Institute of Engineering Seismology and Earthquake Engineering (ITSAK), to monitor the 
ground acceleration due to the aftershocks. Accelerographs were also installed by the Seismologi-
cal Laboratory of Athens University (SL-AU), the Applied Statics Laboratory of the Aristotle Univer-
sity of Thessaloniki (ASL-AUTh) and the LGIT of the Grenoble J. Fourier University (LGIT), (shown 
in the right part of Figure 1). 

For several earthquakes, which triggered at least one accelerograph, the epicenters were not 
estimated from routine analysis. The location of these events was accomplished using the P and 
the S-wave arrivals from the temporary seismological network that was installed in the area and 
from the permanent seismological network of GL-AUTh. Figure 1 (left part) shows a map with the 
seismological stations of the permanent and temporary network. In the location procedure the ap-
propriate station correction terms were used. These terms represent the contribution of the average 
crustal and upper mantle structure beneath the receiver and a local layered velocity model, which 
was estimated for the Kozani-Grevena area (Hatzfeld et al., 1995; Papazachos et al., 1998; Draka-
tos et al., 1998 ). The S-P times of the temporary accelographs network were also included in the 
phase list. For the location procedure the HYPO’71 program (Lee and Lahr, 1975) was used. Figure 
1 (right part) shows the geographical distribution of the epicenters, determined in the present study 
(gray circles). The triangles stand for the location of the station. 

 
 

 
Figure 1. Left part: Map view of the location of the seismological stations. Gray triangles represent the tempo-
rary seismological network, while solid squares represent stations of the permanent seismological network. 
Right part: Locations of the epicenters of the earthquakes that were determined in the present study (solid gray 
circles), locations of earthquake epicenters determined in previous studies (open circles) and strong motion sta-
tions (solid triangles) used in the present study. 
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3 MAGNITUDE ESTIMATION 

An important parameter used for the evaluation of source ‘size’ is the magnitude of the earth-
quakes, which is a standard measure of the amount of energy released. Richter (1958) proposed a 
magnitude scale based on the amplitude traces recorded on the seismograms. For this purpose the 
analog records of the permanent seismological network of GL-AUTh (LIT, KNT, SRS, THE, THElg, 
AGG, IGT, FNA and PAIG) were used. We picked the maximum zero-to-peak amplitude, A, from S-
waves and the duration of the signal of the earthquakes. The relations that were used to determine 
local magnitude from ground amplitudes, MA,  are the following 

c.∆.αAM ++⋅+= 2681log1991log ,                     ∆<100km  (1)  

c.∆.αAM +−⋅+= 071log322log ,                         ∆>100km  (2) 
where α (in µm) is the ground amplitude as inferred from the maximum recorded amplitude A, ∆ is 
the epicentral distance in km and c is the station correction factor. The signal duration, D, (in sec-
onds), which was measured from the P-onset up to 2mm peak-to-peak amplitude level (analogue 
recording by the permanent network) is also used to calculate local magnitude, MD, 

c∆.D.DM +⋅+⋅= 00380log142 ,                   ∆<100km  (3) 

                 c∆.D.DM +⋅+⋅= 00120log971 ,                      ∆>100km  (4) 
where ∆ is the epicentral distance in km and c is the station correction. The values of the station 
correction factors and the coefficients in relations (1) - (4) have been estimated by Kiratzi (1984) 
and Scordilis (1985) for stations LIT, KNT, SRS, THE, THElg.  

Variation in magnitudes of an earthquake reported by different stations are expected to be found 
due to the radiation pattern, geometrical spreading and anelastic attenuation. However, each earth-
quake can be considered to have a unique magnitude, Mi, assigned to it. Thus, the magnitude Μi j 
of the ith earthquake recorded at station j can be given by  

Μi j  = Mi + d j                                                  (5) 
where dj is the station magnitude correction of the j station. Constant dj incorporates all the factors 
that affect the recordings of an earthquake at different stations. If an earthquake, i, has been re-
corded at k stations and the magnitude, Μi j, in j stations is known, then from equation (5) we obtain 
a linear system, which includes equations for all earthquakes, which can be written in matrix form 
as 

Α x = b                                                        (6) 
where b is the data vector which contains the magnitudes at every station, x is the vector which 
contains the unknowns, that is the station corrections dj and the “true” magnitude Mi for every 
earthquake and the matrix A contains the weight factors, w, of the data depending on their relative 
quality. The system was solved in the least squares’ sense where the solution has the form 

bTA1A)T(AxLSQ
−=                                             (7) 

In order to obtain a unique solution of equations (5), the sum of all stations corrections, dj, was 
assumed to be equal to zero 

∑
jd  =  0                                                    (8) 

This additional linear constrain practically means that the average magnitude estimated from all 
stations (if all were available for each event) has zero bias with respect to the “true” earthquake 
magnitude.  

Following the previous procedure the system was solved for three different data sets. In the first 
one, the local magnitudes MA, estimated from equations (1), (2), were used for the estimation of the 
local magnitude MA(ls). In the second data set the local magnitudes MD, estimated using equations 
(3), (4), were used and the local magnitude MD(ls) was calculated. The trace amplitudes and the sig-
nal durations from the analog records of the AGG, IGT, FNA and PAIG were also used to estimate 
the corresponding local magnitudes (MA and MD), after the determination of the values of the pa-
rameter c. The magnitudes from the records of these four stations were merged with the previous 
two data sets in order to improve the estimation of the local magnitude of the events and a unique 
local magnitude, ML, was obtained with each earthquake. Figure 2 shows a graph that compares 
this local magnitude ML with local magnitudes estimated with the least-square’s process from ampli-
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tudes, MA(ls) (left part) and signal duration MD(ls) (right part), showing that there is a good agreement 
between local magnitude ML and magnitudes MA(ls), MD(ls). 
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Figure 2. Plot of the local magnitude ML variation versus MA(ls) (left part) and versus MD(ls) (right part). 
 
From Figure 2, it is also clear that the dispersion in ML =f (MD(ls)) is less than in ML =f (MA(ls)). This is 
partly due to the fact that the data from the signal duration were more abundant than the data from 
maximum zero-to-peak amplitudes but also reflects the greater variability of maximum amplitude 
compared to the signal duration for the same magnitude and recording distance. 

4 DATA ANALYSIS 

During the operation of the strong motion array more than 600 aftershocks were recorded. A 
preliminary data selection was preformed mainly involving visual inspection of waveform data. After 
the baseline correction three time windows have been visually selected containing the noise re-
corded before the P-wave onset, the P-waves and the S-waves. The S-wave time window was cho-
sen to start immediately before shear waves and end before the coda waves (Archuleta et al., 
1982). The Fourier amplitude spectra of the S-waves were computed using the SAC software 
(Tampley and Tull, 2000) for the three components. The sampling interval for all waveforms was ∆t 
= 0.005sec, and the obtained spectra were smoothed using a moving average window of 0.5Hz 
with 50% overlap. An example illustrating the procedure is shown in Figure 3 (the recording of one 
horizontal component of the ground acceleration in station K2_KIRA of the earthquake 950517). 

5 MODELING OF SOURCE SPECTRUM 

The estimation of seismic moment, Mo, and corner frequency, fc, through the spectra of ground 
motion involves the definition of a theoretical model for the source spectrum. A commonly used 
source displacement spectral model is that of Brune (1970, 1971) which has the form 

            

2

2

0
)

cf
f(1

 ) f(2Ω) f (S'
+

=
π

                                                          (9) 

The parameters of this model are the low-frequency spectral level, Ω0, and the corner frequency, 
fc. The low-frequency spectral level, Ω0, is proportional to seismic moment, M0, (Keilis-Borok, 1959) 

ϕ

ρ

θ

0
3

0 kR

Ωv4π
M s

⋅
=                                                       (10) 

where ρ (=2.7gr/cm3) is the density, vS is the S-wave velocity with a value equal to 3.4km/sec (Pa-
pazachos C. B. et al., 1998) for the Kozani area, k is a correction factor for free surface reflection 
and Rθφ is the S-wave radiation pattern coefficient. Usually, the product kRθφ is assumed to have a 
mean value of 0.85 (Boore and Boatwright, 1984), which was also adopted here. 

The ground motion spectrum D(f, R) at a distance, R, from the source can be modeled to incor-
porate the separable effects of source S(f), propagation A(f, R), site Z(f) and instrument response 
I(f) 
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( ) ( ) ( ) ( ) ( )fIfZRf,AfSRf,D ⋅⋅⋅=                                           (11) 
From equation (11) it is clear that the observed source spectra can be computed by 

( ) ( )
( ) ( ) I(f)fZRf,A

Rf,DfS
⋅⋅

=                                             (12) 

Both the theoretical, S’(f), and the observed, S(f), source spectra are dependent on two pa-
rameters, namely the seismic moment, Mo, and the corner frequency, fc. In the present work the de-
termination of seismic moment, Mo, and corner frequency, fc, were made by the non-linear minimi-
zation of the difference between the theoretical and observed spectra (after the correction for site 
effects and attenuation), S(f) – S΄(f), in the least-squares’ sense using the Levenberg-Marquardt 
method. Since there is a nonlinear dependence between the model and the unknown parameters 
the minimization is performed iteratively, using an initial solution. 

 

 
 
Figure 3. An example of the processing of accelerograms. Upper left: Original acceleration seismogram of one 
horizontal (longitudinal) component of the earthquake 950517 at station K2_KIRA. The vertical lines indicate 
time window of: noise (T3-T4), P-wave (Τ3–Τ4) and S-wave (ISUO–F). Upper right: The S-wave time window 
adopted. Lower left: The S-wave acceleration spectrum. Lower right: The smoothed S-wave acceleration spec-
trum.       

6 SITE EFFECT CORRECTION  

For every station the horizontal-to-vertical spectral ratio technique was applied in order to evalu-
ate the local site effects. This technique was introduced by Nakamura (1989), who applied it to 
noise recordings and showed that the ratio of the Fourier spectra of the horizontal components to 
the spectrum of the vertical component (transfer function) reveals the soil’s principal resonance fre-
quencies. Encouraging results were later obtained from strong-motion recordings (Lermo and 
Chavez-Garcia, 1993; Theodulidis and Bard, 1995). The result of site effect to seismic motion is 
approximated by the following equation 

∑∑ +
==

V2
TL

V
HΖ

22
                                              (13) 
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where H is the horizontal component, consisting of the two transverse components L and T, and V 
is the vertical component. Based on equation (13) we calculated the mean transfer function for 
each of the nine stations. 

Figure 4 shows the frequency variation of the mean transfer function for each site (black solid 
line), while the dashed lines represent the 1-σ standard deviation above and below the mean trans-
fer function. Apparently, the site effects in terms of mean spectral ratio vary with location. More 
specifically, high values of amplification are observed in the range 3-4Hz at RYMN, in the range 1-2 
Hz at KENTR, in the range 0.8-1 Hz at KAR95. Moreover there are prominent peaks of amplifica-
tion at 5 Hz at CHROM, at 6 Hz at K2_KIRA, and at 4 Hz at K2_DNH. This observational result il-
lustrated the fact that the geological units under the stations are not the same. In Figure 4 the com-
parison for two stations (CHROM and KNIDI) of the empirical with the corresponding theoretical 
mean transfer functions is also shown, as these were estimated by Raptakis et al. (1997) (gray 
solid line) using the available geophysical-geotechnical information for these sites. The transfer 
functions given by both different methods are in good agreement hence the H/V ratios can be used 
to approximately correct the strong-motion recordings for site effects, for our study area.  
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Figure 4. Plot of mean spectral ratio, H/V, at each station site (solid line). Standard deviation, dashed lines of ± 
1 SD is also plotted. For the strong motion stations (CHROM and KNIDI) the comparison with the theoretical 
(Raptakis et al., 1997; grey lines) mean transfer functions is plotted. 

7 ATTENUATION 

An important factor in studying the ground shaking phenomena is the attenuation of seismic 
waves along their path between the source and the receiver. The parameterisation of propagation 
is usually represented by the equation  
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) πκfexp(G(R)) fR, A( −⋅=                                        (14) 
where  

G(R) = R-n                                                    (15)  
is the geometrical spreading and R is the hypocentral distance. The body-wave amplitude decay 
due to geometrical spreading is usually assumed to be proportional to R-1. The quantity  

) πκfexp(−                                                   (16)  
is the frequency dependent attenuation function. Anderson and Hough (1984) proposed that the 
spectral decay parameter, κ, for a homogenous half-space, is separated into two components 

s
v) f Q(

R
oκκ

⋅
+=

                                                (17) 

where κο is the near-surface attenuation parameter specific to each site (it controls the shape of 
spectra at high frequencies), R is the distance between the source and the receiver, Q(f) is the 
quality factor and vs is the S wave velocity. In general Q(f) is observed to be frequency dependent. 
In the present study we adopted the values of Q(f) reported by Baskoutas et al. (1997), who have 
found  

1.02f47CQ ⋅=                                                         (18) 

for the area of Kozani- Grevena using data from coda waves. 

From relations (14), (15), (17) and (18) we can derive the final equation that describes the spec-
tral function of the propagation path of S-waves for the study area 

sv1.0247f
πRf

e
foπκ

e
R

1
) f R, A(

−

⋅
−

⋅=
                                         (19) 

8 ESTIMATION OF SOURCE PARAMETERS 

Combination of the theoretical spectral model given by equation (9) and (10), with the observed 
spectra, results in the following equation 

 

( )
( )

foπκe
2)

cf
f(1

2) f(2
3

sv4

MoθkR
Rs v1.02f 47

πRf

e
I(f)fZ
Rf,D −

⋅
+

⋅
⋅

⋅
=⋅⋅

⋅
π

πρ

ϕ                         (20) 

Following the method, described previously, we can simultaneously estimate the seismic mo-
ment, Mo, the corner frequency, fc, and the near-surface attenuation parameter κο, using the two 
horizontal components of each S-wave recording at every station.  

Parameter κο usually accounts for the attenuation due to local site geology and is smaller for 
strong motion stations located on rock outcrops compared to stations located on either shallow or 
deep sediment deposits station. Hence it is usually assumed to be specific at every station. More-
over, it is independent of the source - receiver distance (Archuleta et al., 1992; Margaris and Hat-
zidimitriou, 1997). For this reason, we have estimated the mean value of κο for all recordings at 
every station. These values of κο are in good agreement with those of Margaris and Boore (1998), 
for the geological formation on which each station was positioned (Christaras et al., 1998; Moun-
trakis et al., 1998; Pavlides 1998, among others).  

  The obtained values of κο were used for the data process. Hence, the seismic moment, Mo, 
and the corner frequency, fc, were recalculated for the S-part of the recordings of the two horizontal 
components at every station.  

9 RESULTS AND DISCUSSION: COMPARISON WITH OTHER STUDIES 

Figure 5 (left part) shows the estimated logMo, values versus local magnitude, ML. In this figure 
the results of Chouliaras and Stavrakakis (1997), Margaris and Papazachos (1999), Panagiotou 
(2001), Polatidis (2001) and Roumelioti et al. (2002), are also presented. Straight lines represent 
the relation of Margaris and Papazachos (1999), Roumelioti et al. (2002) and the relation defined in 
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this study. Wherever the original results were referring to moment magnitude, Mw, we used the fol-
lowing relation to estimate local magnitude, ML 

Mw ≅ ML +0.5                                                             (23) 
which is valid for the records of the Greek seismological networks (Papazachos et al., 1997b).  
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Figure 5. Left Part: Seismic moment, Mo, versus ML: Comparison between the results derived in the present 
study and those from Chouliaras and Stavrakakis (1997), (solid circles), Margaris and Papazachos (1999), 
(open square), Panagiotou (2001), (solid triangle), Polatidis (2001), (open triangles) and Roumelioti et al. 
(2002), (solid diamond). Black and gray thin lines are equations proposed by Margaris and Papazachos (1999) 
and Roumelioti et al. (2002), respectively. The black thick line corresponds to equation (1) proposed in this 
study. Right Part: Seismic moment, Mo, variation versus corner frequency, fc. The symbols have the same 
meaning as in the left part of the figure 1. Black and gray thin lines are relations proposed by Aki (1988) and 
Chouliaras and Stavrakakis (1997) respectively, while the gray thick line is proposed in the present study (equa-
tion 3). 
 

It is worth noting that despite the differences in the methodology used, the equation derived in 
the present study is in good agreement with the equations that were proposed by previous re-
searchers. Figure 5 (right part) shows the log-log plot of seismic moment, Mo, versus corner fre-
quency, fc. The results of Chouliaras and Stavrakakis (1997), Panagiotou (2001), Polatidis (2001), 
Roumelioti et al. (2002), and Margaris and Hatzidimitriou (2002) are also shown in these figures. 
The solid line in Figure 6 corresponds to equation defined in the present study. The lines in Figure 
10 correspond to the relation between seismic moment, Mo, and corner frequency, fc, as proposed 
by Aki (1988), by Chouliaras and Stavrakakis (1997) and in this study. It appears also from the 
same figure that the values of the corner frequency obtained in the present study are relatively 
higher compared to those reported in previous studies for the Aegean area. This difference may be 
attributed to the different methods that were used to calculate corner frequency in these studies. 
However, the corner frequencies determined independently by Margaris and Hatzidimitriou (2002) 
(applying Andrews (1986) method) are in very good agreement with our results.  
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