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ABSTRACT 
 

In the last decades, the use of microtremors to assess linear site effects has received a significant 
attention. Various authors demonstrate the reliability of ambient noise processing techniques to assess 
the relative amplification generally between distant sites (>1-10 km) in the low frequency range (<1 
Hz). In this study we attempt to evaluate the validity of such an approach at the scale of an industrial 
facility (≈300 m) and up to high frequency (≈10 Hz) on two sites: an industrial site located across a 
small sedimentary basin in the low-to-moderate seismicity context of Southeastern France (Provence) 
and another sedimentary basin in the seismically active island of Cephalonia in Greece. On both sites, 
transfer functions relative to a rock reference deduced from microtremors (SSRn) are compared to 
those obtained from earthquake recordings with the classical Standard Spectral Ratio (SSR) approach. 
We find a good agreement between both approaches until intermediate frequencies. We thus propose 
an approach based on microtremor recordings and on one neighboring available SSR computed for a 
station located inside the basin (SSRh). This new approach seems reliable to assess the spatial 
variability of the site amplification up to high frequency (microzonation). The upper frequency limit 
for both noise approaches (SSRn and SSRh) is discussed according to the inter-station distance and to 
the stations geological context. 
 
Keywords: site effect, microtremor, ambient noise processing technique, spectral ratio, low-to-
moderate seismicity context 

 
INTRODUCTION 

 
Since the first understanding of modifications of the seismic signal by the geological conditions of the 
earth’s surface (e.g., Milne, 1908), it has been widely demonstrated that site effect can dramatically 
increase both amplitude and duration of the ground motion. The Standard Spectral Ratio technique 
(SSR – Borcherdt, 1970) is the most common and reliable way to estimate empirically those site 
effects (e.g., Bonilla et al., 1997; Field and Jacob, 1995) and relies on the simultaneous record of the 
same earthquake at two stations close enough with respect to the earthquake distance. However this 
technique requires that earthquake records at both stations show a good Signal-to-Noise Ratio (e.g. 
SNR>3) in a wide frequency band to be fully usable (e.g., Perron et al., 2015). Such good quality 
recordings are not always available depending on the seismotectonic environment, on the recording 
duration and on the local level of noise perturbations. For sites where such an approach is not possible, 
use of microtremors appears as a promising alternative.  
As shown by several authors (e.g., Bonnefoy-Claudet et al., 2006), microtremors are mainly 
dominated by surface waves. Different approaches have been developed mostly in the last two decades 
to extract information about the soil properties from microtremors recordings. Thus, the H/V spectral 
ratio method (HVSR) computed at one station is widely used to assess the soil fundamental frequency 
(f0 - e.g., sésame guidelines, Bard et al. 2005). This technique gives a suitable solution to infer the 
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spatial variability of seismic site response (i.e., microzonation) since it provides fast results at a low 
cost and can be applied under some assumptions (sésame guidelines, Bard et al. 2005). That explains 
why the number of studies based on noise recordings has increased dramatically in recent years. 
However such an approach is not able to infer resonance frequency for higher mode (above f0) as well 
as the amplification level at any frequency. Array techniques aim at building surface waves dispersion 
curves using numerous sensors that record microtremors during a limited period of time and at finally 
obtaining 1D Vs profiles through inversion approaches (e.g., Wathelet et al., 2008). Once the velocity 
profile is known, the 1D theoretical transfer function can be assessed (Gitterman et al., 1996; Kanno et 
al., 2000). However the uncertainty can be large and it is not able to predict any 2D or 3D effect. 
Another method, which has received a significant attention in the last two decades, requires at least 
two stations recording the same diffuse wavefield and allows to assess Green functions through the 
cross-correlation technique (e.g., Shapiro et al., 2005; Shapiro and Campillo, 2004). Among others, 
Prieto et al. (2011); Prieto and Beroza (2008) and Snieder and Safak (2006) introduce the seismic 
interferometry by deconvolution method that infer wave attenuation in the soil and buildings. Wave 
amplification in basins has been also retrieved at low frequency (4-10 s) using this approach (Denolle 
et al., 2013; Prieto and Beroza, 2008). In this paper, we focus on another approach that has been 
introduced before the seismic interferometry by deconvolution method and that corresponds to the 
norm of it. In other words, this approach, hereafter called SSRn, does not use the phase correlation and 
is equivalent to the Standard Spectral Ratio technique applied to microtremors.    
 
The SSRn has already been tested by several authors, either to detect the presence of a fault at depth 
(e.g., Irikura and Kawanaka, 1980) or to assess site response (e.g., Celebi et al., 1987; Field et al., 
1990; Horike et al., 2001; Seo, 1998, 1996). One important preliminary condition for using the SSR 
and SSRn techniques to assess sedimentary site response is the availability of a reference (rock) site 
whose site response is considered as negligible and which is close to the considered soil site. The SSR 
assumes that the incident signal at depth is the same for the site and the reference. It is commonly 
admitted that this assumption is true if the hypocentral distance is much larger than the inter-stations 
distance. Because noise sources locations are various and generally unknown, this assumption cannot 
be valid for the SSRn, especially at high frequency. When the SSRn is averaged over a large amount 
of times windows (hours, days, weeks…) then many sources and paths are taken into account which 
may lead to remove punctual sources and path signatures. If the local sources have a homogeneous 
spatial repartition around the site and reference stations then the source and path component could be 
neglected using a long period of time. However, this assumption of a homogeneous spatial repartition 
of sources around the recording area is dubious, especially at high frequencies where microtremors are 
generated by human activities. This difficulty explains why SSRn have been studied for site response 
assessment in few studies only and for the vast majority at low frequency (<2Hz).  
 
Authors in the literature found mixed conclusions regarding the comparison between SSR and SSRn 
curves (e.g., Burjánek et al., 2012; Dravinski et al., 1996; Field et al., 1995; Gitterman et al., 1996; 
Gutierrez and Singh, 1992; Horike et al., 2001; Ibs-von Seht and Wohlenberg, 1999; Seekins et al., 
1996; Theodoulidis, 2006; Yamanaka et al., 1993) depending mostly on the experimental conditions 
(type of soil, level and proximity of noise sources, distance between stations and the reference) and on 
processing. A majority of these studies concluded that the SSRn method was unable to estimate the 
amplification factor of the site response because of a greater influence of the source than the site. 
However, it appeared that SSRn was generally reliable to predict, at least, the fundamental resonance 
frequency. Because of the SSRn incapacity to assess the ground motion amplification and of the ramp 
up of the HVSR method, this method has been gradually abandoned. However, scarce are the studies 
which explicitly paid attention to the ratio between the wavelength of interest and the distance of the 
stations to the reference, and/or to the geological context of the different stations, especially the 
reference one. Aki (1988) showed that as the microtremor period decreases, their dependence on the 
local sources increases. Horike et al. (2001) tested the SSRn on a large (5 km diameter) and a small 
(0.5 km diameter) arrays between 1 and 10 Hz. The small array was located on a volcanic ash terrace 
as well as the reference while the majority of the large array stations were located on a sand plain. 
They found that SSRn was able to achieve the amplification factor up to 5-8 Hz for the smallest area. 
At the larger area they didn’t succeed to achieve the amplitude even if the general shape of the SSRn 
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transfer function was quite similar to those from the SSR. The proposed explanation for this failure is 
that microtremors were contaminated by close anthropic sources. They concluded that the incoming 
microtremors are the same only within limited areas of a few hundred meters in diameter; they did not 
discuss the possible influence of the differences in the geological conditions between both areas. 
 
The aim of this work is to experimentally estimate the ability of spectral ratio analyses inferred from 
microtremors to evaluate the seismic site response up to high frequency (≈10 Hz) and its dependency 
to the inter-stations distance and local geological conditions. Moreover we proposed a new 
methodology, the hybrid SSR (SSRh), to assess the spatial variability of the site response from a 
temporary network placed around a permanent or long time recording station for which a SSR is 
already available. From the previous consideration, we make the comparison of results obtain from the 
SSRh, the SSRn and the SSR at two sites: an industrial site located across a small sedimentary basin in 
the low-to-moderate seismicity context of Southeastern France (Provence) and a sedimentary basin 
located close to the city of Argostoli in the seismically active island of Cephalonia in Greece. 
 

DATA PROCESSING 
 
For the SSR method, spectra are processed from the full signal (i.e., P + S + coda waves) of tens to 
hundreds weak motion earthquake depending of the site. SSR have been estimated also from the S 
waves alone and the Coda waves alone and gave similar results in both cases. Spectra are smoothed 
following the Konno and Ohmachi (1998) procedure with a b-value of 30. For each frequency, the 
median is estimated from earthquakes with a sufficient signal-to-noise ratio (SNR larger than 3). The 
SSR classical approach can be written as: 
 

SSR�/��w� = 〈�|����|��|����|�〉 (1) 

where SSR�/� is the SSR between a site i and the reference site r, w is the angular frequency 
and ���� and ����  are the Fourier Amplitude Spectra (FAS) evaluated from the earthquake 
signals at station i and r respectively. The curly brackets �∙� represent the spectral smoothing by 
a Konno and Ohmachi (1998) procedure and 〈∙〉 stand for the ensemble geometrical mean. 

 
For the SSRn method, 150 files of one hour of noise are randomly taken. Each file is windowed in one 
minute windows. Every one minute window, at the site or at the reference, presenting peaks exceeding 
10 times the standard deviation evaluated from the full one hour data is removed following Prieto et al. 
(2011). If more than 70% of the one minute windows have been removed then the full hour window is 
rejected. Otherwise, the average spectrum and associate variation coefficient are evaluated from the 
one minute windows preserved. If the average variation coefficient is upper 100% or if the maximal 
variation coefficient between 1 and 15 Hz is exceeding 150% then the full hour is rejected. The goal is 
to avoid transients often associated with specific sources (e.g. footsteps, close traffic). At the end of 
the selection process of the 150 files of one hour, thousands minute windows have been selected. Each 
window lead to an SSRn evaluation by component as the ratio of the module of the spectrum 
evaluated at the site by that at the reference at the same time. Then the average SSRn is evaluated has 
the geometrical mean of all individual SSRn. This average SSRn is finally smoothed by the Konno 
and Ohmachi (1998) procedure with a b-value of 40. The SSRn formulation can be sum up by: 
 

 SSRn�/��w� = �〈|��||��|〉�	 (2) 

where SSRn�/� is the SSRn between a site i and the reference site r and �� and �� are the FAS 
evaluated from the microtremor windows at stations i and r respectively. 

 
The smoothing procedure has been applied in a different way between the SSR and the SSRn mainly 
because of the large computation time required by the important number of spectra with the SSRn 
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approach. The impact of this difference has been found negligible. Moreover, this formulation is 
closer to the seismic interferometry by deconvolution method which preserves the phase of the signal 
(Prieto et al., 2011). The study of this method will not be presented here-after but in a future paper. 
 

HYBRID SSR 
 
Hybrid SSR is a new method that we proposed in order to assess rapidly the spatial variability of site 
response up to high frequency. We propose to use a station located inside the basin as local reference 
for the SSRn and then to correct the relative transfer function obtained at each station by the 
earthquake SSR median transfer function of this local sedimentary reference. The hybrid SSR between 
a station i and the rock reference station r can be written as: 
 
 SSRh�/��w� = SSR�/� ∙ SSRn�/� (3) 

where SSRh�/� is the hybrid SSR at station i relatively to the rock reference station r, SSR�/� is 
the classical SSR at the sedimentary reference station s inside the basin relatively to the rock 
reference station r and SSRn�/� is the SSRn evaluate from noise at station i relatively to the 
sedimentary reference station s. 
 

Eq. (1), (2) and (3) gives finally: 
 

 SSRh�/��w� = 〈�|�|��|�|�〉 ∙ �〈
|��||��|〉�	 (4) 

where	� and �� are the FAS evaluate at the sedimentary reference site s from the earthquake 
signal and from the microtremor windows respectively. 

 
The first advantage of the SSRh approach is generally the huge reduction of distance between the 
station or the network of stations and the reference. The second advantage is that both the site and the 
reference are located inside the sedimentary basin, in similar sites conditions. In order to assess 
experimentally the potential and limits of SSRn and SSRh to retrieve SSR, we test both methods on 
two network located in different basins. 
 

PROVENCE NETWORK 
 
Dataset 
 
The industrial area studied is located in the Southeastern France, close to the Alps. The regional 
seismotectonic context is a low to moderate activity. S1 and S2 are two hard rock sites (according to 
the NEHRP classes) located on limestones. Sites S3 and S4 to S7 are located on a stiff soil in a 100 
meter deep and 500 meter wide basin. Fig. 1 presents the geological map and the velocity profiles 
measures from two invasive techniques (cross-hole and PSSL) at the rock site S1 and the soil site S6. 
The equivalent velocity at each depth (VSeq) has been obtained from velocity profiles and gives a mean 
value of the shear wave velocity from the surface to the corresponding depth. The most famous and 
commonly used is the VS30 for the thirty first meters depth which is about 1700 m/s for S1 and 700 m/s 
for S6. Sensors are broadband velocimeters Güralp CMG6-TD with a sampling rate of 100 Hz. They 
have been continuously recording from few months to more than two years depending of the station 
(Perron et al., 2015). 
 
Results 
 
Fig. 2 displays results of the quadratic mean of the horizontal component of the SSR (red), of the 
SSRn (green) and of the SSRh (blue) at stations S2 to S7 according to the rock reference site S1. S6 is 
the sedimentary reference site for the SSRh approach. For each station the distance to the reference 
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(∆d) for both microtremor approach (SSRn and SSRh) is indicated as well as the frequency band 
corresponding to the wave length from ∆d/3 to ∆d (vertical colored band). These frequency bands are 
computed considering an average shear wave velocity for the SSRh and the SSRn derived from the S6 
and the S1 profiles (Fig. 1) and of the proportion of rock and sediment in the path between the site and 
the microtremor reference site. Here after we will refer to these frequency bands as fn∆d for the SSRn 
and fh∆d for the SSRh. Frequencies below these vertical bands refer to wavelengths higher to the inter-
station distance and frequencies above are considered to be smaller than the third of this inter-station 
distance. We consider as first assumption that the upper frequency limits of SSRn and SSRm lie inside 
the corresponding frequency band. 
 

 
 
Figure 1.   Geological map of the recording area in Provence. S1 and S2 are the rocks stations and S3 

to S7 are the 5 stiff soil stations. At stations S1 and S6, 3 boreholes allowed to determine 
the shear wave velocity profile with depth (VS(z)) from two different techniques: Crosshole 
and PS Suspension Logging (PSSL). The smoothed VS profiles (thick lines) are represented 
at the right of the figure with the corresponding VSeq profile (dotted lines). 

 
SSRn shows a very good agreement when compared to the SSR for frequency below fn∆d. After the 
peak at the fundamental resonance frequency (f0), for higher harmonics, amplitude of the SSR and 
SSRn are different. The amplitudes are widely overestimated even if the general shapes of the transfer 
functions are similar. This overestimation at high frequency has been observed in the vast majority of 
the previous studies regarding SSRn. Between fn∆d and f0 the SSRn gives satisfying results for all sites. 
All these observations are valuable also the rock station S2, even if both stations S1 and S2 are located 
on similar rock structures. 
 
Because the reference rock station is located too far from the sedimentary stations, the fn∆d criterion is 
under the frequency band of the site effect. The SSRh is supposed to give reliable result at higher 
frequency (within the site effect frequency band) since inter-station distances are much smaller. The 
SSRh shows a really good agreement with the SSR up to fh∆d since it is comprised plus and minus one 
standard deviation of the earthquake SSR ratios at all observation sites.  
For all site but S2, the SSRh result is valuable up to 12 Hz approximately. This frequency matches 
well with the fh∆d criterion for station S4, S5 and S7. Surprisingly results from station S3 which is 
located far from the sedimentary reference station S6, show very good result up to 12 Hz as well even 
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if this frequency is well beyond its fh∆d. Contrarily, SSRn evaluated on the rock station S2 shows 
better results than the SSRh which loose reliability after 2 Hz approximately. 
 

 
 
Figure 2.  Comparison between the geometrical mean of the SSR (red), the SSRn (green) and the 

SSRh (blue) in Provence at station S2 to S7 with the rock station S1 has reference. S6 is the 
sedimentary reference used for the SSRh technics. The vertical green and blue bands 
indicate the frequency corresponding to wavelength from the inter-station distance to the 
third of this inter-station distance. The inter-station distances to station S1 (green) and to 
station S6 (blue) are indicated for each station. The curves corresponding to the average 
plus and minus standard deviation are represented with dotted lines. 

 
ARGOSTOLI NETWORK 

 
Dataset 
 
The Cephalonia Island (Greece) area is located at the north-western end of the Aegean subduction 
frontal thrust linked to the dextral Cephalonia Transform Fault (CTF west of Cephalonia). The 
seismotectonic context is one of the most active in Europe. 
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Figure 3.  Geological map and section of the recording area near Argostoli. S1 is the reference rock 
station located on a limestone while S2 to S11 are the sedimentary stations across the basin. 
At the center of the sedimentary basin three boreholes allowed to determine the shear 
waves velocity profile with depth (Vs(z)) from two invasive techniques: Crosshole and 
Downhole. A temporary network at the surface gave also the opportunity to assess the 
velocity profile from the surface wave dispersion curves inversion. 
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Figure 4.  Comparison between the geometrical mean of the SSR (red), the SSRn (green) and the 
SSRh (blue) in Argostoli at station S2 to S11 with the rock station S1 has reference. S6 is 
the sedimentary reference used for the SSRh technics. The vertical green and blue bands 
indicate the frequency corresponding to the wavelength from the inter-station distance to 
the third of this inter-station distance. The inter-station distances to station S1 (green) and 
to station S6 (blue) are indicated for each station. The curves corresponding to the average 
plus and minus standard deviation are represented with dotted lines. 
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A high resolution experiment motivated by the NERA project (http://www.nera-eu.org/, www.orfeus-
eu.org/organization/projects/NERA/Deliverables/) took place from September 2011 to the April 2012. 
This experiment has been performed by four institutes (Institut des Sciences de la Terre, Grenoble, 
France, ISTERRE; Instituto Nationale di Geofisicale Vulcanologia, Rome, Italy, INGV; 
GeoForschungsZentrum, Potsdam, Germany, GFZ; Institute of Engineering Seismology and 
Earthquake Engineering, ITSAK). Here-after we present results from a limited part of the network. 
Only eleven velocimeters have been exploited and correspond to stations installed by INGV. All those 
velocimeters are 5s Lennartz with 100 Hz sample rate. This sub-array is arranged along a profile 
across the sedimentary basin as shown by the fig. 3. S1 is the rock reference site while S6 has been 
chosen as the sedimentary reference site. The shear wave velocity profile at the center of the 
sedimentary basin is given at the bottom of fig. 3. Both the geological map and the velocity profile 
have been determined afterwards by the Sinaps@ project (http://www.institut-seism.fr/projets/sinaps/). 
The “Argonet” permanent network stands now at the surface and depth of the borehole used to 
determine the velocity profile (Cushing et al., 2016). However, this database has not been used for this 
work. 
 
Results 
 
Fig. 4 displays the ratios of the quadratic mean of the horizontal component of the SSR (red), of the 
SSRn (green) and of the SSRh (blue) at stations S2 to S11 with respect to the rock reference site S1. 
S6 is the sedimentary reference site for the SSRh approach. For each station the distance to the 
reference for SSRn and SSRh approach are indicated as well as fn∆d and fh∆d (vertical bands). These 
frequencies are computed considering wavelengths equal to the distance and to the third of the 
distance from stations to the reference (∆d to ∆d/3) and assuming an average shear wave velocity 
along the path estimated from the velocity profile. 
 
Here, the corner frequency of the sensor is 0.2 Hz so results close to this frequency are not fully 
interpretable and discrepancies at very low frequencies (<0.4 Hz) can be explained by the incapacity 
of the sensor to record microtremors accurately in this frequency band. For site S2 to S5, fn∆d are 
above 1 Hz because the distances to the reference are short. No influence of ∆d is visible on the SSRn. 
Regardless of this criterion, all site show good results up to the fundamental resonance frequency f0 of 
the basin (≈1.5 Hz). Beyond f0 the SSRn overestimate the amplification while the general shape is 
roughly similar when compared to the classical SSR. 
 
The SSRh provides better results than the SSRn for every site, even those where the rock reference site 
is closer than the sedimentary one (S2 and S3). SSRh technique appears as a good approximation of 
the SSR up to 20 Hz for the vast majority of sites. Only sites S7, S10 and S11 show mixed results. For 
the two last it can be explained by their location on the other border of the basin, close to a rock site 
condition as demonstrated by a lower level of amplification of the SSR. Discrepancy at site S7 is 
band-limited and cannot be explained by the fh∆d criterion, neither by a difference in the site condition 
since it is the closest station of the network to the sedimentary reference S6. So it could be due to the 
variability of the SSRh technique may be due to a local source influence at high frequency. 
 

DISCUSSION 
 
According to previous authors in the literature, the principal difficulty with the SSRn is its incapacity 
to assess the amplification factors up to high frequencies. They generally attributed this limitation to 
disturbance from local sources. Indeed, rock sites used as reference are often farther from human 
activity and so quieter. We explored two other explanations for such source disturbances: (1) Inter-
station distances are too high to assess site response at high frequency since rock outcrop are generally 
far from the site where a specific site effect evaluation is required. (2) Microtremors with wavelength 
smaller than the basin size and generated inside the basin are trapped and so are not seen by the SSRn 
rock reference station located outside. In the same way, microtremors sources located on the rock but 
separated from the SSRn rock reference station by the sedimentary basin get trap as well and are not 
seen neither by the reference. 
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It appears clear from previous results on both networks that techniques based on microtremors are 
promising to assess site effects linear transfer function. The SSRn provide results close to the SSR one 
up to the fundamental resonance frequency of each basin. Above f0, and in agreement with the other 
paper in the literature, the SSRn overestimate the amplification while the general shape of the site 
transfer function seems correct. Here, this overestimation has been observed even when the distance to 
the rock reference is short, for example at sites S2 and S3 in Argostoli.  
 
The SSRh based on a reference station inside the sedimentary basin has never been tested so 
thoroughly to our knowledge. Its gives much better results at higher frequencies than the SSRn. The 
quality of the SSRh does not seem dependent of the distance from the station to the reference. For 
example, at the SSRh for site S3 in the Provence network results are clearly similar to the SSR ones up 
to 12 Hz even if ∆d is around 2 km. It has been observed also on the Argostoli network where for 
stations S2 and S3 SSR and SSRh are closer than for station S7 even if the formers are twice more 
distant from the sedimentary reference station than the latter. 
 
The inter-station distance explanation tested through the fn∆d and fh∆d criteria appears to be unable to 
predict the maximum frequency up to which the SSRn and SSRh approach respectively give similar 
results to the SSR. However, both basins are relatively small and these criteria could not be tested 
further than 2 km. A ∆d limit should exist somewhere over which microtremors spectral ratio are no 
longer similar to the SSR one at high frequency. 
 
In our opinion, the origin of the satisfactory results of the SSRh approach lie on the location of the 
reference inside the sedimentary basin, on the same site conditions as the other stations in the basin 
which refer to it. We sustain the assumption that the microtremors generated inside or behind the basin 
(even distant sources) are trapped and so are not seen by the reference station located outside. This 
interpretation is supported by our observations since the SSRn is reliable up to f0. The fundamental 
resonance frequency of the basin is in some way related to the dimension of the basin so frequencies 
above f0 correspond to wavelengths shorter than the basin size, which are more likely to be trapped. 
This interpretation also provides a suitable explanation to the amplification overestimation observed 
above f0 with the SSRn. Moreover, we observed mixed results of the SSRh on sites S10 and S11 in 
Argostoli which are located at the border of the basin, with different site conditions according to the 
geological model (fig. 3) and to their lower amplification level. 
The maximum frequency up to which the SSRh is correct is not clear. In the Provence site, SSRh are 
reliable up to around 12 Hz for all sites while in Argostoli it is reliable up to approximately 20 Hz in 
most of the cases. No criterion for the validity of the SSRh at each frequency could be found here but 
this is presently under investigation and will be the subject of a future paper. In the perspective of 
assessing the site response without SSR, a criterion based on soil properties or noise analysis (spatial 
coherency, noise composition, etc) is mandatory to define which parts of the SSRh transfer function is 
reliable without a priori information on the SSR transfer function. 
 
Another result is the observed agreement between spectral ratio estimated from earthquake signal and 
microtremors. The theoretical point of view is not discussed here but our experimental results seem to 
show that the signature of the linear site effect is the same whatever the excitation (seismic weak 
motions or microtremors). However, body waves emitted by earthquakes are supposed to come with a 
quasi-vertical incidence whereas microtremors are mainly composed of surface waves propagating 
horizontally. Field and Jacob (1993) computed the theoretical response of a horizontally stratified 
sedimentary layer to ambient noise sources and found that the expected horizontal-component 
spectrum of ambient noise contains its most prominent peak at the fundamental resonant frequency 
predicted for incident shear waves. In a different way, Horike et al. (2001) based on the work of Satoh 
et al. (2001) explained this apparent agreement by the possible presence, in the S-waves portion of the 
seismic signal, of surface waves which are generated by near-site inhomogeneities. 
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CONCLUSIONS 
 
Finally, microtremors approaches are promising for site effect microzonation in basins up to high 
frequency, especially for area in low to moderate seismicity context where no classical SSR can be 
assessed in a sufficiently short time. We observe a very good agreement of the SSRn up to f0. We 
attribute the overestimation of the amplitude classically observed at frequency above f0 with the SSRn 
to the trapping of waves inside the sedimentary basin, as their wavelengths are shorter than the basin. 
 
We proposed a new method, the hybrid SSR (SSRh), to assess the site effect at higher frequencies. 
This method shows very reliable results for every site located inside the same basin condition as the 
reference. SSRh could combine the accuracy of the classical SSR to refer to the rock reference site and 
the ease and fastness of the SSRn to perform a microzonation. By this way all information on the 
linear site effect of a valley (resonance frequencies, amplification factor and spatial variability) might 
be assessed easily with a minimal permanent network to assess the SSR and a short time dense 
network for the SSRn. Further research is still necessary to assess the maximum frequency limit of this 
method. This approach could be relevant for many applications: to densify the spatial resolution of a 
long duration, site specific recording network; to evaluate the spatial variability around each station of 
national, regional or local permanent seismic network; by anticipation to a construction project a pair 
of stations can be installed in order to record enough events to obtain the SSR median transfer function 
and then the spatial variability of site amplification could be assessed by a temporary network using 
microtremors, etc. Even when the SSR transfer function of the sedimentary reference is unknown, the 
SSRn method alone applied inside the sedimentary basin can give information on the relative spatial 
variability of the site effect. 
 
Microtremor-based approaches require careful acquisition, processing and analysis procedures since 
the influence of possible sources cannot be ruled out. However, for the SSRh no influence of local 
source disturbance has been observed except at very high frequency. A special attention should be 
given to the inter-stations distance according to the frequency band investigated even if the dimension 
of our networks did not allow us to see the potential influence of the inter-stations distance on the 
results. 
 
Taking a local reference within the basin is a very promising technique to assess the spatial variability 
of site response in a quick and cheap, still reliable way. After our encouraging results, the SSRn and 
SSRh need to be tested on other sites and the satisfactory agreement about the amplification level 
remains to be explained from the theoretical point of view. 
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