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We first estimate the source parameters related to the two 1995 events near Thessaloniki (Greece):
the Kozani (Ms = 6.6) and the Arnea (Ms = 5.8) earthquakes. We use the strong motion waveforms
recorded in Northern Greece to retrieve by forward modeling the source characteristics of the two
events. Both point-source and finite-source models are used and different 1-D velocity models
tested. Due to the absence of absolute timing of most of the recordings, the modeling is limited to fit-
ting the peak acceleration (PA) at different frequencies at the bedrock stations. The best results in
terms of PA are obtained with the finite-source models for a two-asperity k-square distribution. The
source model for the Kozani event is compatible with the main fault proposed by Hatzfeld et al.
[1997]. Given the two source models, we estimate the strong ground motion that would have been
recorded due to these two events at different sites within the city of Thessaloniki. We estimate the
strong ground motion by convolving the synthetic bedrock signals at the sites with 1-D and 2-D
amplification curves obtained for the same sites during previous studies. Our analysis indicates
which of the ten sites are the one most prone to strong shaking and confirms that the most crucial
source parameter to be considered in ground shaking models is the rupture directivity.
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1. Introduction

Greece is a seismically very active country due to the complex interaction between the
African, Arabian, and Eurasian plates imaged by the relative movements of the Anatolian
block. The Arabic plate collision against the Eurasian plate [Barka and Reilinger, 1997]
involves the westward extrusion of the Anatolian block along a prominent dextral strike-
slip fault that continues in the North Aegean (North Aegean trough). These plate motions
cause the seismicity to be among the highest in Europe, particularly in the area of the
South Aegean Sea and along the Hellenic trench. In the latter two regions, the mechanisms
are mainly compressional, whereas in the area of North Aegean Sea and North Anatolia
the principal mechanism is the dextral strike-slip. In Northern Greece the seismicity is
lower and the focal mechanisms are principally extensional because of the counter-
clockwise rotation of Anatolia with respect to Eurasia.
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In Northern Greece, two important earthquakes, Arnea and Kozani, occurred in 1995.
The Kozani earthquake is well investigated [e.g. Hatzfeld et al., 1995, 1997; Pavlides
et al., 1995; Meyer et al., 1996; Clarke et al., 1997], whereas there are only a few studies
of the Arnea event [Margaris and Hatdizimitriou, 1997; Hatzidimitriou, 2003].

The Arnea event occurred on May 4, 1995. The hypocenter was estimated by Harvard
at 40°32′ 27″ N, 23°38′ 2.4″ E with a depth of about 15 km, magnitude values Mw = 5.3,
Ms = 5.8, Mb = 6.0 and focal mechanism q = 260°, d = 42°, l = −132°. Hatzidimitriou
[2003] proposed a different focal mechanism for dip and rake, q = 260°, d = 80°, l = −170°,
and he estimated different values for the hypocenter depth (9 km). Margaris and Hatdizimitriou
[1997] estimated the fault length to be 12.5 km.

The Kozani earthquake on May 13, 1995 was the strongest event occurred in North-
ern Greece since about ten years. It was preceded by five foreshocks and the main shock
occurred at 8:47 GMT. Harvard hypocenter position is at 40°9′36″ N, 21°40′12″ E, depth
= 9 km, and the focal mechanism q = 243°, d = 47°, l = −97°. Pavlides et al. [1995] made
a geological study and Meyer et al. [1996] were able to use SAR interferometric data
because of the size of the event. Clarke et al. [1997] inverted geodetic data and found the
coseismic movement and the source parameters: focal mechanism, q = 253°, d = 43°,
l = −95°, the depth of the fault (between 3 and 13 km) and a seismic moment larger than
seismic moment proposed with seismological studies. Hatzfeld et al. [1995, 1997] studied
the aftershocks distribution; they estimated the magnitude value, Ms = 6.6, and the focal
mechanism, q = 252°, d = 41°, l = −87°. They also proposed unilateral rupture propagation
from NE to SW, placing the nucleation at the NE corner of the fault, near Kozani. The
inversion gave a source function with two impulses, the first one being bigger than the
second one with a few seconds separation between the two. Moreover, the aftershocks
locations evidenced a cluster delineating a plane that dips southward, opposite to the main
cluster. Hatzfeld et al. [1995, 1997] therefore proposed the presence of an antithetic fault
smaller than the main fault, its extension being about the 8% of the main fault surface and
producing the 15% of the total seismic moment.

The aim of this study is to determine which of the above earthquake parameters pro-
vides the best fit for the amplitudes of accelerograms recorded near the source of these
two events and to estimate, taking into account the local site conditions, the shaking
motion at different localities within the city of Thessaloniki (Greece) due to the two
events.

2. Methodology

The first step of this study is modeling the seismic source parameters of the Kozani and
Arnea 1995 events; generally, to model the fault and to estimate the distribution of the slip
on the surface an inverse procedure is adopted. These slip models are derived from rela-
tively long period data (strong motion velocity and displacement, and teleseismic velocity
seismograms) because, at these long periods, ground motions are predominantly determin-
istic and their waveforms can be accurately modeled. Because in the area no other record-
ings are available, we use in this study only accelerometric data recorded, however,
without the absolute time and therefore, we cannot solve the inverse problem. We there-
fore model the peak acceleration applying a trial and error method (forward problem)
based on the selection of different values for the most important source parameters and
choosing the result having the smallest misfit.

The second step of this study is estimating strong motion at different localities within
the city of Thessaloniki due to the Kozani and Arnea 1995 events taking into account the site
effects. Strong motion estimates require knowledge about the seismic source, structural
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model, and site response and they can be evaluated applying a probabilistic (using ground-
motion relations) or deterministic approach (computing synthetic seismograms).

Ground-motion relations allow us to estimate the earthquake ground motion as a
function of magnitude, distance from the source, and geology of the receiver site; the
ground shaking motion can be represented by several parameters (peak ground accelera-
tion, peak ground velocity, spectral acceleration, Arias intensity) [e.g. Douglas, 2003].
Nowadays there are a large number of different models and different parameters for esti-
mating ground motion on a global scale, limited to a regional or local area, for a particular
type or class of earthquake mechanisms [Campbell, 1981, 1997]. Different laws are, for
example, proposed for California [e.g. Joiner and Boore, 1981; Newmark and Hall, 1982;
Boore et al., 1997; Boatwright et al., 2003], for the Washington-Alaska area [Youngs
et al., 1997], for Europe [Ambraseys and Simpson, 1996; Ambraseys et al., 1996] and the
Middle East area [Ambraseys et al., 2005]. Fault mechanisms characterization has
recently been included in ground motion estimation relations [Abrahamson and Silva,
1997; Campbell 1997; Spudich et al., 1999; Ambraseys and Douglas, 2003; Ambraseys
et al., 2005; Zhao et al., 2006a]. At the same time regression analysis has been further
developed refining the theoretical models and the computation algorithms [e.g. Joyner and
Boore, 1993] and including site effects [Kanno et al., 2006; Zhao et al., 2006a, b]. We
compared our synthetic signals with estimations made using European relations [Ambraseys
and Simpson, 1996; Ambraseys et al., 1996].

Numerous methods of synthesizing seismograms numerically from source and wave
theory in the vicinity of a large seismic source have been published [e.g. Irikura, 1983;
Bolt, 1987; Bolt and Abrahamson, 2003]. Because the computation of site-dependent and
phased-time histories is not unique, a number of alternative methods are available [e.g.
Gusev, 1983; Vidale and Helmberger, 1987; Mikumo and Miyatake, 1987; Panza and
Suhadolc, 1987; Joyner and Boore, 1988]. In areas where the geology of the soil is known
in detail, 3-D structural models have been selected; this is the case of California region
and of Japan [e.g. Pitarka, 1999; Irikura et al., 2004]. In this study, synthetic seismograms
are computed in Thessaloniki city applying the modal summation technique [Panza, 1985;
Panza and Suhadolc, 1987; Florsh et al., 1991]. Arnea and Kozani sources are modeled
using parameters obtained in the first part of the study. A mono dimensional structural
model is selected because of the scarse knowledge of the region geology and to limit the
computation time. At last we convolve the synthetic signals computed on bedrock with
specific site characteristic amplification curves [Triantafyllidis et al., 2001, 2002, 2004a, b],
considering in this way the local site effects. Applying this procedure, peak ground accel-
erations are computed in a frequency range of engineering interest by taking into account
the complexity of extended seismic sources and the local conditions at the receivers.

3. Data Process

In this study we model the Arnea and Kozani seismic sources to fit the acceleration ampli-
tudes at nearby strong motion stations since these are the only data available in the near
source region and are most sensitive to source rupture properties. Based on these source
models we compute the signals related to the two events in the city of Thessaloniki, taking
into account in a simplified way also site effects. We have downloaded the strong motion
data from the ISESD [Ambraseys et al., 2002] website (http://www.isesd.cv.ic.ac.uk/
ESD). As already mentioned the lack of the absolute time in the recording forced us to use
a trial and error technique in the modeling.

We are interested in estimating the principal source parameters of the 1995 Arnea and
Kozani earthquakes: focal mechanism, depth of hypocenter, magnitude, fault dimension,
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rupture propagation, and seismic moment distribution. We calculate synthetic seismo-
grams with the modal summation technique [Panza 1985; Panza and Suhadolc, 1987;
Florsh et al., 1991] applying at first a point-source model and subsequently a finite-source
model [e.g., Das et al., 1996]. The related structural models are representative of the
region around the source [Papazachos et al., 1966; Christodoulou and Hatzfeld, 1988;
Papazachos et al., 1995; Tselentis et al., 1996; Papazachos and Nolet, 1997; Papazachos,
1998; Tselentis, 1998; Zahradnik and Papatsimpa, 2001; Novotny et al., 2001; Karagianni
et al., 2002].

When comparing observations and computations we choose the model with the low-
est misfit values. The misfit values are calculated for each record as the ratio between the
peak acceleration (PA, maximum frequency content at 1 Hz for Kozani event and 3 Hz for
Arnea event) on the horizontal components of the observed data (oi) with respect to the PA
on horizontal components of the synthetic records (si), and the total misfit for the entire
number of records (N) given by:

First, we estimate the value of magnitude, the depth of the hypocenter, the focal
mechanism, and the best structural model (only for the Arnea event) using the point-
source model, since these parameters represent centroid properties. Epicentral locations
are kept fixed because this parameter is relatively stable, whereas focal mechanisms and
magnitude values are extracted from previous studies.

Later on we fix all parameters obtained with the point-source model assuming them
constant over the entire rupture area and we estimate the fault details (fault dimensions,
the nucleation position, and the type of seismic moment distribution) with extended source
models. The estimates of the fault dimensions are made using both aftershocks distribu-
tions (time interval of 2 days, 1 week, and 1 month after the main shock) and the empirical
relations proposed by Wells and Coppersmith [1994]. The nucleation positions are fixed
in the zone of interest of the surface area (in the middle, at the farthest limits, etc.) and dif-
ferent seismic moment distributions on the fault are used: a uniform smoothed-at-the-borders
distribution, a distribution with one asperity, and two distributions with two asperities, all
asperities being modeled with a k2 distribution [Herrero and Bernard, 1994].

We also tried to numerically compare the synthetic and observed waveforms, but this
was found to be hardly possible because the records do not have the absolute time or a pre-
trigger time. We have tried to calculate the theoretical arrival time of P- and S-waves
using a ray-tracing program [Jansky, 1994] but the results did not help much to estimate
an absolute time on the records. Therefore, in order to choose the best model, we take into
account the total misfit, the PA ratios and a visual comparison of the observed and syn-
thetic waveforms.

Ground-motion relations [Ambraseys et al., 1996; Ambraseys and Simpson, 1996]
have been also used to estimate the peak spectral horizontal acceleration (SAH) and the
peak spectral vertical acceleration (SAV) and we compare these estimates with our results.
The relation is (the coefficients Ci are reported in Table 1 of Ambraseys et al., 1996, and
Ambraseys and Simpson, 1996):
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where M is the surface magnitude and r the hypocentral distance. The last two terms are
selected according to the soil type on which the station is placed: stiff soil (SA = 1) or soft
soil (SS = 1). The results obtained with ground-motion relations are compared with PA
extracted from recordings and synthetic seismograms.

Finally, we compute the signals in ten selected receivers in the city of Thessaloniki
using the best models found with the point-source and the finite-source approximation for
the Arnea and Kozani earthquakes. To estimate the strong ground motion that would have
been recorded by these two events at different sites in the city we convolve the synthetic
signals computed on bedrock with 1-D and 2-D site-specific amplification curves obtained
by Triantafyllidis et al. [2001, 2002, 2004a, b]. These amplification curves have been
computed for ten selected sites in Thessaloniki city (Table 1, Fig. 1) applying both 1-D
(upper frequency of 10 Hz) and 2-D models (upper frequency of 6 Hz). The mean ratio
between the amplitude FT of the synthetic seismograms computed at different azimuth
and distance from the seismic source using both regional and local structural models pro-
vides the amplification curves at each receiver. The regional structural model is one-
dimensional while local structural models vary vertically for the 1-D case and also hori-
zontally for the 2-D case. We compute our synthetic seismograms as accelerations with
the modal summation technique [Panza, 1985; Panza and Suhadolc, 1987; Florsh et al.,
1991] and, after the convolution, the peak ground acceleration is extracted. Accelerograms
are used, since the synthetic signals computed by Triantafyllidis et al. [2001, 2004a, b]
and used to estimate the site amplification were accelerograms too. For each earthquake
the highest P1HA (peak acceleration with maximum frequency content of 1 Hz) is
extracted at all selected sites giving us an estimation of the relative hazard (the level pro-
duced by the 1995 Arnea and Kozani events) for the city of Thessaloniki.

4. The 1995 Arnea Earthquake

Strong motion records [Ambraseys et al., 2002] from four stations are used to model the
Arnea event: Poligiros, Ierissos, Profitis, and Agios Basilios. Poligiros and Profitis are
bedrock stations; Ierissos is placed on stiff soil, whereas the type of soil at Agios Basilios
is unknown. All stations are located at a distance between 20 and 45 km from the epicenter
and there is no observed data NE from the event.

TABLE 1 Coordinates of the ten receivers in the city
of Thessaloniki where amplification curves had been
computed by Triantafyllidis et al. [2001, 2002]

Station Latitude (N) Longitude (E)

AMP 40° 39′ 36″ 22° 54′ 50″
OTE 40° 38′ 29″ 22° 56′ 06″
ROT 40° 38′ 06″ 22° 57′ 11″
LEP 40° 37′ 37′ 22° 56′ 56″
LAB 40° 37′ 44″ 22° 57′ 40″
POL 40° 35′ 49″ 22° 57′ 22″
TYF 40° 36′ 50″ 22° 57′ 11″
OBS 40° 37′ 55″ 22° 57′ 54″
KAL 40° 34′ 52″ 22° 56′ 53″
AGO 40° 38′ 20″ 22° 56′ 36″
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We use two different velocity models called “mygdonia” and “volvi” to compute syn-
thetics. A velocity model is derived from Papazachos (personal communication) who has
provided velocity values taken from Papazachos and Nolet [1997] until 137 km depth, but
with no velocity values in the first kilometer. Estimates for the velocities in the first kilo-
meter are taken from the Marrara and Suhadolc [1998] valid for the Volvi area. We have
decided to use two structural models differing only in the first kilometer value: the P-wave
velocity value 4 km/s from Marrara and Suhadolc [1998] led to the “volvi” model, the
4.85 km/s value obtained extending to the surface the velocity value at 1 km of depth led
to the “mygdonia” model. The Poisson ratio was used to infer S-wave velocities.

For the Arnea earthquake we calculate the synthetic seismograms for an upper fre-
quency cutoff of 10 Hz. We have decided, however, to filter the signals with an upper fre-
quency cutoff of 3 Hz because the signal/noise ratio is not good for higher frequencies and
because the available structural models are not known with sufficient detail to allow for
meaningful results at higher frequencies.

The number of recorded aftershocks is small and so their positions did not give us a
good estimate of fault dimension. All aftershocks locations are placed S to SW of the
mainshock epicenter suggesting that the rupture front propagated from NE to SW and that
the nucleation was at the NE end of the fault.

We kept the epicenter position (40°35′59″ N, 23°36′00″ E) fixed when using the
point-source approximation, because all previous studies are in agreement with these val-
ues. We determine the source model by analyzing 36 different models: we consider three
values for depth (6 km, 9 km, and 12 km), three values for magnitude (5.4, 5.6, and 5.8),
two different focal mechanisms (proposed by Harvard and by Hatzidimitriou [2003]
respectively) and two different velocity models (“mygdonia” and “volvi”). The synthetic
seismograms are computed for all these 36 models and then we estimate the total misfits
and the P3HA (peak acceleration with maximum frequency content of 3 Hz) ratios. The

FIGURE 1 The receivers in the city of Thessaloniki where the 1-D and 2-D amplification
curves were computed.
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comparison indicates that the best model has the focal mechanism proposed by Harvard
(q = 260°, d = 42°, l = −132°), the structural model called “mygdonia” (Vp = 4.85 km/s)
and the magnitude value 5.8. We have also decided to determine the best hypocenter depth
proposing 8 models where only the source depth varied (from 5–12 km). In the best model
(total misfit = 0.295), the hypocentral depth is 7 km.

With the basic point-source parameters determined, we calculate synthetic seismo-
grams with finite-source models. We use all results obtained with the point-source mod-
els and place the nucleation point on the epicenter position, with the center of the fault
put at 7 km depth. Three pairs of values for fault dimensions (length L = 10 km, width
W = 5 km; L = 12 km, W = 6 km; L = 13 km, W = 7 km) are considered based on source
scaling laws [Kanamori and Anderson, 1975; Wells and Coppersmith, 1994]. The nucle-
ation is placed at five different locations (from E towards W) in the deeper part of the
fault: 0.00 × L; 0.25 × L; 0.50 × L; 0.75 × L; 1.00 × L. At the beginning we have chosen
four different seismic moment distributions: a uniform smoothed-at-the-borders distribu-
tion, a distribution with one asperity, and two distributions with two asperities, all asperi-
ties being modeled with a k2 distribution [Herrero and Bernard, 1994]. The best misfit
with a value 0.192 is obtained for the model with fault dimensions 10 km × 5 km, the
nucleation placed at 0.25 × L, and with a uniform seismic moment distribution smoothed
at the borders. All models with fault dimensions 13 km × 5 km yielded the best results in
relation to the P3HA ratio and waveform resemblance. We therefore fix the fault dimen-
sions (L = 13 km, W = 7 km) and investigate ten different seismic moment distributions:
four seismic moment distributions are flat and smoothed at the border with different val-
ues of smoothing, three seismic moment distributions have one or two asperities modeled
with the k2 law [Herrero and Bernard, 1994], and three seismic moment distributions have
one or two asperities modeled with a simple cosine law. The model with nucleation placed
at ¼ of the fault from E towards W (0.25 × L) and with one asperity modeled with the k2

distribution provide the best results for both the P3HA ratios and waveform resemblance.
The modeling results for the 1995 Arnea earthquake yielded two best source models:

the first model has a smaller fault area (L = 10 km, W = 5 km) and a uniform seismic
moment distribution smoothed at the borders (with a smoothing value of 20 % of the fault
area), whereas the second model (Fig. 2) has a larger area (L = 13 km, W = 7 km) and a
seismic moment distribution with one asperity, modeled with the k2 law, placed in the
middle of the fault. In both models the nucleation is placed at ¼ of the fault length from E
towards W. The first model provides the best misfit values, whereas the second one gives
the best P3HA ratios and waveforms. In source modeling the fault area and the seismic
moment distribution are related: models with flat seismic moment distribution on a
smaller fault area and models characterized by one asperity on a larger fault area produce
similar values of P3HA. Both models are acceptable for the 1995 Arnea source and both
models are in agreement with the observed data considered.

Finally, we compare the P3HA values obtained from recordings with the SA values at
3 Hz derived using ground-motion relation (2), denoted as “empirical data,” and with the syn-
thetic data using point-source and finite-source models. These values for all stations (horizontal
and vertical components) are plotted in Fig. 3. At Profitis station observed and synthetic data
are in agreement, whereas site effects appear to be important at stations Ierissos and Agios
Basilios, where the P3HA values extrapolated from synthetic data are smaller than those
obtained from observations. It is interesting to note the directivity effect at the Poligiros station:
the finite-source values (particularly the model with fault area 13 km × 7 km) are in agreement
with observations, whereas the values derived from point-source models are too small. In fact,
Poligiros station is placed in the direction of rupture propagation, so the directivity is important
and only a finite-source model can reproduce synthetic seismograms having this effect.
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The final results are summarized in Table 2. The epicenter position is fixed and the
hypocenter depth (7 km) is derived from the point-source modeling. In the finite-source
modeling we fix this latter value in the center of the fault area where the largest seismic
moment is released. The best focal mechanism according to our analysis is that proposed
by Harvard, an extensional mechanism with a small part of left-lateral slip. The rupture
propagated principally from W towards E, in agreement with aftershocks locations and the
directivity pulse seen at Poligiros, and “mygdonia” is the velocity model giving the best
results. Two different models with similar P3HA values have been obtained from finite-
source modeling: in the first model the fault area is 10 km large and 5 km wide and the
seismic moment distribution is uniform and smoothed at the borders. In the second model
the fault area is 13 km large and 7 km wide (in agreement with Margaris and Hatdizimitriou,
1997), the seismic moment distribution having one asperity modeled with the k2 law. Both
models are supported by the data we have considered.

5. The 1995 Kozani Earthquake

Strong motion data [Ambraseys et al., 2002] from eight stations that have recorded the
1995 Kozani event are taken into account: Edessa, Florina, Karditsa, Kastoria, Katerini,
Kozani, Larissa, and Veria. Florina, Kastoria, Kozani, and Veria are stations placed on
rock, whereas the other four stations are placed on stiff soil. Seven stations are placed at
distances between 50 and 93 km from the earthquake epicenter, while Kozani station is
placed only 17 km from the epicenter. Unfortunately, there is no station placed SW of the
event, in the direction all previous studies propose the earthquake rupture propagates.

We adopt only one velocity model (denoted “kozani”) to investigate the Kozani
event. Papazachos (personal communication) provided us with the velocity values until

FIGURE 2 The map of Arnea earthquake area; the triangles are strong motion stations
and the dark rectangle is modeled fault plane.
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137 km depth [Papazachos and Nolet, 1997], but no values for the first two kilometers.
We use a P-wave velocity value 4.50 km/s at the surface proposed by Drakatos et al.
[1998].

The synthetics are computed with an upper frequency cutoff of 1 Hz. The data are
low-pass filtered with an upper frequency cutoff of 1 Hz, the signal/noise ratio being good
at all stations. The number of recorded aftershocks is big, their locations being mostly
placed SW and S of the epicenter suggesting that the rupture front propagated from NE to
SW and that the rupturing was unilateral, all in agreement with the results of previous

FIGURE 3 The comparison of Peak Acceleration values (PA) for the horizontal (top)
and the vertical (bottom) component due to the Arnea earthquake retrieved from record-
ings (P3HA), synthetic seismograms (P3HA) and ground-motion relations (SA at 3 Hz)
[Ambraseys et al., 1996; Ambraseys and Simpson, 1996].
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studies. The aftershock distribution also suggests that there might be an asperity placed
near the nucleation at the NE part of the fault.

Again we keep the epicenter position (40°10′59″ N, 21°39′36″ E) fixed when using
the point-source approximation because all previous studies agree with these values. We
choose three values for the hypocentral depth (9 km, 12 km, and 15 km), two values for
the magnitude (6.5 and 6.6), and three different focal mechanisms [proposed by Harvard,
Clarke et al., 1995; Hatzfeld et al., 1997] leading to 18 models. The total misfit indicates
that the magnitude value is 6.6 and excludes models with the 12 km source depth. This is
in agreement with previous studies that proposed the nucleation to be 15 km deep with an
asperity releasing much seismic moment at a depth of 9 km. The P1HA ratios indicate that
the best point-source depth is 9 km. We use only the P1HA ratios at bedrock stations in the
analysis, because the synthetic seismograms at the other stations (placed on “stiff soil” and
with evident site effects) yield us too small values. Models with the three different focal
mechanisms yield similar results, so we use the comparison of synthetic and observed
waveforms to choose the “best” model: the focal mechanism, q = 253°, d = 43°, l = −95°,
proposed by Clarke et al. [1997].

Next we compute synthetic seismograms with finite-source models using all the
results obtained with the point-source analysis and placing the nucleation at the epicenter
position. Since much seismic moment appeared to be released 9 km deep, we place the
nucleation somewhat deeper, at 12 km. Three pairs of values for fault dimensions are con-
sidered (L = 18 km, W = 9 km; L = 20 km, W = 10 km; L = 25 km, W = 17 km) according
to scaling laws [Kanamori and Anderson, 1975; Wells and Coppersmith, 1994] and the
related stress drop values vary between 24 and 105 bars. The nucleation point is fixed at
the NE corner of the fault in its deepest part in agreement with all previous studies. Again,
three different seismic moment distributions are considered: a uniform distribution
smoothed at the borders, a distribution with one asperity modeled with the k2 law [Herrero
and Bernard, 1994], and a distribution with one asperity modeled with a simple cosine
law. The total misfit value excludes the last seismic moment distribution, and the P1HA
ratios and waveform comparison indicates that the best model fault dimensions are 18 km
× 9 km (Fig. 4). We therefore fix these values and study the seismic moment distributions
in more detail considering seven distributions: a uniform one smoothed at the border, three
distributions with one or two asperities modeled with the k2 law [Herrero and Bernard,
1994] and three distributions with one or two asperities modeled with the cosine law. The
“best” model found has a seismic moment distribution with two asperities modeled with
the k2 law with the larger asperity placed near the nucleation (Fig. 5).

TABLE 2 Final results obtained from source modeling of Arnea event
using point source and finite source

Epicenter latitude 40° 35′ 59″ N
Epicenter longitude 23° 36′ 00″ E
Centroid depth 7 km
Strike 260°
Dip 42°
Rake 228°
Magnitude 5.8
Nucleation position 0.25 × L
Fault area (10 × 5 km) – (13 × 7 km)
Seismic moment distribution (flat and smoothed) – (1 asperity)
Structural model “mygdonia”
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Hatzfeld et al. [1997] suggest the presence of an antithetic fault for the Kozani event:
they propose a secondary event with a fault area 8% of the main fault and with a seismic
moment 15% of the total seismic moment related. The antithetic fault began to slip 6.5 s
after the main fault nucleation time and this secondary event is placed to the NW between
the city of Kozani and Grevena. In agreement with this analysis we place the hypocenter
of secondary event to the NW of main shock (40°18′00″ N, 21°32′36″ E, depth = 10.5
km) and we choose for it an extensional focal mechanism (q = 90°, d = 40°, l = 270°).
Although the information about the secondary event is poor, both the considered fault area
(L = 8 km, W = 5 km) and the magnitude value (derived taking 15% of the total seismic
moment) used in our modeling are in agreement with previous studies.

The summing up of the main shock signals with the secondary event ones resulted in
too high P1HA values, since the total moment was too big when adding the antithetic fault
subevent to the unmodified point-source derived seismic moment. Therefore, we increase
the dimensions of the main fault to L = 25 km and W = 17 km, in order to decrease the
stress drop and get the correct P1HA values.

The antithetic fault is modeled with a finite source and eight different models are con-
structed with different seismic moment distributions and nucleation locations. The nucle-
ation is placed in the center of the fault or at its eastern end (near Kozani), and the
considered distributions are either uniform and smoothed at the borders or containing one
or two asperities modeled with the k2 law. The total misfit values and the P1HA ratios

FIGURE 4 The map of Kozani earthquake area; the triangles are strong motion stations
and the dark rectangle is modeled fault plane.
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indicate that in the best model the nucleation is placed at the eastern end of the fault (Fig. 6)
and that the seismic moment distribution has two asperities modeled with the k2 law.

Finally, we compare the P1HA values obtained from recordings and synthetic data
using point-source and finite-source models, with SA values at 1 Hz derived from empiri-
cal data (using ground motion relation (2)). These values (horizontal and vertical compo-
nents) are plotted in Fig. 7 for all stations. There is a good agreement at Edessa and
Florina, whereas the amplification due to site effects at Katerini and Larissa is quite evi-
dent. At Kastoria the antithetic fault rupture produces stronger than observed P1HA, but

FIGURE 5 The seismic moment distribution for the Kozani event; there are two asperi-
ties modeled with k2 law [Herrero and Bernard, 1994] and the greater asperity is placed at
NE, near the city of Kozani.
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FIGURE 6 The map of Kozani main fault (dark rectangle) and antithetic fault (light
rectangle); the triangles are strong motion stations.
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the P1HA at other stations are in agreement with recordings. Veria is considered a bedrock
station but it might have some site effects due to the “generic” rock heterogeneities
[Douglas et al., 2004]. Kozani is a bedrock station placed near (17 km) the source so the
directivity effect can be important. At Kozani the antithetic fault yields a P1HA in agree-
ment with the recorded one, whereas the point-source P1HA are too high and the finite-
source P1HA with no antithetic fault subevent are too small.

The final results are given in Table 3. The epicenter position is fixed and the hypo-
center depth (9 km) is derived from the point-source modeling. In the finite-source model-
ing we fix this latter value in the center of the fault area where the largest seismic moment
is released. The best focal mechanism according to our analysis is the extensional mechanism

FIGURE 7 The comparison of Peak Acceleration values (PA) for the horizontal (top)
and the vertical (bottom) component due to the Kozani earthquake retrieved from record-
ings (P1HA), synthetic seismograms (P1HA) and ground-motion relations (SA at 1 Hz)
[Ambraseys et al., 1996; Ambraseys and Simpson, 1996].
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proposed by Clarke et al. [1997]. The nucleation position at the NE end of the fault is also
kept fixed being in agreement with all previous studies and the aftershocks locations. The
selected velocity model is “kozani” and the assigned magnitude 6.6. The one-fault finite-
source analysis suggests a fault area 18 km × 9 km with a k2-law seismic moment distribu-
tion characterized by two asperities, the larger one being placed in the northeast part of the
fault. In the two-fault finite-source analysis (which includes the antithetic fault) the main
fault area is 25 km × 17 km and the antithetic fault area 8 km × 5 km. The nucleation of the
extensional subevent is placed NW from the main shock. Again a k2-law seismic moment
distribution characterized by two asperities gives the best results.

The antithetic fault rupture contributes also some relatively high frequencies to the
signal in agreement with the observed waveforms, so we consider the two-fault finite-
source model as the best one.

Figure 8 shows, as an example, the comparison between signals recorded at
the Kozani station and synthetic seismograms computed at the same receiver applying the
extended source model and assuming the presence of the antithetic fault: we consider the
agreement observed on the two horizontal components, where the amplitudes are compa-
rable and the waveforms are roughly similar, as acceptable.

6. Strong Motion Estimates in Thessaloniki

The source models for the 1995 Arnea and Kozani events are used to compute synthetic
seismograms at ten selected sites within the city of Thessaloniki. The signals are first cal-
culated for bedrock ground conditions and subsequently convolved with 1-D and 2-D
mean amplification curves obtained by Triantafyllidis et al. [2001, 2002, 2004a,b] to
account for site effects. The receivers distance is around 120 (± 3) km for the Kozani
earthquake and 56 (± 3) for the Arnea event.

The velocity model “mygdonia” is used to compute the signals generated by the
Arnea source model. Two signals are computed, based on the point-source and finite-
source models.

In the Kozani case the point-source model and the finite-source models with and
without the presence of antithetic fault are considered. For the velocity model both the
“kozani” model and a new regional velocity model “grepap” are used. The “grepap”
model is also based on the Papazachos and Nolet [1997] data in the upper 137 km and the
missing values in the first kilometer of depth are replaced with those at 1 km depth result-
ing in a regional velocity model quite fast near the surface.

TABLE 3 Final results obtained from source modeling of 
Kozani event using point source and finite source

Epicenter latitude 40° 10′ 59″ N
Epicenter longitude 21° 39′ 36″ E
Hypocenter depth 12 km
Strike 253°
Dip 43°
Rake 265°
Magnitude 6.6
Nucleation position NE
Fault area (18 × 9 km)
Seismic moment distribution (2 asperities)
Structural model “kozani”
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The P1HA values on bedrock obtained within Thessaloniki for the best Arnea and
Kozani source models have about the same value at all stations because they are calcu-
lated for bedrock ground conditions (no site effects) with small differences due to slightly
different azimuths and distances from the sources. After the signals are convolved with the
mean amplification curves estimating the site effects at the selected localities obtained by
Triantafyllidis et al. [2001, 2002, 2004a,b] the P1HA values differ considerably from sta-
tion to station. Triantafyllidis et al. [2001, 2002, 2004a,b] obtained the amplification
curves using both 1-D and 2-D velocity models and the Fourier spectra ratios. In the 1-D
case the ratios between the Fourier spectra of signals have been computed using 1-D local
soil profiles, while in the 2-D case a vertically and horizontally heterogeneous local soil
has been selected; the regional structural model is only vertically heterogeneous. The
amplification curves were computed for an upper frequency cutoff of 10 Hz for the 1-D
models and for an upper frequency cutoff of 6 Hz for the 2-D models.

We compare the signals due to the Arnea and Kozani source models for an upper fre-
quency cutoff of 1 Hz. Only horizontal components are compared because these are the com-
ponents most influenced by site effects. We choose the strongest P1HA values between all
models for every seismic event component (North and East) and plot them in Fig. 9 for all sta-
tions. Figure 9 shows how differently the various sites are affected by the two events (differ-
ent distances, azimuth and source parameters); examples are stations TYF and KAL which
show very different amplification levels for the two events. Both events produce higher accel-
erations at POL, TYF, and KAL indicating these sites as the most dangerous (among the areas
considered) in the city of Thessaloniki in terms of seismic hazard. Generally, the North com-
ponent has higher P1HA values than the East one for all stations in Thessaloniki; it is interest-
ing to notice the difference in P1HA values between the two horizontal components of the
Arnea event at stations POL and KAL. The source therefore strongly influences the amplifi-
cation at a site (as it is shown from the differences in P1HA levels at POL, KAL, and TYF

FIGURE 8 The comparison between the synthetic seismograms computed adopting the
extended source model with the antithetic fault and the signals recorded at the Kozani sta-
tion. The order of the signals from top is: East synthetic, East recording, North synthetic,
North recording, vertical synthetic, and vertical recording.
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stations), a result that is also demonstrated by Triantafyllidis et al. [2002] and the engineers
should be aware of this, in particular when designing high-risk buildings.

The uncertainty level of these results is estimated by varying in a narrow range the
source parameters of the Arnea and Kozani events and computing the resulting P1HA
variation in Thessaloniki. We compute for this purpose the P1HA values at the bedrock
OBS site. We test 8 different models for the Arnea earthquake and 12 for the Kozani
earthquake by slightly changing focal mechanisms, rupture propagation (choosing the
nucleation of the two farthest limits of the faults), and seismic moment distribution (uni-
form and smoothed or with an asperity).

The results (Fig. 10) show strong variations (more than one order of magnitude) in the
P1HA estimations only when the nucleation point changes and the rupture propagates towards
the city of Thessaloniki (models 1÷4 for Arnea, models 7÷12 for Kozani). Although this direc-
tivity effect has a crucial role in source modeling and scenario estimations, its influence on the
recording signals allows one to take this parameter in consideration beforehand. The variation
in the P1HA related to other source parameters is within a factor of 4.

In Figure 11 the comparison between the bedrock signals and those obtained taking
into account site effects at the station called “TYF” are shown. Since only the amplifica-
tion in amplitude has been considered, the synthetic signals with and without site effects
have the same shape and differ only in a frequency-dependent factor of amplification.

7. Conclusions

Peak accelerations at the maximum frequency of 1 Hz (P1HA) are estimated at ten selected
localities within the city of Thessaloniki on the basis of source models derived for the 1995
earthquakes at Kozani and Arnea. The sources of the two events are modeled both as a point
source and as a finite source. Since the related observed accelerograms did not have absolute
timing nor a pre-trigger time, the modeling is done using a direct, trial and error approach.

FIGURE 9 Graph with the largest estimated P1HA at the considered sites in the city of
Thessaloniki due to the Arnea and Kozani 1995 earthquakes.

0

2

4

6

8

10

12

14

16

AMP OTE ROT LEP LAB POL TYF OBS KAL AGO

P
1H

A
 (

cm
/s

∗ 2
)

Arnea E

Arnea N

Kozani E

Kozani N



576 P. Suhadolc et al.

For the Arnea source modeling the highest analyzed frequency is 3 Hz. There were
very few previous studies about this earthquake and due to the scarcity of recorded after-
shocks not much information about the fault area was obtained. Moreover, only four regis-
trations are available: two signals recorded at bedrock stations, two other with evident site
amplification effects. Our analysis, based on both quantitative and qualitative criteria of
comparing observed and synthetic data, led to the best solution obtained from a range of
proposed models (best agreement in terms of peak 3 Hz accelerations). The point-source
modeling provides the earthquake focal mechanism, q = 260°, d = 42°, l = −132°, the
hypocenter/centroid depth, 7 km, and the magnitude value, 5.8. The finite-source model-
ing provided the mainly E towards W almost unilateral rupture propagation, the fault area
dimensions, either 10 km × 5 km or 13 km × 7 km, with the seismic moment distribution

FIGURE 10 P1HA variation as a function of different models (see text) for Arnea
(above) and Kozani events (below).
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being uniform and smoothed at the borders or characterized by one asperity modeled with
the k2 law, respectively. All these results are in agreement with previous studies [Margaris
and Hatdizimitriou, 1997; Hatdizimitriou, 2003].

For the Kozani source modeling the upper frequency cutoff is 1 Hz. Eight strong
motion stations recorded the earthquake, four of them not sited on bedrock. Previous stud-
ies and aftershocks locations suggested several parameters values for the source modeling.
Our point-source modeling provides the focal mechanism, q = 253°, d = 43°, l = 265°, the
nucleation depth, 12 km, and the magnitude, 6.6. The one-fault finite-source modeling
provides the NE towards SW rupture propagation, the fault area dimensions, 18 km × 9
km with the seismic moment distribution characterized by two asperities, the larger one
located at NE, near Kozani. The two-fault finite-source modeling, characterized by the
presence of an antithetic fault as proposed by Hatzfeld et al. [1997], leads to the main fault
dimensions of 25 km × 17 km, and to the antithetic fault dimensions of 8 km × 5 km. The
presence of the antithetic fault caused the synthetic signals to have a stronger contribution
of high frequencies, in agreement with the observations. All our results are in agreement
with previous studies [Clarke et al., 1997; Hatzfeld et al., 1997].

Using the derived source models we estimate the P1HA at ten sites within the city of
Thessaloniki, where the earthquakes have not been recorded. Since average site effects, in
terms of the amplitude amplification with frequency, have already been proposed for these
sites by Triantafyllidis et al. [2001, 2002, 2004a,b], we convolve them with synthetic

FIGURE 11 The synthetics seismograms due to the Arnea earthquake (computed using
finite-source and applying 1-D structural model) at the station TYF in Thessaloniki with
and without site effects.
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accelerations computed on bedrock for the source models related to the Arnea and Kozani
1995 events.

The Arnea earthquake produces strong 1 Hz accelerations at POL and KAL sites,
whereas the Kozani earthquake produces the strongest 1 Hz accelerations at TYF. The
P1HA values due to the two earthquakes are similar at all other sites. Uncertainties in the
P1HA estimates are derived by slightly varying the best source parameters. The directivity
effect produces strong variations (one order of magnitude) and should be taken into con-
sideration also in engineering practice. The change in other source parameters produces
P1HA variations within a factor of 4.

This simple approach can be used to get rapid estimates of PA based on fast available
source parameters and previously available estimates of site effects at known localities. It
can also be used to forecast acceleration levels in forward modeling of earthquake scenar-
ios. A validation of such fast estimates can be subsequently made by more detailed 2-D
and 3-D combined modeling of source, propagation and site effects.
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