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ABSTRACT 

250 ambient noise measurements were performed in a dense grid (about 150mX150m) cover
ing the historical center of the city of Thessaloniki (Northern Greece), that was strongly affected by 
the 20/6/1978 (M=6.5) damaging earthquake. The data were processed using the method of hori
zontal-to-vertical (H/V) spectral ratio (Nogoshi and Igarashi, 1971; Nakamura, 1989). In order to 
evaluate diurnal and seasonal variation (summer - winter) of the ambient noise H/V spectral ratio, 
systematic measurements were performed in eight sites. The fundamental frequency (fo) and the 
corresponding H/V amplitude level (Ao) from the ambient noise H/V spectral ratio for each site were 
calculated. Spatial interpolation of the fundamental frequency (fo) and the corresponding H/V ampli
tude level (Ao) was attempted between all points and respective contour maps were produced. 

Diurnal variation of the ambient noise H/V spectral ratio showed that it is preferable to perform 
measurements during the calm hours of a day, when manmade noise is relatively low. However, no 
systematic seasonal fluctuation effect on the ambient noise H/V spectral ratio was identified for the 
city of Thessaloniki. Contour maps of both fundamental frequency (fo) and corresponding H/V am
plitude level (Ao) were compared versus the macroseismic data of the 1978 earthquake (Leven-
takis, 2003), as well as with related geological (IGME, 1978) and geotechnical (Anastasiadis et al., 
2001) studies for the same area. Damage distribution due to 20/6/1978 earthquake (Penelis et al., 
1985) was also converted to EMS_98 (European Macroseismic Scale, 1998). For seventy build
ings, made of reinforced concrete, we have also compared the obtained results with the dynamic 
amplification of the buildings (Ubuilding) at the fundamental soil frequency (fo). The results encour
age the use of ambient noise measurements along with the (H/V) spectral ratio technique as a non-
expensive and fast tool in microzonation studies to be carried out in urban environments. 

1 INTRODUCTION 

A more and more common approach for the characterization of site response in urban environ
ments involves the use of the H/V spectral ratio of ambient noise recordings. Ambient noise is low 
amplitude vibrations of soil generated by natural disturbances such as wind, sea tides or of man-
made origin such as traffic, industrial machinery, household appliances etc. The spectral ratio of 
horizontal to vertical component of ambient noise [hereafter HVSR_AM] usually shows a peak, 
which indicates the fundamental frequency of the investigated site (Nogoshi and Igarashi, 1971; 
Nakamura, 1989). The reliability of this method has been studied both numerically and experimen
tally. Several researchers (among which Field and Jacob, 1993; Lachet and Bard, 1994; Lermo and 
Chavez-Garcia, 1994a) have theoretically supported the H/V spectral ratio technique through nu-
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merical simulations showing that synthetics obtained by randomly distributed near surface sources 
lead to H/V spectral ratios sharply peaked around the fundamental S-wave frequency, whenever 
the surface layers exhibit a sharp impedance contrast with the underlying stiffer formations. A large 
number of observational studies have been performed to experimentally establish the credibility of 
the method (Ohta et al., 1978; Mucciarelli, 1998; Rodriguez and Midorikawa, 2002 among others). 
A complete review of modern applications of ambient noise measurements for site effect estimation 
can be found in Bard (1999). 

The ambient noise H/V spectral ratio technique is less time consuming and much cheaper than 
other classical geophysical site investigations. Although the seismological community generally 
agrees that the H/V spectral ratio of ambient noise gives reliable results in terms of fundamental 
frequency, the method has been developed mainly empirically. The aim of this paper is to examine 
the reliability and the validity of the ambient noise technique in the downtown district of the city of 
Thessaloniki {Northern Greece) (left part of Figurel). 

2 COMPARISON OF HVSR_AM WITH RECEIVER FUNCTIONS 

In order to compare H/V spectral ratios of ambient noise recordings with results from other 
techniques traditionally used for site effect studies, ambient noise measurements were carried out 
at ten sites within the city of Thessaloniki (right part of Figure 1). The equipment used comprises 
the Cityshark 24-bits recorder (Châtelain et al., 2000) coupled with a Lennartz 3D/5s velocimeter 
sensor. At each site ambient noise data were continuously recorded for at least 10 min and as long 
as 40 min. The data were sampled at 100Hz and the average noise H/V spectral ratios of each re
cording were calculated with the SEISAN_7.2 (Havskov and Ottemöller, 2000) separately for each 
horizontal component. 

22 CO1 22 301 

GREE< 
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Figure 1. Left part: Location of the city of Thessaloniki, Northern Greece. Right part: Map of the region of Thes-
saloniki with the main geological units (Rf: Debris; Rd: River-torrential deposits with thickness up to 10m; sl-l: 
Quaternary silty layers; f,c-cm: Pleistocene undivided layers with thickness up to 40m; pl,f-c: Neogene deposits; 
Gn: Gneiss) and the location of the sites for which weak and strong motion earthquake data were available 
(IGME, 1978) 

At the same ten sites, Reftek stations had been installed between 25 November 1993 and 19 
February 1994 (Lachet et al., 1996 [La]; Triantafyllidis et al., 1999 [Tr]) and recorded several local 
and regional events. Two types of sensors were used in each site: an accelerometer Guralp CMG5 
[Tr] and a broadband velocimeter Guralp CMG40 (7= 20 sec) [La] in eight sites (rectangulars in 
Fig. 1) or alternatively a short-period Mark Product L22 (7= 0.5 sec) in other two sites (triangles in 
Fig. 1). 

In Figure 2 the variation with frequency of the average noise H/V spectral ratio for the EW com
ponent in comparison with the corresponding mean value from [La] and [Tr] receiver functions us
ing earthquake recordings, is shown. In general, the results show that there is a similarity in funda
mental frequency and overall shape of the H/V spectral ratios in all examined sites between noise 
H/V spectral ratio and earthquake receiver functions. 
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Figure 2. Comparison of the HVSR_AM obtained in the present study (EW component: black solid line) with 
earthquake receiver functions at the same sites. 

A systematic difference between the HVSR_AM and the corresponding receiver functions of [Tr] 
in the low frequency band (f <1Hz) was observed, while a good agreement is found in higher fre
quencies. However, at site LAB a significant difference between the HVSR_AM and accelerometer 
data, is observed. At the site LEP, [Tr] receiver function was not estimated, because noise level at 
this site was very high, producing a poor signal to noise ratio. On the other hand, the very good 
agreement of HVSR_AM with [La] receiver functions, based on velocimeter data, is evident for al
most all sites for the entire frequency range. Such an agreement has been also noted by Châvez-
Garcia and Cuenca (1996), Toshinawa et al. (1997) and Ojeda and Escallon (2000), among others. 
However, at the site POL differences in low frequencies are most probably due to the L22 sensor 
(To =0.5sec), used in [La]. Their results are less reliable for frequencies below 2 Hz, due to rela
tively poor response of L22 sensor in this frequency range. At the ROT site ambient noise meas
urements were performed about 30m to the east far from those of [La] and [Tr], probably explaining 
the observed difference in a narrow frequency band between 5Hz to 8Hz. At the site OTE although 
the agreement between the three methods are satisfactory, the second harmonic that clearly could 
be seen in the H/V receiver functions does not appear in the HVSR_AM. Nevertheless, the agree
ment between the three independent estimations may be considered as satisfactory, supporting the 
idea that ambient noise measurements can be used as a reliable measure of site effects in the city 
of Thessaloniki. 

3 DIURNAL AND SEASONAL EVALUATION OF HVSR_AM 

In order to study the diurnal and seasonal variation of HVSR_AM in the city of Thessaloniki, we 
recorded five minutes of ambient noise data every one-hour for two consecutive days at eight sites 
(Figure 3) in the historical center of the city of Thessaloniki. These sites are spread in the historical 
center of the city where dense ambient noise measurements were made and display a variety of 
geological conditions (Anastasiadis et al., 2001). The ambient noise recordings are classified into 
five time-categories: morning (05:00am-9:00am GMT), midday (10:00am-13:00pm GMT), afternoon 
(14:00pm-16:00pm GMT) (with market closed), evening (17:00pm-21:00pm GMT) (with market 
closed) and night (22:00pm-04:00am GMT). The average noise H/V spectral ratios of each cate
gory were calculated separately for each horizontal component. 
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Figure 3. Location of the eight sites of the Thessaloniki downtown area, where diurnal and seasonal ambient 
noise measurements were performed. 

Figure 4 illustrates the diurnal variation of the average H/VSR_AM obtained for all time catego
ries for each site. As it is observed in Fig. 4, at every site diurnal variations of the H/VSR_AM in 
terms of shape are similar in both horizontal components, except for site JWB where a sharp peak 
appears in NS direction around 3Hz. In all sites, variations in amplitude level of the H/VSR_AM are 
present. Such a variation has been also observed by other researchers (e.g. Teves-Costa et al., 
1996; Navarro et al., 2001; Alfaro et al., 2001). Furthermore, for the majority of the sites the ampli
tude level of the fundamental frequency during the morning time period is smaller than for the night
time period. This is particularly apparent at sites PLD, FOK, ELF and PHA. These sites are located 
in buildings close to main streets of the center of Thessaloniki, where traffic peak occurs between 
06:00am-14:00am GMT (Tsilingiridis et al., 2002). This is a strong indication that H/VSR_AM is in
fluenced by manmade activities during working hours, as has been noted in a number of relevant 
studies (e.g, Fyen, 1990; Gitterman et al., 1996; Milana et al., 1996). In addition, Bahavar and 
North, (2002) also observed that high-frequency levels are higher during local daytime than at 
night-time. 
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Figure 4. Comparison of the HVSR_AM between summer (Hew/V: black line; Hns/V: black dashed line) and 
winter period (Hew/V: grey dark line; Hns/V: grey light line). 

The seasonal variation of the average H/VSR_AM is also illustrated in Figure 4. As can been 
seen, the shape of the HVSR_AM, at all sites shows a noticeable stability both in fundamental fre
quency and amplitude level, especially during the evening and night measurements. In site IAS a 
sharp peak at approximately 3Hz appears in the summer time measurements but is not apparent in 
the winter. This may be due to an unknown manmade noise, present only during summer time 
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measurements. Furthermore, the fundamental frequency in all sites is practically constant, regard
less of the season that the measurements were performed, as has also been observed by other re
searchers (Duval et al. 1995, Suzuki et al. 1995, Bour et al. 1998, Delgado et al. 2000a, LeBrun et 
al. 2001). 

4 DATA ACQUISITION/PROCESSING AND RESULTS 

Ambient noise measurements took place in the downtown district of the city of Thessaloniki 
(Northern Greece) with a measurement grid (about 150mX150m) and 250 measurements were car
ried out (Figure 5). The records were preformed from Monday to Friday either during evening period 
(18:00pm-22:00pm GMT with closed market) or during night period (23:00pm-05:00am GMT). A 
GPS system provided the geographic position of each measurement point. Ohta et al., (1978) have 
suggested at least a 10-to-20-min observation at a point in order to get a record good enough for 
analysis. In the experiment, the recording system operated continuously for 20 min with sample rate 
of 100 Hz. 
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Figure 5. Location of ambient noise measurements Figure 6. Plot of the average HVSR versus frequency, 
in the downtown district of the city of Thessaloniki. 

Ambient noise data were processed in two stages. First, for each ambient noise recording, a 
number of windows, having a duration of 20 sec each, were selected using the 'window selection' 
module of the JSESAME software (SESAME project, 2003), in order to exclude portions with for
biddingly large amplitudes or spikes, as has been suggested by Duval et al., (2003). Using the 'H/V 
processing' module of the JSESAME software, the following steps were applied: (a) computation of 
Fourier spectra in all three components (E-W, N-S, Vertical), (b) offset correction, (c) application of 
a cosine taper, (d) smoothing of the Fourier amplitude spectra by a Konno-Ohmachi algorithm 
(Konno and Ohmachi, 1998). For each point the horizontal record spectrum was divided by the ver
tical one separately for the two horizontal components, in order to detect any significant difference 
between them, and the EW/V and NS/V spectral ratio was obtained. The second step consists of 
plotting EW/V and NS/V spectral ratio versus frequency. 

Each measurement point provides a spectral ratio and enables an estimation of the fundamen
tal frequency (foew and fons) and the corresponding H/V amplitude level (Aoew and Aons) at the 
site studied. A characteristic example is shown in Figure 6, where the HVSR_AM of EW (continu
ous line) and NS (dashed line) versus frequency are plotted. Although the foew has practically the 
same value with the fons, the Aoew and Aons are not the same for all our points, as it were In diur
nal measurements. Thus, the average value of the fundamental frequency (fo) is used hereafter in 
the present study but for the amplitude level we used both Aoew and Aons. 

The spatial interpolation of the fundamental frequencies and of the corresponding H/V ampli
tude level of the spectral resulted in the maps presented in figures (7) and (8). 

As it is illustrated in Figure 7 (left part), the low values of the fundamental frequency appear 
near the coastline while generally the fundamental frequencies decrease from north-east to south
west. This is consistent with the thickening of the alluvial deposits in this direction (Anastasiadis et 
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al., 2001), as it is shown in right part of the same Figure. Such an observation has been also ob
served by other researchers (e.g. Delgado et al., 2000b; Parolai et al., 2002). 

22 93 2:9-1 22 B4 22.95 2 2 . M 22 96 22 95 22 93 22 94 2 2 ^ 4 22 M 22 95 22 96 

Figure 7. Left part: Contour map of the fundamental frequencies (fo). The categories are shown with different 
color symbols. Right part: Contour map of the fundamental frequencies (fo). The categories are shown with dif
ferent color symbols. The lines represent the depth of the bedrock in meters (Anastasiadis et al., 2001). 

Figure 8. Contour map of the H/V amplification level (Ao) at fundamental frequencies (Left part, north-south 
component, Right part: east-west component). The categories are shown with different color symbols. 

Figure 8 shows the contour maps that were calculated from Aoew (left part ) and Aons (right 
part) HA/ amplitude level. Although there are discrepancies between those maps, the zone in the 
north-east amplifies the ground motion less than that in the south-west in both of them. This results 
are consistent with the transition of the fundamental frequencies and the thickening of the alluvial 
deposits in this direction as well. 

5 COMPARISON WITH OBSERVED INTENSITIES 

To check the ability of the applied method to correlate a preliminary amplification zonation in the 
city of Thessaloniki, we compared our results with macroseismic data of the 1978 earthquake se
quence in terms of MSK intensity data. Irregular damage distribution has been ascribed to local ge
ology conditions as the city's subsoil varies significantly. 

Figure 9 shows the contour maps of the fundamental frequency (fo) and of the maximum amplifi
cation (Aoew) of the H/V spectral ratio observed at each site, on which are superposed the iso-
seismal curves for four intensity levels defined by Leventakis (2003). We observe a clear overall 
correlation between them. 

The quantification of the previous maps is shown in Figure 10. The higher levels of intensity 
were observed at sites with low fundamental frequency and correspondingly high ΗΛ/ amplitude 
level, while low levels of intensity were observed at sites with high fundamental frequency and cor-
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respondingly low H/V amplitude level. Despite the observed scatter, the comparison between the 
observed Intensity of the 1978 earthquake, with the fundamental frequency (fo) and the corre
sponding H/V amplitude level (Aoew and Aons), reveals a satisfactory correlation. 
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Figure 9. Comparison of the fundamental frequencies (fo) (left part) and the H/V amplitude level (Aoew) (right 
part) at fundamental frequencies, with the Isoseismal intensity curves (Leventakis, 2003) from the 1978 Thessa
loniki Earthquake. The categories are shown with different color symbols. 
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Figure 10. Correlation between the fundamental frequency (left part) and the corresponding H/V amplitude level 
(Ao ew:balck dots; Aons: grey dots) (right part), with Isoseismal Intensities (1: 6.0<l<6.4, 2: 6.5<l<6.9, 3: 
7.0<l<7.4, 4: 7.5<l; Leventakis, 2003) from the 1978 Thessaloniki Earthquake. 

The damage distribution of the 1978 earthquake observed by Penelis et al. (1985) was con
verted to EMS_98 (European Macroseismic Scale, 1998). The historical center of Thessaloniki at 
the time of the earthquake consisted mainly of reinforced concrete buildings of six to nine stories 
height. A quantitative comparison between the fundamental frequency (fo) and the corresponding 
H/V amplitude level (Ao) versus the EMS_98 damage level is presented in Figure 11. 

The higher levels of damage were observed at sites with low fundamental frequency and corre
spondingly intermediate H/V amplitude level, while low levels of damage were observed at sites 
with high fundamental frequency and correspondingly low H/V amplitude level. 
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Figure 11. Correlation between fundamental frequency (fo) {left part) and corresponding average amplitude (Ao) 
(right part) with 4 damage grades of EMS-98 scale for the 1978 Thessaloniki earthquake. 

In order to improve the correlation between the EMS_98 damage grades and the H/V amplitude 
level, we have also calculated the dynamic amplification of the buildings (Ubuilding) at the funda
mental soil frequency (fo): 

U{fo) 

τ-
i η 

\ζ'-τ; 
τ- ) Γ 

where Τ is the fundamental period of vibration and can be expressed as Τ = number of storeys/10. 
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Figure 12. Correlation the EMS_98 damage grades from the 1978 Thessaloniki earthquake and the H/V ampli
tude level (Ao) (Left part) with the Ubuilding(fo) (Centerpart) and versus Ubuilding(fo)*Ao (Right part). 

In Figure 12 the comparison of the EMS_98 values versus H/V amplitude level (left), versus Ubuild-
ing(fo) (center) and versus Ubuilding(fo)*Ao (right), is shown. It can be observed that the best corre
lation is found between EMS_98 and Ubuilding(fo)*Ao. 

6 CONCLUSIONS 

The objective of this study was to examine the reliability and validity of the HVSR_AM technique 
in site characterization in urban environment, taking as a test area the city of Thessaloniki (Northern 
Greece). For this purpose we performed reliability tests and also we examined any probable corre
lation of the H/V SR_AM with observed intensities from the 1978 earthquake. The following results 
were obtained: 
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1. The HVSR_AM recordings at selected sites within the city of Thessaloniki were found to be in 
good agreement with respective results from previous studies using the H/V receiver function 
technique. 

2. The HVSR_AM in both horizontal components were found to be similar in terms of shape, the 
corresponding fundamental frequency but not in the amplitude level. 

3. The study of diurnal variation of HVSR_AM suggested that it is preferable to perform ambient 
noise measurements during the calm hours of a day, when man made noise within urban envi
ronment does not exceed a desirable level. 

4. It was observed that for the city of Thessaloniki there is no systematic seasonal effect on 
HVSR_AM. 

5. There is a clear systematic change both in the fundamental frequency (fo) and the correspond
ing amplitude level (Aoew and Aons) obtained from the HVSR_AM, which is in relation with the 
thickness of the soil deposits. 

6. Both the fundamental frequency (fo) and the H/V amplitude level (Aoew and Aons) obtained 
from the HVSR_AM correlated with the macroseismic intensity data and EMS^98 damage 
grades of the 1978 earthquake. 

These results demonstrate the reliability and also the utility of the HVSR technique based on the 
recording of ambient noise, in order to provide important data on the seismic behavior of surficial 
layers. Based on them, HVSR_AM can be used as an inexpensive and fast tool in microzonation 
studies in urban environments. 
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