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ABSTRACT
The detailed wave propagation characteristics and the spatial distribution of site-effects
in the metropolitan area of Thessaloniki are studied using a 3D Finite-Difference method.
Fourier Amplitude Spectra and Standard Spectra Ratios (SSR) computed for various
scenarios are used to reveal the strong spatial variability of site-response. Moreover, the
spatial distribution of the fundamental frequency from synthetic SSR for the various
scenarios is studied and comparisons with results from ambient noise measurements are
presented. The characteristics of the computed time series are also investigated and the type
and properties of the dominating seismic waves are examined along three cross-sections
spanning the study area. Time-Frequency analysis reveals the selective propagation of surface
waves for various seismic scenarios. Comparisons performed both in the frequency and time
domain with published 2D synthetics show that the employed 3D numerical modeling can
adequately describe the wave propagation characteristics and local site effects for complexgeometry sedimentary basin areas such as the city of Thessaloniki.
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1. INTRODUCTION
During the last decades it has become widely accepted that the a priori estimation of
local site-effects on seismic motions constitutes a powerful tool for efficient seismic risk
mitigation in large, densely populated cities. There are several cases of destructive
earthquakes over the last years (e.g. Northridge-USA 1994, Kobe-Japan 1995, Athens-Greece
1999) (Akiyoshi et al., 2003, Trifunac et al., 1999, Koliopoulos and Margaris, 2001, among
others) for which a better a priori knowledge of site-effects could result in a significant
reduction of damages and human losses. Site-effects estimation is usually based on various
types of recordings (e.g. earthquake or ambient noise) or appropriate theoretical modeling. In
this work, a quantified site-effect study is performed for the city of Thessaloniki with the use
of 3D numerical simulation of wave propagation.
The city of Thessaloniki (Northern Greece) is located in a moderate to high seismicity
area (Figure 1) (Papazachos et al., 1983). The city suffered several large earthquakes
throughout its history, many of them causing significant damage and human losses
(Papazachos and Papazachou, 2002). The most recent earthquake with significant impact on
the city occurred in the late seventies (20/6/1978, Μ6.5), with strong spatial variation of the
resulting damages, especially along the coastal zone. As a result, several researchers
performed detailed studies of the site-effect contribution on ground motion and structural
behavior prediction during strong earthquakes. These studies were either experimental
(Apostolidis et al., 2004a,b; Scherbaum et al., 2002; Leventakis, 2003, Panou et al., 2005a,b
among others) or numerical (e.g. Triantafyllidis et al., 1998, 1999, 2004a,b; Raptakis et al.,
1998, 2004a,b) mainly based on 1D or 2D simulations of seismic motion. Recently,
Skarlatoudis et al. (2010) using a 3D Finite-Difference (FD) scheme for the broader area of
Thessaloniki, showed that for several selected sites the previous 1D and 2D simulations could
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not adequately describe the site-response, in comparison with the 3D wave propagation
results.
The present study extends the results of Skarlatoudis et al. (2010) by examining the
spatial variation of ground motion characteristics for the city of Thessaloniki in both time and
frequency domain. The Time-Frequency analysis of the synthetic waveforms along selected
cross-sections revealed the generation and propagation of surface waves with significant
amplitudes in parts of the model with the thickest sedimentary formations. The variability of
the fundamental frequency, f0, estimated for various seismic scenarios, verifies the role of 3D
basin geometry on local site response, even for scenarios with the same source location but
different focal mechanisms. Comparisons with fundamental frequency results estimated by
H/V ratios from ambient noise measurements (Panou et al., 2005b) are in a good agreement,
however H/V noise results predict smaller f0 values for areas with thicker soil formations.
Moreover, in order to further check and validate the reliability and quality of the theoretically
estimated ground responses, comparisons are performed with 2D synthetics produced by
other researchers along three cross-sections spanning the metropolitan area of Thessaloniki.
Results in both time and frequency domain reveal several unknown aspects of 3D wave
propagation and verify the necessity of 3D modeling sedimentary deposit areas with complex
geometry.

2. COMPUTATIONAL METHOD AND MODEL
For numerical simulations an explicit 3D 4th-order velocity-stress finite-difference
scheme with discontinuous spatial grid was used. The scheme solves the equation of motion
and Hooke’s law for viscoelastic medium with rheology of the generalized Maxwell body,

 v i =  i j , j + f i

(1)
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Details on the scheme, its grid and material parameterization are provided by Moczo et
al., (2002), Kristek and Moczo (2003), Moczo and Kristek (2005), Moczo et al., (2007) and
Kristek et al., (2009b). Adjusted 4th-order accurate finite-difference approximations are
applied at the planar free surface (Kristek et al., 2002, Moczo et al., 2004). The unsplit PML
formulation is used to prevent spurious reflections from the boundaries of the grid
(Skarlatoudis et al., 2006, Kristek et al., 2009a). Moreover, a double-couple point source was
assumed for each of the examined scenarios, whereas for the source-time function,
representing particle velocity, a Gabor signal was adopted of the form:

{

}
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(4)

where,  = 2 f p , t Î [0, 2ts ] , fp is the dominant frequency, γ controls the width of the signal,
and θ is the phase shift.
The computation model used for the simulations is based on the geophysicalgeotechnical model and the dynamic characteristics of the proposed soil formations by
Anastasiadis et al., (2001) (AN01). The original coverage of the AN01 model was expanded
in order to cover the whole study area using information from the model of Apostolidis et al
(2004b). The final computational model covers an area of 22Km x 16Km, shown in Figure 2
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with a white dashed line and in Figure 3 with the black solid line, while the dynamic
properties finally adopted for each formation are shown in Table 1. Details on the final model
generation and its validation are provided in Skarlatoudis et al. (2010). The values of the
computational model parameters finally adopted for the FD computations are shown in Table
3.
Numerical simulations have been performed for six seismic scenarios, corresponding to
three different hypocentral locations and two different focal mechanisms for each one.
Seismic scenarios with E-W trending normal faults are referred as scenarios (a), while the
ones with NW-SE trending normal faults as scenarios (b) (Figure 3). Both types of normal
faults (E-W and NW-SE) are the dominant types of faults in the broader Thessaloniki area
(e.g. Vamvakaris et al., 2006). Information for the locations of the different scenarios and the
corresponding focal mechanisms are shown in Table 2. Synthetic waveforms were produced
for a dense, as well as for a coarser grid of receivers, in order to study the spatial variation of
site-effects on seismic motion in the metropolitan area of Thessaloniki (Figure 3). Moreover,
synthetic waveforms were also computed for 11 selected sites in the broader area of
Thessaloniki (Figure 4), for which seismic records were available from a local network of
seismographs and accelerographs operated in the broader area of Thessaloniki during four
months (November 1993 - February 1994, Lachet et al., 1996).

3. COMPARISONS IN FREQUENCY DOMAIN
The synthetics computed for the six seismic scenarios were compared along three
cross-sections shown in the map of Figure 4 (red, green and purple lines) with the
corresponding 2D results of Triantafyllidis et al. (2004a) and Raptakis et al. (2004b). The
Fourier Amplitude Spectra (FAS) ratio for the 3D over the corresponding 1D bedrock
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reference model [(FAS3D)/(FAS1D)] was estimated for a large number of receivers along the
cross-sections for all scenarios and components of ground motion.
Results from Triantafyllidis et al. (2004a) produced with a hybrid method (Fah, 1992)
are presented in the form of [(PSA2D)/(PSA1D)] ratio. The use of [(PSA3D)/(PSA1D)] ratio,
computed from PSA records for 5% damping, has been also employed in the present study.
Nevertheless,

comparisons,

not

shown

here,

between

[(FAS3D)/(FAS1D)]

and

[(PSA3D)/(PSA1D)] ratios have exhibited almost identical spatial variation and only small
differences of the predicted ratios. Taking into account that FAS could be better correlated
with the spectral characteristics of ground motion than PSA, the [(FAS3D)/(FAS1D)] ratio
has been finally employed for studying the site-amplification characteristics along the crosssections. The frequency variation of [(FAS3D)/(FAS1D)] ratio along the cross-sections LEPOBS (red), AGK-KAL (green) and AMP-LAB (purple) is presented in Figures 5-7, where
scenarios (1), (2), and (3) are plotted (from left to right) and N-S, E-W and vertical
components from top to bottom are shown, respectively.
For the LEP-OBS cross-section (Figure 5) one of the most prominent features is the
existence of two distinct high-amplification zones (spectral amplifications ranging from 5 to
15) in both horizontal components for the majority of the examined scenarios. This feature is
mostly evident in scenarios (a) (E-W trending faults), with the manifestation of a first zone of
higher amplitudes followed at lower frequencies by a second zone with slightly lower
amplification amplitudes, which corresponds to the fundamental frequency of the sedimentbedrock interface. Nevertheless, in scenarios (b) (NW-SE trending faults) this pattern is not
so clear and in some cases [scenario (3b) and North-South component of scenario (1b)] it is
practically absent. The two distinct amplification bands correspond to the contribution of
different model layers in site amplification, at different frequency windows along the crosssection. The fact that they are not identified in all scenarios and ground motion components is
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strong evidence of the impact of the 3-dimensional geometry of the Thessaloniki sedimentary
basin geophysical model on site-effects. All vertical components do not exhibit noticeable
amplifications, with their values varying mostly between 1 and 2 in most cases.
The amplification of trapped waves in the surficial layers of the model may be a
reasonable explanation for the high amplitude areas observed in the AGK-KAL cross-section,
shown in Figure 6. These high amplitude areas (FAS ratio amplitudes ranging from 7 to 15)
are mostly prominent in the North-South components, around 2Hz, for almost all scenarios.
Nevertheless, they are not identified as clearly, for scenario (2b). Moreover, a second zone of
relatively smaller amplifications (up to 7-8), can be identified around the frequency of 1Hz,
for almost all scenarios and components of ground motion and is probably the manifestation
of the bedrock-sediments discontinuity on the spectral ratios. Significant differences in the
amplifications are observed between scenarios (1) (in both horizontal components) and
scenarios (3) (mostly in the E-W component) for the frequency range of ~1Hz-4Hz. Finally,
as for LEP-OBS cross-section, the bedrock geometry is adequately reflected in the FAS
ratios. For the vertical components of ground motion, strong amplifications (locally up to 8)
are found in scenarios (1) around the frequency of 1Hz, however this is the only case for
which such high values of amplification are observed for the vertical component.
For the third cross-section studied, LEP-LAB (Figure 7), the highest amplifications are
identified at the edges of the cross-section, around sites AMP and LAB, where the deeper
sedimentary deposit structures are located. The most prominent differences regarding FAS
amplitudes between scenarios can be observed for scenarios (1) and (3), where for the former
higher amplifications are exhibited in scenario (1b) [in the North-South component of
scenario (1a), only the neighborhood around station AMP exhibits high amplifications] while
for the latter, high amplifications are alternating between the two amplification “lobes”
formed close to sites AMP and LAB. The effect of the bedrock geometry is not clearly
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identified in all components of ground motion for the six scenarios studied, which is
indicative of the different site response due to excitation by difference seismic sources.
Vertical components exhibit almost no amplification for all six scenarios examined.
The frequency variation of SA(2D/1D) ratios is presented in Figure 8, for the same
cross-sections AA(LEP-OBS), A3(AGK-KAL) and A5(AMP-LAB) from the study of
Triantafyllidis et al. (2004a). In these 2D simulations, both the receivers and the
corresponding seismic source are lying on the linear cross-section, hence it is not possible to
perform a direct comparison with present study results. However, this source-receiver
alignment condition is approximately valid for scenarios (1a)/(1b) and the AA(LEP-OBS)
cross-section, as well as for scenario (3a)/(3b) and A3(AGK-KAL) cross-section.
Nevertheless, comparisons between the general characteristics of the amplifications
computed for each cross-section can be performed and reveal the differences between 2D and
3D numerical modeling for the specific area, whether the seismic source is located on or off
each profile.
Comparison for the AA(LEP-OBS) cross-section shows that amplifications from 3D
synthetics in the center of the cross-section (where deeper sedimentary formations are found)
are significantly higher for higher frequencies (> 2.5Hz). Moreover, the two distinct highamplification zones observed in most of the scenarios studied could not be identified in the
results of Triantafyllidis et al. (2004a), even for scenarios (1a) and (1b) where the source in
this study lies almost along the profile, similar to the 2D synthetics. For cross-section
A3(AGK-KAL) the present study results show more clearly the high amplification zone, as
well as the bedrock geometry impact on site amplification. In addition the high amplification
area in the vicinity of AGK site, spanning the whole frequency range studied (1Hz-5Hz) and
controlled by the bedrock-sediments discontinuity is almost not identified in results of
Triantafyllidis et al. (2004a). Finally, the 0.5Hz-2Hz amplification zone observed in the radial
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component of section A3 is in a good agreement with results from scenario (3a) (North-South
component).
The results for cross-section A5(AMP-LAB) are in a good qualitative agreement with
the ones of Triantafyllidis et al. (2004a). The high amplification areas observed in the
neighborhood of sites AMP and LAB can be identified in the results of both studies (Figures
7 and 8). However, 2D results do not predict such high values of amplification in the area of
site AMP, unlike results presented in Figures 7, which exhibit very high amplifications in
both horizontal components of ground motion [e.g. scenario (1b)].
Qualitative comparisons are also shown with 2D synthetics obtained by Raptakis et al.
(2004b) for the LEP-OBS cross-section. In Figure 9 the theoretical transfer function for
vertical incidence SH waves, normalized over the corresponding bedrock model (unity in the
absence of sediment layers) is shown. The comparison is, in general, in a good agreement
with present study results in terms of the amplification level predicted and regarding the
effect of the bedrock-sediments discontinuity. However, for the frequency range of 2Hz-5Hz
and for distances up to 1000m, Raptakis et al. (2004b) predict much lower amplitudes than
the ones shown in Figure 5.

4. SPATIAL DISTRIBUTION OF FUNDAMENDAL FREQUENCY F0
One of the most popular measures for characterizing site response is the fundamental
response frequency, f0. In order to map the spatial variability of site-response in the study
area, f0 values, from Standard Spectral Ratios (SSR), for a coarser and a denser grid of
receivers (Figure 3) and four seismic scenarios (1a, 1b, 2a and 3a) were estimated. Station
OBS, which is located on bedrock (shown in Figure 3 with a yellow triangle), was used as a
reference site, in accordance with previous studies employing either real or synthetic
recordings for the city of Thessaloniki (e.g. Lachet et al., 1996, Raptakis et al., 2004b,
[9]

Triantafyllidis et al., 2004a, Skarlatoudis et al., 2010). In Figure 10 the corresponding maps
of f0 spatial distribution are presented. White areas correspond to sites, for which the
fundamental frequency is higher than the maximum frequency (5Hz), which was shown by
Skarlatoudis et al. (2010) to be practically accurate for the FD modeling employed.
Nevertheless, as it can be seen in Figure 10, the vast majority of the estimated f0 values are
within the frequency band of 0.3Hz-5Hz.
The results of Figure 10 verify the variability observed in the ground motion responses
by Skarlatoudis et al. (2010), as the f0 values depend not only on the local structure but also
on the source properties (source position and focal mechanism). This variability is also
evident in scenarios (1a) and (1b), where the only change is the focal mechanism used in the
simulations, yet the soil responses are locally different. The most prominent differences are
noticed in the historical center of Thessaloniki, where higher f0 values are found for larger
parts of the study area in scenario (1b). The differences in site response between scenarios
(1a) and (1b) is most probably affected by the different contribution of each soil formation in
the amplification process when triggered by different seismic excitations. Thus, the observed
site-response of a specific site can also vary depending on the properties of the seismic source
used for exciting the soil formations. Differences are also noticed between scenarios 2a and
3a, especially in the western parts of the study area, where high f0 values are observed for
scenario 3a. On the other hand in scenario 2a, f0 values are in the range of 1.5-2Hz for the
same area, resulting in a significantly different site response pattern, controlled by the thicker
soil formations.
In order to further check the previous observations, synthetic f0 values for scenario 1a
were compared with empirical f0 values estimated from H/V spectral ratios from ambient
noise measurements (Panou et al., 2005b). Results shown in Figure 11a were produced for a
denser grid of receivers employed in the broader area of the historical center of the city
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(white parallelogram in Figure 3). Comparisons were performed for scenario 1a as this is the
most typical earthquake scenario for the study area, since it corresponds to a typical E-W
normal fault (e.g. Vamvakaris et al., 2006) from the high seismicity Mygdonia basin area
(e.g. Papazachos et al, 1983).
The comparison of the f0 results shown for scenario 1a in Figures 10 and 11a are
generally in a good agreement. The small variability in the results of Figure 10, compared to
the ones of Figure 11a, can be attributed to the sparser distribution of receivers used in the
coarser grid configuration. In Figure 11b, a comparison of the fundamental period estimated
by the SSR method from 3D synthetics  T3D  with the corresponding H/V results from Panou
et al (2005)

T

Noise
H/V



is presented with black circles. For shorter periods (thinner soil

formations) there is a good agreement of the estimated T0 values from the two methods, while
for longer periods (thicker soil formations) the H/V results
fundamental periods from 3D synthetics

 T3D  .

T

Noise
H/V



overestimate the

This pattern is also verified by the T0

estimations from empirical SSR estimates (Lachet et al., 1996) for 6 sites in the study area
(large squares), where despite the lack of data for the period range of 0.7s-1s the overall trend
is in agreement with the results derived by the 3D synthetics and H/V noise ratios.
The same behavior has been also observed by Rodrigues and Midorikawa (2002), who
showed that H/V method for ambient noise measurements (for the city of Yokohama) tends
to overestimate the fundamental period for a large number of sites, in comparison to the SSR
results using ground motion recordings, especially for thicker soil formations (high T0
values). Their results are also presented in Figure 11b (open symbols) for soil formations
similar to the ones identified for the study area. This difference may be attributed to the
intrinsic characteristics of the H/V spectral ratio method, which is mainly used to identify the
fundamental frequency of a sedimentary cover, overlying a bedrock formation. In addition,
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the application of the H/V method on ambient noise measurements is essentially based on
surface waves which dominate this type of measurements, whereas SSR estimates are mostly
controlled by body wave waveform content.

5. COMPARISONS OF TIME SERIES
Computations in the frequency domain only provide a partial view of the site-effect
impact on ground motions, as several other waveform characteristics (e.g. duration) are only
observed in the time domain. For this reason, synthetic waveforms were also examined for a
large number of receivers along the cross-sections shown in Figure 4, for all six scenarios
studied. Note that these results are not normalized over the corresponding bedrock model, as
the results shown in Figures 5, 6 and 7. In most of the scenarios studied wave propagation is
dominated by body waves, although in several cases the time frequency analysis of synthetic
waveforms revealed the generation and propagation of surface waves (Love waves), mainly
for the deepest sediment parts of the cross-sections. Synthetics have been filtered with a
causal, low-pass, Butterworth filter with a cut-off frequency of, fc=5Hz.
Results are presented in Figure 12 for the KAL-AGK cross-section which exhibited
the most interesting wave-propagation features. In the results a clear geometrical spreading
impact on the amplitude of the synthetics, especially for scenarios (1a) and (1b) for which the
source-receiver distance strongly varies along the cross-section, is observed. Anelastic
attenuation plays also a more important role for this cross-section, since the sedimentary
cover has its larger thickness, in comparison to the other two cross-sections studied. The
major difference, though, is the generation and propagation of surface waves which are
identified close to sites LEP and AGK in all six scenarios but mostly for scenarios 2. Seismic
source location (almost perpendicular to the cross section) and its distance (closest, in
comparison to the other two scenarios) suggest the generation of higher amplitude surface
[12]

waves for these specific scenarios. The Time-Frequency analysis of the horizontal
components of synthetic waveforms (Figure 13), revealed the generation and propagation of
surface waves with significant amplitudes for scenarios 2 in the U component (North-South).
Surface waves start to develop around 9.5s with a frequency around 1Hz gradually shifting to
3Hz around 12.5s, exhibiting prominent dispersion phenomena. Since the source-receiver R1
(denoted in Figure 4 with the yellow square) path for scenario 2 is almost perpendicular to the
cross-section KAL-AGK, the U (N-S) component corresponds to the transverse component of
seismic motion, hence the surface waves identified are Love waves. Similar conclusions can
be drawn for scenarios 1, but characteristics of the generated Love waves are not as
prominent as for scenarios 2.
For the LEP-OBS cross-section (scenarios 1 and 2) large amplitudes of body waves are
observed especially for scenarios 2. However, for scenarios 3, the generation and propagation
of coda waves with noticeable amplitudes can be observed mostly in the deeper part of the
cross-section. The previous observations were verified using Time-Frequency analysis of
horizontal components of ground motion. The analysis showed that body waves is the
dominating type of waves propagating along these cross-sections in all scenarios studied,
since no dispersion phenomena (typical for surface waves in time-frequency analysis) are
exhibited. The generation and propagation of Love waves, observed by Raptakis et al.
(2004b), in the vicinity of the lateral discontinuity between sediments and bedrock was not
identified in present study results (especially for scenario 3a, where the source location and
focal mechanism are very similar with the simulated earthquake by Raptakis et al., 2004b).
The results of the AMP-LAB cross-section study showed that for all six scenarios the larger
amplitudes of seismic waves were identified at the area of site AMP, while relatively smaller
amplitudes were shown around site LAB. The Time-Frequency analysis of the horizontal
components showed that in all six scenarios body waves are dominating and that late
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wavetrains observed in scenarios 3 time series probably correspond to reflected waves from
the model discontinuities and not to surface waves. The corresponding figures of the previous
analysis for LEP-OBS and AMP-LAB cross-sections are available as part of the electronic
supplement of this study.
An additional measure used for studying the properties of the simulated waveforms in
the time domain for the whole study area, is the cumulative kinetic energy per unit volume,
Ek, which is given as

Ek  x, y, z  

1
  x, y, z   uk2  x, y, z, t  dt ,
2

(5)

where, ρ(x,y,z) is the density, uk is the kth component of ground velocity and the integration
is performed over the time duration of the simulation. The cumulative kinetic energy was
estimated from synthetic waveforms for scenario 1a, as this is the most typical earthquake
scenario for the city of Thessaloniki, since most of the large events occur towards the high
seismicity Servomacedonian massif (Figure 1) located to the NW of the study area. For
minimizing geometrical spreading and source effects, Ek was estimated for both the AN01
geophysical model (Ek3D) and the corresponding bedrock 1D model (Ek1D). The spatial
distribution of the ratio (Ek3D/Ek1D), presented in Figure 14, is exhibiting high values
essentially in the same areas (historical center of Thessaloniki, coastal zone in the SW part of
the model and small areas in the northern part of the model) where thicker sedimentary
formations are found. These high-amplification areas where also identified in the frequency
analysis along the three cross-sections (Figures 5, 6 and 7), as well as the Fourier Amplitude
Spectra (FAS) spatial distribution results presented in Skarlatoudis et al. (2010) for scenario
1a. Moreover, as seen in Figure 12, the duration of waveforms in the coastal areas (thicker
sedimentary cover) is significantly longer compared to bedrock sites producing, thus, higher
values of cumulative energy. Therefore, the agreement in the spatial distribution of different
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types of ground amplification measures such as Ek and f0, exhibited for scenario 1a (e.g.
Figures 10 and 14) shows that the 3D geophysical-geotechnical model structure plays a
dominant role in forming the local site response, independent of the type of measures used for
its quantification.

6. CONCLUSIONS-DISCUSSION
The spatial variation of site response for metropolitan area of Thessaloniki has been
studied using a 3D Finite-Difference scheme. We extend the results of Skarlatoudis et al.
(2010) by studying the Fourier Amplitude Spectra ratios estimated for a 3D model (FAS3D)
computed for six different source scenarios. The geometry and properties of the soil
formations of geophysical/geotechnical model of Anastasiadis et al. (2001) were used to
produce the computational model used in the FD simulations. The corresponding 1D bedrock
reference model was also used for computing 1D Fourier Amplitude Spectra ratios (FAS1D),
in order to partly remove path and source effects from our results.
The frequency variation of the (FAS3D/FAS1D) ratios revealed the impact of the 3D
model on local site-response. Moreover, a strong dependence of the (FAS3D/FAS1D) ratio
on the source properties was also observed, even for results from scenarios with the same
source location and different focal mechanisms. Results along the LEP-OBS cross-section
showed the existence of two distinct high-amplification zones in the frequency domain for
both horizontal components and for the majority of the scenarios studied. The first zone is
controlled by the bedrock-sediments discontinuity, exhibiting relatively lower amplification
amplitudes. The second band is characterized by higher amplification amplitudes, probably
corresponding to the contrast of the shallow sediment formation (A, C, B) to E/F formation
discontinuity. The fact that the two zones are not clearly formed (or even present) in all
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examined scenarios and components of ground motion verifies the impact of the 3D model
geometry and the corresponding wave propagation features on the local characteristics of
site-response. For the AGK-KAL cross-section the North-South components exhibit high
amplitudes around the frequency of 2Hz, extending from site KAL up to the distance of
4000m along the cross-section. A second zone, with relatively lower amplifications, is
identified around the frequency of 1Hz in almost all scenarios and components of ground
motion. These two areas of higher amplification probably correspond to trapped waves in the
surficial layers of the model (higher frequency band), while the latter (lower frequency band)
to the bedrock sediments discontinuity. Moreover, significant amplifications are also found in
the vertical component in scenarios 1 around the frequency of 1Hz. This is the only case for
all examined scenarios and cross-sections where such high amplifications are found for the
vertical component. Finally the third cross-section studied (LEP-LAB) exhibits the highest
amplifications, with two amplification “lobes” identified around the sites AMP and LAB
where the thicker sedimentary formations of the model are found. Large differences are
observed for the amplifications between scenarios 1 and 3, with the most prominent feature
being the alternation of the highest amplifications between sites AMP and LAB in scenarios
3a and 3b.
The spatial variation of site response for the metropolitan area of Thessaloniki was also
studied by mapping the spatial distribution of the fundamental frequency, f0, using the
Standard Spectral Ratio (SSR) method on the synthetic waveforms with respect to the OBS
reference site. Examination of the frequency variation of (FAS3D/FAS1D) for the various
seismic scenarios verifies the impact of 3D effects on site response. The previous results
suggest a different concept regarding how site-effects should be considered by engineering
seismologists and earthquake engineers, since different soil responses appear to be
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“triggered” when the earthquake source parameters and/or location are varying, resulting in
strong variations of the final site-response.
The comparison of the fundamental period estimated with the SSR method from 3D
Noise
synthetics  T3D  with the corresponding H/V results from Panou et al (2005)  TH/V
 shows a

good agreement for shorter periods (relatively thin soil formations), while for longer periods
Noise
(thicker soil formations) the H/V results  TH/V
 overestimate the fundamental periods from

3D synthetics  T3D  . These results are verified by T0 estimations from empirical SSR (Lachet
et al., 1996) but also are in a good agreement with the results of Rodrigues and Midorikawa
(2002) who presented cases for which the H/V method for ambient noise measurements tends
to overestimate the fundamental period of a specific site, compared to the SSR method for
ground motion recordings, especially for thicker soil formations. These differences could be
attributed to the fact that the H/V method for ambient noise measurements is controlled by
surface waves, whereas the SSR method estimates fundamental frequencies using mainly
body waves.
Synthetic waveforms are also compared in the time-domain along the three crosssections. Significant differences between amplitudes and duration of synthetics among the
various scenarios are noticed. These differences are more evident for the AGK-KAL crosssection, where the generation and propagation of surface waves is observed for scenarios (2)
and partly (1). Time-Frequency analysis, as well as the source-receiver geometry for this
cross-section, suggest that the generated surface waves correspond to locally generated Love
waves. The relative cumulative energy, Ek, spatial distribution with respect to a
corresponding 1D bedrock model, exhibits the highest values in the areas where thicker
sedimentary formations (lower fundamental frequencies) are observed (historical center of
Thessaloniki and coastal zone in the SW part of the model). The previous results verify the
complexity of 3D site response along the three examined cross-sections studied, suggesting
[17]

that it is not possible to define a unique site response of the various sites to different seismic
excitations, as these are affected not only by the change of seismic source location but also by
the different seismic source properties (e.g. different focal mechanism).
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TABLES
Table 1. P-wave velocity  , S-wave velocity  , density  , P-wave quality factor Q and

S-wave quality factor Q for the 3D AN01 model (Anastasiadis et al. 2001).
Formation

α (m/s)

β (m/s)

ρ (gr/cm3)

Qα

Qβ

Α

1050

250

2050

260

15

B

1850

180

2300

1130

25

C

1900

300

2150

510

20

E/F

3000

700

2350

690

50

4500

2000

2600

450

200

6000

3400

2600

450

200

Bedrock
(at free surface)
Bedrock (1000m)

[22]

Table 2. Focal parameters of the earthquakes used for the computation of synthetic

waveforms. All earthquakes have the same moment magnitude (M5.1) and focal depth
(5Km), except when otherwise specified in the text.

Α/Α

Lon (Ε)

Lat (Ν)

Strike

Dip

Rake

1a

23.0743

40.7506

90

55

-70

1b

23.0743

40.7506

135

55

-90

2a

23.0743

40.5977

90

55

-70

2b

23.0743

40.5977

135

55

-90

3a

22.9295

40.7506

90

55

-70

3b

22.9295

40.7506

135

55

-90

Table 3. Computational model parameters

Model dimensions : Χ=22545 m, Υ=16200 m, Ζ=12105 m
Grid spacing : 15 m in the finer grid (0 – 1170 m), 135 m in the coarser grid
Number of grid cells : (1503 x 1080 x 78) + (167 x 120 x 81) = 128235960
Frequency range : 0.2 – 2.0 Hz
Time step : 0.0012 s
Time window : 20 s
PML zone thickness : 90 grid spacings in the finer grid
10 grid spacings in the coarser grid

[23]

FIGURES

Figure 1. Map of known earthquakes with M≥3.0 which occurred in the broader area of

central–northern Greece from the historical times (550 BC) till 2007. Open circles denote
epicenters of historical earthquakes (before 1911). Two areas of high seismicity level can be
identified, namely the Servomacedonian massif (yellow area) and the North Aegean Trough
(blue area).
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Figure 2. Map showing the major soil formations in the broader area of Thessaloniki. The

bedrock formation is denoted with the dark-grey shade, while with the medium and light grey
colors the Neogene and Quarternary formations are shown, respectively. The hatched area
represents the original coverage of the Anastasiadis et al. (2001) geophysical/geotechnical
model (AN01). The white dashed line corresponds to the limits of the expanded model area
(see also Figure 3).
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Figure 3. Earthquake locations used for the seismic scenarios (red stars). The focal

mechanisms used for each scenario are also shown. Seismic scenarios with EW trending
normal faults are referred as (a), while the ones with NW-SE trending normal faults as (b).
The coarser grid of receivers used for studying the spatial variation of various waveform and
site-effect parameters for the six earthquake scenarios is also shown. The white parallelogram
denotes the area covered by the denser grid of receivers. The area defined with the black line
corresponds to the area of the computational model (see text for details). The location of site
OBS, used as a reference station in SSR computations, is denoted with the yellow triangle.
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Figure 4. Cross-sections studied in the metropolitan area of Thessaloniki. AGK-KAL and LEP-OBS sections denoted with the green and red

color, respectively, correspond to cross section A3 and AA of Triantafyllidis et al. (2004b). Receiver R1 for KAL-AGK cross-section is denoted
with the yellow square. The iso-depth lines of bedrock are also depicted in the map. The structure of the model formations along the three crosssections is also shown at the bottom figures.
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Figure 5a. Frequency variation of (FAS3D)/(FAS1D) ratio along the LEP-OBS cross-section. Starting from left, scenarios 1a, 2a and 3a are

shown, respectively. From top to bottom, results for the N-S, E-W and vertical components are plotted.

[28]

Figure 5b. Frequency variation of (FAS3D)/(FAS1D) ratio along the LEP-OBS cross-section. Starting from left, scenarios 1b, 2b and 3b are

shown, respectively. From top to bottom, results for the N-S, E-W and vertical components are plotted.
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Figure 6a. Frequency variation of (FAS3D)/(FAS1D) ratio along the AGK-KAL cross-section. Starting from left, scenarios 1a, 2a and 3a are

shown, respectively. From top to bottom, results for the N-S, E-W and vertical components are plotted.
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Figure 6b. Frequency variation of (FAS3D)/(FAS1D) ratio along the AGK-KAL cross-section. Starting from left, scenarios 1b, 2b and 3b are

shown, respectively. From top to bottom, results for the N-S, E-W and vertical components are plotted.
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Figure 7a. Frequency variation of (FAS3D)/(FAS1D) ratio along the AMP-LAB cross-section. Starting from left, scenarios 1a, 2a and 3a are

shown, respectively. From top to bottom, results for the N-S, E-W and vertical components are plotted.
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Figure 7b. Frequency variation of (FAS3D)/(FAS1D) ratio along the AMP-LAB cross-section. Starting from left, scenarios 1b, 2b and 3b are

shown, respectively. From top to bottom, results for the N-S, E-W and vertical components are plotted.
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Figure 8. Variation of the (SA2D)/(SA1D) ratios along the ΑΑ(LEP-OBS), Α3 (AGK-KAL) and A5(AMP-LAB) cross-sections for radial,

transverse and vertical components (after Triantafyllidis et al., 2004a).
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Figure 9. Theoretical transfer function for vertical incidence of SH waves along LEP-OBS

cross-section. The transfer function value has been normalized over the corresponding
bedrock reference model, thus in absence of the valley its value would be a factor of one
(Raptakis et al., 2004b).
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Figure 10. Maps of the spatial variation of the fundamental frequency, f0, estimated for the

coarser grid of receivers (see Figure 3), for four seismic scenarios, using the Standard
Spectral Ratio method on synthetic seismic waveforms.
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Figure 11. a) Map of the spatial variation of fundamental frequency, f0, estimated for the

denser grid of receivers (see Figure 3), for the seismic scenario 1a, using the Standard
Spectral Ratio method on synthetic seismic waveforms. b) Fundamental period, T0, estimated
using the Standard Spectral Ratio method on synthetic seismic waveforms, T3D , and H/V
Noise
spectral ratio of ambient noise measurements, TH/V
.
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Figure 12a. Horizontal component U (North-South) calculated at free surface for the six scenarios, for cross-section KAL-AGK. Synthetic

waveforms have been filtered with a causal, low pass filter with fc=5 Hz.
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Figure 12b. Horizontal component V (East-West) calculated at free surface for the six scenarios, for cross-section KAL-AGK. Synthetic

waveforms have been filtered with a causal, low pass filter with fc=5Hz.
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Figure 12c. Vertical component W calculated at free surface for the six scenarios, for cross-section KAL-AGK. Synthetic waveforms have been

filtered with a causal, low pass filter with fc=5 Hz.
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Figure 13a. Time variation of the power spectrum for the horizontal components of synthetic waveforms for receiver R1 (open triangle in Figure

13) of the KAL-AGK cross-section and scenarios (a). The waveforms are filtered with a low-pass Butterworth filter with corner frequency of
fc=5Hz.
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Figure 13b. Time variation of the power spectrum for the horizontal components of synthetic waveforms for receiver R1 (open triangle in Figure

13) of the KAL-AGK cross-section and scenarios (b). The waveforms are filtered with a low-pass Butterworth filter with corner frequency of
fc=5Hz.
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Figure 14. Spatial variation of the ratio (Ek3D/ Ek1D), for the three components of ground motion, estimated for the coarser grid of receivers

(see Figure 3) and for seismic scenario 1a.
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